N

N

Resonant sensors for multi-axis force and torque
estimation in collaborative robotics

Davinson Castano-Cano, Mathieu Grossard, Arnaud Hubert

» To cite this version:

Davinson Castano-Cano, Mathieu Grossard, Arnaud Hubert. Resonant sensors for multi-axis
force and torque estimation in collaborative robotics.  Mechatronics, 2022, 82, pp.102703.
10.1016/j.mechatronics.2021.102703 .  hal-03716286

HAL Id: hal-03716286
https://hal.science/hal-03716286

Submitted on 8 Jan 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03716286
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0957415821001641
Manuscript_2e8be7fe6abfe4a8edfdd2ed36fd5352

Revised Manuscript (WORD or LATEX FORMAT)

Resonant Sensors for Multi-axis Force and Torque Estimation in Collaborative Robotics

Davinson Castano-Cano, Mathieu Grossard and Arnaud Hubert

Corresponding author: e-mail: mathieu.grossard@cea.fr, tel: +33(0)169080787, fax: +33(0)169080701
EAFIT University, Colombia
Université Paris-Saclay, CEA, List, F-91120, Palaiseau, France
Université de Technologie de Compiegne, Roberval (Mechanics, energy and electricity), centre de recherche de Royallieu, CS 60319, 60203 Compiegne cedex,
France.

Abstract

This paper presents a complete design methodology for a multi-axis resonant force sensor. The proposed device has been designed
to be usable in a context of physical interaction between robots and humans. The proposed solution allows the three force com-
ponents and the three torque components to be measured simultaneously and can be inserted into an interface handle or a robot
end-effector. The information on wrench can then be used to detect and control interactions for cooperative tasks between humans
and robots. In the context of sensors for robotic co-manipulation, it is imperative to guarantee not only a certain level of perfor-
mance (accuracy, dynamics, size) but also to guarantee certain non-functional specifications associated with safety, measurement
redundancy or functional integration of the sensor into its environment. The consideration of all these design specifications, both
functional and non-functional, led to the principles and technologies used to develop this sensor. Multi-axis resonant sensors have
excellent performance and safety characteristics, two key elements for collaborative robotics, but the literature review did not reveal
any significant previous work in this area. Thus, this paper proposes an original sensor based on a breakthrough technology in the
crucial field of multi-axis force sensors. The performances obtained on our prototype are already close to the performances of the
best existing 6-axis industrial sensors, which suggests very good prospects for this new technology. In addition, and compared
to alternative technologies, resonance technology offers new possibilities in terms of sensor fault detection, thus improving the
intrinsic safety of these devices.

Key words: Multi-axis force sensors, wrench estimation, resonant transducers, collaborative robotics.

1. Introduction the capability of sensing and controlling exchanged forces for
cooperating tasks between humans and robots . Possible
targeted uses in this particular collaborative robotic field con-
siders human/robot interaction that can be performed for short
periods of time, for example, when the operator teaches the
robots the trajectory to respect, and also for longer periods of
time when the robot assists continuously humans.

To achieve specifically this milestone, safety is a major con-
cern that need to be considered at hardware level for designing
inherently safe 6-axis F/T sensors. In this perspective, princi-
ples and technologies exploited for the transducer, as well as its
functional integration into the sensor body device, remain key
factors to define performance and modality of the design with
respect to safety. As starting point of this paper, it is important
to note that force is an intensive property and thus, it cannot be
measured directly, but through a test-body: a mechanical struc-
ture is required to convert applied forces to measurable phys-

The use of force-controlled robots is increasing and is ex-
pected to become widespread in the near future. Theses robots
are currently used in a wider range of applications, well be-
yond the context of traditional industrial robotics. Examples of
such applications are assistance to humans for service tasks, as-
sistance to operators for carrying loads, performing advanced
manipulation tasks, etc. There is an ever-increasing need to de-
velop robots capable of physical interaction with the environ-
ment or even humans,

In the physical Human Robot Interaction (pHRI) context,
force/impedance control schemes seem to be a convenient and
crucial way for implementing human and robot co-manipulation
strategies. For example, when considering the pHRI Hands-
On context, performing direct force/torque (F/T) control offers
the possibility of controlling the contact F/T to a desired value

thanks to the closure of a feedback loop. Such interaction tasks
require the fulfilment of a value of the contact force at the in-
terface between the robot and the human hand. Among the dif-
ferent solutions to deal with force sensitivity for robot arms, the
use of external force/torque sensors remains the most straight-
forward way to give the robot the capability of controlling phys-
ical interaction with its environment. Providing such handle in-
terface with an external 6-axis F/T sensory apparatus can ensure
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ical quantities. Traditional force sensors get the information
on applied force through measurements of deformation or dis-
placement of test-bodies. Resonant sensors get this information
through resonant frequencies of test-bodies. Ditferent physical
principles can be used to estimate external forces, such as opti-
cal-based force sensors, , sensing capacitance array,

, MEMS barometers or MEMS-based fabri-
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cation process of sensor chips , strain gauges, )
which is the most used technology. Different structures are used
as test-bodies for the strain gauges technology, some examples
are: Hollow Hexaform structures, | | | for torque sensors, Steer-
ing wheel or Maltese cross shape for force sensors, , mod-
ularized assembly of 1-D force sensors, , structures based
on parallel Stewart kinematics, . Some of these sensor test-
bodies are represented in Figure 1.

These sensors can be fairly stiff and robust. However, strain-
gauge-based sensor signals present drift and noise issues and
their manufacturing processes are expensive (because severe
and precise requirements on the machining, assembly and cal-
ibration of the integrated structure are needed), These
inconveniences can be overcome using the resonant principle.
This promising alternative presents noise immunity, high sen-
sitivity and good stability [5]. Indeed, a great advantage lies
in their easy way to measure frequency shift, and their reduced
manufacturing cost, . Since induced static stresses due to
external forces slightly change the stiffness properties of the
force-vibrating structure, a slight frequency shift occurs. Res-
onant sensors are active structures embedding actuating and
sensing elements to track these resonance frequencies.

This paper is organized as follows. Section 2 is based on a
force sensor survey focusing on robotic applications. It pro-
vides different classifications depending on their characteris-
tics and technologies. We extend the description of the gen-
eral anatomy of a force sensor, before presenting the founding
principle of resonant sensors. In Section 3, guidelines for de-
signing a modular multi-axes sensor are introduced. It provides
the design of a modular sensitive element that exhibits suitable
properties regarding the application requirements. Section 4
focuses on the design rationale of the whole sensor structure,
including several sensitive elements as modules. Section 5 con-
tains the test performed on the multi-axis force sensor proto-
type. An analysis of the obtained performances of the sensor
is presented with respect to the targeted application. Finally,
conclusions and future lines of work are proposed in Section 6.

