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PIEZORESISTIVE MATERIAL

FIELD OF THE INVENTION

[0001] The invention relates to a piezoresistive material, a
detection unit comprising such piezoresistive material, and
a method for producing such piezoresistive material. Fur-
ther, several uses of the material and the detection unit are
described.

BACKGROUND OF THE INVENTION

[0002] Conventional piezoresistive materials as e.g. used
in MEMS pressure sensors have limitations, in particular in
view of their sensitivity. For example, when used in the
medical field, devices made from conventional piezoresis-
tive or piezoelectric materials can hardly be used as they do
not provide sufficient sensitivity and flexibility and are
rather large and thereby stiffen the e.g. medical component.

SUMMARY OF THE INVENTION

[0003] As a result, there may be a need to provide an
improved piezoresistive material, which allows forming
piezoresistive devices with improved sensitivity.

[0004] The problem of the present invention is solved by
the subject-matters of the independent claims; wherein fur-
ther embodiments are incorporated in the dependent claims.
It should be noted that the aspects of the invention described
in the following apply also to the piezoresistive material, the
detection unit comprising such piezoresistive material, the
method for producing such piezoresistive material and the
described uses of the piezoresistive material or the detection
unit.

[0005] According to the present invention, a piezoresistive
material is presented. The piezoresistive material comprises
a compound of a carbon component and an elastomer
component. The carbon component comprises carbon par-
ticles comprising macropores. The elastomer component
comprises polymeric chains. At least some of the macropo-
res in the carbon particles are infiltrated by polymeric chains
to form a piezoresistive interconnection between the carbon
particles.

[0006] The term “piezoresistive” may be understood in
that the piezoresistive material is subjected to a change of its
electrical resistivity when mechanical stress is applied to the
piezoresistive material. The mechanical stress may be an
elastic, isostatic or unidirectional compressive load. The
mechanical stress may be at least one of a group comprising
force, pressure, motion, vibration, acceleration and elonga-
tion.

[0007] The term “piezoresistive interconnection” may be
understood in that the carbon component and the elastomer
component are interconnected to form a compound material
which has a piezoresistive effect. This means, when
mechanical stress is applied to the compound of carbon
component and elastomer component, the compound shows
a change of its electrical resistivity and in particular a
decrease of its electrical resistivity and an increase of
electrical conductivity.

[0008] The interconnection between the carbon compo-
nent and the elastomer component comprises an infiltration
of polymeric chains of the elastomer component into the
macropores within the carbon particles.

[0009] The dimensions of the macropores of the carbon
particles may therefore be adapted to the dimensions of
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polymeric precursors of the elastomer component. This
means, the diameter of a polymer emulsion particle is in a
range of a diameter of a macropore. The interconnection
may further comprise that at least some of the carbon
particles are linked by polymeric chains. Such rigid
mechanical interconnection between carbon particles and
polymeric chains enables a most complete geometrical
restoring after elastic compression of the material.

[0010] The piezoresistance of the interconnection is based
on the fact that the polymeric chains between the carbon
particles of the carbon component rearrange and relax when
the piezoresistive material is subjected to a compressive
load. The rearrangement and relaxation enables a formation
of electrical paths between the electrically conductive car-
bon particles and consequently reduces the electrical resis-
tance of the piezoresistive material.

[0011] In other words, the piezoresistive material accord-
ing to the present invention may be a material comprising
elastomer filled with porous carbon particles to form part of
a resistive sensor which shows a negative change of elec-
trical resistance when subjected to pressure.

[0012] As a result, the invention refers to a piezoresistive
material with at least one of the following advantages: a
possibility to form piezoresistive devices showing a superior
sensitivity, a possibility to form very small piezoresistive
devices, a possibility to form flexible piezoresistive devices,
and a possibility to form a piezoresistive device with a large
measuring or detection range, a small dependence on tem-
peratures and/or a very good relaxation behavior. Further,
the piezoresistive material according to the present invention
may allow an easy and cheap manufacture, may be manu-
factured in all kinds of shapes and sizes (e.g. by 3D and
conventional printing, drawing, molding, injection molding,
painting, spraying, screen printing, coating etc.) and may be
adapted during manufacture in view of its elastic modulus,
flexibility etc. by e.g. tuning the physical properties of the
elastomer component.

