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Mechanical strain sensing is ubiquitous, found in applications such as heart rate

monitoring, analysis of body part motion, vibration of machines, dilatation in buildings

and large infrastructure, and so forth. Piezoresistive materials and sensors based on

those offer versatile and robust solutions to measure strains and displacements and can

be implemented even in acceleration and pressure analyses. In this paper, we overview

the most prominent piezoresistive materials, and present a case study on carbon foams

as well as on their hierarchical hybrid structures with carbon nanotubes/nanofibers. Our

results show highly non-linear electrical resistance and mechanical stress dependence

on uniaxial strain in both types of materials up to 50% compression. The Young’s

moduli increase with compressive strain between 1–65 and 0.1–92 kPa for the foam

and hierarchical structure, respectively. The foams have giant gauge factors (up to

−1000) with large differential gauge factors (on the scale of−10) and differential pressure

sensitivity of 0.016 Pa−1 (at 10% strain) making them suitable for detecting both small

and large displacements with excellent accuracy of electrical readout as we demonstrate

in detecting building wall displacement as well as in monitoring heart rate and flexing

of fingers.

Keywords: carbon foams, carbon nanotubes, hybrid structures, piezoresistivity, non-universal conductivity critical

exponent, percolation, strain gauges

INTRODUCTION

Electrically conductive and semiconducting materials change their conductivity upon mechanical
deformation. The effect is known as piezoresistivity, and can be described by the gauge factor (GF),
which shows the relative change of resistance with the applied strain. In a first order approximation,

GF =
R
R0
ε

=

ρ
ρ0
ε

+ 1 + 2ν, where 1R/R0 and 1ρ/ρ0 are the relative change of resistance and
resistivity, respectively, ε is the mechanical strain and ν is the Poisson’s ratio of the material.

In most of the bulk metals (e.g., Al, Au, Cu) and in many crystalline alloys and metallic glass
compositions (e.g., constantan, Cu60Ni40, Ni68Si15B17, Ni80Cr20, Pd40Cu30Ni10P20), GF is typically
∼2 (Hu et al., 2000; Schweizer, 2005; Yi et al., 2011; Jiang et al., 2015) and thus piezoresistivity may
be accounted mainly for the change of geometry (viz. the Poisson’s ratio is ∼0.5). However, some
metals such as Pt and Ni display much larger GF values (4 and−12, respectively; Schmid et al., 2014
and Yi et al., 2011), which indicates that the deformation-induced change in resistivity has also a
role in the piezoresistive effect and shall be taken into account.
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In semiconductors, GF can be several orders of magnitude
higher than in metals, as piezoresistivity is mainly governed by
the strong variation of the materials’ resistivity with strain, and
thus the geometrical effects may be neglected. When deforming
a semiconducting solid, the band structure and the effective
mass of carriers also change, which result in their increased or
decreased concentration and mobility (depending on the type
of majority carriers and whether the strain is compressive or
tensile; Bardeen and Shockley, 1950; Kanda, 1991). In the case of
common crystalline semiconductors such as p-type Si or Ge, GF
has a value of ∼100. Interestingly, for Si nanowires even higher
GFs (up to 30-fold, compared to bulk Si) were reported and
explained by strain induced carrier mobility change and surface
effects (He and Yang, 2006). However, as it was demonstrated
later using time-dependent electromechanical measurements, the
increased apparent piezoresistive coefficients were actually due
to charge trapping and detrapping on the surface of depleted
Si, whereas the intrinsic piezoresistvity of the nanostructured
material is essentially the same as that of bulk (Milne et al.,
2010). Recent studies on semiconducting metal oxide thin films
and nanostructures, e.g., on TiO2 (Fraga et al., 2012), MoO3

(Wen et al., 2014), and ZnO (Kaps et al., 2017); as well as
on layered transition metal dichalcogenides, e.g., MoS2 (Nayak
et al., 2014; Manzeli et al., 2015), MoSe2, WSe2 (Hosseini et al.,
2015), and PtSe2 (Li et al., 2016; Wagner et al., 2018) showed
highly strain dependent electronic properties, giving rise to
quite high GFs comparable to those of Si and Ge (e.g. 441 for
MoO3 nanobelts, −148 for MoS2 monolayers or −85 for PtSe2
thin films).

