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AN ACQUI SI TI ON DEVI CE, A METHOD OF FABRI CATING I T, AND A
METHOD OF MEASURI NG FORCE

A first aspect of the invention relates to a
transducer for detecting and/or neasuring force when it
is integrated in a force sensor; in which transducer the
applied force is not neasured directly, but is neasured
by neasuring deformation: under the effect of a force,

t he transducer suffers deformation; this deformation

| eads to a variation in a measurabl e magnitude of the
transducer; a neasurenent portion of the sensor detects
and/or quantifies the variation, and delivers an out put
signal representative of the deformation and consequently
of the applied force.

Naturally, such a transducer can al so be used for
detecting or measuring deformation.

A first application of such transducers and sensors
lies in weighing vehicles on a roadway, when stationary,
or preferably while noving.

Wen a vehicle is on a roadway, whether stationary
or noving, the roadway deformnms locally under its tires.
This deformation, which is a function anongst ot her
things of the weight of the vehicle, can be detected
and/ or nmeasured by a sensor or an array of sensors. This
deformation information can then be interpreted in order
to detect the presence of vehicle wheels and to determ ne
t he nunber of vehicle wheels present or traveling on the
roadway, their speed, and/or their travel direction, or
i ndeed their weight.

A second application lies in tracking the state of
t he roadway, e.g. tracking irreversible deformation of
t he roadway and/ or detecting cracks and/or anticipating
cracks, e.g. by analyzing any drift in the neasurenent(s)
fromthe sensor(s), whether obtained in the absence of a
vehi cl e or aggregated after the passage of a plurality of
vehi cl es.
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Background of the first aspect of the invention

Nurmer ous deformation or force sensors have been
devel oped for applications of weighing stationary or
nmovi ng vehicles on a roadway, and for tracking the state
of the roadway.

In some such sensors, the transducer is forned by a
body that has el ectrodes fastened thereon, and that is
made of a material such that when a pair of el ectrodes
are fastened on the material, the resistance between the

el ectrodes varies as a function of the deformation
suffered by the material (i.e. a piezoresistive
mat eri al ).

The specific nature of such sensors is that the
el ectrodes are fastened on opposite sides of said body on

faces of the body that are normal, i.e. perpendicular, to
the direction in which the force for neasuring is
appl i ed.

When the force is applied to the transducer, the
body deforms in this direction; consequently, the
resi stance neasured between the el ectrodes on the faces
that are nornmal to the applied force varies; this
variation of resistance is detected and/or neasured by
the sensor in order to provide the | ooked-for
i nformati on.

Such transducers may be made for exanple in the form
of "intelligent concretes” or "intelligent bitum nous
m xes", i.e. concretes or bitum nous m xes that are
filled with nano-particles and that present
pi ezoresi stive behavior. They can al so be made by neans
of piezoresistive polyners.

There al so exist transducers that are made in the
form of piezoresistive tapes, in particular based on
pol ymers, ceram cs, and piezoresistive crystal materials.

Nevert hel ess, those various transducers are not
entirely satisfactory since each of themraises the
foll ow ng problens at least in part:
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the long duration required for putting transducers
into place and thus the long tine the roadway i s nmade
unavai | abl e;

the lack of reliability of such transducers in the
mediumto long term due to inconpatibilities between the
materials of the transducers and filler materials with
the material of the roadway, the transducers being
subj ected to stresses that are very |arge and repeat ed;

t he damage caused to the roadway by using
transducers, given that they have height that is not
negligi ble, thereby reducing the lifetinme of the roadway
inthe vicinity of the sensors;

t he poor accuracy of the transducers, which is
affected by the speeds of the vehicles and the paths they
follow, and by variations in tenperature and in noisture;
and

finally, large costs due both to the price of the
transducers and to the cost of putting theminto place in
t he roadway.

bj ect and summary of the first aspect of the invention

A first object of the invention is to propose a
transducer and consequently a deformation or force sensor
capable of elimnating or reducing all or some of the
above- nenti oned drawbacks.

This first object is achieved by an acquisition
device conprising a wall and a transducer, in which
device the transducer is constituted by a body and a
plurality of electrodes fastened to said body and spaced
apart from one another; the transducer is such that an
el ectrical inpedance determned fromsaid plurality of
el ectrodes is variable as a function of deformation to
whi ch the transducer is subjected; when seen | ooking
along a direction perpendicular to a surface of the wall,
at least two el ectrodes of said plurality of el ectrodes
are spaced apart from each other; and the transducer is
i ncor porated under the surface of the wall.
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The term"wall" is used to designate a body (or a
set of bodies) defined by a surface that is free, i.e. a
surface having one of its sides in a fluid, and in
particul ar the atnosphere. A wall may optionally be
flexible, as with a textile. A wall is not necessarily
pl ane.

The fact that the transducer is incorporated under
the surface of the wall nmeans firstly that when | ooking
in a direction perpendicular to the surface of the wall,
the wall surrounds the transducer, and secondly that the
transducer is placed on the wall side relative to the
surface of the wall (nevertheless, the transducer may
optionally itself be defined by the surface of the wall).

The only inpedance nentioned in the present docunent
is electrical inpedance; consequently it is referred to
bel ow nmerely as "i npedance".

An i npedance determned froma plurality of
el ectrodes is a magnitude that is a function of at |east
one ratio between a voltage and a current; for each ratio
anong said at |east one ratio, the voltage is neasured
between a first electrode pair of said plurality of
el ectrodes and the current is applied to a second
el ectrode pair of said plurality of electrodes. The
first and second el ectrode pairs may be identical or
different.

Usual Iy, the inpedance is conventionally equal to
the ratio of the voltage and the current for a single
pair of el ectrodes.

The term "i npedance” nay also refer to "mean
resi stance", equal to the nmean slope (e.g. as determ ned
by linear regression) of the (straight-line) curve
plotting current as a function of voltage (or voltage as
a function of current).

In the above defined acquisition device, the surface
of the wall includes the surface that is to receive the
force that is to be detected or neasured.

When this force is applied to the surface of the
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wal |, that |leads to a deformation of the transducer.

This deformation |leads to a variation of the electrical

i npedance between the el ectrodes, which can be neasured.
Measuring the deformation of the transducer (by measuring
t he i npedance vari ati on between el ectrodes) thus serves
to measure the force applied to the wall.

An acquisition device may have a plurality of
transducers of the above-defined type.

Unl i ke previously-used transducers, in the
acqui sition device of the invention, the el ectrodes of
the transducer are not in alignnment in the direction in
which the force is applied, but on the contrary, when
seen | ooking along a direction perpendicular to the
surface of the wall, at |east one pair of electrodes are
spaced apart: i.e., when |looking in this direction, the
two el ectrodes do not overlap and are seen to be
disjoint. This arrangenent advantageously nakes it
possi ble for at |east these el ectrodes optionally to be
pl aced at the sane level in the direction perpendicul ar
to the surface, thus naking it possible to have an
acqui sition device that is nore conpact in this
direction, or indeed extrenely conpact.

By way of exanple, the acquisition device can thus
be included in the surface of a roadway in a manner that
intrudes very little.

Bel ow, the term "thickness" is used relative to the
acqui sition device to designate its dinension in the
direction perpendicular to the surface of the wall, which
direction is referred to as the "perpendi cul ar
direction".

In general, the body of a transducer of the
invention is of small thickness.

There is no need for the transducer to be arranged
at the surface of the wall: it may be situated at a
di stance fromthat surface.

Consequently, in an enbodi nent of the invention, the
acqui sition device may further conprise a transfer |ayer
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separating the transducer fromthe surface of the wall.
On being deforned, this transfer |ayer |leads to
correspondi ng deformation of the transducer, which
deformation is representative of the force applied to the
surface of the wall.

Preferably, the transfer |ayer adheres to the face
of the transducer that is situated beside the surface,
i.e. the top face if the transducer is arranged
hori zontal ly.

The transfer |ayer preferably presents thickness
that is greater than three tinmes the di nension of the
transducer body in the perpendicul ar direction.

The transfer |layer nmay optionally be | am nated and
may itself be made out of at |east two sub-Ilayers.

The transfer layer may in particular be arranged in
such a manner as to deformspecifically in a transverse
pl ane perpendicular to the direction in which the force
is applied. Under such circunstances, the transfer |ayer
converts the applied force into a "transverse”
deformation of the transducer taking place in this
transverse plane; and it is this transverse deformation
that creates a neasurabl e i npedance vari ati on between
el ect r odes.

The transfer |layer may al so be arranged in such a
manner that the applied force gives rise to deformation
of the transducer in the perpendicular direction, and the
transducer may be designed so that such deformation
suffices to create a neasurabl e i npedance vari ation
bet ween el ect rodes.

The transfer |ayer nmay al so be arranged to conbi ne
both effects.

The transfer layer and the wall nay be nade of the
sanme material, in particular bitumnous mx. It should
be understood that in the above sentence, the term "wall
designates the portion of the wall that surrounds the
transducer (when seen | ooking along the perpendicul ar
di rection).
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The transfer layer and the wall nmay in particul ar be
formed integrally. The fact that the transfer |ayer and
the wall are formed integrally nmeans that the transfer
| ayer is then formed continuously with the material of
the wall portion surrounding the transducer.

Al ternatively, the transfer layer is nade of a materi al
that is applied after the wall has been forned, when the
transducer is placed in a hole forned in a wall.