2. State-of-the-Art Force Sensors Technologies

2.1. General Overview on Force Sensors

The study of force sensors can be split into two main cat-
egories depending on their conversion type, [8] (see Figure 1):
composite and direct conversion.

o Composite conversion force sensors estimate the applied
force by measuring the strain or displacement of a spe-
cific part of the test-body.

e Direct conversion force sensors estimate the applied force
by measuring other physical quantities affected by the
test-body stress response. Resonant sensors belong to
this group. In such a case, frequencies are the measured
physical quantities.

These two types of force sensing strategies are related ei-
ther to passive or active technologies. Passive force sensors,

as strain-gauges sensors, only require a power supply to feed
the transducers, while active force sensors require an additional
excitation on the test-body aside the to-be-measured force. In
the case of resonant force sensors, the additional input is an
harmonic excitation that allows tracking of resonant frequen-
cies of the test-body. This mode of operation is similar to the
operation of a guitar: tension in a guitar string can be esti-
mated by measuring its resonant frequency, but to know such
frequency (pitch) the guitar string must be excited. In reso-
nant force sensors, transducers are used in actuating-sensing
pairs. One of the transducers acts on the test-body to excite
its mechanical resonance(s), and then another transducer picks
up the signals. Piezoelectric patches are mostly used for actu-
ating resonant sensors, , because piezo-patches are eas-
ily integrated into the sensor structure. Piezo-patches are also
suitable for sensing back the signals thanks to the piezoelec-
tric direct effect (frequency shift can be measured on-line using
dedicated Phase Lock Look (PLL) trackers, see Figure 2 on the
contrary to others realizations that rely on external vibrometers

laser ). Resonant force sensors are used in a wide range
of forces , from industrial applications with force sensors
achieving 20 kN, , to microscopy where they achieve < uN,

. They are widely used in microelectromechanical sys-
tems, as atomic-force microscope tips, Recent
works on quartz crystal resonators present force sensor in the
human range,

Resonant sensors can be seen as Frequency Modulation (FM)
generators. As an analogy with the FM radio transmission,
the input signal is related to the to-be-measured force, or ap-
plied force, and the carrier signal is related to the resonant fre-
quencies. A demodulation of the test-body response signal will
give us back a signal image of the applied force. As their fre-
quencies contain the information about the applied forces, sig-
nal amplitudes can be used to monitor sensor malfunctioning.
This health monitoring option, can be used to prevent injuries
to the operators in a robotic environment. Moreover, because
signals provided by resonant sensors are constantly updated,
creep phenomena are drastically reduced compared with strain-
gauge-based force sensors.

As identified in the state of the art presented at the beginning
of this paper, the study and development of resonant sensors
mainly concern single axis measurement. Note in particular that
single-axis resonant force transducers are not easy to design
because their design requires multi-domain and multi-physics
analysis. But the design of multi-axis force sensors is even more
difficult. One of the hightlights of this paper is thus to propose
for the first time a rational approach to design these multi-axis
resonant force sensors. Standard resonant sensor test-bodies rely
on beams as illustrated in . One of the most used topolo-
gies for resonant force sensor is the Double Ended Tuning Fork
(DETF), which presents very few energy losses, These
loses define the quality factor (mcQ) of a sensor test-body be-
cause high-quality factor leads to high resolution and sensitiv-
ity . Quality factor can be improved by a specific atten-
tion paid to the design of the test-body, or by using an evacu-
ation cavity (reducing air damping), . Other types of res-
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Figure 1: Grouped force sensors by its characteristics: number of sensitive axis and the sensing principle. It can be pointed out that, according to our knowledge,

no multi-axis resonant sensors were proposed before our work. Different sensor test-bodies are presented: (a) one-axis hollow hexa-form torque sensor,
, (e) TBTF,
. On the right, we present a significant difference between the two types of test-bodies:
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resonant test-bodies receive an additional harmonic perturbation. Those test-bodies response is frequency modulated instead of amplitude modulated.
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Figure 2: Frequency tracking principle: An harmonic excitation is send to the
sensor test-body. Such electric potential excitation @ is transferred as vibrating
force to the test-body by a piezoelectric actuator. The test-body response is then
captured by a piezoelectric sensor in the form of electric charge Q. This charge
is conditioned, and the sent to the tracking unit.

onant sensors use the Langevin structure to measure applied
forces. These sensors may increase the frequency bandwidth
using stack piezoelectric elements with metallic counter-mass,

The main advantages of resonant force sensors over strain-
based force sensors are the following:

e Force sensors are intended to be stiff and rigid. This
requirement goes against the composite-conversion type
force sensors, based on displacement measurements: rigid
sensors of this type need therefore very high sensitive
transducer elements to be effective. Resonant force sensors,
or in general direct-conversion type force sensors, are not
concerned with this limit specific to composite-conversion
type force sensors.

e Strain-gauges force sensors present drift, and noisy sig-
nals. Such problems are minimized when using resonant

sensors. [4] shows that increasing the mechanical quality
factor will improve the noise rejection of the sensor, as
well as its quality of measures.

e Resonant force sensors make it possible to retrieve two
types of information from the test-body: amplitudes and
frequencies of signals. Applied forces are estimated us-
ing frequencies. Then, amplitudes can be used for health
monitoring of the sensor. In such a purpose, simple root-
mean-square signal processing can detect failure or mal-
function. Strain sensors do not have this option.

2.2. Principle of Resonant Force Sensors

Resonant force sensor test-bodies are mechanical structures
whose natural frequencies and modal shapes are sensitive to
an external force (named the to-be-measured forces F in the
sequel). Such force can be considered as a part of the bound-
ary conditions of the structure. The sensing principle lies on
the fact that frequencies and modal shapes of a structure are
strongly dependent on their boundary conditions (force and/or
displacement).

Let us explain this principle on the Figure 3. We consider an
initial free-of-load test-body V, which has been pre-stressed (&)
by an external force F. In this new state V, set as the working
point, a forced excitation is applied F**¢, using piezoelectric ac-
tuators. Such excitation drives the test-body into its resonance,
which shifts according to the applied pre-stress force F. Two
different kinds of forces are considered in these sensors, they
differ by their frequency range:

frequency of F < frequency of F*°

e The excitation force F**¢ appears at high frequency. F*¢
will be created with piezoelectric elements to excite the
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Figure 3: Force sensing principle: A pre-stress body volume V is excited by a
piezoelectric generated force F*, which puts the body into the resonance V().
The initial pre-stress ¢ affects these resonances. Such pre-stress is created by
the to-be-measured force F.

resonances of the structure. Resonances can be obtained
by the application of electric potentials @ to piezoelectric
patch electrodes (as shown in Figure 2).

e The to-be-measured force F appears at a relatively low
frequency. In interactive robotics applications, the range
of frequencies of to-be-measured force F' are far below
the resonant frequencies of test-bodies. In such a case,
they can be considered as quasi-static forces that only
affect the mean strain of the test-body. The relation be-
tween the to-be-measured force F' and the frequency shift
of the structure can be expressed using the mechanical
pre-stress theory and exploiting by the signal processing
of the sensor.