Piezoresistivity in powders of conductive materials has been
also studied for quite long time. For instance, the first carbon
microphones made nearly 150 years ago exploited the pressure
sensitivity of electrical resistance in carbon powders placed
between an electrically conductive metal diaphragm and a back-
side electrode plate (Hope, 1978). The pressure waves of sound
induce vibrations of the thin diaphragm, which then transfers
the vibrations to the carbon powder thus varying the intimacy
of contacts between the conductive particles resulting in a
variation of its overall resistance in synchrony with the waves
of the sound. In the compressed carbon powder, the distance
between the particles decrease giving rise to a better percolation
and higher tunneling probability of electrons thus inducing
an apparent piezoresistivity with gauge factors of around 20
(Cunningham and Bibby, 1993). In a similar fashion, powders,
films and woven-like fabrics of 1 and 2-dimensional (1D and
2D, respectively) carbon nanoparticles, i.e., single (Gilshteyn and
Nasibulin, 2015) and multi-walled nanotubes (Feng et al., 2010;
Tadakaluru et al., 2014; Chun et al., 2018), graphene (Bae et al.,
2013; Smith et al., 2013; Zhao et al., 2015; Liu X. et al., 2017) and
reduced graphene oxide (Kuang et al., 2013; Mi et al., 2017; Xu
et al., 2018) show piezoresistive properties. The great benefits of
the low dimensional carbon nanostructures are easy formation
of entangled thin films and simple transfer onto elastomers
enabling excellent strain sensor devices to monitor heart rate,
motion of body parts (Chang et al., 2018; Gilshteyn, 2018;
Liu Y. et al., 2018; Park et al., 2018) and dilatation/vibrations
of buildings as well as other large infrastructure (Schumacher

and Thostenson, 2014; Augustin, 2018) among many others
(Amjadi et al., 2016).

In contrast to bulk or thin film Au, quite large gauge
factors (from 33 to 109) were measured for very thin films
(assembled 2–3 particle layers) of monodisperse (12 nm in
diameter) 3-mercaptopropionic acid and 6-mercaptohexanoic
acid functionalized Au nanoparticles. The unprecedented gauge
factors are explained by the easy change of inter-particle distances
in the soft mercaptocarboxylic matrix causing considerable
variation of tunneling resistances and current paths in the
nanoparticle network (Jiang et al., 2015). In fact, percolation and
tunneling play crucial roles in the overall piezoresisive behavior
of composites with conductive fillers (e.g., carbon or metal
nanomaterials) embedded in polymer matrices (Stassi et al.,
2014). A large variety of organic as well as inorganic polymer
composites with highly diverse mechanical properties was
demonstrated in the past years, such as CNTs, carbon filaments,
graphene and MXenes e.g., in poly(methyl methacrylate)
(Kang et al., 2006), polysulfone (Oliva-Aviles et al., 2011),
poly(dimethylsiloxane) (Liu and Choi, 2010; Hou et al., 2013)
epoxy (Chiacchiarelli et al., 2013), polyimide (Ma et al., 2017),
poly(styrene-butadienestyrene) (Wang et al., 2018), or even in
concrete (Chung, 2002). Also polymer blends of conductive
and insulating phases were proved as useful strain gauge
materials. For instance, solution cast films of polyaniline and
styrene-ethylene/butylene-styrene SEBS copolymer were found
to bear with piezoresistive character with moderate GFs of ∼2
(Costa et al., 2018); however, electrospun fibers of poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) and polyvinyl
alcohol showed GF up to ∼400 (Liu et al., 2011). Foams
of intrinsically conductive materials as well as their polymer
composites enrich even further the palette of piezoresistive
materials providing new degrees of freedom (e.g., porosity,
pore structure) to tune the mechanical and electromechanical
properties (Pham et al., 2014; Liu H. et al., 2017; Ke et al., 2018;
Liu W. et al., 2018; Yang et al., 2018). Such a good mechanical
diversity is particularly important since the optimal transfer of
strain or displacement from the object to the sensor device
requires soft (or stiff) matrices for large (small) displacements
or deformations of soft (stiff) objects. The gauge factors of
soft composites is typically low or moderate (between 1 and
10) but allow good analysis of large strains of up to several
tens of percentages, whereas hard composites such as those of
epoxy or cement have GF values even above 50 (Chiacchiarelli
et al., 2013; Yoo et al., 2018) which can be exploited in low
strain regimes.

