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1.  Introduction

Several calibration setups for multicomponent force and torque 
sensors have been presented in the literature. For instance,  
the Physikalisch-Technische Bundesanstalt (PTB) in Germany 
has two calibration setups [1, 2] used for calibrating multi-
component sensors. The first system can be used to calibrate 
six component force and torque sensors and has a measuring 
range of up to 10 kN for the forces and 1 kN· m for the torques. 
With this system it is possible to measure forces and torques 
with a relative expanded measurement uncertainty (k  =  2) of 
2.2 · 10−4. The second system is a deadweight force/torque 
standard machine and can be used to calibrate two-component  
systems. It has a range from 20 kN to 1 MN for the force 
component and 20 N· m to 2 kN· m for the torque comp
onent. Using this device forces and torques can be calibrated 
with expanded relative uncertainties (k  =  2) of 2 · 10−5 and  
3.9 · 10−4 respectively. Other works have addressed the calibra-
tion of multicomponent force and torque sensors in different 

measuring ranges. For instance, Ferrero et al [3] have devel-
oped a six-component system that operates with forces up to 
105 kN and torques up to 2 kN· m. Kim et al [4] have devel-
oped a system that generates forces and torques in ranges 
of 50 N to 500 N and 5 N· m to 50 N· m respectively. At the 
NASA Langley Research Center different calibration setups 
have been designed as well. The single-vector force balance 
calibration system (SVS) can be used to calibrate six-comp
onent sensors and generate forces and torques up to 700 N and  
28 N· m respectively [5]. The variable acceleration force cali-
bration system (VACS) can be used to generate forces and 
torques up to 130 N and 13 N· m respectively [6]. For forces 
and torques in the range of 0.6 N and 31 mN· m a calibration 
setup was designed at the Technische Universität Ilmenau [7]. 
With this system it is possible to generate forces and torques 
with a relative expanded uncertainty (k  =  2) of 2.1 · 10−4 and 
4.7 · 10−3 respectively. Table 1 shows these systems with the 
respective relative expanded (k  =  2) measurement uncertainties 
that can be achieved for both force and torque measurements.
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A common fact for all systems mentioned here is that the 
forces and torques are realized either by deadweights or by 
calibrated force/torque sensors. For the systems based on 
deadweights there is an additional difficulty to apply hori-
zontal forces, which are normally generated in the vertical, 
i.e. gravity acceleration direction. In this case, it is necessary 
to use additional mechanisms with levers, bearings or pul-
leys, to conduct the forces, or rotate the force sensor in order 
to align the direction to be calibrated with the gravity direc-
tion. Alternatively, the test forces by the deadweight can be 
generated by moving the sensor with a known acceleration 
along the desired direction [6]. It is also possible to overcome 
these difficulties by using calibrated force/torque sensors as 
measurement standards, which can operate in any orientation. 
However, the force and torque sensors are usually calibrated 
by using deadweight machines and limited by the uncertain-
ties obtained with these calibration systems.

In this paper, a self-calibrating multicomponent force/
torque measuring system based on the Kibble balance prin-
ciple [9, 10] is introduced. Kibble balances are currently 
being used for the redefinition of the kilogram in the revised 
International System of Units [11, 12]. The system presented 
here is a realization of the principle first described in [13] 
and includes reference standards for position, angle, voltage, 
resistance and time, which are used to provide traceable meas-
urements for the calibration factors of the sensor. In this way, 
calibration methods only based on electrical, time, length and 
angle measurements are necessary. So, the use of deadweights 
and the gravitational acceleration �g  are avoided. It is pos-
sible to use this system as a force and torque measurement 
standard, to calibrate other sensors, and also to measure forces 
and torques in different applications, providing a traceable 
measurement with improved uncertainty through in-process 
calibration. Furthermore, the system is based on the principle 
of the electromagnetic force compensation (EMFC), which 
has been used in high precision balances since more than 70 
years [14, 15], and includes the following advantages: there 

is no displacement of the sensing element during the meas-
uring process and nonlinearities in material deformations are 
avoided [16, 17]. The system presented here has not only the 
potential to simplify the traceable measurement of forces and 
torques, but also to improve the measurement uncertainty in 
the force/torque range covered by the device. It is designed 
for measuring forces and torques in a range of  ±2 N and   
±0.1 N· m respectively, including applications in the Lorentz 
force velocimetry [18, 19], micromachining [20] and biome-
chatronics [21–24].