An accurate model of operation is required to efficiently de-
sign resonant sensors, whether single or multi-axis. This paper
presents the overall design of the 6-axis F/T sensor as well as its
performance and features. In order not to make this paper cum-
bersome, the precise dynamic modelling of the sub-elements
(beams and plates) is not reproduced here but can be found in
detail in the previous publications .

Electronic tracking units are used with the test-body to re-
trieve the information about the resonant frequencies. Two dif-
ferent implementations can be found in practical applications.
One configuration uses PLL circuit (example of the Figure 2,

). Other tracking systems are based on active instability
triggering in test-body dynamics (triggering of limit cycles in
the vibrations behaviours of test-bodies, ).

The vast majority of resonant force sensors concerns one-
dimensional force sensors and are based on beams. Double

Ended Tuning Fork (DETF') and Triple Beam Tuning Fork (TBTF)

are the most common types. As displayed in Figure 1d, DETF
structures have two parallel beams that are connected at both
ends. DETF are suitable for tensile loads. For compressive
forces, support structures, like columns, are required. Sizing of
supports for DETF are detailled in . This allows the appli-
cation of force in the axial direction of the DETF,

An alternative design suitable for compressive loads uses
two parts: a cylinder and a membrane with a DETF engraved
(see Figure 1g). In this case, a compressive force stretches the
membrane via the cylinder. This compact mechanical arrange-

ment transforms the compressive applied force to a tensile force
that is transmitted to the DETF, [5]. The cylindrical compres-
sion cell transmits the force uniformly to both beams, avoid-
ing the configuration of unbalanced forces that could separate
the structural dynamics into two distinct sub-dynamics (one for
each beam) with different resonances,
Typically this structure utilizes a resonant modes of beams
in opposition of phase (180° phase shift). The use of such a
mode is preferred when considering cancellation of the residual
angular moment. This configuration reduces also the losses,
Using flexural mounting at both ends of the DETF, the
damping of the structure is reduced and, as a consequence, the
quality factor increases, proposes extensive experi-
mental results to quantify the influences of dimensions and pa-
rameters on DETF behaviour for improving their performances.
Currently, Double beams force sensors have achieved mcQ-
factor up to 150 thousand.

Triple Beam Tuning Fork (TBTF) structures present three
parallel beams (see Figure le). The TBTF uses generally anti-
symmetrical out-of-plane bending modes that inherently cancel
the moment at the ends, . One example of application
uses the center beam to measure out-of-plane force using a spe-
cific mode where the outer beams vibrate in opposition of phase
and the central beam remains free of vibration, . One ad-
vantage of TBTF over DETF is the higher sensitivity, but they
present a reduced quality factor. The double and triple beam
configurations increase the mcQ-factor of the resonant struc-
ture by cancelling the moment at the base point, encapsulating
the energy.

As confirmed by our recent literature review, there is few
works on membrane or plate structures for force sensing (
describes one of the few references identified on this topic).

presents a membrane designed for measuring a non-contact
force in the out-of-plane direction (see Figure 1f). This design
uses a permanent magnet on the membrane and a coil to gener-
ate an electromagnetic force.

One of the main purpose of this paper is the design of res-
onant structure sensitive to more than one axis of force. The
total number of sensitive elements for multi-axes sensors are
then reduced. Plates (two-dimensional) are the logical exten-
sion of beams (one-dimensional element) and we consider in
the following the plate as the suitable candidate for being the
elementary sensitive element for multi-axis (or multi-degrees
of freedom) resonant force sensors.

3. Multi-Axes Resonant Force Sensors

Building a multi-axis resonant force sensor requires a com-
plex design stage. This design should meet several drastic con-
straints from different scientific areas: modal frequency analy-
sis, vibrations, mechanical structures, and control. The design
is hardly manageable in one step but several, firstly focused on
the sensitive elements, then on the whole sensor structure. In



this context, the sensitive elements can be seen as independent
modular parts of a full wrench estimator.

Multi-axis implementations of resonant force sensors are
unusual, due to the difficulty to deal with its non-intuitive dy-
namical behaviour. A recent review of the literature has not
shown any functional example of this type of device except the
one presented in this paper, either at the industrial level or at
the research laboratory level. Recent papers in the field pro-
poses some preliminary resonant-based prototypes for measur-
ing forces up to 50 N ,orevenup to 1500 N . However,
they rely on preliminary designs that lead to only one single
axis force measurement as a main limitation. At the micro-scale
force measurement, very few attempts have been revealed in the
literature to extend the resonant principle to the multi-axis case:
they are still restricted to a very limited number of degrees of
freedom due to the difficulty to account for several modes of
resonances in the MEMS sensor design , while the shifts of
the resonant frequencies are often still measured with external
means out of the sensor, such as laser vibrometer.

Actually, the design of resonant multi-axis sensing devices
needs to take into account modal-based considerations. In this
section, we present first the guidelines for designing resonant
sensors. A simple inexpensive, but efficient enough, resonant
smart structure is then proposed for measuring three compo-
nents of an externally applied force. This smart structure will
be extended in the next section for estimating a full wrench (3
forces and 3 torques).

The best way for designing multi-axis force sensors is to
address it as an optimization problem with constraints,
Nevertheless, due to the complexity of the design problem, we
focus initially on the search for admissible solutions. The search
for an optimal solution can only be considered in a second step,
when it is shown that admissible solutions exist and that their
performances are not sufficient with respect to the expected re-
quirements. We consider in a first step the following require-
ments: exceeding the current best performance of resonant sen-
sors (precision, dynamics) and being usable (integration, ro-
bustesse, safety) for collaborative robotic applications. There
are three main guidelines for sensor design. Two of them are
set as objectives (0O and O,):

O; The increment of sensitivity ||S|| (useful for all sensors)

O, The reduction of the calibration matrix’s condition num-
ber N¢ (for multi-dimensional or multi-axis sensors),

The third guideline, specifically dedicated to resonant sensors,
is set as a constraint (C;):

C; The frequency clearance (actually, this is the main con-
straint for resonant sensors),

Resonant sensor design is not intuitive because of the coupling
between all its design parameters. These parameters are the
test-body material, the plate dimensions (width, length and thick-
ness) and the dimensional parameters of the other mechanical
elements. Let us define the general objective function O that

expresses the design problem in terms of an optimization prob-
lem. This objective function mixes the two previous objectives
into one simple fitness function by setting the general objec-
tive to maximize the ratio between the sensitivity ||S|| and the
condition number N¢c : Og = ||S||/Nc. The sensitivity relies
on amplitudes of the measured signals. The condition number
limits the estimation errors. Each one of these two objectives
has been considered as the objective function when optimiz-
ing sensor designs. Some consider the condition number as the
objective function to minimize, [7]. Others consider the sensi-
tivity as the function to maximize, . In addition, some
particular constraints come from current manufacturing capa-
bilities and from the resonant nature of our device. Finally, the
optimization problem reads as: find the design parameters that
maximize Og, respecting the constraints C,.