[0013] The term “carbon component” may be understood
as a component comprising carbon particles with open
porosity and macropores. The term “macropores” may be
understood as pores having a size between 50 and 1000 nm
measured by e.g. Hg porosimetry. The carbon particles may
be highly porous. The term *“highly porous” may be under-
stood as having a total pore volume between 0.7 and 3.5
cm?®/g, and preferably between 0.9 and 2.5 cm’/g.

[0014] The term “elastomer component” may be under-
stood as a component comprising an elastomer, which is an
elastic polymer. The molecular structure of elastomers can
be imagined as a ‘spaghetti and meatball” structure, with the
meatballs signifying cross-links. Elasticity is derived from
an ability of long chains to reconfigure themselves to
distribute an applied stress. Covalent cross-linkages ensure
that the elastomer will return to its original configuration
when the mechanical stress is removed.

[0015] The term “polymeric chains” may be understood as
covalently bonded links between monomers forming a net-
work. The polymeric chains may block an electric conduc-
tivity between the carbon particles in an unloaded condition
of the piezoresistive material. When a load, as e.g. mechani-
cal pressure, is applied to the piezoresistive material, the
polymeric chains may be compressed and the electrically
conductive carbon particles may contact each other to imple-
ment an electric conductivity of the piezoresistive material.
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[0016] The term “infiltrated” may be understood in that
polymeric chains penetrate into pores of the carbon particles.
The polymeric chains may also penetrate through pores of
carbon particles and thereby link several carbon particles to
each other.

[0017] In an example, the macropores in the carbon par-
ticles have a macropore volume between 0.6 and 2.4 cm’/g
calculated from pores sizes ranging from 50 to 1000 nm, and
preferably between 0.8 and 2.2 cm?/g. This large macropore
volume enables a filling by the polymeric chains of the
elastomer component and thus a fixation of the polymeric
chains.

[0018] In an example, the carbon particles further com-
prise mesopores with a mesopore volume between 0.05 and
0.2 cm?/g, and preferably between 0.1 and 0.15 cm*/g. The
term “mesopores” may be understood as pores having a size
between 2 and 50 nm measured by e.g. Hg porosimetry.
[0019] In an example, the carbon component is graphi-
tized. The term “graphitized” may be understood in that a
formation of graphitic carbon is initiated by an exposure to
elevated temperatures between e.g. 1400 to 3000° C. During
graphitization, micropores tend to disappear, mesopores
rearrange and macropores remain constant. The result is a
graphitized, porous carbon component comprising carbon
particles with a large amount of macropores. The macropo-
res can be linked with each other. The formation of graphite
in the carbon component leads to an increased electrical
conductivity. The graphitizing of the carbon component may
here be done between 1400 and 3000° C., preferably
between 2300 and 2600° C.

[0020] In an example, the carbon component is graphi-
tized to a graphitization degree between 60 and 80%, and
preferably to a graphitization degree of over 70%. The
graphitization degree g may be calculated based on a mea-
sured distance d002 of graphite basal levels: g=(344
pm-d002)/(344 pm-335.4 pm)

[0021] A small distance d002 value thereby relates to a
high graphitization degree.

[0022] Inanexample, the carbon particles comprise essen-
tially no micropores which may be understood as having a
micropore volume of less than 0.01 cm®/g. The term
“micropores” may be understood as pores having a size
smaller 2 nm measured by nitrogen adsorption (BET).
[0023] In an example, the amount of the carbon compo-
nent in the elastomer component is near a percolation
threshold. Near in the meaning of within the area of the
percolation threshold, only few conductive paths exist in the
piezoresistive material when not subjected to a load. How-
ever, 1f a load is applied to the piezoresistive material, the
elastomer component is compressed and the electrically
conductive carbon particles get in contact with each other.
Further conductive paths appear, which thus increase the
electrical conductivity of the piezoresistive material. As a
result, near the percolation threshold, the sensitivity for
pressure is extremely high. Outside the area of the percola-
tion threshold, there is no sudden change of the electrical
conductivity of the piezoresistive material.

[0024] In an example, the amount of the carbon compo-
nent in the elastomer component is between 1 to 30 wt.-%,
preferably between 15 and 26 wt.-%.