2.  Description of the system

The main component of the system is a levitating servo con-
trolled element with six position sensors and twelve voice coil 
actuators attached to it (figure 1). The voice coil actuators are 
divided in two groups of six actuators each. We name them 
coils A and coils B in the following. The system has also two 
operating modes, called the velocity mode and the force/torque 
sensing mode. By using a multi-input multi-output (MIMO) 
control system, the signals from the six position sensors and 
the forces generated by six voice coil actuators, it is possible 
to control the position and angle of the floating element to any 
desired level inside the range of motion. In the velocity mode, 
the coils B are used as actuators and the control system has 
sine wave reference trajectories for the position and angles. 
The use of a sine wave as reference trajectory during the 
velocity mode has already been described in [25–27] for dif-
ferent Kibble balance experiments. While the sensing element 
moves with the given trajectory, the voltages induced in the 
coils A are measured. The calibration coefficients for the force 
and torque measurements can be determined by using the  
amplitude of the induced voltages and the amplitude of the 
linear and angular velocities, which were measured during  
the velocity mode. In the force/torque sensing mode, the coils 
A are used as actuators and the sensing element is controlled 
to a constant position and angle. External forces and torques 

Table 1.  Calibration force and torque ranges of multicomponent calibration setups and relative expanded measurement uncertainties 
(k  =  2) in brackets.

Systema Fx Fy Fz Mx My Mz

PTB-2 [2] — — 1 MN — 2 kN· m
— — (2.0 · 10−5) — — (3.9 · 10−4)

PTB-6 [1] 10 kN 10 kN 10 kN 1 kN· m 1 kN· m 1 kN· m
(1.6 · 10−4) (1.4 · 10−4) (1.5 · 10−4) (2.0 · 10−4) (2.0 · 10−4) (1.6 · 10−4)

INRiM [3] 6 kN 6 kN 105 kN 2 kN· m 2 kN· m 2 kN· m
(6 · 10−4) (6 · 10−4) (4 · 10−5) (1 · 10−3) (1 · 10−3) (1 · 10−3)

GNU [4] 500 N 500 N 500 N 50 N· m 50 N· m 50 N· m
(8.6 · 10−4) (8.6 · 10−4) (1.2 · 10−5) (8.6 · 10−4) (8.6 · 10−4) (1.7 · 10−3)

NASA-SVS [5, 8] 220 N 350 N 700 N 11 N· m 28 N· m 14 N· m
(2.0 · 10−4) (2.0 · 10−4) (1.8 · 10−4) (1.3 · 10−3) (4.6 · 10−4) (4.8 · 10−4)

NASA-VACS [6] 90 N — 130 N — 13 N· m —
(1.3 · 10−2) — (7.5 · 10−3) — (8.4 · 10−3) —

TU-Ilmenau [7] 0.6 N 0.6 N 0.6 N 31 mN· m 31 mN· m 31 mN· m
(2.1 · 10−4) (2.1 · 10−4) (2.1 · 10−4) (4.7 · 10−3) (4.7 · 10−3) (4.7 · 10−3)

a The names used in this description refer to the institutions where the systems were developed.
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acting on the sensing element are compensated by the con-
trol system and can be determined by measuring the current 
flowing in the coils A and using the calibration factors deter-
mined in the velocity mode. A six coil system that operates 
only in the force/torque sensing mode was already described 
in [17].

The system is designed to measure forces and torques 
in a range of  ±2 N and  ±0,1 N · m respectively with a 
maximal relative expanded measurement uncertainty 
(k  =  2) of 1 · 10−4. In order to achieve this uncertainty, all 
components of the system (figure 2) have to fulfill specific 
requirements of stability and linearity and some of them 
need to be measured traceable to the SI. This includes the 
position sensors, the resistance standards, voltage meas-
uring systems and time reference. In the following sec-
tions, more details for each component are provided with 
the respective requirements.