The above defined acquisition device may be used to
make a sensor, in particular a sensor for detecting or
measuring the deformation of the transducer, and/or the
force applied to the wall.

The sensor may al so be designed to indicate the
variations in the force applied to the surface of the
wal | (rather than the force itself), which variations are
then generally determ ned as a function of the inpedance
variations of the transducer.

The sensor then has at | east one acquisition device
as defined above, and an inpedance-determ nati on system
connected to el ectrodes of at |east one transducer of
said at | east one acquisition device, and suitable for
determ ning an i npedance and/ or an inpedance variation of
said at | east one transducer.

In particular, the sensor may conprise a set of
transducers arranged in an array, together wth neans
suitable for identifying which transducers are activated
or stressed at any given instant. A sensor including
such an array of transducers may be used for neasuring

t he speed and/or the travel direction of a vehicle. In
particular, the transducers may be arranged in rows and
colums, i.e. in a matrix arrangenent.

In an enbodi ment, the sensor may include two (or
nore than two) transducers, placed one above the other in
t he thickness direction of the sensor.

Under such circunmstances, when seen | ooking
perpendicularly to the surface of the wall of the
acqui sition device, the respective el ectrodes of the
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various transducers may in particular present
orientations that are different; for exanple, in this
view they may be at an angle of 90°.

The i nmpedance-determ nati on system may be a system
for determ ning resistance, constituted mainly by an
ohmet er that detects and/or quantifies the resistance
and/ or the resistance variation between the el ectrodes.

I n anot her enbodi nent, the inpedance-determ nation
system eval uates the conpl ex i npedance between the
el ectrodes, possibly as a function of frequency or at a
predefined frequency, e.g. for the purpose of determ ning
the capacitance and the relative permttivity of the
mat eri al between the el ectrodes.

The sensor may al so conprise a correlation system
for determning the deformati on of the transducer(s),
and/or the force(s) applied to the wall, on the basis of
t he i npedance of the transducer(s) and/or inpedance
vari ations.

On the basis of information delivered by the
i npedance-determ nati on system the correlation system
prepares an anal og or digital output signal that is
guantitatively or qualitatively correlated with the
deformation of the transducer(s) or with the force(s)
applied to the surface of the wall. The correlation
bet ween the i npedance or the inpedance vari ations between
the el ectrodes and the output signal (considered as being
representative of the deformation or of the applied
force) is determ ned by neans of a prelimnary
calibration step and/or by an (el ectronmechani cal)
physi cal nodel for the acquisition device.

The sensor may al so be a sensor for sensing the
deformation state of the roadway or of the material that
receives the sensor, and in particular irreversible
def ormati on of a roadway, together with a system for
antici pated detection of cracks. By way of exanple, the
sensor may conprise at | east one acquisition device as
defi ned above, together with an ohmmeter connected to
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el ectrodes of the transducer(s), or a matrix of
transducers as defined above. By way of exanple, the
sensor operates by analyzing any drift in the
measurenents fromthe transducer(s), either for
neasurenents obtained in the absence of vehicles or for
measurenents aggregated as a result of a plurality of
vehi cl es passi ng.

The sensor may al so be a sensor for sensing the
speed and the direction of an object noving on a
mat erial, conprising at | east one acquisition device as
defi ned above, together with an ohmmeter connected to
el ectrodes of the transducer(s), or preferably of a
matri x of transducers as defined above.

The acquisition device or the sensor of the
invention may be used equally well for detecting a
| ocal i zed force (spot pressure) and for detecting a
di stributed force.

As nentioned above, the transducer is generally of
smal | thickness. The transducer body is thus generally
in the formof a layer, or of one (or nore) thread(s) or
strip(s) connecting together the el ectrodes.

By way of exanple, the transducer body nay forma
thin layer, i.e. a layer of thickness |less than one-tenth
of at |east one of the other two characteristic
di mensi ons of the body of the transducer. The thickness
of this layer may in particular be less than 1 mllineter
(mm), preferably less than 0.5 nm or even 0.1 mm

The el ectrodes are generally arranged in such a
manner as to be at the sane level relative to the body of
the transducer in the direction perpendicular to the
surface. For exanple, the electrodes nay be placed on
the face of the transducer body that is situated beside
the surface, and on its face that is rempte fromthe
surface, or indeed at a common | evel between them

These faces are the top and bottom faces of the
transducer body, when the device is arranged
"horizontally", i.e. in such a manner that the surface of
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its wall is horizontal (with this being one possibility
anong others for installing the acquisition device of the
invention. Conventionally, an elenent is said belowto
be a "top" elenent when it is situated beside the surface
of the wall relative to the body of the transducer, and a
"bottom' el enent when it is situated on the opposite

si de.

As nentioned above, an inportant application of the
invention is weighing vehicles or neasuring deformation
of the roadway.

The acquisition device is then inplanted under the
surface of the roadway. |Its small thickness enables it
to be inplanted in a manner that intrudes little. As
described in greater detail below, it may be nade using
materials that are conpatible with bitum nous m x.

Consequently, in spite of numerous stresses
(climate, mechanical, .) to which an acquisition device
inplanted in a roadway m ght be subjected, the
acqui sition device of the invention can advant ageously
present a long lifetine.

The acqui sition device, or a sensor incorporating
such a device, may naturally be used for detecting the
presence and the wei ght of objects (or of people,
animals, etc.) on a surface, or indeed any forces that
m ght be applied to a surface.

In order to increase the lifetinme and the accuracy
of the transducer, it may further conprise a bonding
| ayer interposed between the body of the transducer and a
surface nei ghboring the body of the transducer, the
bondi ng | ayer adhering to the body of the transducer and
to said neighboring surface. This neighboring surface
may in particular be a surface of the above-nentioned
transfer layer. The bonding layer is then a top bondi ng
| ayer, that provides close bonding between the transfer
| ayer and the body of the transducer.

Thi s nei ghboring surface nmay al so be a support
surface supporting the transducer on its bottom side; the
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bondi ng layer is then a bottom bonding | ayer, arranged
bet ween the piezoresistive body and the support surface.

The transducer may have both a bottom bondi ng | ayer
and a top bonding | ayer.

I n an enbodi nent, the transducer al so has a second
pair of electrodes that are spaced apart from each ot her
in a second direction perpendicular to the transverse
direction (the transverse direction being the direction
al ong which the el ectrodes of the above-nentioned pair of
el ectrodes are spaced apart, which el ectrodes are
referred to as the first pair of electrodes). The second
pair of electrodes nmakes it possible to provide an
addi ti onal nmeasurenent, and thereby obtain better
know edge about the variations in the inpedance of the
pi ezoresi stive body, and by extension, about the state of
its deformation.

In an enbodi ment, the transducer has several pairs
of electrodes formng parallel pairs of sides of a
pol ygon. The sides of the polygon that are not parall el
to each other may be of different I engths. The pairs of
el ectrodes nmake it possible to obtain better know edge
about the resistance of the transducer because of the
directions and the shapes selected for the el ectrodes,
and by extension, to obtain better know edge about the
state of deformation of the body of the transducer.

The el ectrodes may benefit in full or in part from
the foll ow ng i nprovenents

the pair of electrodes nay be constituted by
el ectrodes that are interleaved (i.e. that formtwo
interfitting conbs) so as to reduce the resistance of the
transducer and increase its sensitivity;

the portions of the electrodes that are in contact
with the piezoresistive body may be substantially plane;

the portions of the electrodes that are in contact
with the piezoresistive body may be made up of a thin
wire or an array of thin wires formng a conb or a grid,
whi ch may optionally be regul ar;
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the el ectrodes may be rigid, exanple they may be
made of a material having a bending nodulus that is
significantly greater (at |least twi ce) than the bending
nodul us of the piezoresistive body. This arrangenent
makes it possible to increase the sensitivity of the
transducer to deformation perpendicular to the surface of
the wall; and

the el ectrodes may be flexible, and by way of
exanpl e they may be made of a material having a bending
nodul us that is conparable with or | ess than the bending
nodul us of the piezoresistive body. This arrangenent
makes it possible to increase the robustness of the
t ransducer.

Various materials can be used to nake the
pi ezoresi stive body.

In order to be able to nmeasure a force applied to
the surface of the wall, it is necessary for the
i npedance of the piezoresistive body (i.e. generally its
el ectrical resistance) between the el ectrodes, and thus
in the transverse direction, to vary - and preferably
strongly - as a function of the applied force.

In order to make the transducer, it is possible in
particular to make use of a body and el ectrodes that
present one and/or nore of the follow ng characteristics:

if aforce is applied to the acquisition device in
a direction perpendicular to the surface of the wall, the
transducer defornms nmainly, or indeed essentially, in said
direction perpendicular to the surface of the wall, and
an i npedance neasured between the el ectrodes of said
plurality of electrodes varies.

Optionally, this inpedance variation occurs even in
t he absence of the material being deforned in said
per pendi cul ar direction.

if aforce is applied to the acquisition device in
a direction perpendicular to the surface of the wall, the
transducer defornms nmainly, or indeed essentially, in a
pl ane substantially parallel to the wall, and an
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i npedance neasured between the el ectrodes of said
plurality of electrodes varies.