Here, we present and compare soft piezoresistive foams
of pyrolyzed polymer foams and their hierarchical structures
with carbon nanotubes (CNTs) and nanofibers (CNFs), which
display high gauge factors in a large strain window. The
fascinating properties pave the road for versatile strain
sensing in very different fields that we also demonstrate
here. In addition, in an attempt to explain the underlying
mechanism of piezoresistive behavior, we analyze the strain
dependent conductivity data and highlight the shortcomings
of the percolation model for the foam-type 3-dimensional
conductive networks.
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FIGURE 1 | (a,d,g) Schematic drawings of the original open pore structure melamine foam, carbon foam and hierarchical carbon foam and carbon nanotube hybrid,

respectively. Panels (b,e,h) show low magnification scanning electron micrographs of the corresponding structures. In panels (c,f,i) magnified images of the samples

are shown as indicated by the corresponding white rectangular selected areas in images (b,e,g).

RESULTS AND DISCUSSION

Structure and Piezoresistive Behavior
Pyrolysis of the melamine foams results in a significant weight

loss (∼90%) and volumetric shrinkage (∼90%), while the open-
pore structure remains unchanged. After impregnating nickel

acetylacetonate and reducing that in H2 to form Ni nanoparticles
in the foams, we grow CNTs/CNFs at 770◦C on the catalyst

nanoparticles along the skeletal structure by chemical vapor
deposition from acetylene precursor. The dimensions of the as-
synthesized hierarchical hybrid structures do not decrease any
further compared to the parent carbon foams. The CNTs are
multi-walled with high concentration of defects as indicated by
their curled microstructure. Apart from CNTs, we can also find
some CNFs, which emerge from larger Ni catalyst nanoparticle
upon the CVD process (Figures 1A–I).

Resistance and stress measurements vs. mechanical strain
show both the carbon foam and its hierarchical structures with
CNTs/CNFs have highly non-linear behavior (Figures 2A–D).
The Young’s moduli of the materials increase with compression
between 1–65 kPa and 0.1–92 kPa for the foam and hierarchical
structure, respectively. The enormous decrease of resistances

being approximately 3-orders of magnitude upon 50%
compressive strain for both types of materials make up
giant gauge factors |GF| >1000. Even the differential gauge

factors calculated as dR
R·dε

are having values as high as −10 in
the low strain regime (0 < ε < 0.2). The differential pressure

sensitivity values dI
I·dσ

are 0.002 and 0.016 Pa−1 (at ε = 0.1) for
the carbon foam and hierarchical structures, respectively making
these materials as promising choices for detecting both small
and large displacements with excellent accuracy of electrical
resistance readout. The hierarchical structures display pressure
sensitivities close those measured for highly complicated
laminated multilayer thin films structures of polypyrrole,
polyvinyl alcohol nanowires, polyethylene terephthalate, and
indium-doped tin oxide (Luo et al., 2017).

Practical Examples of Piezoelectric Strain
Sensor Applications
To assess the piezoresistive functionality of the carbon foams in
the practice, we mounted their small pieces in three very different
environments: between two structurally separate walls in our
laboratory building as well as on a human index finger joint and
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FIGURE 2 | Electrical resistance and mechanical stress as a function of strain for (A) carbon foam and (B) hierarchical carbon foam and carbon nanotube hybrid

structures measured in the first deformation cycle up to ∼50%strain and back to the starting position. Panels (C,D) display the measured data obtained in the second

deformation cycle for the corresponding specimens. The original dimensions (width × length × height) of the samples are 11.1 × 9.0 × 2.0 mm3 (carbon foam) and

9.6 × 9.3 × 2.0 mm3 (carbon foam and nanotube hybrid). The first resistance data point in each plot below 0% strain indicates insufficient contact with the electrodes

in the experimental jig.

over the radial artery of a wrist (Figure 3). In each experiment,
the applied foams were simply sandwiched between aluminum
packaging foil slices (acting as electrical contacts) and then pre-
stressed to ensure firm fixture of the sensors for the experiments
to detect relative motion of the adjacent walls as well as to analyze
flexing of the finger and to monitor heart rate, respectively.