2.1.  Voice coil actuators

A sketch of the voice coil actuators used in this system is 
shown in figure 3. They are composed of a NdFeB permanent 
magnet, a ferromagnetic flux guide and a coil. The magni-
tude of the static force generated by each voice coil actuator is 
given by the following expression:

F = kBli� (1)

where kBl indicates the calibration factor of the voice coil 
actuator, which is proportional to the product of the magnetic 
flux density B with the length of the conductor l. All voice coil 
actuators have a nominal value for kBl equal to 20 N/A. The 
magnitude of the torque generated by the voice coil actuators 
is given by:

T = kdBli� (2)

where kdBl is the calibration factor for the torque, which is 
proportional to B, l and the distance d between the axis of the 
coil and the torque center of the sensing element. The torque 
center is the reference point for the torque measurement and 
can be virtually fixed to any position. In our case it is defined 
in the geometric center of the sensing element. All voice coil 
actuators have a nominal value for kdBl equal to 1 N· m A−1.

As described in [17], there are two voice coil actuators 
for each measurement direction, responsible for generating 
the respective force and torque components. For instance, 
the coils A-1 and A-2 generate the following static force and 
torque components:

Fx = F1 + F2 = kBl1i1 + kBl2i2� (3)

Tz = T1 + T2 = −kdBl1i1 + kdBl2i2.� (4)

These expressions are for the force/torque sensing mode, 
when the coils A compensate the external forces and torques 
applied to the sensing element. For the velocity mode the fol-
lowing expressions can be obtained:

uBl1 = k̂Bl1vx and uBl2 = k̂Bl2vx� (5)

udBl1 = k̂dBl1Ωz and udBl2 = k̂dBl2Ωz� (6)

uBl1 and uBl2 represent the voltages induced in the coils A-1 
and A-2 when the sensing element is moved along the x 

Figure 1.  The sensing element with the coils of the actuators and 
the aperture slits.

Figure 2.  System plan with the main components. The dashed 
line represents the sensor with the sensing elements and the dash 
dotted line represents the electronics with U/I converters, measuring 
resistors and switching system.

Figure 3.  Voice coil actuator with permanent magnet.

Meas. Sci. Technol. 29 (2018) 074002
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direction with a velocity amplitude vx. udBl1 and udBl2 are the 
voltages induced in the same coils when the sensing element 
is rotated with angular velocity amplitude Ωz. This rotation 
must be about an axis that intersects the torque center and is 
parallel to the z direction.

As described in [28], velocity components orthogonal to 
the axis of the coil or in angular directions generate addi-
tional induced voltages. These voltages cause an error in the 
determination of kBl and have to be considered. In traditional 
Kibble balance experiments, these effects are minimized by 
careful alignment of the balance [9, 10]. A different strategy 
is used in this multicomponent sensor. All linear and angular 
velocity components are measured and controlled, in a way 
to generate a precise movement parallel to the coil axis. By 
doing so, these effects are expected to be negligible.

The working principle of the sensor relies on the fact that 
kBlj = k̂Blj and kdBlj = k̂dBlj, for j = 1, . . . , 6. In this way it 
is possible to determine the calibration coefficients kBlj and 
kdBlj of the force and torque sensor during the velocity mode 
and use them to obtain a traceable force and torque measure-
ment during the force/torque sensing mode. However, there 
are several assumptions necessary for this principle to work. 
The magnitude of the magnetic flux generated by the per-
manent magnets depends on the temperature of the magn
etic material. For NdFeB magnets this dependence is about  
−0.1% K−1 [30]. After determining the calibration coeffi-
cients during the velocity mode, the temperature of the per-
manent magnets must be monitored to avoid error influences 
originated by temperature variation. It is known that this influ-
ence can be minimized by using SmCo magnetic materials, 
which have a lower temperature coefficient. The calibration 
factors kBlj and kdBlj of the coils A depend on the relative posi-
tion and angle of the coil to the permanent magnet. A meas-
urement result that describes this dependence for kBlj is shown 
in figure 4. The position and angle of the sensing element must 
be the same for both velocity and force/torque sensing modes, 
and the amplitude of the movement during the velocity mode 
must not be too high in order to avoid error effects caused 
by nonlinearities of the actuators. During the velocity mode, 

the sensing element has also to precisely follow the moving 
trajectories. The precise movement is assured by the position 
sensors, which are discussed in the next section.