Def ormati on occurring "mainly" (or indeed
essentially) in a direction neans that the novenents of
points of the material take place in a direction nmaking
an angle of |ess than 45° (or indeed |ess than 20°)
relative to said direction. The above-nentioned
characteristics nay be obtained by an appropriate
sel ection of piezoresistive material for formng the body
of the transducer, and/or by selecting el ectrodes having
appropriate stiffness.

An exanpl e of transducers presenting these
characteristics is given bel ow.

The transducer body may have various different
chem cal conpositions.

In an enbodi ment, the transducer body conprises a
percol ating array of mcro- and/or nano-particles. The
terms "mcro-particles" and "nano-particles"” are used
herein respectively to designate particles for which at
| east one of the characteristic dinensions is |ess than
100 mcroneters (pum or 100 nanoneters (nm,
respectively.

These m cro- and/or nano-particles may in particul ar
conprise one or nore particles selected fromthe
following |ist:

a) carbon nanotubes, in particular in a randomor an
organi zed array;

b) self-assenbled mcro- or nano-particles; and

c) sheets of graphene, of graphite, or of optionally
reduced graphene oxi de.

The percolating array may al so include particles of
clay, sone of said particles presenting an outside
surface that is covered at least in part in a conductive
subst ance.

The transducer body may al so conprise a
pi ezoresi stive polynmer, or a mxture of a plurality of
pi ezoresi stive polyners, or a mxture of at |east one
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pol ymer, e.g. bitunen, with conductive mcro- and nano-
particles (thus form ng a polynmer conposite with mcro-
or nano-particles) or a mxture of cenment material with
m cro- and nano-particles (sonetines referred to as
"intelligent cenment” or "intelligent concrete").

The invention al so provides a tape conprising a
plurality of acquisition devices as defined above
fastened to a strip. The strip nay be nade of a flexible
polymer. In particular, it may be designed to be capable
of being packaged as a reel or a roll. The strip may act
as a transfer |ayer and/or as a | ayer presenting a
support surface for the purpose of protecting or
supporting the acquisition devices, as set out above.

The invention al so provides an inspection station,
e.g. a tollbooth, having at |least one traffic |ane
provided with a force sensor as defined above.

The invention al so provides a display, e.g. a
touchscreen, suitable for displaying variable information
and including at |east one acquisition device as defined
above.

The invention al so provides a nethod of measuring
force, the nmethod conprising the foll ow ng steps:

a) providing a transducer constituted by a body and
by a plurality of electrodes fastened to said body and
spaced apart from one another, the transducer being such
that an el ectrical inpedance determ ned from said
plurality of electrodes is variable as a function of
deformation to which the transducer is subjected;

b) applying a force to said transducer in a
di rection such that, when seen | ooking al ong said
direction, at |east tw el ectrodes of said plurality of
el ectrodes are spaced apart from each other; and

c) neasuring the variation of the inpedance under
the effect of the applied force.

d) determning the applied force as a function of
sai d i npedance vari ati on.

Step d) is performed by using prior know edge about
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the rel ati onship between the deformati on of the
transducer and the force applied thereto.

It can al so be understood that the force nay be
applied to the transducer either directly or indirectly.
For exanple, the transducer nmay be placed under a
transfer layer (a force transfer layer), and a force may
be applied to the transfer layer, with a portion of this
force being transmtted to the transducer via the
transfer |ayer.

A second object of the invention is to provide a
nmet hod of fabricating a transducer incorporated in a
wal | , which nethod enables a transducer to be
incorporated in sinple manner in a wall in order to
det ect and/or measure deformations and forces, and in
particular a transducer usable in a force sensor for
measuring a force applied to a roadway.

This object is achieved by the nmethod of fabricating
an acqui sition device conprising a wall and a transducer,
t he net hod conprising the foll ow ng steps:

a) positioning a plurality of electrodes in contact
with a body, the body and said el ectrodes being such that
an electrical inpedance determned fromsaid plurality of
el ectrodes is variable as a function of deformation to
whi ch the body associated with said plurality of
el ectrodes i s subjected;

the body and said plurality of electrodes thus
forma transducer;

b) formng the wall; and

wherein steps a) and b) are performed in such a
manner that the transducer is incorporated under a
surface of the wall, and, when seen | ooking along a
direction perpendicular to said surface, at |east two of
said el ectrodes are spaced apart from each ot her.

This method nay be perfornmed in particular when the
wall is the ground or the wall of a ground.

In this nethod, step b) is preferably perforned
after step a), i.e. after making the transducer or
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incorporating it under the surface of a wall.

Step a) may conprise two sub-steps: al) positioning
the el ectrode; a2) formng the body of the transducer.

These two sub-steps may be perfornmed in the order
al) followed by a2), if the body of the transducer is
above the electrodes, or in the order a2) followed by al)
under opposite circunstances, or indeed sinultaneously,
in particular if the electrodes are inside the body of
t he transducer.

At the end of step b), the top surface of the body
of the transducer constitutes a wall surface. The nethod
thus makes it possible to obtain an acquisition device
conprising a transducer incorporated in a wall in
accordance with the invention.

Step b) of the nmethod may in particul ar include
depositing a transfer |ayer on the transducer.

Preferably, this transfer layer is designed so as to
adhere to the transducer.

The above-descri bed nethod of fabricating a
transducer may be perfornmed in a factory; the transducer
is then prefabricated. The body of the transducer forned
in step a) can then be formed in particular on a top
surface of a tape, e.g. a tape nade of plastics material.

Al ternatively, the transducer may be fabricated or
integrated in a wall in situ. The nethod nmay then be
used in particular for making transducers that are
incorporated in the ground. Above-described step b) of
formng the wall may then consist in depositing a surface
| ayer on the ground, over the transducer. By way of
exanpl e, the surface |ayer nay be a bitum nous m x | ayer
(a m xture of aggregate and a bitunen conpound bi nder).

Under such circunmstances, the nmethod is incorporated
in the nethod of laying the roadway, enabling one (or
nore) acquisition devices to be incorporated in the
r oadway.

Consequently, the invention also provides a nethod
of laying a roadway and conprising the foll ow ng steps:
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A) preparing a support surface; and

B) on said support surface, depositing at |east one
bi tum nous m x layer while incorporating therein at |east
one transducer, in such a manner that the roadway
i ncl udes an acquisition device fornmed by a nethod as
defi ned above.

In the context of the invention, the bitum nous m x
| ayer may al so be constituted by any other materi al
suitabl e for making a roadway, for exanple aggregates
bound by a hydraulic binder, a bitunmen binder, etc.

The nethod thus makes it possible to nake roadways
havi ng one or nore transducers incorporated therein.

The preparation step A) may consist in particul ar
either in cleaning or scraping the top layer of an
exi sting roadway, or in depositing a bottom roadway
| ayer, which is generally a bitum nous mx |ayer.

The bitum nous m x | ayer deposited in step B) is
preferably the top |layer of the roadway, the |ayer that
is deposited in the context of normal |aying or repairing
of the roadway. Such a roadway top | ayer generally
extends in the travel direction of the roadway over a
length of at least 10 neters on either side of the
transducer. When the transducer is put into place or
made while the roadway is being laid, the transducer is
advant ageously laid without any prior step of digging a
trench in a roadway and burying the transducer in the
trench.

In an inplenentation of the nethod, step A)
conprises depositing a bottom bitum nous mx |ayer, with
its top surface constituting said support surface; the
t hi cknesses of the bottom bitum nous m x | ayer and of
said at |east one bitum nous m x |layer are such that the
transducer is situated at a depth Iying in the range 15%
to 50% of the total thickness of said bitum nous mXx
| ayers.

Furthernore, and preferably, the thickness of said
at | east one bitumnous mx layer is a significant
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fraction (greater than one-tenth) of the total thickness
of said bitum nous mx |ayers of the roadway.

Advant ageously, the nethod of |aying the roadway
provi des good conpatibility with the surroundi ng roadway
materials (in particular in terns of shapeability,
lifetime, absence of disturbing foreign bodies), nmaking
it possible to omt connections or to have connections
that are stable between the nmeasurenment device and the
remai nder of the roadway for better overall durability.

The nethod is sinple to perform thereby m nimzing
unavail ability of the roadway, and it is possible to nake
the transducer either in a factory at very |ow cost, or
directly on site using steps that are sinple to perform

Finally, the nethod nay be adapted as a function of
the problens involved with tracking a road under study.
The transducer may have a characteristic size varying
froma mllinmeter to a neter; its sensitivity can be
optim zed by a suitable selection for the nunber of
| ayers of piezoresistive material and of el ectrodes.
Furthernore, the currents passing the transducers can be
conditioned in sinple and i nexpensi ve manner, thereby
facilitating sinmultaneous use of a |arge nunber of
transducers incorporated in a single sensor, e.qg.
arranged in a matri x.

* ok ok *

Bel ow, a second aspect of the invention relates to a
mat eri al suitable for making the transducer.

The transducer may in particular be a transducer
that presents a variable electrical magnitude of the
el ectrical inpedance type, in particular resistance or
resistivity, this nagnitude being suitable for being
detect ed and/or neasured, the transducer being arranged
in such a manner that the magnitude varies under the
effect of a stress, e.g. a force or a deformation, that
is applied to the transducer.
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Background of the second aspect of the invention
A known famly of materials that are suitable for
maki ng transducers of the above-defined type are

pi ezoresi stive materials. Piezoresistive materials
include in particular conpositions based on carbon
nanot ubes. Carbon nanotubes nmay be dispersed within a
matrix in order to forma percolating array, thereby
conferring properties of conductivity and in certain
ci rcunst ances of piezoresistivity for the matri x.
Nevert hel ess, the cost of carbon nanotubes is high.

bj ect and summary of the second aspect of the invention

An object of the second aspect of the invention is
thus to propose a lowcost material that is suitable for
maki ng a transducer of the above-defined type.