The electrical resistance of the carbon foam placed between
the two separate building walls (Figure 3A) shows a continuous
drift, which seems to be independent from the temperature of the
sensor (monitored with a thermocouple placed next to it). This is
not surprising, since the temperature coefficient of resistance at
near room temperature for the foam is about−0.02 deg−1 that
we calculated from the temperature dependent resistance data
published earlier (Pham et al., 2014). On day 4, the monotonic
increase of resistance is broken by a significant drop (1R/R∼-
0.4) that occurred within a period of 16 h, suggesting a slow but
well defined compressive deformation of the sensor. The relative
change of resistance corresponds to ∼4% decrease of the length
of the sensor from ∼5.0mm to ∼4.8mm corresponding to a
relative lateral displacement of∼0.2mm of the two walls. Motion
of buildings is a known phenomenon (Lenczner, 1981), which
may be caused by several reasons, including the change of the
environment moisture and temperature as well as subsequent
variation of the temperature gradients in the ground and building

parts. To see whether the change of weather conditions could
be responsible for the lateral movement of the two separate
walls detected by the sensor, we checked the official outside air
temperature measured by a meteorological station ∼5 km from
our laboratory. The records show that the outside air temperature
has started to drop from −2◦C to −10◦C about 7 h before the
sensor detected the displacement. When the temperature has
started to increase again (after∼16 h), the resistance of the sensor
followed that, again with ∼7 h of delay indicating the possible
correlation between the outside air temperature and building
motion data.

Carbon foams mounted on an index finger and on the
radial artery also proved to be feasible for monitoring the
corresponding physiological functions. In the former case, the
higher degree the finger is flexed, the higher the measured voltage
drop is measured over the resistor connected in series with the
sensor (Figure 3B). This is logical since flexing of the finger
compresses the sensor making it more conductive, thus allowing
higher currents in the circuit. Even without any particular
optimization, already ∼15◦ flexing angle can be detected well.
As for the pulse monitoring sensor, we can clearly follow up the
heart beats by simply pressing the foam against the radial artery
(Figure 3C). Considering the voltage signal variation, measured
over a series resistor of 330Ω , the change of the current in
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FIGURE 3 | Carbon foam based sensors monitoring displacements with highly diverse nature: (A) relative displacement of adjacent building walls constructed on

separate concrete foundations, (B) repeated flexing of the index finger joint between the middle and proximal phalanges, and (C) heart rate monitored on the radial

artery (B: base point, P: percussion wave, V: valley and D: dicrotic wave). (D) Resistance of a cube shaped foam under mechanical compression cycling (160

repetitions at 30% strain).

the circuit is ∼2%, which corresponds to ∼3% decrease of the
sensor device resistance being sufficient to resolve the typical
waveform (Chang, 2013) including the percussion wave, dicrotic
notch (valley) and dicrotic wave in each pulse.

The foams are not only easy to integrate into very different
environments to perform sensing but they also show reliable
operation over long period of time as demonstrated in the
building wall displacement measurements (Figure 3A) and they
can stand repeated deformations very well (Figures 3B–D).
These properties are particularly important in the practice and
make the carbon based foams a good challenger of other soft
piezoresistive composites of polymers and conductive fillers.

Qualitative Model for the Piezoresistive
Behavior of Carbon Based
3-Dimensional Foams
In 2 or 3-dimensional (2D or 3D) networks of nanomaterials,
the conduction mechanism has been shown to obey the

percolation-tunneling model described by the power function
κ = κ0 (c− c0)

α , where κ is the conductivity, c is the volumetric
concentration or areal density of the conductive filler, c0 is the
corresponding critical concentration or density, and α is the
critical exponent having a typical (universal) value of around 2
for 3D (Hou et al., 2013) and 1.33 for 2D networks (Hu et al.,
2004), respectively. Furthermore, even conductivity of cellular
and reticulated vitreous carbon foams derived from self-similar
polymer foams (e.g., phenolic-furanic foams, polyurethane
templates resorcinol-formaldehyde) have been shown to have
power function dependence on the density of structures
(Letellier et al., 2017).

To plot our data and see whether it is in line with the
percolation model, we first transform the R resistance values to
conductivity taking into account the deformation of the foam

as: κ = 1
R

l(1−ε)
A(1+2νǫ) , where l and A are the original sample

thickness and cross-section area, ε is the applied strain and
ν is the Poisson’s ratio considered as 0.3, typical for foams.
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FIGURE 4 | Double logarithmic plots of the electrical conductivity and concentration (strain dependent inverse volume) for (A) carbon foam and (B) carbon foam and

carbon nanotube hybrid structures. The plots are derived from the first compression cycle data of electrical resistance vs. mechanical stress in Figures 2A,B.

Scanning electron micrographs of (C) carbon foam and (D) composite foam without and with uniaxial strain.