3.1. Resonant Sensor Design Guidelines

Sensor sensitivity characterizes the relationship between nat-
ural frequency and applied forces (see Figure 4). The sensitivity
is the slope of the curve of resonance frequency shift according
to applied force. Sensors with high sensitivity present two ad-
vantages:

e Small variations in the force input (called the mesurand
when it is the physical quantity to be measured) create
large variations in the frequency signals (measure). It is
easier to detect small force changes in high-sensitivity
Sensors.

e At the contrary, small variations on the measure (like
noise) do not affect the estimation of the force (noise in
the measure represents negligible force variations on the
estimation).

These characteristics show the importance of increasing the sen-
sitivity of the sensor (O;). The sensitivity needs to meet a major
constraint:

C, sensitivity curve needs to be a one-to-one map, i.e. a
bijective function. This condition enables the inversion
of the sensitivity curve, which is necessary to estimate
the input force.

Estimating the different components of force requires the
measurement of several frequencies. Number of measures m
must be equal to, or greater than, number of components of
the to-be-measured forces (6 at the maximum). The calibration
matrix [C] captures the relationships between forces and fre-
quencies. It is the inverse (or Moore-Penrose pseudo-inverse
for m > 6) of the sensitivity matrix [S] = [CT] of the sen-
sor. Nevertheless, this calibration matrix exists only for sensors
with linear characteristics because it assumes a linear mapping
between forces and frequencies.

6
(F) = [C1(AF) { A S

withm > 6

The condition number N¢ of this matrix informs on the per-
formances of this sensor. Reducing this number reduces the
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Figure 4: Sensitivity of a resonant force sensor.

upper bound of the error propagation factor K, . Propa-
gation factor limits the errors on estimated forces and is defined
as:

Nc
K, (C) < ——— 1
P(€) < T (1)
with Nc = ||C|||ICT|| the condition number. ec is the relative

error on the calibration (N.€. < 1 is assumed). Relative error
on the force estimation er can be computed knowing this prop-
agation factor:

e = (& + €c) K (O) )

where ¢ is the relative error on the frequency measure. De-
creasing the condition number improves the sensor design, by
limiting the force estimation error, then allowing simpler esti-
mation algorithm and signal processing.

Resonant force sensors rely on the relationship between fre-
quencies and forces. This relationship should be, at least, one-
to-one and, as much as possible, linear in a region of inter-
est. These good properties ensure a linear characteristics of the
force sensor.

It is worth noting that when two different mechanical reso-
nant frequencies are close, their modes interact and mix. This
interaction affects also the phase of damped structures, espe-
cially near resonances. When phase response does not follow a
local bijective function, frequency tracking is not possible and
the measure of the frequency is no longer valid, . This ex-
plains why design of vibrating structure has to take into account
the frequency clearance C; as main constraint. We can say that
a frequency range has frequency clearance when two conditions
are satisfied:

1. The region is free of spurious modes (a spurious mode is
an unexpected and undesirable mode).

2. The frequencies of interest within the region are far from
the other, and can be well-distinguished.

Figure 5 (a) shows an example where the interesting resonances
are close to spurious resonances, . The spurious resonances

(a) before clearance

P frequency

i I
[ LJ,,,,I,,I,!JI | | ) after clearance

clearance

Figure 5: Principle of the frequency spectrum clearance. “Spurious” resonances
of the plate structure are in blue and sensitive resonances, i.e. usefull reso-
nances, are in red. The spectrum before clearing represents the first iteration of
the prototype, when some of the resonances of interest are affected by spurious
resonances coming from the test-body structure. The cleared spectrum (after
clearance) corresponds to the final prototype and its dynamic behaviour.

are those who present a modal shape with a non-negligible mo-
tion outside the plate. Without clear zones, the sensor may fail
to work properly, as non-linear and unpredictable behavior ap-
pears. Figure 5 (b) shows the resonances of a prototype which
has a cleared zone. This zone presents four resonances of in-
terest that correspond to predictable behavior. This makes them
suitable to be used in a closed-loop tracking system. It must
be stressed that these four resonances can be exploited to esti-
mate the three components of force only because corresponding
frequencies are distinct and far from each other. Very close fre-
quencies/modes generate tracking problems because the shape
and the phase of one mode is affected by its nearest neighbor.
This causes crossing effects and the tracking system fails.

3.2. Design of a 3D Prototype

As mentioned in the introduction, this paper concerns the
design of a 6-axis force sensor (3 forces, 3 torques), the presen-
tation of its signal acquisition and processing system as well
as an experimental verification of its performance. However,
this 6-axis sensor is based on an arrangement of several 3-axis
sensors that only measures forces and not torques. This basic 3-
axis sensor is the result of previous works by the authors and, as
such, has already been published in . Thus, only some
essential elements of these previous publications are reported
below.

This basic 3-axis sensor allows the simultaneous measure-
ment of 3 components of force using a single test-body (see
Figure 6). Different configurations have been studied and a de-
sign has been finally chosen for experimental validations. To
scale the three components of force, a monolithic structure has
been designed as test-body. It consists of a vibrating force-
sensitive plate and a massive mechanical frame which acts as a
clamping system in the range of the resonant frequencies of the
plate (displacements are prevented while the structure is oper-
ating dynamically at high frequencies). The mechanical frame
is fixed at one corner, while a static external force F is applied
to the opposite corner. This force is effectively transmitted to
the force-sensitive plate through the mechanical frame.