This object is achieved by a conposite nmateri al
having a plurality of clay particles mxed with
conductive carbonaceous fibrous elenents, said particles
presenting an outside surface that is covered at |east in
part in a conductive substance.

A material or a substance is said to be conductive
when its resistivity pin ohmneters (Q-n at 20°Cis
| ess than 100 Q-m The conductivity of conductive
car bonaceous fibrous el enments and of the conductive
substance is preferably less than 0.1 Q-m and nore
preferably I ess than 0.01 Q- m

Because of the conductivity properties of clay
particles coated in this way and of conductive
car bonaceous fibrous elenments, the material as defined in
this way advant ageously presents the | ooked-for quality
of presenting an inpedance, and particularly (but not
only) a resistance, that varies when a force is applied
to the transducer.

Advant ageously, the qualities of this material are
obt ai ned usi ng | ow cost conponents:
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car bonaceous fibrous el ements, which have a high
price per kilogram but can be used in quantities that
are very small; and

a conductive substance and particles of clay,
whi ch are or can be conponents of very |ow price.

Furthernore, as described in detail below the
mat eri al presents the | ooked-for properties even when it
isin the formof a very thin layer. Consequently, a
smal | volune of material suffices for nmaking transducers
of | arge area.

The various inprovenents bel ow may be applied to the
conposite material of the second aspect of the invention,
in isolation or in any conbination:

by way of exanple, the conductive substance nay be
a substance constituted for the nost part by carbon atons
in SP2 hybridization (materials based on carbon atons in
SP2 hybridi zation are conductive, unli ke materials based
on carbon atons in the SP3 configuration);

t he conductive substance is preferably a graphene-
I i ke substance, i.e. a substance made up for the nost
part out of graphene or a material of graphene type.
Consequently, it is not necessarily made of a materi al
conprising only a single |ayer of carbon atons;

t he conductive substance may forma | ayer on the
surface of the particles having nean thickness of |ess
than 10 pum

t he carbonaceous fibrous el enents nay conprise
single-wall ed and/or nulti-walled carbon nanotubes and/ or
car bon nanofi bers; and/or

the clay may be a fibrous clay, i.e. sepiolite
and/ or pal ygorskite.

In an enbodi ment, the clay particles covered at
least in part in a |layer of conductive substance are such
that the material constitutes a conposition as defined in
any one of claims 1 to 12 of international patent
application WD 2012/ 160229.
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The invention al so provides a transducer constituted
by a body made of the above-defined material (the
mat eri al possibly benefiting fromsone or all of the
above-specified i nprovenents), and a plurality of
el ectrodes fastened to said body and spaced apart from
one anot her.

The el ectrical inpedance between the el ectrodes
vari es when the transducer is subjected to deformation,
for exanple when a force is applied thereto.

In a preferred enbodi nent, the body of the
transducer forns a |ayer, and at |east one pair of
el ectrodes of said plurality of el ectrodes are spaced
apart fromeach other in a transverse direction |ying
substantially in a plane of the |ayer.

The | ayer nmay be of thickness that is |ess than
1 mm or indeed 0.1 mMm

The invention al so provides a display suitable for
di spl ayi ng varying information, and having a displ ay
surface that includes at |east one transducer as defined
above, in particular a transducer nmade using the above-
menti oned preferred enbodi nment.

The invention al so provides a nethod of detecting
and/ or nmeasuring a force, in which a transducer as
defined above is used, in particular a transducer
constituting the above-nentioned preferred enbodi nent,
and a variation in an electrical inpedance determ ned
bet ween the el ectrodes of the transducer as occurs when
the force is applied to the transducer is detected and/or
nmeasur ed.

The nethod may in particular be used when the
variation in the electrical inpedance is a variation in
resi stance or resistivity of the transducer under the
effect of the applied force.

The invention al so provides a nethod of preparing a
mat eri al, the nethod conprising the follow ng steps:

a) providing conductive carbonaceous fi brous
el ement s;
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b) mxing said elenents with particles of clay in a
polar liquid medi um

c) adding an organi c conpound suitable for being
transforned into a conductive substance by being
car boni zed; and

d) applying carbonization heat treatnent to the
m xture obtained in this way.

In an inplenmentation, the organic conmpound added in
step c) is a substance suitable for being transformed by
carboni zation into a substance made up for the nost part
of carbon atons in the SP2 configuration, and nore
particularly a substance capable of transformng into a
gr aphene- | i ke subst ance.

The organi ¢ conmpound added in step c) is a precursor
conponent nmaking it possible in step d) to forma |ayer
of conductive substance at the surface of the clay
particles.

The term "carboni zation" is used to designate
heating in the absence of oxygen.

The polar liquid solvent may in particularly based
on water, on nethanol, on ethanol, and/or on propanol.

The organi c conmpound nmay in particular be a
bi opol yner, sugar, and/or caranel.

By way of exanple, the biopolynmer may be sel ected
fromchitosan, al ginate, pectin, guar gum cell ul ose,
gelatin, collagen, zein, DNA, or any conbination thereof.

The carboni zati on heat treatnent serves to degrade
t he organi ¢ conpound, and to condense it on the clay
particles so that its surface beconmes covered at |east in
part in a layer of conductive substance.

Advant ageousl y, al though the carbonaceous fi brous
el enents (which may in particul ar be carbon nanot ubes)
are incorporated with the clay particles as fromstep b),
they are not destroyed and their properties are
unaffected by the heat treatnent of step d).

Consequently, the above-defined net hod nmakes it
possible to benefit fromthe di spersive properties of
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clay particles, thus making it possible to obtain a
honogeneous di spersi on of carbonaceous fibrous el enents.
As nentioned above, in the resulting material, the
conductivity and piezoresistivity properties of carbon
nanot ubes are advant ageously associated with the
el ectrical conductivity properties of the conductive
| ayer fornmed on the clay particles.
In an inplenentation of the above-defined nmet hod of

preparing material, in step b), said elenents may be
m xed with the clay particles in particul ar by
sonication, i.e. by subjecting the particles to

ul t rasound.

Advant ageously, the transducer and the fabrication
met hod present a cost that is very low, by using active
mat erials (the carbonaceous fibrous elenents) in very
smal | quantities, and in general only in a thin |layer of
very small thickness.

The invention can be well understood and its
advant ages appear better on reading the foll ow ng
detail ed description of enbodinents given as non-limting
exanples. The description refers to the acconpanyi ng
drawi ngs, in which:

Figure 1 is a diagrammatic perspective view
showi ng a sensor in a first enbodi nent of the invention
i nplanted in a roadway (not shown);

Figure 2 is a fragnentary diagramatic view in
per spective of the sensor shown in Figure 1

Figure 3 is a diagrammatic view in section of a
roadway havi ng i ncorporated therein the acquisition
device shown in part in Figure 2, the view being shown in
t he absence of a vehicl e;

Figure 4 is the sanme diagrammtic section view of
a roadway as Figure 3, the view being shown while a
vehicle is passing;

Figure 5 is a diagramplotting curves for
variation in the distance between el ectrodes and
resi stance in an acquisition device of the invention;
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Figure 6 is a diagrammtic section view of a
roadway fitted with an acquisition device of the
i nvention and havi ng two transducers;

Figure 7 is a diagrammtic perspective view of a
roadway fitted with an acquisition device of the
i nvention and havi ng three transducers;

Figure 8 is a diagrammatic view show ng the steps
performed in a method of |aying a roadway of the
i nventi on;

Figure 9 is a diagrammatic section view of the
roadway obtained by inplenenting the method shown in
Fi gure 8;

Figure 10 is a fragmentary diagranmatic view from
above of an acquisition device in another enbodi nent of
t he i nvention;

Figure 11 is a fragmentary diagranmatic view from
above of an acquisition device in another enbodi nent of
t he i nvention; and

Figure 12 is a diagramplotting the curve for
resi stance between el ectrode pairs as a function of the
spaci ng between el ectrode pairs, in the Figure 11 devi ce.

El ements that are identical or simlar in the
vari ous enbodi nents are given the sanme nunerica
ref erences.

There follows a description of a conposite nateri al
in the second aspect of the invention that is
particul arly adapted for making transducers as defi ned
above, but without being limted to that use only.

The conposite material conprises particles of clay
m xed with carbonaceous fibrous elenents; the particles
of clay present an outside surface that is covered at
| east in part in a conductive substance, preferably of
t he graphene-1like type.

The term "carbonaceous fibrous el enents” designates
single-walled and/or nulti-walled carbon nanotubes, and
al so carbon fibers.
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The graphene-1i ke substance generally forns a thin
| ayer on the surface of the particles, or at |east of
sonme of the particles. The nmean thickness of this |ayer
may in particular be less than 10 um The conposition of
this layer is described in greater detail below while
describing a nmethod of nmaking a | ayer of the conposite
mat eri al .

Advant ageously, the |layer of conductive substance
present at the surface of the particles nakes the
particles covered in this way electrically conductive.

