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Abstract: Smart flexible materials with piezoresistive property are increasingly used in sensors field.
When embedded in structures, they would allow an in-situ structural health monitoring and
damage assessment of impact loading such as crash, bird strikes and ballistic impacts. However,
this could not be achieved without a deep characterization of the relation between piezoresistivity
and mechanical behavior. The aim of this paper is to study the potential use of the piezoresistivity
effect of a conductive foam made of a flexible polyurethane matrix filled with active carbon for
integrated Structural Health Monitoring (SHM) and damage assessment applications. To do so,
PolyUrethane Foam filled with Active Carbon, namely PUF-AC, are manufactured and tested under
quasi-static compression tests and under Dynamic Mechanical Analyser (DMA) with in-situ
measurement of its resistivity during tests. A relation is proposed for describing the evolution of the
resistivity versus strain and stress. In addition, a demonstrative experiment of a PUF-AC sample
subjected to low velocity impact assesses the interest of this type of materials for damage
assessments.

Keywords: piezoresistivity; impact sensing; polyurethane foam; structural health monitoring
(SHM); smart materials

1. Introduction

These last decades, composite structures have become essential in many industrial applications.
As a key material for eco-design in transport industry (aeronautics, space, defense), civil engineering
or even energy production (wind turbine, pipelines), they are facing a variety of loadings (collision,
vibration, flexion...) during their lifetime. In this context, where safety standards are particularly
drastic, numerous research works aim to improve structure performance in terms of weight,
manufacturing, safety and durability. Sandwich structures made from composite materials are a
representative example [1,2]. They are particularly used for their energy absorption property
combined with their light weight and important stiffness. Nevertheless, these structures are
vulnerable facing impacts which could create an internal damage, such as delamination or kissing
bonds, with serious consequences. Even though numerical models were created [3], a total prevention
of risks remains challenging. Therefore, structures in general are regularly controlled during
maintenance operations with various techniques, among them Structural Health Monitoring (SHM).
This technique consists in a real time identification of eventual damages by making a health state
diagnostic of a structure by embedding numerous sensors (optical fibers, piezoelectric or
piezoresistive sensors...) onto or within it [4]. Depending on the sensor nature and structure type,
SHM operations can be complex, time-consuming and expensive, for example the immobilization of
a commercial aircraft for maintenance. For those reasons, the new tendency in materials field is to
create smart composite structures allowing real time monitoring. Therefore, composite materials
embedding piezoelectric, capacitive, optical fibers or piezoresistive sensors in their conception have
been tested [4-8]. The main problematic of these new structures is the sensors integration which
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possibly causes structure degradation. Moreover, even if traditional sensors have a good
performance, they are complex to produce because they are mostly designed with metals or inorganic
semiconductors which also reduce their flexibility [7,9].

Therefore, over the last decade, new soft sensors made from smart materials have been highly
studied. Smart polymer-based composites such as smart textiles, piezoelectric elastomer or
piezoresistive foams are solution of interest for strain/pressure sensing [9-11]. Thanks to their
microcellular morphology and low density, foams are ultra-light and highly compressible making
them valuable as low intrusive materials [10-13]. They are also economic and easy to elaborate [14].
Piezoresistive foams are composed of an insulating polymer matrix (polyurethane, polyethylene,
melamine...) and filled by a nanofiller (graphene, carbon nanotubes, conductive polymers...) giving
the foam an electrical conductivity property. The integration of nanofillers can be done by a simple
coating method [10,13,16,17]. Piezoresistivity is a passive behavior based on the variation of electrical
resistance of the foam sandwiched in a structure subjected to external loading.

The characterization of the piezoresistive response of conductive foams in quasi static regime
was broadly investigated in numerous works [11-13,15-20]. However, dynamic characterization of
such materials hasn’t really been studied especially for impact sensing [21]. This paper aims to
evaluate the performance of an antistatic foam as a pressure/strain sensor made from conductive
polyurethane on a large dynamic measurement range by identifying the most influent parameters.

In order to evaluate the sensing performance of the piezoresistive foam in quasi static and
dynamic regime, electrical sensitivity must be considered. In scientific literature, there is no universal
model quantifying the most influent parameters (foam density, filler mass fraction) over sensitivity
on piezoresistive foams. The main objective of this article is to better understand the relation between
mechanical and electrical behavior by identifying various parameters influencing sensitivity such as
initial conditions (conductivity, mechanical environment) and foam viscoelasticity (compression
velocity). Polymer based foam are mainly viscoelastic materials meaning that the elastic modulus is
proportional to the strain rate. To the authors knowledge, there is a gap in research works about the
influence of strain rate over sensitivity on a large-scale measurement. A direct link between those
parameters would permit an effective evaluation from the foam sensor of a damage extend on a
structure. To do so, the foam microstructure is analyzed by optical microscopy and samples were
subjected to compressive tests with in-situ conductivity measurement at various strain-rate until 10
s'1. In addition, the piezoresistive response of a structure embedded piezoresistive foam was studied.