The placement of the transducers plays an important role
in the design of the resonant sensor. The ability of a partic-
ular piezoelectric actuated (or sensing) patch configuration to
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Figure 6: Multi-axial resonant force sensor test-body description: it is com-
posed of a plate (40 X 54.4 x 0.5 mm?), a frame (/; = 6 mm made of aluminium
and iy = 10.5 mm) and eight piezoelectric patches (PIC151 of dimensions
10 x 10 x 0.2 mm?), four in the upper side for actuation and four in lower side
for sensing. The bonding of the patches is ensured by a conductive paste from
EPOTEK company.

control (or to observe) a resonant frequency of the plate is di-
rectly linked to its relative placement to the nodal lines of each
mode. Thus, the patches placement on the nodal line of a se-
lected resonant frequency of the plate leads to insensitivity to
such mode, and acts as a "spatial modal filter". The principle of
modal spatial filtering applied to this basic 3-axis force sensor
is explained in depth in

To characterize the basic 3-axis force sensor, a test-bench
has been designed (see Figure 7). It allows us to apply a force
and to measure it via a external calibrated force sensor (Futek).
The application of force can be oriented within a range of about
90° in a plane parallel to the plate and 90° out-of-plane. The
test-bench integrates potentiometers at the axis position for pre-
cisely measuring the force application angle (to decompose the
to-be-measured force F into the three components of force Fy,
Ij"y and F ). In addition, the test-bench also integrates a laser
sensor device Keyence to identify the modal shape of each res-
onance of the structure.

The whole prototype of the the basic 3-axis force sensor in-
cluding the instrumented sensing plate system, the controllers
and the signal conditioning elements have been implemented
using analog electronics exclusively. The signal conditioning
elements are built by addition and subtraction circuits using op-

erational amplifier arrangements. The use of analog electronics
allows a very large bandwidth. Figure 8 presents the wiring
of the prototype and the control units. After sensing, a signal
conditioning is realized before actuating the prototype. An ana-
log electronic extracts a signal proportional to the resonant fre-
quency. Each control unit provides a resonant frequency. The
information about the calibration sensor, the angular measures,
and the resonant frequencies measurements are recorded and
processed in the data acquisition unit.

The mapping FoAf=f- f—o has been identified ex-
perimentally. The complete experimental protocol of this iden-
tification procedure can be found in our previous publications

concerning this basic 3-axis sensor. In Figure 9 the
estimated forces are compared with the measures of an exter-
nal Futek force sensors. The time recording of measurement
signals permit to expose the interesting properties of our pro-
totype in terms of accuracy (small relative errors between both
force estimations), bandwidth (no perceptible lag effects) and
axis decoupling (i.e. the cross-coupling effects effectively taken
into account through the calibration matrix) for a wide range of
force.

The tests were made in a range of force of 50 N in each axis
(given by the limit of the calibration sensor). However, plate
structures are designed to support up to 300 N without damage.
This smart sensor can actually estimate three components of
force with an accuracy of nearly +1 N for a force range of 50 N
which corresponds to an accuracy of +2%. This is enough for
collaborative manipulation tasks,

A second version of this 3D force sensor was proposed to
enhance its characteristics and performances. The ratio r, =
’5’ = 1.36 between its length b and width a was optimized for
increasing its sensitivity (Figure 10 a). A plate offset in the Z-
direction was adopted to enable a one-to-one characteristics in
the Z axis. Finally, the frame topology was modified to improve
the frequency clearance (Figure 10 b)). The final topology of
this sensor is reported in the Figure 11. The comprehensive
description of the tracking command of this basic 3-axis sensor
having already been published in , it will not be reported
again here.

Different design strategies have been used for designing this
smart structure, e.g high-frequency clamping, spatial modal fil-
tering, and selective modal signal conditioning. Smart struc-
ture, electronic instrumentation and control together allow the
manufacturing of a sensing system that is capable of estimating
all the three components of force, by measuring superimposed
resonant frequencies shifts, using an intelligent extraction algo-
rithm.

This structure will be extended in the next section for propos-
ing a full wrench sensor. Note that compared to this first 3D
prototype, the 6D Full Wrench prototype that will be presented
in the next section uses 12 circular piezoelectric patches on each
resonant plate instead of 8 square patches (see the correspond-
ing configuration in Figure 14). This modification has improved
the overall performance of the sensor in terms of accuracy and
detectability of different modes compared with this first version.
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Figure 7: Experimental setup to validate the basic 3-axis force sensor. The test-bench is placed on an optical table. The sensor prototype is clamped via a fixation
element to the table. The force is applied to the prototype via a calibration sensor (Futek LSB200) with a force range of £50N. This sensor only measure the force
on its axial direction. To obtain the information of the three components of force, two angular sensors are added. The application of force is made manually. A laser
position sensor helps us to determinate the modal shapes of the different resonant frequencies [ 12].
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Figure 8: Electronic wiring between the control units and the prototype piezoelectric patches. The signal pass trough different signal conditioning elements. Details
on the control methods and the signal conditioning can be found in [12. 13].

4. Full Wrench Resonant Force Sensor force sensors). These structure are based on beam as seen in
the Figure 12: Maltese cross, |34], Stewart platform, [61, 63].

As noticed previously, there are two well-known structures  The Maitese crosses present 3 or 4 beam sensitive elements.
in the domain of six-axis strain-gauge force sensors (non-resonant
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Figure 9: Comparison between the estimated force using the prototype sensor,
and the applied force, retrieved from the calibrated Futek sensor. The time inter-
val is presented in milliseconds. The error on the estimation of F; around 2500
ms can be due to multiple factors: the test-bench response on the z-direction,
a non-linearity in this direction and, a bad zeroing of the F; offset. Forces are
given in Newton (N) and time interval in second (s).

Each beam is sensitive to more than one axis of force. The
Stewart platform has 6 beam elements that are sensitive to one
force only. Beam resonators could replace the Stewart platform
beams, [31]. The manufacture of the second sensor structure is
arduous. Such structure embeds flexible or spherical joints on
the beam ends. They serve to decouple and increase the beam
sensitivity along its own axis.

resonant modes
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(b) Frequency clearance of the improved test-body

Figure 10: (a) Mode shapes of the test-body according to the shape ratio r, =
g with b the length and @ the width of the resonating plate. (b) Frequency
clearance before and after the improvement of the test-body.
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Figure 11: (a) Design of the plate. (b) Topology of the improved 3D force
sensor (plate + frame structure).

4.1. Additional Design Guidelines for Wrench Sensors

Our full wrench resonant force sensor embedds several pre-
viously designed sensitive elements (3D plate-based force sen-
sor). The design of this 6-axis wrench sensor also seeks to sat-
isfy the objectives O; and O, and to respect the constraint Cy.
In addition, the test-body design must take into account four



Figure 12: Representation of beam-based test-body structures. The presented
sensors can estimate the six components of the force wrench. (a) This Maltese
cross has 4 sensitive beams, . (b) The Stewart platform has 6 sensitive
beams,

additional rules:

R; Modularity: The sensitive element is considered as a
module for designing the test-body, i.e. the test-body im-
plements several modules (sensitive elements).

R, Rotational symmetry: The placement of the sensitive
elements follows rotational symmetry because it offers a
good condition number (O) to the calibration matrix of

the whole six-axis sensor.