[0025] In an example, the carbon particles have sizes d50
between 1 and 100 pm, preferably between 5 and 20 pum.
[0026] In an example, only pores larger than a filling
threshold are infiltrated by polymeric chains. Exemplarily,
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the filling threshold is between 60 and 250 nm, and prefer-
ably between 60 and 150 nm.

[0027] In an example, the carbon component has a real
density between 1.6 and 2.26 g/cm’, and preferably between
2.0 and 2.26 g/cm® as measured by He pycnometry.

[0028] Inan example, the carbon component has a specific
surface between 5 and 500 m*/g, and preferably between 10
and 70 m*/g. The specific surface is here measured accord-
ing to BET (Brunauer-Emmett-Teller).

[0029] Inan example, the elastomer component comprises
rubber and/or silicone. Rubber may be styrene butadiene
rubber, ethylene propylene diene monomer rubber or the
like. The silicone of the elastomer component may have a
viscosity in an uncured state between 10 Pa s and 2000 Pa
s when measured e.g. according to DIN53019.

[0030] According to the present invention, also a detection
unit is presented. The detection unit comprises a detection
element and a processing element. The detection element
comprises the piezoresistive material as described above.
The detection element may be a probe, a catheter tip, a blood
pressure sensor, an artificial skin component or the like. The
processing element is configured to process a decrease of
electrical resistance detected by the piezoresistive material
into a value of compressive load applied to the piezoresistive
material. The processing element may be an analog digital
converter.

[0031] According to the present invention, also several
uses of the material or the detection unit as described above
are presented. In general, the material or the detection unit
may replace all kinds of elastomer components in all tech-
nical fields without influencing the mechanic behavior.
[0032] In an example, the material or the detection unit is
used for a probe to detect a force, pressure, motion and/or
vibration of the probe relative to a surrounding medium.
Further, a detection of a change in force, pressure, motion,
vibration etc. is possible. In addition, a detection of accel-
eration or elongation or their changes is possible. The
surrounding medium may be gaseous, liquid or solid. It may
be bone, tissue, organs, blood and/or the like. When using
several probes, also a detection of a position of an occur-
rence or a change in force, pressure, motion, vibration etc.
is possible.

[0033] Inan example, the probe is a catheter tip configured
to detect a force. The force may be in a range of 0.02 N to
10 N. Such catheter tip may be used to avoid harming the
surrounding medium when moving a (balloon) catheter e.g.
through blood vessels to assist to a navigation of the catheter
through the surrounding medium etc.

[0034] Exemplarily, the probe is part of an ablation elec-
trode to allow a better control of the ablation parameters.
[0035] Inanexample, the probe is a blood pressure sensor
configured to detect a blood pressure. The blood pressure
may be in a range of 40 mmHg to 200 mmHg. Such blood
pressure sensor may be used to e.g. assist a pacemaker
during adjustment or operation or to characterize a vascular
constriction.

[0036] Exemplarily, the probe is configured to detect
movements of organs, as e.g. a lung and/or a heart, for
example to detect sleep apnoea. Exemplarily, the probe is
configured to be used as strain sensors for e.g. human motion
detection.

[0037] In an example, the probe is an artificial skin,
muscle or hair component. For example, the skin component
may be configured to detect a tactile sensation.



US 2019/0221327 Al

[0038] Exemplarily, the probe is part of a smart textile or
a clothing as e.g. socks for diabetics or clothes for pulse
measuring. In all cases, the probe may be applied to an e.g.
elastomeric substrate by e.g. extrusion, screen printing or by
means of a doctor blade. Exemplarily, the probe is part of a
pulse measuring device of e.g. a smart watch.

[0039] Exemplarily, the probe is part of a wearable flexible
stretch sensor. Exemplarily, the probe is part of a stress
gauge for detecting stain applied to e.g. bones and in
particular to feet. The probe may be integrated into sports
equipment as e.g. a football or ice hockey helmet to detect
e.g. a severity of a head impact.

[0040] Exemplarily, the probe is part of a haptic sensor for
e.g. a gripping instrument.

[0041] According to the present invention, also a method
for producing a piezoresistive material is presented. It com-
prises the following steps:

[0042] a) mixing an elastomer component and a carbon
component into a mixture, wherein the elastomer com-
ponent comprises polymeric chains and the carbon
component comprises carbon particles comprising
macropores, and

[0043] b) curing the mixture so that at least some of the
macropores in the carbon particles are infiltrated by
polymeric chains to form a piezoresistive interconnec-
tion between the carbon particles.