In publications about Kibble balances [9] the calibration 
factor for the electromagnetic actuator is usually given as the 
direct product of the magnetic flux B by the conductor length 
l. In these balances the magnet system is designed in a way to 
produce a magnetic field as uniform as possible in the region 
occupied by the coil, and the range of motion of the coil 
during the velocity mode is normally several millimeters. For 
instance, the coil of the NIST-4 can move more than 40 mm 
during the velocity mode [10]. This is not the case for the 
magnet system used in this work, and the magnetic flux den-
sity here is not as uniform as in traditional Kibble balances. 
For this reason, the calibration factor of the electromagnetic 
actuator is given by kBl, which corresponds to the integra-
tion of a non-uniform magnetic flux density B along the axial 
direction. Since the range of motion of the coil is much lower 
here (60 μm) the design requirements of the magnet system 
are lowered and a non-uniform B can be tolerated.

2.2.  Position sensors

The position measuring system used in the force/torque sensor 
is shown in the figure 5. It is composed by a LED light source, 
an aperture slit and a dual photodiode. The LED and the dual 
photodiode are fixed to the sensor frame and the aperture slit 
is attached to the sensing element. As the aperture slit moves 
in the measurement direction, the light intensity in each pho-
todiode changes. The currents driven by the photodiodes are 
proportional to the light intensity. The position of the aperture 
slit in the measurement direction can be obtained by mea-
suring the currents of both photodiodes and calculating the 
difference between them:

yal = kps (iu − il)� (7)

Figure 4.  kBl as a function of the position of the voice coil [29].

Figure 5.  Position sensor with LED, aperture slit and dual 
photodiode [31].

Meas. Sci. Technol. 29 (2018) 074002
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where iu and il represent the currents driven by the upper and 
lower photodiodes respectively and kps represents the gain 
of the position sensor. In order to measure the three position 
coordinates and angles of the sensing element it is necessary 
to use six of these position sensors.

There are several aspects of these position sensors that 
must be considered for consistently measuring the position 
and angles of the sensing element. These position sensors 
have a nonlinear characteristic curve and the gain kps depends 
on the position of the aperture slit relative to the dual photo-
diode. Figure 6 contains results of measurements performed to 
quantify these effects. The non-linearity of the characteristic 
curve is shown by kps as a function of the position of the aper-
ture slit in y direction, i.e. measurement direction. The gain 
kps as a function of the position in the x direction, i.e. trans-
versal direction, is shown in the same figure. There are also 
several uncertainties introduced due to assembly tolerances of 
the aperture slits, the LEDs and the photodiodes. In order to 
achieve the desired relative uncertainty for the force and torque 
measurement it is necessary to measure the position and angle 
amplitudes during the velocity mode with relative standard 
uncertainties smaller than 34 · 10−6. The strategy used in this 
case is to calibrate the whole position and angle measuring 
system, which includes the six individual position sensors, 
with a triple-beam laser interferometer (figure 7). This laser 
interferometer can be used to measure a position coordinate 
and two angles of a mirror attached to the sensing element of 
the force/torque sensor simultaneously. In the configuration of 
figure 7, the position of the sensing element in z direction and 
the angles θx and θy can be measured. By mounting the sensor 
in other two orthogonal orientations, the directions x, y and 
θz can be measured. In this way, the nonlinearities shown in 
figure 6 can be determined and compensated. Since the laser 
interferometer provides a traceable position and angle meas-
urement, it is possible to calibrate the position and angle meas-
uring system of the force/torque sensor and verify its stability 
as well. This step is fundamental in order to achieve the nec-
essary positioning uncertainty. Figure  8 shows measurement 
results for the calibration in z direction. In this measurement, 

the position of the mirror was measured with the laser inter-
ferometer before and after the calibration. The measurement 
before the calibration was used to identify the nonlinearities. 
By using a polynomial approximation of third order, these 
nonlinearities were compensated and the measurement was 
repeated. In figure  8, the reduction of the effects caused by 
the nonlinearities can be observed. This procedure is used not 
only to compensated the nonlinearities in the internal position 
measuring system of the sensor, but also to eliminate the cross-
talk between the position coordinates and angles.

2.3.  Voltage, time and resistance measurement

The voltage, time and resistance traceable measurements are 
additional requirements for performing the self-calibration 

Figure 6.  Sensitivity of the position sensor as a function of the 
displacement in transversal and measurement directions.

Figure 7.  Calibration setup for position sensors.

Figure 8.  Measurement of the position in z direction before and 
after the calibration. The measurement result obtained with the 
laser interferometer is shown in the top plot. For the bottom plot, 
the error between measurements with laser interferometer and 
internal position measuring system is shown. The x axes contain 
measurement results from the internal position measuring system.