R3 Uniqueness: The use of identical sensitive elements has
the same effect as having identical dimensions of a plate:
it creates repeated resonant frequencies on the test-body
and interference phenomenon between them. The use of
different thickness on the sensitive plates separates these
resonant frequencies, ensuring the meeting of the con-
straint Cy. An optimization process of the thickness of
the plates will separate them as far as possible.

R4 Redundancy: We can use redundant measurements to
improve the design. Adding new information about the

applied forces reduces the condition number (O;).

4.1.1. Modularity - Ry : From a Module to the Whole Sensor:
A modular design approach presents many advantages

o Simplify maintenance.
o Increase performance.
o Creates homogeneity.

Figure 13 shows the placement of the three modular sensitive
elements. Three sensitive elements are the smallest number of
modules and the ideal number to ensure the estimation of the
force wrench. Having more modules in a parallel configuration
increase the stiffness and reduces the sensitivity (it goes against
the objective Oy).

4.1.2. Rotation Symmetry - R;.

The placement of the three sensitive elements in the test-
body follows a rotational symmetry. They are distributed along
a circle and separated by an angle of 120° (Figure 13). The size
of the sensing element defines the radius of this circle which
must be as small as possible. The use of rotational symme-
try in the design should improve the condition number of the
calibration matrix since rotation matrices have a unit condition
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Figure 13: Sensitive elements placement on the test-body base (inspired from

).

number. This rotation homogenizes the sensitivity in the plane
perpendicular to the axis of rotation. The condition number is
invariant per rotation. Adding more sensitive plates will not
reduce this condition number.

4.1.3. Uniqueness - R3 : Avoiding Multi-Plate Interference.

The test-body may have repeated resonant frequencies if we
use several identical sensitive elements. Repeated resonant fre-
quencies may interfere between them. Cloning the sensitive
elements on the entire sensor is not desirable. The frequency
clearance (C;) forces us to make variations in the plate param-
eters. For our three-module design, we choose to differentiate
the sensitive element plates only by changing their thickness.
This slight modification changes the resonances and leaves the
whole structure as symmetrical as possible (necessary for the
rotation symmetry R;). The use of different thicknesses on the
sensitive plates separates the resonant frequencies: variations
of 30 um is enough to separate the frequencies as needed.

4.1.4. Redundancy - Ry

Estimating the whole force wrench (F € R®) requires at
least six measures. Measuring more frequencies than required
creates redundancy on the measurements. When the redun-
dancy adds new information, it reduces the condition number
(03). But, if the redundancy does not add new information, this
could increase the condition number and could increase the er-
ror propagation factor. Redundancy can be achieved by adding
more sensitive elements, but, this increases the stiffness (in a
parallel configuration) and reduces the sensitivity of each ele-
ment because the sensitivity is divided by the number of sensi-
tive elements when they are placed in parallel. This goes against
the objective Oy. Including more frequency measures per sensi-
tive element is the better way to increase the redundancy with-
out decreasing the sensitivity. The Table 1 shows which config-
urations allow us to estimate the entire force wrench. From this
test-body design, twelve resonance frequencies are available,
four per sensing element. We will use them all (the twelve) to
exploit redundancy.

Note that in order to measure 4 frequencies per sensitive
element without being troubled by modal filtering problems,
we have adopted a configuration with 12 circular piezoelectric
patches instead of 8 square patches as shown in figure 14. For
the full wrench force sensor, the use of 12 patches allows to in-
crease the sensitivity to more frequencies than in the 8 patches
configuration.



Number of estimated components

Sensitive || Measures per element
Elements || 2 [ 3 | 4 |
1 2 313 3
2 4 65 65 65
3 6m | 6rR | 6R | ORr
4 6r | 6R | 6R | Or
6R 6R 6R 6R

Table 1: Number of estimated components of the force wrench. This number
depends on the number of measured frequencies per sensitive element and the
number of sensitive elements. When considering two sensitive elements a Spe-
cial issue appears (6s). The use of two sensing plates and the measurement of
three frequencies per plate allows the six force components to be estimated, but
this configuration would not allow a torque to be measured that is aligned with
the line that crosses the reference point of each sensing element. We have a
Minimal sensor when considering three sensitive elements and two frequency
measures per element (6p1). Using higher number of measures and sensitive
elements generates Redundancy (6r).
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ment b
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Figure 14: Entire test-body design. It comprises three sensitive elements, that
are sensitive to the three components of the force. The entire test-body is then
sensitive to the six components of the force wrench. Besides the sensitive el-
ements, the test-body presents two interfaces. Those interfaces connect the
sensitive elements between them and connect the sensor test-body to the sur-
roundings.

4.2. Wrench Sensor Design

The other elements of the test-body serve as connections
between the sensitive elements. They also serve as interfaces to
fix the sensor and to apply the force wrench (see Figure 14).
We design these elements considering always the frequency
clearance constraint (Cy). The top interface presents a massive
structure to stiffen some twisting modes keeping them away the
frequency range of interest. Our design has followed all the
guidelines: it has a high sensitivity (Oy), it presents a low con-
dition number (0,) and it presents a frequency clearance (C;) in
the selected frequency region. The different thicknesses of the
plates are crucial to ensure the frequency clearance. Computer-
assisted simulations have been continuously used for the design
of the test-body.

The following paragraph summarizes the main concerns and
solutions found to design our full wrench force sensor:

e Our sensor prototype was designed to be a multi-axis res-
onant force sensor for robotic applications. As noticed
previously, there are no other multi-axis piezoelectric res-
onant force sensors reported in the literature that simul-
taneously measure 6D wrench components in a range of
forces and torques that are compatible with the require-
ments of collaborative robotics. To fill this lack, we have
first designed a plate-based resonant structure sensitive to
three components of force. Then, we design a multi-axis
wrench/force sensor built from several three-axis force
sensitive plate elements (see Figure 14). Each plate ex-

ploits several superimposed resonant vibration modes. These

resonances encode the applied forces as frequency mod-
ulated signals.

o The prototype working frequencies have been selected to
maximize the relative sensitivity of the sensor in front of
the applied forces. The placement of the piezoelectric el-
ements generates a selective filtering of the signals that,
combined with a smart signal conditioning, separates the
frequency information of the different modes into multi-
ple channels. The sensitive element plate has been en-
hanced with a structural frame that works as a clamping
element. In addition, it also allows the sensitive element
to have a bijective behavior over the three components of
force. The frame makes the sensitivity to the out-of-plane
force component bijective by allowing to have an offset
of the plate from the frame middle plane (the other two
force components are already bijective). This one-to-one
correspondence is necessary for estimating the applied
forces.

e The prototype has three sensitive elements and two con-
necting interfaces. Each sensitive element differs from
the others by its thickness of the inner plate. Each one
came from a single block of aluminum processed using
classical milling. The final thickness of the plates are
441 pm, 491 pum and 510 um. We use FEM analysis to
optimize the separation of the frequencies between the 3
different plates. With a 30 um difference in thickness we
separate the same mode frequencies enough to avoid fre-
quency interference and to be separated also from other
modes. The initial objective is to have the thickness sep-
arated by 30 um, but the manufacturing process ends up
with the reported thickness. The choice has finally been
made considering the manufacturing capabilities. The plate
has twelve piezoelectric patches. Six patches are bonded
to one side serving as actuator. The other six are bonded
to the other side serving as sensing elements. The patches
material is PIC181 from PI, they are discs with dimen-
sions @5 x 0.2 mm.