By way of exanple, this property nmay be verified by
using a scanning el ectron m croscope: when a conductive
substance is observed with a scanning el ectron
m croscope, its surface does not present any significant
accurrul ati on of electrons, as can be seen for exanple on
graphene, which is considered herein as being a typi cal
exanpl e of a conductive material.

The clay may be selected in particular fromfibrous
clays, i.e. sepiolite and pal ygorskite.

I n known manner, the carbonaceous fibrous el enents
serve to make percolating arrays that are electrically
conductive. Advantageously, the above-described nmateri al
makes it possible to benefit fromthe conductivity and
percol ation qualities of carbonaceous fibrous el enents,
but without it being necessary to use a |arge quantity of
such elenments. Specifically, in the above-defined
conposite material, a large portion of the conduction of
electricity is provided not by the carbonaceous fi brous
el enents, but by the particles because of the fact that
they are covered at least in part in a conductive
subst ance.

It is thus possible to use a snmall quantity of
carbonaceous fibrous el enents since, given that they are
di ssem nat ed anongst particles of clay, they constitute
only a small proportion of the material.

Furthernore, the above-defined conposite materi al
may advant ageously be used in a thin layer (e.g. having a
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t hi ckness of a few tens of mcroneters), thereby clearly
l[imting the quantity of carbonaceous fibrous el enents
used.
By way of exanple, a body nade of the above-defined

conposite material may be nmade via the follow ng two
st eps:

fabricating the conposite material, which is
obtained in the formof a powder; and then

depositing the material on a surface and
fabricating the conposite material body itself on that
surf ace.

Fabricating the conposite nateri al

The conposite material may be nade by the foll ow ng
st eps:

a) providing carbon nanotubes (and/or |inear carbon
fibers);

b) dispersing the carbon nanotubes (and/or the
I i near carbon fibers) anong particles of clay by neans of
a polar liquid solvent;

c) adding an organi c conpound suitable for
transform ng into a conductive substance by being
carboni zed, e.g. caranel

c2) elimnating the solvent; and

d) carbonizing the resulting m xture so as to
transformthe organic conpound into a conductive
substance covering at |east part of the outside surfaces
of the clay particles.

Steps a) and b) nmay be perfornmed by way of exanple
using a nethod as defined by any one of clains 16 to 20
of international patent application WO 2011/ 070208.

In addition, step c2) may be perforned by way of
exanple in conpliance with step ¢c) of the nethod defined
by any one of clains 21 to 25 of international patent
application WD 2011/ 070208.
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Docunent WO 2011/ 070208 provi des exanpl es of
perform ng nmethods in accordance with its clainms 16 to
25.

By way of exanple, step d) may be perforned by a
nmet hod of preparing carbonaceous nmaterial as defined by
any one of clainms 22 to 41 of international patent
application WD 2012/ 160229; exanpl es of inplenenting such
a nmethod are given on pages 10 and 11 of that docunent.

An exanpl e of fabricating the conposite materi al
The foll owi ng three conponents are used:

clay particles: 2.5 grans (g) of particles of
sepiolite;

car bonaceous fibrous elenents: 50 mlligrans (ng)
of multi-walled carbon nanotubes (i.e. 2% by wei ght
relative to the sepiolite); and

polar liquid solvent: 43 milliliters (m) of

wat er .

The carbon nanot ubes are obtai ned beforehand in
i ndependent manner by the chem cal vapor deposition (CVD)
met hod. The nanotubes are caused to grow so that they
have a nean dianeter of 10 nmand a nean length of 1 pum
to 2 um

The material is then prepared as foll ows:

Step b) is subdivided into three individual steps
b1, b2, and b3:

bl) The three above-specified conponents are m xed
t oget her.

b2) The resulting m xture i s honbgeni zed.

Honogeni zing is perforned by sonication. VIBRACELL
VCX750 Sonics equipnment is used with a Ti-Al -V tip having
a dianeter of 13 mm operating at a resonant frequency of
20 kil ohertz (kHz). The selected energy is
4.4 kilojoules (kJ), i.e. 94.3 joules per gram (J/Q).
10-second pul ses are applied that are spaced apart by
pauses.
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Honogeni zati on by sonication may be alternated with
one or nore operations of working the m xture.

b3) The m xture is dried.

The m xture is dried at 60°C- 70°C overni ght.

c) An organic conpound is added as a precursor,
specifically 6.5 g of liquid caramel (Royal ™ caranel
80% in a 2:1 caranmel to clay weight ratio.

c2) The m xture is dried once nore at 60°C-70°C
over ni ght.

d) The dried m xture obtained in this way is baked:

The m xture of sepiolite, carbon nanotubes, and
caranel as obtained after drying is baked at a
tenperature of 800°C under a streamof nitrogen with a
tenperature ranp at the begi nning of baking of 5°C per
mnute (C/ mn).

The material is maintained at this tenperature for
1 hour (h) in order to transformthe caranel into a
conducti ve substance.

The material is then reduced to powder by grinding,
so that it can be deposited. The particles obtained by
grinding preferably have | argest Feret dianeters with a
mean val ue of less than 50 um and preferably of |ess
than 15 pm

The material in powder formas obtained in this way
can then be deposited so as to forma piezoresistive body
suitable for formng a force or deformation transducer or
sensor.

Structure of the transducer and of the sensor

In order to make the body of a transducer in the
first aspect of the invention, any piezoresistive
mat erial (but not only such materials) can be used. It
is possible in particular to use the conposite materi al

conprising clay particles mxed with conductive

car bonaceous fibrous el enents as descri bed above.
Preferably a material is used that is suitable for

formng a layer, and in particular a thin |ayer.
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The body of the transducer may forma layer that is
continuous (w thout holes). It may also forma |ayer
that includes holes and/or discontinuities, it being
specified that it is preferable for there to exist at
| east one continuous path passing through the body of the
transducer and connecting the various el ectrodes one to
anot her.

The material of the body of the transducer is
preferably constituted by a piezoresistive materi al
selected so that the resistance between two neasurenent
points (where the el ectrodes are placed) varies strongly
when a force is applied to the body of the transducer in
a direction perpendicular to the direction connecting
t oget her the two neasurenent points.

The material may in particular be constituted by a
percol ating array of mcro- or nano-particles (particles
having at |east one characteristic dinmension that is |ess
than 100 pym or 100 nm respectively) or by a percol ating
array constituted by a m xture of different types of
m cro- or nano-particle.

Particles that are nore particularly suitable are as
foll ows:

a) carbon nanotubes in a random or an organi zed
array;

b) self-assenbled micro- or nano-particles;

c) sheets of graphene, graphite, or optionally
reduced graphene oxi de;

d) various conbinations of the above conponents when
m xed together; or

e) a piezoresistive polynmer or a m xture of various
pi ezoresi stive polyners; or

f) a m xture of one or nore polyners with conductive
m cro- and nano-particles (nano-particle polyner
conposites); or

g) a mxture of bitum nous mx or bitunmen with
m cro- and nano-particles (intelligent bitum nous m Xx).
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The body of the transducer may in particul ar be made
out of the above-described conposite material conprising
clay particles and fibrous carbonaceous el enents.

The ability of the material to present resistance
that varies in a specific direction (along which the
measur enent points are arranged) can be increased by
encouraging a certain orientation for the mcro- or nano-
particles in the piezoresistive body. By way of exanple,
this may be done by diel ectrophoresis for particles that
present a dipole nonment. Thus, a transducer using such a
mat eri al presents increased sensitivity to any force
giving rise to deformation in the above-specified
specific direction.

A force sensor 10 in a first enbodi nent of the
invention is described belowwith reference to Figures 1
to 7.

The sensor 10 has a set of identical acquisition
devi ces 20 and an ohmeter 12 constituting an inpedance-
determ ni ng devi ce.

Each device 20 is connected to the ohmeter 12 by
two electric wires 14.

Each device 20 nainly conprises a tape 21 having the
sanme structure along its entire length (in Figures 1 and
2, only the tapes 21 are shown in the devices 20).

Each tape 21, which itself constitutes an
acqui sition device in the nmeaning of the invention, is
mai nly constituted by a mddle | ayer 24 clanped between
two bonding |ayers 22 and 26 that are constituted as
fol |l ows:

a bottom bondi ng | ayer 22 and a top bondi ng | ayer
26 that are identical, each being constituted by a
flexible plastics film and

a central piezoresistive |ayer 24 constituted by
pi ezoresi stive material, constituting the body of a
transducer in the meaning of the invention.

Each device 20 is normally put into place in such a
manner as to be laid flat on a horizontal plane. Each of
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the three layers is then in the formof a horizontal
pl ane.

In the thickness of each tape 21 there are al so
received two el ectrodes 25. Each electrode is
constituted by a thin flat silver wire interposed between
the bottom bonding | ayer 22 and the piezoresistive |ayer
24. The electrodes 25 are fastened to the piezoresistive
| ayer 24 and they are secured thereto. The |ayer 24
associated with the el ectrodes 25 thus constitutes a
transducer 23. Specifically, because of the
pi ezoresi stive properties of the layer 24, in the event
of the transducer 23 deform ng, the resistance between
t he el ectrodes 25 vari es.

The surface of the piezoresistive layer 24 that lies
generally between the two el ectrodes and that is involved
in determ ning the i npedance between the el ectrodes is
referred to as the "active" surface.