Similarly, we also transform the strain axes to concentration by
taking it as unity at ε = 0 and dividing that with the volume
of the deformed sample as: c = 1

l(1−ε)A(1+2νǫ)
. After having

κ and c, in a double logarithmic plot, a linear fit gives the
critical exponent, α. We find that none of the plots may be fitted
with a single linear. In the case of the carbon foam, we cannot
make any sort of reasonable fit because of the continuously
changing slope as shown in Figure 4A. For the hybrid sample
in Figure 4B, we find the data scatters around two linear slopes
giving critical exponents 31.0 ± 2.3 (low strain regime 0 < ε

< 0.2) and 3.7 ± 0.2 (high strains 0.2 < ε < 0.5), both being
rather high in reference to the universal value of 2 supposed
to be valid for random networks of percolating conductors.
Accordingly, the very steep function of resistance vs. strain in
our carbon foams and hierarchical structures cannot be explained
by a simple percolation-tunneling model of conductors placed
randomly in a volume. This is actually not completely surprising,
since percolated foams are not fulfilling entirely the conditions
of the model. Instead of having randomly placed conductors
in 3D, the carbon foam made by the pyrolysis of melamine
foam is a macroscopically continuous 3D skeleton of a carbon
material with poorly ordered sp2 and sp3 content, which is
likely to follow the multi-phonon hopping transport model
as we concluded earlier from temperature dependent electrical
conductivity measurements (Pham et al., 2014). Here, we
speculate that upon deformation, the stresses in certain volumes
of the carbon skeleton change the electronic band structure
locally (e.g., by introducing new energy states in the insulating

domains of the material and/or changing the Fermi level in the
conductive phase) and alter not only the heights of tunneling
gaps but also the distances between adjacent conductive regions
thus giving rise to a highly complex strain dependent conduction.
We have to emphasize here, that stress dependent conduction
is not only seen for ordinary semiconducting crystals, but has
been shown both theoretically and experimentally for various
form of carbon nanomaterials. In the case of carbon nanotubes,
band gap opening is common under stress (Martel et al., 1998;
Yang and Han, 2000). Further, as it was concluded for sputter
deposited amorphous carbon films with both sp2 and sp3 carbon
content, the piezoresistivity of such material is due to hopping
between conductive sp2 grains in an insulating sp3 surrounding
(Grimaldi et al., 2000; Peiner et al., 2006).

On the other hand, in the case of the carbon foam and

nanotube hybrid structure, electrical transport via the CNT
network superposes on the one of the skeletal structure, and

plays also a role in the overall conduction process. At low
strains, the CNT network on the skeleton of the foam is already

forming an entangled layer, which is reflected by the relatively
high conductivity of the hybrid foam in reference to the carbon
foam (∼10−2 vs. ∼10−4 S/m). Increasing the strain in the

hybrid structure until ε∼20% is improving the conduction in
the skeleton as described for the carbon foam. Over ∼20%
strain, we find a change of the conduction mechanism with a
critical exponent of 3.7 ± 0.2 (in contrast to the low strain
exponent being 31.0 ± 2.3). Considering the microstructure
of the hierarchically structured foam, it is a physically realistic

Frontiers in Materials | www.frontiersin.org 6 May 2019 | Volume 6 | Article 93

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Kordas and Pitkänen Piezoresistive Carbon Foams

scenario that strains above ∼20% result in new contacts between
the CNT networks located at the adjacent skeletal wires of the
carbon foam. To visualize such a phenomenon, we use electron
microscopy imaging to analyze how the skeleton structure of the
carbon foam as well as the hierarchical structure of the composite
foam change under mechanical strain (ε = 0.3). As shown in
Figure 4C, the skeleton of the carbon foam only deforms without
significantly changing the density of the interconnects. On the
other hand, upon compression of the carbon nanotube coated
composite foam, a more compact structure seems to form, in
which the nanotube layers on adjacent skeleton wires can make
direct contacts (Figure 4D). As such, we can eventually talk about
percolation and tunneling in the foam despite the slightly higher
critical exponent than the anticipated universal value for 3D
network of conductive particles.

In fact, the critical exponent may show non-universal values,
usually exceeding the value of 2, as found in carbon-polymer
composites and granular metal-oxide networks (Vionnet-Menot
et al., 2005; Bauhofer and Kovacs, 2008). The origin of such
behavior has been extensively studied during the past years and
has been attributed to anisotropy (Celzard and Marêché, 2003)
as well as to the statistical distribution of the electrical transport
properties of the contacts (Kogut and Straley, 1979; Halperin
et al., 1985; Feng et al., 1987). For instance, according to the
inverted random-void model (Balberg, 1987, 1998), in which
tunneling current flows between conducting spheres placed in
an insulating matrix, the critical exponent may be dependent on
the mean tunneling distance and can be much higher than 2, if
the distribution function of the tunneling distances decays slower
than the tunneling decay (Vionnet-Menot et al., 2005). Therefore,
these models may give a reasonable explanation why the non-
ideal network of contacts between the CNT coated parts of the
hybrid foam show the slightly higher critical exponent than the
universal value.