Meas. Sci. Technol. 29 (2018) 074002
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and measuring forces and torques with the required uncer-
tainty. During the velocity mode, the amplitude of the voltage 
induced in the voice coil actuators must be determined with 
an uncertainty lower than 1 μV. The amplitude of the linear 
velocity v and the angular velocity Ω are obtained by mea-
suring the amplitude of the position x or angle θ and multi-
plying it by the angular frequency of the movement ω:

v = xω, Ω = θω.� (8)

These expressions are only valid for a sinusoidal movement 
of the sensing element. That means the relative uncertainty of 
the velocity measurement is determined by the relative uncer-
tainties of the position and frequency measurements. For this 
work, an angular frequency of 10 · 2π rad s−1 is expected to 
be measured with a relative standard uncertainty smaller than 
10 · 10−6.

During the force/torque sensing mode the current i flowing 
in each voice coil actuator is determined by measuring the 
voltage drop u over a reference resistor R with a nominal 
resistance value of 10 Ω:

i =
u
R

.� (9)

The voltage drop must be measured with a standard uncer-
tainty of 20 μV and the resistance must be known with a max-
imum relative standard uncertainty of 10 ·10−6. The voltages 
are measured by using successive approximation analog-to-
digital converter converters (ADC).

In order to assure the traceability for the time, resistance 
and voltage measurements, these components have to be cali-
brated. For the time measurement, this is done by comparing 
clock signals generated by the internal oscillator of the digital 
real-time controller (figure 2) with clock signals generated 
by a GPS disciplined oscillator, which provides a traceable 
time reference. The resistors are calibrated by measuring and 
comparing their resistance values with reference resistors, 
which are originally calibrated by using quantum Hall effect 
standards. The calibration of the voltage measuring system is 
performed with a voltage calibration device, which generates 
reference voltage levels. This device is originally calibrated 
by using a Josephson voltage standard.

2.4.  Further considerations

Additional aspects of the system should be considered in order 
to achieve the desired measurement uncertainty for the force 
and torque measurements. This includes the thermal expan-
sion of the sensor components, the presence of external magn
etic fields, cross talk between the voice coil actuators, the 
presence of thermal electromotive forces (emfs) in electrical 
contacts, the level of local ground vibrations and the definition 
of a reference frame for the sensor. Most components of the 
sensor are made of aluminum and effects caused by thermal 
expansion can change the distance between the aperture slits 
and the respective dual photodiodes. The experimental setup 
of figure 7 can be used to analyze how these influences affect 
the measurement uncertainty for the position and angle mea-
surements. External magnetic fields and magnetic fields of the 

coils overlap with the magnetic fields produced by the internal 
permanent magnets and influence the calibration factors kBl 
and kdBl. Influences from static magnetic fields can be elimi-
nated by executing a self-calibration task and determining new 
calibration coefficients, which consider the external fields. 
During the velocity mode, the voice coils B are used to move 
the sensing element while the voltages induced in the coils A 
due to the movement are measured. The alternating currents 
flowing in the coils B generate induced voltages in the coils 
A as well and cause an error in the measurement of the cali-
bration factors. Therefore, the inductive coupling between the 
coils must be considered. For changing between the velocity 
mode and the force/torque sensing mode a switching system 
must be used. In order to avoid effects from thermal emfs in 
the electrical contacts, this switching system must be designed 
in a way to minimize temperature gradients. To provide iso-
lation against ground vibrations, test measurements are per-
formed on a table equipped with a vibration isolation system. 
Another important aspect for multicomponent force and 
torque measurement is the orientation of the reference frame 
of the sensor [32]. The sensor must provide a reference frame 
defined by some geometrical characteristics. This is necessary 
for properly aligning the sensor before executing a force mea-
surement task.

3.  Measurement uncertainty

The relative expanded uncertainty for the force and torque 
measurements can be estimated by considering a simplified 
model with only one voice coil actuator. For the force mea-
surement, the following equation can be obtained from (1), (8) 
and (9) assuming that the calibration factor kBl is equal to the 
ratio obtained during the velocity mode uBl/v:

F = kBli =
uBl

xω
u
R

.� (10)

For the torque measurement, the following equation  can 
be obtained from (2), (8) and (9) also assuming that the cal-
ibration factor kdBl is equal to the ratio obtained during the 
velocity mode udBl/Ω:

T = kdBli =
udBl

θω

u
R

.� (11)