The next section is devoted to the validation of this full
wrench force sensor. Its performances are measured and com-
pared to those of a industrial 6D sensor in a standard configu-
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Figure 15: Phase responses of the entire test-body design. The figure shows the phase response of the four modes (i, j) of interest for each sensitive element plate
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ration for collaborative robotics (force measurement in a robot
wrist).

5. Validation of the Wrench Sensor

In a first step, we measure the frequency response functions
of the three sensitive elements refered as A, B and C to vali-
date the frequency decoupling of the full sensor prototype. The
piezoelectric actuation is considered as input and the charge
measurement as output. The process is repeated for each pair
of actuating A; and sensing S; patches. The results, reported on
the Figure 15, show that each signal (of each tracking unit and
sensitive plate) has one single frequency in the region of inter-
est (2 kHz-7 kHz). It also shows that the others frequencies
are highly filtered. They are even hidden within the noise (-40
dB~ =12 mV).

In a second step, a characterization of the full wrench sensor
is made using a calibration sensor. Then, we perform a valida-
tion of the prototype by estimating the applied force using the
identified calibration matrix. These estimations are compared
with the calibration sensor. For these two experiments, a dif-
ferent setup is used based on the test-bench described in the
Figure 16. The sensor prototype is placed on an anti-vibration
table and attached through a connector to a calibration sensor.
This calibration sensor has a handle that is used to apply manu-
ally the forces to the sensor by an operator. This configuration
will allow to perform the calibration of the prototype sensor,
and to validate its behavior.
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The procedure of the experiment is presented in the Fig-
ure 17. The handle serves as an interface between the operator
and the sensors. We can apply the different components of force
using this handle. The applied force on the test-bench modifies
the output signals of the sensors. These signals are conditioned
by different electronics. The calibration sensor is an ATl Delta
SI-660-60 sensor with a force range of 660 N. For this compar-
ison, an ATI Gamma force sensor with a range of 100 N could
have been a more interesting alternative, since it has a measure-
ment range closer to our prototype and closer functional and
non-functional characteristics. However, we did not possess this
sensor, so we decided to use the ATI Delta which remains a rel-
evant comparison sensor. Both force sensors are gathered using
Labview and ADC on a real-time computer. It allows online
signal processing. We also use Labview of a host computer for
the interface. This interface is illustrated in the Figure 18. The
host computer also embeds the calibration matrices of the pro-
totype sensor and calibration sensor. With these matrices, the
computer simultaneously estimates the applied force.

To calibrate the prototype sensor, we applied different sets
of forces to the test-bench via the handle, following a trajec-
tory imposed by the operator. The signals from both sensors
are transmitted to the acquisition unit that converts these sig-
nals and sends them to the computer. The force application fol-
lows a force profile, while the computer records the frequency
shift and forces simultaneously. The calibration sensor gives
the information about the applied force (characteristics of the
calibration sensor are reported in table 2). The prototype sensor
gives the information about the frequency shifts. We can create
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Figure 16: Experimental validation of the sensor: (a) Sensor prototype, (b)
Test-bench for the sensor prototype characterization.

range resolution overload stiffness resonance
‘ N or Nm N or Nm N or Nm ‘ N/m or Nm/rad Hz
Fy, Fy 660 0.25 +3400 37-10° 1500
F, +1980 0.5 +12000 61-10° 1700
Tx, Ty +60 0.015 +220 52103 1700
T. +60 0.015 +420 94-10° 1500

Table 2: Calibration sensor characteristics: ATl Delta SI-660-60

a mapping between these two quantities, FoA f=F = fizo)
The sensitivity matrix stores the relationship between the quan-
tities.

Considering the linear behavior of the prototype sensor, the

relationship between frequency shifts {A f;} and the to-be-measured

force components {F';} is:
{Afi}) = [S]{ﬁj} with, i € {1,..,12} and j € {1, ..., 6}

The pseudo-inverse of the sensitivity matrix [S ] creates the

applied ﬂﬁ‘;‘%&%’n‘&m
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Figure 17: Setup for the calibration and validation of the sensor prototype. We
apply forces on the test-bench that will change the physical properties of the two
sensors. Their signals are treated by their respective signal conditioners. For the
calibration sensor, it comes with a signal conditioner, and for our prototype, we
use our tracking electronic card. Both controllers have an analog output, those
are sent to a real-time computer that performs the analog-to-digital conversion
(ADC). This computer is linked to a log computer with a user interface.
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Figure 18: Computer interface. The interface has five different zones: (a) the
control buttons, one button to stop the interface, and two buttons to initialize
each sensor. (b) A 3D representation of the sensor forces, the red block repre-
sents our sensor, the blue block represents the calibration sensor, and the gray
block represents the origin. (¢) A group of sliders to compare the instantaneous
response for the six component of each sensor. (d) A row of plots that show the
error between the two sensors for each force component. (e) A row of plots that
show the estimated force for each component for the both sensors.

calibration matrix [C] = [S]" = ([S]" [S])*1 [S1". The cal-
ibration matrix allows us to estimate the applied forces using
the measured frequency shift signals. This estimation gives the
entire force wrench. The estimation comes from:

{Fj}=1C1Af) with,i€ (1,12} and j € {1,...6)
We have designed the prototype in a way that we could ex-

ploit twelve frequencies. The sensor prototype has also been
designed such as to present the same forces range as the AT/
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Figure 19: Force estimations and comparisons between sensors. The estimation
error & is indicated for each axis. This error is the maximum difference between
the two signals along the test.

Delta. For calibration, the applied forces range is +100 N,
which is roughly +10 kgf. In the case of torque, the range is
+10 Nm, which represents +10 kgf with a lever of 10 cm. As
the commercial sensor, the prototype design takes into account
also a security factor above the maximum forces. This factor
was set to 2.

After the identification process, the prototype calibration
matrix has a condition number of 76, higher than the one of
the calibration sensor (46). It is important to remember that this
number sets an upper limit of the estimation error. A lower con-
dition number could lead to a more precise sensor. As it only
sets an upper bound, the performances of each sensor are lower
than this limit. This parameter is important in the design phase
of a sensor, but it loses importance in the experimental stage.