CONCLUSIONS

In closing, we studied the piezoresistive behavior of two different
types of carbon foam structures, one made by the pyrolysis of
an open pore structure melamine foam, and another obtained by
growing carbon nanotubes/nanofibers in pores of the first. Both
kinds of foams show giant piezoresistive gauge factors (GF <

−1000) and withstand very large compressive deformations (ε
∼0.5) that are reversible after the first compression cycle thus
enabling versatile strain gauge applications for displacement,
deformation, and pressure sensing. The giant piezoresistive
gauge factors cannot be explained solely by the classical
percolation-tunnelingmodel. The results suggest amore complex
mechanism, in which a local variation of the electrical transport
behavior in the sp2-sp3 hybridized carbon skeleton of the foam
takes place due to local stresses upon mechanical deformation.

MATERIALS AND METHODS

The carbon foams were obtained by pyrolyzing melamine foam
(BASF, Basotect R© W) at 800◦C for 60min in 150 mL/min flow

of N2 similar to that we described earlier (Pham et al., 2014).
Heating rates of 15◦C/min until 300◦C, and 2◦C/min from 300 to
800◦C were applied. The obtained carbon foams were rinsed and
sonicated in de-ionized water and then dried at 70◦C overnight to
remove anyNa+ impurities enriched on the surface of the skeletal
structure we found by XPS in our previous work (Pham et al.,
2014). To grow carbon nanotubes in the pores of the foams, the
samples were cut into 30× 10× 5mm3 pieces, impregnated with
a solution of nickel acetylacetonate (0.8 g/L in acetone), and then
dried in a box furnace at 70◦C for 1 h. After decomposing and
reducing the Ni precursor to metallic Ni nanoparticles in 2 L/min
15%H2/Ar flow at 770◦C for 6min, the gas flow was switched for
a mixture of C2H2 (80 mL/min) and 15% H2/Ar (70 mL/min,
bubbled through a water container) for 30 min.

For the mechanical strain dependent stress and electrical
resistance measurements, the synthesized foams were cut into
pieces of ∼10 × 10 × 2 mm3 size and then were placed between
two parallel copper plates. The lower plate was fixed on a tray
of a computer connected weighting scale (Precisa LS 620M),
whereas the upper plate was mounted on a computer controlled
vertical translation stage. The pressing force was calculated from
the measured weight upon compression adjusted by the vertical
displacement of the upper copper electrode plate. The as formed
circuit was sourced with 5V DC and the current was measured
using a Keithley 2636A SourceMeter.

Measurement of Building Wall
Displacement
A rectangular foam cut to a size of 23× 5× 7 mm3 was brought
in mechanical contact with Al packaging foil sheets and after
being pressed along the 7mm long side, it was placed in a gap
of ∼5mm between two walls in our laboratory. One of the walls
is an ordinary wall of the building, whereas the other one is a part
of a vibration-free structure built on a separate and more robust
concrete foundation. The resistance of the pre-strained foam was
measured with a Fluke 2635A Hydra Series II Data Bucket for
over several days. A thermocouple was placed in the proximity
of the sensor to monitor the actual temperature of the sensor.
For the local temperature outside the building we use the weather
data of the Finnish Meteorological Institute collected at a station
located∼5 km from our laboratory building.

Analysis of Finger Joint Flexing
A piece of carbon foam with dimensions of 15× 5× 3 mm3 was
equipped with two Al foil slices and then fixed over the joint of
proximal andmiddle phalanges of the index finger using a rubber
ring. A resistor of 330Ω was connected in series to the sensor
and the circuit was sourced with 1V (Agilent E3630A), while the
voltage drop over the resistor was using an oscilloscope (Agilent
DSO-X 3024A).

Heart Rate Monitoring
The measurement setup is similar to that used in the analysis of
finger joint bending but the carbon foam (size of 5× 5× 5 mm3)
sandwiched between Al foil pieces was manually pressed against
the radial artery with a pressure of∼15 kPa.
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