Expressions for the combined measurement uncertainties 
of F and T can be obtained by using the method described 
in the guide to the expression of uncertainty in measurement 
[33]:

σ2
F

F2 =
σ2

uBl

u2
Bl

+
σ2

u

u2 +
σ2

x

x2 +
σ2
ω

ω2 +
σ2

R

R2� (12)

σ2
T

T2 =
σ2

udBl

u2
dBl

+
σ2

u

u2 +
σ2
θ

θ2 +
σ2
ω

ω2 +
σ2

R

R2 .� (13)

For this uncertainty estimation, the cross-correlation 
between the variables was neglected as performed in [34]. 
Table 1 contains the single uncertainty contributions and the 
combined uncertainties for the force and torque measurements. 

Meas. Sci. Technol. 29 (2018) 074002



R R Marangoni et al

7

A maximal relative expanded uncertainty (k  =  2) of 1 ·10−4 
is expected for the force and torque measurements in all 
components.

4.  Measurement results

Preliminary measurements were performed with a prototype 
of the sensor to evaluate the type A uncertainties for the force 
measurement. Figure  9 shows the measuring setup used to 
obtain the results. It is composed by the self-calibrating mul-
ticomponent force and torque sensor, a load changer with a 
reference weight of 35 g and a laser interferometer. The laser 
interferometer was used for a preliminary evaluation of the 
stability of the aperture slit position sensors. This measuring 
setup is inside a climate chamber with controlled temperature, 
and a table  with pneumatic vibration isolation system was 
used to avoid effects of ground vibrations.

In this experiment, the gravitational force generated 
by the test mass was measured using the self-calibrating 

multicomponent force and torque sensor. For every measure-
ment, a self-calibrating routine was executed and the weight 
force of the test mass was determined. For the velocity mode, 
the system was moved with sine wave trajectory with an ampl
itude of about 32 μm and frequency 10 Hz. The temperature 
was measured inside the sensor and, in order to obtain the 
results shown here, a temperature compensation was applied. 
The measurements were repeated for 60 h with a time interval 
of about 10 min between each measurement. Figure 10 shows 
the temperature measured inside the sensor. For the first half 
of the measurements, the ambient temperature was controlled 
at 20 ◦C and, for the second half, 23 ◦C. The temperature 
inside the sensor is about 2.4 ◦C higher than the ambient 
temperature. Figure 11 shows the relative deviation between 
the weight force generated by the test weight, which is about  

Figure 9.  Measuring setup with multicomponent force/torque 
sensor, load changer and laser interferometer.

Figure 10.  Temperature measured inside the sensor.

Figure 11.  Relative deviation between the gravitational force 
generated by the test mass and the force Fx measured with the 
sensor.

Figure 12.  Deviation between the position measurement with the 
aperture slits and the laser interferometer in the x direction.
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343 mN, and the force measured by the sensor in the x direc-
tion. In this figure, the bias of the measurements was canceled 
and only type A uncertainties are shown. For this measure-
ment, a standard deviation of 43 · 10−6 was obtained. This 
value is not considering the first 5 measurements performed 
after the temperature change. Figure  12 shows the relative 
deviation between the position measurement with the laser 
interferometer and the aperture slit sensors. A standard devia-
tion of 34 · 10−6 was obtained for this measurements. This 
value is not considering the first 21 measurements performed 
after the temperature change. The measurement results shown 
here are very near to the requirements listed in the table 2. 
However, more detailed investigations considering the torque 
measurement and type B uncertainties are still necessary.

5.  Conclusion

The Kibble balance principle is being applied to the design of 
multicomponent force and torque sensors with the objective to 
improve and simplify the measurement of forces and torques. 
With the system proposed here it is not necessary to derive the 
force and torque quantities from the mass and gravity accelera-
tion measurements. Instead, the forces and torques are derived 
from the measurement of voltages, positions, angles, resist
ances and time. In this way, the multicomponent force and 
torque sensor can be calibrated in conditions where the local 
gravity acceleration �g  is unknown or inexistent, as well as for 
any orientation relative to the �g  direction. The system is also 
an alternative to the traditional calibration methods for force 
and torque sensors, which use deadweights. Preliminary mea-
surement results show that the required repeatability for the 
force measurement can be achieved. Future work will evaluate 
the repeatability for the torque measurement and the uncer-
tainty for the multicomponent force and torque measurement.
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