The size and the shape of the active surface are
selected as a function of the intended use for the device
20 (local tracking of defornmation or damage in a roadway;
detecting or statically or dynam cally wei ghing vehicl es,

.). This active surface may be of very snmall area
(e.g. less than 1 square centineter (cn¥)) or it may have
an area of as nuch several square neters (n).

The active surface nmay be of any shape, it nay be
isotropic (e.g. circular or square) or anisotropic (e.g.
elliptical or rectangular).

An exanpl e of an acquisition device 20 installed in
a roadway is shown in Figure 3.

This figure is a section on a vertical plane show ng
a roadway 30 in which the device 20 is incorporated. The
roadway 30 is constituted by a bottom|layer 32 and a top
| ayer 34, both of which are nmade of bitum nous m x. The
| ayers 32 and 34 rest on ground that is not shown. The
tape 21 is arranged between the two roadway | ayers 32 and
34.
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Each device 20 is constituted by the roadway portion
situated in the vicinity of the tape 21, and thus
conprises a portion of the layer 32, the tape 21, and a
portion of the |ayer 34.

In Figure 3, in the transducer 20 the el ectrodes 25
are arranged under the piezoresistive layer 24. It is
al so possible to arrange the el ectrodes 25 above this
| ayer, or indeed inside the piezoresistive |layer (as an
exanpl e transducer body).

The top layer 34 constitutes a wall presenting a
free top surface 36. The transducer 23 is incorporated
under the surface 36. Wien looking in a direction
per pendi cular to the surface 36, i.e. in a vertical
direction (arrow A, Figure 4), the electrodes 25 are seen
to be separate fromeach other. They are placed at the
sanme depth in the roadway 30, advantageously naking it
possi ble for the device 20 to be of small thickness.

The bonding | ayers 22 and 26 may be made of two-
conponent silicon elastonmer or of poly(ethyl ene-co-
tetrafl uoroet hyl ene), also known as ethyl ene
tetrafl uoroet hyl ene (ETFE)

These materials present good adhesion with the
bitumen of the bottomand top |layers 32 and 34 of the
roadway. Because of this adhesion, during deformation of
t he roadway 30, the sensor 20 acconpani es that
deformation wi t hout any del am nation or internal cracks
appearing in the roadway at the interfaces between the
transducer 23 and the roadway | ayers 32 and 34.

Nevert hel ess, neither the bottom bonding |ayer 22
nor the top bonding |ayer 26 is itself necessary to
enabl e a device of the invention to operate.

Furthernore, each of these layers may itself be
constituted by one or nore sub-layers. For exanple, it
is possible to use a two-material bonding | ayer, i.e.
made up of two sub-layers, each being nade of a specific
material: the material of the sub-layer that cones into
contact with the piezoresistive |ayer 24 may be sel ected
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to adhere strongly therewith, and the material of the
sub-layer that conmes into contact with the roadway
material (layer 32 or 34) may be selected to adhere
strongly with the roadway materi al .

Al t hough Figure 3 shows the road portion 30 at rest,
Figure 4 shows the sanme road portion while a vehicle is
passi ng.

A portion of a vehicle tire 38 is shown. The tire
38 exerts a pressure force on the top surface 36 of the
roadway in the vertical direction Z. Under the effect of
this force, the roadway 30 deforns: it becones conpressed
(arrow A), and the bitum nous m x of the roadway noves
sideways a little in the lateral direction X
hori zontally and parallel to the surface 36 of the
roadway (arrows B)

At rest (Figure 3), the electrodes 25 are spaced
apart fromeach other in the direction X by a distance
DO, which is of the order of a few centineters. Wen a
truck passes (Figure 4), the roadway defornms. The
el ectrodes 25 follow the deformation of the bitum nous
m x constituting the roadway and t hey nove apart from
each other: while the vehicle is passing, the distance
between themtakes a value D1 that is strictly greater
t han the val ue DO.

The piezoresistive material of the layer 24 is
selected in such a manner as to present resistance
between the el ectrodes that varies as a function of the
di stance between the el ectrodes. This operation is shown
in Figure 5. It is represented by two curves that are
functions of the force F (weight of the vehicle) applied
to the roadway 30:

the first curve shows the increase in the
t hi ckness D between the el ectrodes (going fromDO to Di;
and

t he second curve applies to the sane increase in
force and shows the decrease in the resistance R between
t he el ectrodes 25.
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Consequently, when the vehicle passes, the
resi stance between the el ectrodes 25 varies. This change
of resistance is neasured by the ohmeter 12. Thus, as a
function of the resistance neasured between the
el ectrodes 25, the ohmmeter 12 can detect and neasure the
force applied in the vertical direction in register with
t he el ectrodes 25.

This curve shows that in this enbodi nent, the
transducer 23 deforns under the effect of the weight of
the truck (of the applied force) in such a manner that
the el ectrodes 25 nove apart laterally; and that under
the effect of nmoving apart in this way the resistance
bet ween the el ectrodes decreases.

The acqui sition devices shown in Figures 1 to 7
conprise electrodes 25 that are made of a material that
is flexible, specifically they are made of a thin |ayer
of silver.

Wth such el ectrodes made of a material that is
flexible or out of a material of anal ogous stiffness, the
transducer behaves as follows: if a force is applied to
the acquisition device in a direction perpendicular to
the surface of the wall, the transducer defornms mainly in
a plane that is substantially parallel to the surface of
the wall, and an inpedance neasured between the
el ectrodes of said plurality of el ectrodes varies.

Note: the figures are not drawn to realistic scales.
In the figures, height (dinension along the axis Z) is
expanded in order to facilitate understanding. In
reality, the transducer 20 is of very small thickness.
The bottom and top | ayers 22 and 26 each have a thickness
of 0.4 mm The piezoresistive |ayer 24 has a thickness
lying in the range 0.01 mmto 0.05 mm

Nevert hel ess, a sensor of the invention can operate
in different manner. Entirely different operation can be
obt ai ned by selecting el ectrodes that are rigid.

Specifically, if electrodes 25 are used that are
made of a rigid material, e.g. copper or a material of
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anal ogous stiffness, the transducer behaves as foll ows:

if aforce is applied to the acquisition device 20 in the
vertical direction perpendicular to the surface 36, the
transducer, and in particular the body of the transducer
(pi ezoresistive |ayer 24) deformessentially in the sane
direction (vertical); it is this conpression that varies
the resistance of the layer 24 between the el ectrodes 25.

Anot her exanple of installing transducers 20 in a
roadway is shown in Figure 6. This figure is a section
of a roadway conprising an acquisition device 40
i ncluding two transducers 23 placed one above the other
(in the vertical direction 2).

| gnoring the bonding |ayers (which are described in
greater detail below), the acquisition device 40 is
constituted in succession, starting fromthe bottom by a
bottom | ayer 42 nmade of bitum nous m x, by a bottom
transducer 23, by a second | ayer 44 of bitum nous m x, by
a top transducer 23, and by a top |ayer 46 |ikew se nmade
of bitum nous m x, and constituting a wall having a top
surface that is free. The bottomtransducer 23 is
i nt erposed between the two bitum nous m x |ayers 42 and
44; the top transducer 23 is interposed between the
bitumen |l ayers 44 and 46. This configuration nmakes it
possi ble to have informati on about the magnitude of the
deformati on of the roadway as a function of depth. It is
possi ble to increase the nunber of transducers arranged
in the ground one above anot her.

The two transducers 23 are not installed in the
acqui sition device 40 in the same nmanner.

The bottom transducer 23 is clanped between two
bondi ng layers 22 and 26 and fornms part of a tape 21
identical to that described with reference to Figures 1
to 4.

Conversely, the transducer 23 forns part of a tape
121 conprising a bottom bonding | ayer 22, the transducer
23, and a top bonding | ayer made up of two sub-layers 126
and 128. The sub-layer 126 is selected to provide good
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adhesion with the piezoresistive |layer 24, and for
exanple it is nade of ETFE, the top sub-layer 128 is

sel ected to have good adhesion with the bitum nous m x of
the layer 46, and is formed by way of exanple out of two-
conmponent silicone el astoner.

Furt hernore, depending on the information that it is
desired to acquire about deformation of the roadway (or
of the material in which the acquisition device is
pl aced), the electrodes may be placed in various
orientations:

Thus, in one enbodi nent of the invention (Figure 7),
two transducers 23 of the invention and a third
transducer 50 are installed in a roadway 60. Starting
fromthe bottom the roadway 60 is made up of four
(horizontal) parallel layers 62, 64, 66, and 68 of
bi t um nous m x.

Each of the first and second transducers 23 is
constituted by a | ayer of piezoresistive material 24, and
by two el ectrodes 25 that are secured to this |ayer of
mat erial and that are spaced apart fromeach other in the
pl ane of this layer. The first and second transducers 23
are arranged respectively between the |ayers 62 and 64,
and between the layers 64 and 66. The first transducer
23 is arranged in such a nmanner that the el ectrodes 25
extend parallel to each other in the direction X they
are situated at a distance apart fromeach other in the
direction Y. Conversely, the second transducer 220 is
arranged in such a manner that the el ectrodes 25 extend
parallel to each other in the direction Y: they are at a
di stance apart fromeach other in the direction X

The third transducer 50 is constituted by a |ayer of
pi ezoresi stive material and by two el ectrodes 55. The
el ectrodes 55 are placed respectively above and bel ow t he
pi ezoresi stive material |ayer of the transducer 50.