[0044] The elastomer component may be liquid or an
emulsion and may be made of at least one and preferably
two liquid subcomponent(s).

[0045] In an example, the method further comprises a step
of graphitizing the carbon component between 1400 and
3000° C., preferably between 2300 and 2600° C. In the
example, the graphitizing step is introduced before the
mixing step.

[0046] Exemplarily, the method further comprises a step
of forming the mixture into a predefined shape of a product
to be manufactured by means of e.g. extrusion or screen
printing. This may be done before the curing step. The
curing may be done for e.g. 4 hours at 200° C. Exemplarily,
the method further comprises a step of electrically contact-
ing the cured product.

[0047] It shall be understood that the piezoresistive mate-
rial, the detection unit comprising such piezoresistive mate-
rial, the method for producing such piezoresistive material
and the described uses of the piezoresistive material or the
detection unit according to the independent claims have
similar and/or identical preferred embodiments, in particu-
lar, as defined in the dependent claims. It shall be understood
further that a preferred embodiment of the invention can also
be any combination of the dependent claims with the respec-
tive independent claim.

[0048] These and other aspects of the present invention
will become apparent from and be elucidated with reference
to the embodiments described hereinafter.

[0049] Test Methods

[0050] If a test method is not specified for a particular
parameter, the standard test method known in the art has to
be applied. This shall be in particular the test method
according to the corresponding DIN and/or ISO regulation,
which publication date is closest to the filing date of the
present application. If measurement conditions are not
specified, the standard conditions according to the ITUPAC
standard have to be applied (SATP conditions), which are
298.15 K for temperature and 100 kPa for absolute pressure.
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[0051] Pore Volume and Pore Size

[0052] The specific pore volume of a porous material is
the free volume of the material which is occupied by
cavities.

[0053] The pore volume and pore size of the carbon
particles is determined by means of mercury porosimetry
according to the ISO 15901-1 (2005) standard. According to
this method, mercury as a non-wetting liquid is intruded at
high pressure and against the surface tension forces of the
probe into the pores of the porous material. Since the force
required for intrusion is inversely proportional to the pore
size, this method allows determination of the cumulative
total pore volume and of the pore size distribution of the
sample.

[0054] The porosimeter used was the “ThermoFisher Sci-
entific PASCAL 140~ for low pressure measurements (until
4 bar) and the “ThermoFisher Scientific PASCAL 440” for
high pressure measurements (until 4000 bar). Both instru-
ments were calibrated by means of porous glass squeres with
a standardized pore diameter of 75 nm (obtained from
Universitat Leipzig, Fakultat fiir Chemie and Mineralogie,
Institut fiir Technische Chemie). Using the Washburn
method, the mercury density for the actual temperature was
corrected. For the surface tension, a value of 0.484 N/m and
for the contact angle a value of 141.1° was set. The sample
size was between 30 and 40 mg. Before the start of the
measurement, the test sample was dried at 120° C. for 24 h
in vacuum at an absolute pressure of 0.01 kPa.

[0055]

[0056] The specific surface of the carbon component is
determined by means of a sorption measurement according
to the method of Brunauer, Emmet and Teller (BET method)
according to the DIN ISO 9277:1995 standard.

[0057] The instrument used was the “Quantachrome
NOVA-3000”, which operates according to the SMART
method (sorption with adaptive rate dosing). The reference
materials used were Alumina SARM-13 and SARM-214,
both provided by the manufacturer of the instrument. The
saturation vapour pressure of Nitrogen (N, 4.0) was deter-
mined and the test sample dried under vacuum for 1 hour at
200° C. After cooling, the weight of the test sample was
determined and subsequently degassed by evacuation to an
absolute pressure of 200 mbar. In that pressure range, where
monolayers and multiple layers of absorbed molecules are
formed, the specific surface area (BET-SSA) was deter-
mined from the multi-adsorption isotherm (BET isotherm)
according to Brunauer, Emmet and Teller.

[0058]
[0059] The particle size and particle size distribution of

the carbon particles is determined by means of laser diffrac-
tion of a dispersed sample according to ISO 13320.