Based on the estimation of the calibration matrix, the force
can be estimated using the force sensor prototype. Comparisons
between both sensors permit to evaluate the prototype perfor-
mances.

The Figure 19 shows a transient response of a serie of ap-
plied force to the test-bench. The figure presents the response
of the two force sensors (calibration and prototype). Each plot
presents the curves of one axis, and it also presents the proto-
type estimation error in a percentage of the Full Scale Output
(FSO). In table 3, we present the estimation error in force/torque
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Figure 20: Comparison one-to-one between the calibration sensor and the pro-
totype. The figure shows the force estimation of both sensors. We only present
the case of the force in z-direction, because it is the worst case (see Figure 3).
The test was made in quasi-static condition.

units and the calibration sensor uncertainties. The estimation
error is smaller than the calibration sensor uncertainty given by
the manufacturer, showing the correct functioning of the proto-
type sensor. In the case of F, the prototype presents the greatest
error. Figure 20 shows the relationship between the estimation
of both sensors. The figure also shows calibration sensor un-
certainty. The estimation of the prototype remains within this
uncertainty range.

Figure 20 shows in an XY-form the same information about
F, already presented in the Figure 19. The rest of forces (F,,
F,, T, T,, T;) are closer to the reference signal. Both axes
represent forces, x-axis represents the calibration sensor and y-
axis represents the prototype sensor. The ideal situation should
follow a straight line with a slope of 1, but the actual fit has
a slope of 0.92. This represents an error on the sensitivity of
about 8%. Considering the calibration sensor as perfect, the
error linearity of the prototype for F is 0.45% FSO (this rep-
resent the greater difference between the sensor curve (without
hysteresis) and the linear estimation, all over the force range).
The hysteresis is 1.3% FSO. The prototype signal has an ellipti-
cal shape, which represents a delay (not an hysteresis) between
signal like Lissajous curve. Without the delay correction, the
error represents 3.1% FSO. The phase difference between the
two signals is about 2.4° in a quasi-static regime.

Repeated tests show a similar behavior in terms of the hys-
teresis and linearity errors. The sensitivity error is the greatest
of the three errors. This can be due to the uncertainty of the cal-



Forces (N) Torque (Nm)
Fo | F/y, | F, | T. | T, | T.
Prototype’s estimation error 5.0 5.0 114 | 034 | 0.32 0.44
Calibration sensor uncertainty (95%) | +8.25 | +8.25 | +9.9 | £0.6 | £0.72 | +1.05

Table 3: Force estimation error of the prototype compared with the calibration sensor uncertainties (with 95% of confidence). These uncertainties are given by the

manufacturer.

characteristics { sensor prototype | calibration sensor ‘

force range (+N) 660 660
force precision (N) 0.5 0.5
torque range (+Nm) 60 60
torque precision (Nm) 0.1 0.015
lower resonance (Hz) 400 1500
noise levels (+mV) 12 1
linearity (%) 0.45 0.08
hysteresis (%) 1.3 0.7
weight (g) 1560 910
diameter (mm) 140 94.5
height (mm) 130 33.3

Table 4: Sensor prototype characteristics compared to the commercial available
Sensors.

ibration sensor measurement or to the calibration process. This
can also be due to the calibration matrix used for the compar-
ison, which may not capture entirely the behavior of the pro-
totype dynamics. A new calibration matrix could reduce the
sensitivity error. The overall error seems acceptable for cobotic
applications as stated in because cobotic applications are
mainly interested in the detection of the operator intention to
move the robot rather than the very precise amount of applied
force.

The sensor prototype performances are summarized in ta-
ble 4. They are closed to those of the calibration sensor.

The precision of our sensor is thus roughly the same as that
of the commercial sensor ATI which is used as a reference. This
precision can even be improved by working on the reduction of
electronic noise (low signal-to-noise ratio). The linearity and
the hysteresis of the prototype are calculated based on the con-
sideration of a perfect calibration sensor. In the case of linearity,
the calibration sensor has a very low linearity error, so, it is fair
enough to consider it as perfect. But in case of the hystere-
sis, the sensor hysteresis error is about the same order. Even
though, their hysteresis is lower than other commercial sensors

. A reduction of the sensor size should be pursued to reduce
the sensor mass and dimensions. As shown in Figure 19, the
force estimations given by our prototype are within the uncer-
tainty range of the calibration sensor. Consequently, we can say
that our prototype is at least as good as the commercial sensor
in the calibrated force range.

6. Conclusion

This article proposes a complete mechatronic design method-
ology dedicated to a multi-axis resonant force sensor. This de-
vice is designed to be able to estimate all 6 components of force
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wrench used in robotic co-manipulation applications. This sen-
sor is based on a new technology in the context of multi-axis
force measurement and its performance is very similar to that
of commercially available force sensors. The literature review
reveals no relevant work in the field of multi-axis resonant sen-
sors, although this area of research holds great promise in terms
of performance and safety, two key elements for collaborative
robotics. A design methodology entirely dedicated to multi-
axis resonant force measurement is proposed. It can be used as
a basis for all future developments in this area.

A prototype sensor is designed using this methodology. It
is divided into two main parts: the mechanical structure on the
one hand and the monitoring and control unit on the other. The
design of the mechanical structure is done in two steps: the
first one focuses on the sensor’s sensitive elements, based on
clamped vibrating plates. The second step cleverly combines
several of these sensitive modular elements to design a com-
plete six-axis resonant force transducer. An effective control
technique is proposed for the simultaneous and real-time track-
ing of multiple resonant frequencies. The electronic implemen-
tation of the controller, although relatively simple, is extremely
efficient and robust. The calibration and validation part of the
sensor prototype proves the efficiency of the entire device and
confirms the effectiveness of the design approach for this type
of multi-axis resonant force transducer.

Several perspectives can be proposed to improve this multi-
axis resonant force sensing technology. First, the output of the
resonant sensor encodes the force information in the signal fre-
quency spectrum. In addition, the amplitude of these signals
could also be used to monitor the health status of this sensor or
for diagnostic purposes. This could be done in the short term. In
the long term, this could help us to study the effects of the sen-
sor’s ageing process on the degradation of its performance over
time. This monitoring of the sensor’s health status can also be
used to assess the risks of co-manipulation with humans. The
sensor prototype proposed in this paper has the ability to mea-
sure all force and torque components, however new designs for
other applications may require fewer axes. For example, some
applications dedicated to robotic joints only require the mea-
surement of a torque (or possibly a force measurement in the
axis of this joint) and not the measurement of the entire force
wrench. In this case, the design methodology proposed here
can be easily adapted to the solution design dedicated to each
specific application.
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