Thus, seen in the vertical direction, the el ectrodes 55
are not spaced apart from each ot her.
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Because of the specific arrangenent of the
transducers 23 and 50, it is possible to neasure
deformations of the roadway in all three directions X Y,
and Z sinul taneously.

Figure 10 shows anot her enbodi ment of the
acqui sition device of the invention.

In this device, the transducer has four elongate
el ectrodes 425A, 425B, 425C, and 425D (referred to
collectively as the el ectrodes 425), which el ectrodes are
arranged parallel to one another and are spaced apart by
equal distances in a plane that is substantially parall el
to the surface of the wall.

A so-called "4-point" neasurenent is perforned:

An electric current is passed between the two
el ectrodes that are furthest apart (the "outer"”
el ectrodes) 425A and 425D,

The vol tage between the "inner" el ectrodes 425B and
425C i s neasur ed.

The inmpedance is calculated as the rati o between the
current inposed between the outer el ectrodes and the
vol t age neasured between the two inner el ectrodes.

After correction for geonetrical effects, the
resulting value is referred to as the sheet resistance
(or ‘square resistance’) of the transducer.

The resistivity of the piezoresistive material is
t hen obtained by nultiplying the sheet resistance by the
mean thickness of the body of the transducer.

Advant ageously, it is also possible to deduce the
contact resistance of the electrodes fromthe resistivity
of the material or fromthe sheet resistance.

The use of the sheet resistance or the resistivity
as the output value fromthe sensor serves to mnimze
the sensitivity of the transducer to the behavior of the
el ectrodes, e.g. in the event of the contact degrading
the quality of the neasurenent (e.g. over tine).

The use of contact resistance as the output val ue
fromthe sensor serves to maximze its sensitivity to the
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behavi or of the el ectrodes, e.g. when the relative
novemnent between the el ectrodes and the piezoresistive
body is a major cause of the piezoresistivity phenonenon.

Figures 11 and 12 show anot her enbodi ment of the
acqui sition device of the invention.

In this device, a plurality of electrodes are
arranged in parallel, there being at |east three and
preferably nore than four electrodes, with the distance D
bet ween el ectrodes increasing. Specifically, four
el ectrodes 525A, 525B, 525C, and 525D are shown, which
are referred to collectively as the el ectrodes 525.

A transm ssion |ine nmeasurenent (TLM type
measurenent is perfornmed, i.e. the resistance Ris
nmeasur ed between the various pairs of electrodes, i.e. a
set of resistances Rij neasured between the various pairs
of el ectrodes 525i-525j.

The sl ope of the line plotting resistance R as a
function of spacing D between el ectrode pairs, after
correction for geonetrical factors, gives the resistivity
or the sheet resistance; the ordinate intercept at the
origin gives the contact resistance RO.

A sensor of the invention mainly conprises one or
nore transducers as descri bed above connected to an
i npedance-determ nati on system e.g. the above-descri bed
ohnmeter 12, that serves to measure the resistance of the
pi ezoresi stive | ayer between the el ectrodes of the
various transducers.

The i nmpedance-determ nati on system may i nclude a
conventional signal conditioning system For exanple a
transducer (or two transducers for automatic tenperature
decorrelation) may be interposed in a Weatstone bridge
that also has three (or two) other resistances (that are
preferably tenperature stable). The measurenment is then
taken by applying the voltage delivered by a voltage
source in the range 3 volts (V) to 10 V; readings are
taken by an acquisition systemof the instrunental
anplifier type, with filtering, offset correction, and
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anal og-to-digital conversion. The analog portion of the
systemis optionally associated with neans for taking
nmeasurenents renotely, e.g. nmeans for conpensating for
resistive losses in wires when the neasurenent systemis
renote fromthe sensor, and with a calibration shunt.

Any ot her conventional system for acquiring and
digitizing a variable resistance may be suitable, and in
particul ar systens that propose techniques for providing
tenperature conpensation. Alternatively, the variable
resi stance may be placed in a signma-delta type systemin
order to perform anal og-to-digital conversion
simul taneously with reading the value of the resistance.

In order to nmake a force sensor, the sensor also
includes a correlation system (also represented by the
unit 12) for determining the deformation of the
transducer(s), and/or the force(s) applied to the wall,
on the basis of the inpedance of the transducer(s) and/or
of variations therein, as nmeasured by the inpedance-
determ nati on system

When the sensor has a plurality of transducers, they
may in particular be organized in a matrix array.

When a sensor is used for weighing vehicles, the
i npedance-determ nati on system (the ohmeter) and
possi bly also the correlation systemis/are preferably
renmote fromthe road side. Such systens may al so be nade
out of flexible material and given suitable packaging for
pl aci ng beneath or above the |ayer of piezoresistive
material of the transducers, or in the core of the
bi tum nous m x, or in a bonding |ayer.

Once the signal fromone or nore transducers has
been digitized, the signal may be processed on site or
el sewhere and nay be transmitted by any appropriate
transm ssion neans, e.g. to an acquisition center, a data
| ogger, an optionally independently powered radio
comuni cati on node, a radio frequency identity (RFID)
tag, etc.
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Fabrication: the piezoresistive body, the acquisition
devi ce, the sensor

Fabricating the piezoresistive body is the main step
in maki ng an acqui sition device of the invention.

Vari ous nethods may be used for this step. The nethod
sel ect ed depends on the desired piezoresistive nmateri al
and on the site where the nethod is to be perfornmed (in a
factory or on a work site).

Certain types of piezoresistive material my be
deposited in the vapor phase (evaporation, chem cal or
physi cal deposition) on a support surface. This
operation may be perforned on site (in situ fabrication)
or in a factory.

Neverthel ess, it may be preferable to use liquid
deposition for the conponents of the material. Such
deposition may be performed in a factory or on site.

The node of operation may be as foll ows:

i) The piezoresistive material, after previously
bei ng reduced to a powder, is put into solution in a
sol vent .

This may be done using conventional techniques (e.g.
magneti c stirring, sonication in an ultrasound bath or
using a tip, possibly centrifuging, ...). The solvent is
preferably, but not necessarily, aqueous; the properties
of the solvent may be optim zed, where appropriate, by
using additives (e.g. surface-active agents) suitable for
improving the quality of deposition (e.g. its
uniformty).

ii) The solution obtained in this way is deposited
on the surface on which the piezoresistive body (or
| ayer) is to be forned.

Thi s deposition may be performed using conventi onal
techni ques. The techni que used should be selected as a
function of the physiochem cal properties of the solution
and of the surface that is to be covered, of requirenents
for uniformty, of possible tine constraints, and of the
site where the nethod is performed. Deposition may for
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exanpl e be performed by ink jet printing, by dropping
drops, by spraying, by a spin coater, or by paintbrush.

iii) The solvent is elimnated.

This operation is performed by any known nethod, in
particular by natural or forced evaporation.

An acqui sition device such as the device 20
(Figure 3) is fabricated in several steps:

A) A support surface is prepared onto which the
roadway is to be made.

B) The roadway is made with the acquisition device
bei ng i ncorporated therein.

Step B) conprises several stages:

i) the bottom bitum nous m x |ayer 32 is deposited;

ii) the bottom bonding |ayer 22 is deposited on the
top surface of the layer 32 so that the |ayer 22 adheres
to the layer 32;

iii) the pair of electrodes 25 is put into place on
the |l ayer 22, being spaced apart in the horizontal
direction (X, Figure 4);

iv) the piezoresistive |layer 24 of piezoresistive
material is formed on the layer 22 and on the el ectrodes
25;

v) the top bonding | ayer 26 is deposited on the
pi ezoresi stive |layer 24 so that the bonding | ayer 26
adheres to the piezoresistive |layer 24; and

vi) the top bitum nous mx layer 34 is then
deposited on the bonding | ayer 26.

An acqui sition device having the sane structure as
t he device 20 (bottom | ayer, bonding |ayer,
pi ezoresi stive |layer, bonding |layer, and top or transfer
| ayer) may be fabricated in a factory. Under such
ci rcunst ances, the transducers may in particul ar be
fabricated as a tape (of plastics nmaterial), as applies
for the tape 21 shown in Figure 1. The bottom and top
| ayers 22 and 26 are then filns or plates nade of
plastics nmaterial. Preparation as a tape nakes it easier
subsequently to put the transducer into place, in
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particul ar when several transducers are put into place or
posi tioned together.

Al ternatively, the acquisition device may al so be
fabricated directly in situ. This node of fabrication is
particularly suitable for making sensors for dynam cally
wei ghi ng vehi cles. Under such circunstances, fabrication
of the acquisition device may in particular be
incorporated in the normal operations for laying the
roadway. |Incorporating the acquisition device within the
roadway serves to give the roadway an additional function
(dynam cal Iy wei ghing vehicles), and does so at a cost
that is extrenely | ow.

In order to nmake a sensor, it then suffices to
connect the acquisition device obtained by the above
met hod to an i npedance-determ nation system e.g. an
ohmeter, itself optionally connected to a systemfor
determ ning the deformation or the force, if it is
desired to obtain a defornmation or a force directly as
t he out put val ue.