[0060] The instrument used was a Mastersizer 3000
(Malvern) using a He—Ne laser, a Blue LED and a wet
dispersing unit for measurements at ambient temperature
(23° C.). The wet dispersing unit was adjusted to an ultra-
sonic output of 80%, and water served as a dispersant. The
d50 values of the particle size distribution were determined
using the device software 21 CFR with a form factor of 1.

[0061] The d50 value is defined as the particle size which
does not reach 50% of the cumulative particle volume
(Median value of the particle size).

Specific Surface

Particle Size Distribution
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[0062] Density

[0063] The sediment density of the carbon component is
determined by gaspycnometry using a “Thermo Pycnomatic
ATC” according to DIN 66137-2 (December 2004) with
Helium as the sample gas.

[0064] The sample weight was 0.520.1 g, using a cell
volume of approximately 7.5 cm?, a reference volume of
approximately 20 cm?, an equilibrium delta time of 12 sec
and a temperature of 20.0° C. at 2 bar pressure. Before
measuring, the sample was dried for 1 h at 200° C. under
vacuum.

[0065] Graphitization Degree

[0066] The graphite basal level distances d002 are mea-
sured by X-ray diffraction and calculated on basis of the
Scherrer equation.

[0067] The graphitization degree g of the carbon particles
was then calculated based on the measured distance d002 of
graphite basal levels: g=(344 pm-d002)/(344 pm-335.4
pm).

[0068] Electrical Conductivity and Percolation Threshold
[0069] To determine the percolation threshold of the
piezoresistive material, dispersion samples with different
concentrations of the carbon component were produced. For
each carbon particle concentration four strand-like probes of
pressed material were manufactured from the dispersion. To
determine the percolation threshold, the electrical conduc-
tivity of the probe was determined according to the follow-
ing method.

[0070] An electrical current was applied to the probe by
means of electrodes with gold-plated surfaces and the volt-
age drop of the probe was measured. Based on the measured
value and the applied current, the electrical resistance and
hence the electrical conductivity of the probe (in S/cm) was
determined. A measured value of more than 1 S/cm was
evaluated as being “electrically conductive”.

[0071] After a carbon particle concentration resulting in an
electrical conductivity was found, further dispersions with
similar particle concentrations were produced and the elec-
trical conductivity was determined accordingly.

[0072] Filling Threshold

[0073] The filling threshold of the carbon particles was
determined by Scanning Electron Microscopy (SEM) with
the Scanning electron microscope “FEI Nova NanoSEM
4507

[0074] The dimensions (length and/or diameter) of the
pores not filled with the elastomer component were deter-
mined on basis of the digital scale of the Scanning electron
microscope.

BRIEF DESCRIPTION OF THE DRAWINGS

[0075] Exemplary embodiments of the invention will be
described in the following with reference to the accompa-
nying drawings:

[0076] FIG. 1 shows a schematic drawing of an example
of a detection unit according to the invention.

[0077] FIG. 2 shows schematically and exemplarily an
embodiment of the piezoresistive material according to the
invention.

[0078] FIG. 3 shows a particle size distribution for an
exemplary carbon component.

[0079] FIG. 4 shows a pore size distribution for an exem-
plary carbon particle.
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[0080] FIG. 5 shows a schematic overview of an electrical
conductivity of a piezoresistive material depending on a
carbon concentration.

[0081] FIG. 6 shows basic steps of an example of a
method for producing a piezoresistive material according to
the invention.

[0082] FIG. 7 shows a percolation threshold.

[0083] FIG. 8 shows the detected electric resistance for an
increasing load.

[0084] FIG. 9 shows a detected electric resistance for a
linear increase of blood pressure.

DETAILED DESCRIPTION OF EMBODIMENTS

[0085] FIG. 1 shows schematically and exemplarily an
embodiment of a detection unit 10 according to the inven-
tion. The detection unit 10 comprises a detection element 20
and a processing element 30.

[0086] The processing element 30 may be an analog
digital converter. The processing element 30 processes a
decrease of electrical resistance detected by the piezoresis-
tive material 1 into a value of compressive load applied to
the piezoresistive material 1.

[0087] The detection element 20 may be a probe, a cath-
eter tip, a blood pressure sensor, an artificial skin component
or the like. The detection element 20 comprises a piezore-
sistive material 1.

[0088] FIG. 2 shows schematically and exemplarily an
embodiment of the piezoresistive material 1 according to the
invention. FIG. 2a shows the piezoresistive material 1 with
no load or pressure. FIG. 2b shows the piezoresistive
material 1 with isostatic load or pressure. FIG. 2¢ shows the
piezoresistive material 1 with uniaxial load or pressure.
[0089] As shown in FIG. 24, the piezoresistive material 1
comprises a compound of a carbon component 2 and an
elastomer component 3. The carbon component 2 comprises
porous carbon particles 4, which comprise macropores (not
shown). The elastomer component 3 comprises pre-stressed
polymeric chains 5. Most of the macropores in the carbon
particles 4 are infiltrated by polymeric chains 5. Further,
most carbon particles 4 are linked by polymeric chains 5.
[0090] As shown in FIGS. 26 and 2¢, the piezoresistivity
of the piezoresistive material 1 is based on the fact that the
polymeric chains 5 between the carbon particles 4 of the
carbon component 2 rearrange and relax when the piezore-
sistive material 1 is subjected to a compressive load (iso-
static in FIG. 24, uniaxial in FIG. 2¢). The rearrangement
and relaxation enables a formation of electrical paths
between the carbon particles 4 and consequently reduces the
electrical resistance of the piezoresistive material 1.

[0091] The elastomer component 3 is here a silicone
precursor.
[0092] The carbon component 2 comprises highly porous

carbon particles 4 with open porosity. The pores of the
carbon particles 4 comprise macropores with a size between
50 and 1000 nm. FIG. 3 shows a particle size distribution for
an exemplary carbon component 2. The carbon particles 4 of
the carbon component 2 are mainly between 1 and 20 pm.
FIG. 4 shows a pore size distribution for an exemplary
carbon particle 4. The total pore volume of the macropores
is here 2.1 cm’/g and lies in general between 0.7 and 2.5
cm’/g. The carbon particles 4 further comprise mesopores
with a size between 2 and 50 nm.

[0093] Here, only pores larger than a filling threshold
between 60 and 250 nm are infiltrated by polymeric chains
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5. Small macropores and mesopores are not filled. Micropo-
res essentially do not exist due to a graphitization of the
material.
[0094] The amount of the carbon component 2 in the
material is near a percolation threshold P, which is here 18
wt.-%.
[0095] FIG. 5 shows a schematic overview of an electrical
conductivity of the piezoresistive material 1 depending on a
carbon concentration without external load. The curve
shows within the area of the percolation threshold P a
change of the electrical conductivity of the material. Below
and above the area of the percolation threshold P, there is no
sudden change of the electrical conductivity of the material.
[0096] When subjected to a load, the elastomer component
3 is compressed and thereby no longer blocks a contact
between the actually electrically conductive carbon particles
4. Electrically conductive paths appear between the carbon
particles 4. As the amount of the carbon component 2 in the
piezoresistive material 1 is near the percolation threshold P,
the appearance of the conductive paths leads to a sudden
increase of the electrical conductivity of the piezoresistive
material 1. The sudden increase of the electrical conductivity
can be easily detected. As a result, near the percolation
threshold P, the sensitivity for pressure is extremely high.
Outside the area of the percolation threshold P, there is no
sudden change of the electrical conductivity of the piezore-
sistive material 1.
[0097] FIG. 6 shows a schematic overview of steps of a
method for producing a piezoresistive material 1 according
to the invention. The method comprises the following steps:
[0098] In a first step S1, mixing one or more elastomer
components 3 and a carbon component 2 into a mix-
ture, wherein the elastomer component 3 comprises
polymeric chains 5 and the carbon component 2 com-
prises carbon particles 4 comprising macropores.
[0099] In asecond step S2, curing the mixture so that at
least some of the macropores in the carbon particles 4
are infiltrated by polymeric chains 5 to form a piezore-
sistive interconnection between the carbon particles 4.
[0100] Step S1 may also comprise a mixture with a curing
agent. The curing agent may also be an elastomer compo-
nent.

EXAMPLES

[0101] As elastomer component, the two-component sili-
con Flastosil LR 3003/10 (Wacker Chemie AG) is used.
Both subcomponents of Elastosil LR 3003/10 are liquid and
highly viscous (1=74.000 mPa*s).