A plurality of transducers may optionally be
connected to the sane inpedance-determ nati on system

A maj or application of the above-described sensors
lies in making sensors incorporated in roadways for the
pur pose of detecting, counting, and wei ghing vehicles, or
i ndeed of tracking deformati on of the roadway. By way of
exanpl e, a roadway incorporating such a sensor nay be
laid as follows (Figures 8 and 9):

Cl eani ng the road

A scraper 102 is passed to scrape off the surface
| ayer 104 froma road 100. This operation reveals a
scraped surface 106 on which a new roadway 110 can be
| ai d.

Laying a first bitum nous m x | ayer
On the surface 106, a first bitum nous mx |ayer 112
is laid and snmoothed with a road roller 108. The top
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surface 113 of the bitum nous m x |ayer 112 constitutes a
support surface ready to receive the transducer.

In situ fabrication of the acquisition device

It is possible to use a transducer that has been
prefabricated in a factory. |In above-described step iv),
it then suffices to position the transducer on the top
surface 113 of the |ayer 112.

Al ternatively, the transducer may be fabricated
directly in step iv) on the surface of the bitum nous m x
| ayer 112, as foll ows:

a conposite material powder conprising clay
particles covered at least in part in a conductive
substance is used together wth nanotubes of the above-
speci fied type;

the powder is diluted in water so as to obtain an
aqueous sol ution having 0.5% by wei ght of conposite
mat eri al ;

a few drops of the aqueous solution are deposited
on the still hot conpacted bitum nous m x constituting
the bitum nous m x | ayer 112;

thereafter, two el ectrodes 325 are put into place
that are spaced apart from each other by a few
centinmeters, so that each electrode is in contact with
t he zone on which the aqueous solution has been poured;

the water is evaporated, initially freely and
subsequently with a paint burner that blows a stream of
air that has been heated to about 200°C onto the aqueous
sol uti on.

Thi s produces a transducer body 324 nade of
pi ezoresi stive material that is formed on the surface 113
of the bottom | ayer 112. The body 324 associated with
the el ectrodes 325 fornms a transducer 323. The portion
of roadway including the |ayer 112, the transducer 323,
and the layer 116 forns an acqui sition device 320.
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This i npl enentati on does not involve |aying any
bondi ng |l ayer for bonding the transducer 323 to the
nei ghboring | ayers.

Layi ng a second bitum nous m x | ayer

A second bitum nous mx layer 116 is then laid on
the first layer 112 and on the transducer 323, and the
second |l ayer is snoothed with a roller 118.

In this inplenentation, the layer 116 is forned
directly on the piezoresistive layer 324 on which the
el ectrodes 325 have been fastened.

The operations of putting the transducer into place
are thus incorporated in the normal procedure for |aying
t he roadway 11.

The thicknesses of the layers 112 and 116 are
preferably selected so that the transducer 323 is
situated at a depth h lying in the range 15%to 50% of
the thickness H of the roadway 110.

Natural ly, nethods other than those described above
may be performed while remaining within the anbit of the

invention. In particular, a roadway may be nade up of
nore than two | ayers. A transducer of the invention may
preferably be placed between two |ayers. In alternative

manner, it is also possible for it to be installed with
the bitum nous m x of a single |ayer.
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CLAI M5
1. An acquisition device (20) conprising a wall and a
transducer (23, 323), in which device the transducer is
constituted by a body (24, 324) and a plurality of
el ectrodes (25, 325, 425, 525) fastened to said body and
spaced apart from one anot her;

t he transducer is such that an electrica
i npedance (R) determined fromsaid plurality of
el ectrodes is variable as a function of deformation to
whi ch the transducer is subjected; and

when looking in a direction perpendicular to a
surface (36) of the wall, at |east two el ectrodes (25) of
said plurality of electrodes are spaced apart from each
ot her;

wher ei n

t he transducer is incorporated under the surface (36) of
t he wal | ;
the el ectrodes are flexible; and
the transducer is configured so that, if a force is
applied to the acquisition device in a direction

per pendi cular to the surface of the wall, the transducer
defornms mainly in a plane that is substantially parallel
to the surface of the wall, and an inpedance neasured

bet ween said at | east two el ectrodes (25) of said
plurality of electrodes varies.

2. An acquisition device according to claim1, further
conprising a transfer layer (34, 46, 116) adhering to a
face of the transducer (23, 323) and separating the

transducer fromthe surface of the wall, and wherein the
transfer layer (34, 46, 116) and the wall are made of the
sanme material, in particular asphalt.

3. An acquisition device according to claim2, wherein
the transfer layer (34, 46, 116) and the wall are forned
integrally.
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4. An acquisition device according to any one of clainms 1
to 3, further conprising a bonding |ayer (22, 26),
constituted by a flexible plastic film configured to be
i nt erposed between the body (24) of the transducer and a
surface nei ghboring the body of the transducer, the
bondi ng | ayer adhering to the body of the transducer.

5. An acquisition device according to any one of clainms 1
to 3, wherein the body (24) of the transducer is cl anped

bet ween two bonding | ayers (22,26), each constituted by a
flexible plastic film and being configured to be

i nt erposed between the body (24) of the transducer and a

surface nei ghboring the body of the transducer.

=

6. An acquisition device according to any one of clains
to 5, wherein the body of the transducer (24) conprises a
pi ezoresi stive polymer or a mxture of a plurality of

pi ezoresi stive polyners, or a mxture of at |east one

pol ymer with conductive mcro- and nano-particles or a

m xture of asphalt or of bitunen with m cro- and nano-
particles.

=

7. An acquisition device according to any one of clains

Q

to 5, wherein the body (24) of the transducer conprises
percol ating array of mcro- and/or nano-particles, said
m cro- and/ or nano-particles conprising one or nore
particles fromthe following |ist:

a) carbon nanotubes, in particular in a randomor an
organi zed array;

b) self-assenbled mcro- or nano-particles; and

c) sheets of graphene, graphite, or optionally-
reduced graphene oxi de.

8. Atape (21, 121) conprising a plurality of acquisition
devi ces according to any one of clains 1 to 7, fastened
on a strip, in particular a strip nade of a flexible

pol ymer .
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9. A sensor (10) including at |east one acquisition
device (20, 120) according to any one of clains 1 to 7,
and an i npedance-determ nation system (12) connected to
el ectrodes (25, 325, 425, 525) of at |east one transducer
of said at | east one acquisition device, and suitable for
determ ning an i npedance and/ or an inpedance variation of
said at | east one transducer.

10. A sensor (10) according to claim9, conprising a set
of transducers arranged in an array, in particular so as
to forma matrix, and further conprising neans for

i dentifying which transducers are activated or stressed
at a given instant.

11. A display suitable for displaying variable
information and including at | east one acquisition device
according to any one of clainms 1 to 7.

12. A force-neasuring nethod conprising the follow ng
st eps:

a) providing a transducer (23) constituted by a body
(24) and by a plurality of flexible electrodes (25, 325,
425, 525) fastened to said body and spaced apart from one
anot her, the transducer being such that an el ectrical
i npedance(R) determined fromsaid plurality of el ectrodes
is variable as a function of deformation to which the
transducer is subjected;

b) applying a force to said transducer in a
di rection such that, when seen | ooking al ong said
direction, at |east tw el ectrodes of said plurality of
el ectrodes are spaced apart from each ot her;

c) neasuring the variation of the inpedance under
the effect of the applied force; and

d) determning the applied force as a function of
sai d i npedance vari ati on.
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13. A nmethod of fabricating an acquisition device
conprising a wall and a transducer, the nmethod conpri sing
the foll owi ng steps:

a) positioning a plurality of flexible electrodes
(25, 325, 425, 525) in contact with a body (24), the body
and said el ectrodes being such that an el ectrical
i npedance (R) determined fromsaid plurality of
el ectrodes is variable as a function of deformation to
whi ch the body associated with said plurality of
el ectrodes i s subjected;

the body and said plurality of electrodes thus

forma transducer (23); and

b) formng the wall;

wherein steps a) and b) are performed in such a
manner that the transducer (23) is incorporated under a
surface (36) of the wall, and that, when seen | ooking
along a direction perpendicular to said surface, at |east
two of said electrodes (25, 325, 425, 525) are spaced
apart from each ot her.

14. A method of laying a roadway, the nmethod conpri sing
the foll owi ng steps:

A) preparing a support surface (113); and

B) on said support surface, depositing at |east one
asphalt layer (116) while incorporating therein at |east
one transducer (320), in such a manner that the roadway
i ncl udes an acqui sition device fornmed by a nethod
according to claim13.

15. A nmethod of laying a roadway according to claim 14,
wherein step B conprises several steps:
i) a bottom bitum nous m x |ayer (32) is deposited,;
ii) a bottom bonding layer (22) is deposited on the
top surface of the bottom bitum nous m x |ayer (32) so
that the bottom bondi ng | ayer (22) adheres to the bottom
bi tum nous m x | ayer (32);



10

49

iii) the pair of electrodes (25) is put into place
on the bottom bonding | ayer (22), being spaced apart in
the horizontal direction (X);

iv) the body (24) is formed by depositing a
pi ezoresi stive |layer 24 of piezoresistive nmaterial on the
bott om bondi ng | ayer (22) and on the el ectrodes (25);

v) a top bonding layer (26) is deposited on the
pi ezoresi stive layer (24) so that the top bonding | ayer
(26) adheres to the piezoresistive layer (24); and

vi) a top bitum nous mx layer (34) is then
deposited on the top bonding | ayer (26).