[0102] As carbon component, the macroporous carbon
Porocarb HG3 Fine Grain (Heraeus) is used. Porocarb HG3
Fine Grain has a specific surface of 57 m*/g and a particle
size d50 of 4 pm.

[0103] The carbon component is dispersed in both sub-
components of the elastomer component separately. This is
done by means of a roller mill. Both subcomponents filled
by the carbon component are then mixed with a 1:1 ratio to
obtain the piezoresistive material.

[0104] The piezoresistive material is formed into a plate-
and a rod-shape and cured in an oven for 4 hours at 200° C.
[0105] To detect a percolation threshold, several samples
of the piezoresistive material with different concentrations
of carbon particles are made and their electric conductivity
is measured without any external force/pressure. The result
is shown in FIG. 7. The electric conductivity is detected
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starting at a carbon particle concentration of 18 wt.-%. A
maximum change of electric resistance (2503 kQ) is
detected for a carbon particle concentration between 18
wt.-% and 19 wt.-%. Starting at a carbon particle concen-
tration of 21 wt.-%, no considerable change of the electric
resistance is detected.

[0106] The samples of the piezoresistive material are
subjected to unidirectional and isostatic pressure tests. Uni-
directional pressure tests are made by means of a compres-
sion die. Isostatic pressure tests are made by means of a
pressure chamber. The electric resistance is monitored by a
multimeter (e.g. Agilent 34401a).

[0107] FIG. 8 shows the detected electric resistance for an
increasing load. Area I shows the electric resistance before
the application of a load. In area 11, the application of a load
starts and the electric resistance decreases. The negative
change of electric resistance for a load between 0 and 4 N
amounts to 614 kn. Area III shows a peak when unloading
the sample and a decrease of the electric resistance after
unloading the sample. Area IV shows the return of the
electric resistance to its initial value.

[0108] FIG. 9 shows a detected electric resistance for a
sudden increase of blood pressure. The sudden increase of
blood pressure leads to a considerable change of the detected
electric resistance of the piezoresistive material, which
thereby shows a great sensitivity for pressure changes.
[0109] As elastomer component, also the latex emulsion
dispersion Lanxess S-62F can be used. Lanxess S-62F
comprises 68 wt.-% of styrene butadiene rubber and has a
nominal density of 0.94 g/em®. As carbon component, the
carbon modification Porocarb HG3 Fine Grain (Heraeus)
can be used again.

[0110] In a further example, 210 gr Porocarb HG-3FG are
added to 1162 gr Lanxess S-62F to obtain a carbon concen-
tration of 21 wt.-%. The mixture is agitated for 15 min.
During further agitation, 70 gr diluted sulfuric acid (pH 3)
with 1.4 gr of a polymere quaternary amine (e.g. Perchem
503) are added at 60° C. SBR latex particles coagulate and
precipitate. The liquid phase is separated by centrifugation.
[0111] As a result, an SBR rubber compound material is
obtained. It is further agitated by a Brabender mixer B50 up
to a temperature of 100° C. and cooled to 50° C. 2.5 gr
Dicumyl peroxide (Sigma-Aldrich) are added to initiate
cross-linking. The mixture is again agitated at 60° C. in the
Brabender mixer, removed from the mixer and formed to
samples to be tested as described above.

[0112] It has to be noted that embodiments of the inven-
tion are described with reference to different subject matters.
In particular, some embodiments are described with refer-
ence to method type claims whereas other embodiments are
described with reference to the device type claims. However,
a person skilled in the art will gather from the above and the
following description that, unless otherwise notified, in
addition to any combination of features belonging to one
type of subject matter also any combination between fea-
tures relating to different subject matters is considered to be
disclosed with this application. However, all features can be
combined providing synergetic effects that are more than the
simple summation of the features.

[0113] While the invention has been illustrated and
described in detail in the drawings and foregoing descrip-
tion, such illustration and description are to be considered
illustrative or exemplary and not restrictive. The invention is
not limited to the disclosed embodiments. Other variations
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to the disclosed embodiments can be understood and
effected by those skilled in the art in practicing a claimed
invention, from a study of the drawings, the disclosure, and
the dependent claims. In the claims, the word “comprising”
does not exclude other elements or steps, and the indefinite
article “a” or “an” does not exclude a plurality. A single
processor or other unit may fulfil the functions of several
items re-cited in the claims. The mere fact that certain
measures are re-cited in mutually different dependent claims
does not indicate that a combination of these measures
cannot be used to advantage. Any reference signs in the
claims should not be construed as limiting the scope.

1-24. (canceled)

25. A piezoresistive material, comprising a compound of:

a carbon component, and

an elastomer component,

wherein the carbon component comprises carbon particles

comprising macropores,

wherein the elastomer component comprises polymeric

chains, and

wherein at least some of the macropores in the carbon

particles are infiltrated by polymeric chains to form a
pieroresistive interconnection between the carbon par-
ticles.

26. The material of claim 25, wherein the carbon particles
are highly porous with a total pore volume between 0.7 and
3.5 enm’/g.

27. The material of claim 25, wherein the macropores in
the carbon particles are interconnected and have a size
between 50 and 1000 nm.

28. The material of claim 25, wherein the macropores in
the carbon particles have a macropore volume between 0.6
and 2.4 cm®/g.

29. The material of claim 25, wherein the carbon particles
further comprise mesopores with a size between 10 and 50
nm and a mesopore volume between 0.05 and 0.2 cm’/g.

30. The material of claim 25, wherein the carbon com-
ponent is graphitized to a graphitization degree between 60
and 80%.

31. The material of claim 25, wherein the carbon particles
comprise essentially no micropores with a size smaller 2 nm.

32. The material of claim 25, wherein the piezoresistive
interconnection between the carbon particles is implemented
by the polymeric chains which are configured to rearrange
when the piezoresistive material is subjected to a compres-
sive load so that electrical paths form between the carbon
particles to decrease an electrical resistance of the piezore-
sistive material.

33. The material of claim 25, wherein the amount of the
carbon component in the elastomer component is near or
within a percolation threshold (P).

34. The material of claim 25, wherein the amount of the
carbon component in the elastomer component is between
15 and 26 wt.-%.

35. The material of claim 25, wherein the carbon particles
have sizes d50 between 5 and 20 pm.

36. The material of claim 25, wherein only pores larger
than a filling threshold are infiltrated by polymeric chains,
and wherein the filling threshold is between 60 and 250 nm.

37. The material of claim 25, wherein the carbon com-
ponent has a density between 1.6 and 2.26 g/enr’.
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38. The material of claim 25, wherein the carbon com-
ponent has a specific surface between 5 and 500 m*/g.

39. The material of claim 25, wherein the elastomer
component comprises rubber and/or silicone.

40. The material of claim 39, wherein rubber is styrene
butadiene rubber or ethylene propylene diene monomer
rubber.

41. The material according to claim 39, wherein the
silicone of the elastomer component has a viscosity between
10 Pa s and 2000 Pa s.

42. A detection unit, comprising:

a detection element, and

a processing element,

wherein the detection element is made of a piezoresistive
material comprising:
a carbon component, and
an elastomer component,

wherein the carbon component comprises carbon par-
ticles comprising macropores,

wherein the elastomer component comprises polymeric
chains, and

wherein at least some of the macropores in the carbon
particles are infiltrated by polymeric chains to form
a piezoresistive interconnection between the carbon
particles, and

wherein the processing element is configured to process a
decrease of electrical resistance detected by the
piezoresistive material into a value of compressive load
applied to the piezoresistive material.

43. The detection unit of claim 42 used for a probe to
detect one of a force, pressure, motion and vibration of the
probe relative to a surrounding medium.

44. The detection unit of claim 42, wherein the probe is
a catheter tip configured to detect a force in a range of 0.02
Nto 10N,

45. The detection unit of claim 43, wherein the probe is
ablood pressure sensor configured to detect a blood pressure
in a range of 40 mmHg to 200 mmHg.

46. The detection unit of claim 43, wherein the probe is
an artificial skin component configured to detect a mechani-
cal contact.

47. A method for producing a piezoresistive material
comprising:
mixing an elastomer component and a carbon component
into a mixture, wherein the elastomer component com-
prises polymeric chains and the carbon component
comprises carbon particles comprising macropores,
and

curing the mixture so that at least some of the macropores
in the carbon particles are infiltrated by polymeric
chains to form a piezoresistive interconnection between
the carbon particles.

48. The method according to claim 47, further comprising
graphitizing the carbon component between 2300 and 2600°
C.

* #* * #* #®
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