This paper starts by a description of material and the elaboration of tested samples. Polyurethane
foam based filled with active carbon was studied. The method of measuring electrical resistance is
described. Quasi-static tests are carried out in order to verify the responsiveness of the foam facing
cyclic compressions. The basic electromechanical response of the foam is then analyzed. An attention
is paid on the first compression analysis to compare the sensitivity of the electro-mechanical response
of the foam when sample is in free and confined configuration with a closed structure. The third part
aims at identifying the influence of the material viscoelasticity and the initial conductivity on the
detection performance by means of a dynamic mechanical analysis. This research work ends with a
conclusion and by giving some outlooks.

2. Materials and Methods

2.1. Material

The considered material is a very low density (18 + 1 kg.m) polyurethane-based foam (PUF-
AC) impregnated with activated carbon purchased from Industrie-Shaulm-Produkte GmbH & Co.
KG under the product name of ELS-soft. The concentration ratio of carbon fillers in the foam is not
communicated by the manufacturer. The foam has a three-dimensional microstructure. It consists of
set of open pores which is an assembly of struts forming hexagons or pentagons of 300 um side on
average, randomly oriented in space as shown in Figure 1 obtained with the digital microscope
Keyence VHX-500 series at ESTACA’LAB. Thanks to its electrical conductivity and energy absorber
capacity, this kind of foam is broadly used for antistatic packaging.
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Figure 1. Optical Microscopy photographs of the PUF-AC microstructure: (a) on surface; (b) at cell
scale; (c) with depth representation.

2.2. Sample elaboration and determination of electrical resistance

The samples with square surfaces of 35 mm side by 12 mm thick were cut with a cutter from a 2
x 2 m plate. Depending on the position on the plate where the sample was cut, it has an intrinsic
conductivity Ro varying from 1 to 10 kQ. This dispersion of Ro measure is due to manufacturing
process. Therefore, to obtain homogeneous series of samples, there are cut in the same area (center)
of the plate.

In order to correctly measure the electrical resistance, electrodes made from a thin copper tape
are placed on the top and bottom surfaces of the samples (Figure 3a). They cover 100% of their
horizontal surface. Nevertheless, the high porosity (> 95%) and roughness (Figure 1c) of the foam
make a good adhesion difficult between its surfaces and the electrodes, inducing unstable contact
electrical resistance.

Therefore, top and bottom surfaces are initially covered by a thin layer of a highly conductive
(silver content) varnish (LOCTITE® 3863 Circuit+™) (Figure 3a). This varnish layer thus fills some of
the hollow cells of the foam surface at 1 mm maximum penetration so covering less than 10% of the
total thickness (Figure 3b). Resistance contact was identified in various research works on conductive
foams; electrodes made from a dense silver paint seems to be a popular solution [12,15,21].

A low direct current (30.8 HA) from a low current generator is sent to PUF-AC samples via wires
which are connected to a laboratory made data acquisition system (DAQ) for measuring the tension
ina 0- 10V voltage range with an accuracy of 15 effective bits (Figure 2). The electrical resistance is
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determined with the Ohm’s law considering the foam as a series of 3 variable resistances depending
on mechanical parameters. Electrodes made from silver varnish assure good electrical contact so the
terms Reontact1 and Reontact2z can be nullified in equation (1).

Riotal = Reontact1 + Reoam + Reontact2 (1)

DAQ

o —— — — — — — — — — — — — — — — — —

(b)

Figure 3. Optical Microscopy photographs of the PUF-AC microstructure covered by varnish layer:
(a) compression surface view; (b) thickness view.

2.3. Quuasi static tests : method

The electromechanical behavior of PUF-AC is firstly characterized with cyclic uniaxial
compressions, in two initial configurations (Figure 4) with a conventional testing machine, model
INSTRON 3369, with cell force of 500N based at ESTACA’LAB. In free configuration, PUF-AC
samples are placed between two plates recovered by Teflon (for electrical insulation) and vertically
compressed at 80% of the thickness with the testing machine. A 2.5 kS/s data acquisition rate option
acquires simultaneously load and strain measurement. The testing machine is operated in
displacement control. A PUF-AC sensor for SHM would be likely preloaded when embedded in a
structure so its performances are supposed to be modified. Therefore, a second configuration is
studied. PUF-AC samples are inserted in a structure designed to assure lateral pre-loading. It is a
cuboid cavity of 34 mm width, pressing lateral surfaces of foam sample (Figure 4b). In both
configurations, electrical data (tension) are simultaneously acquired with mechanical data (force,
strain). PUF-AC samples are compressed during 10 cycles at a compression ratio of 66%/min (8
mm/min) in relation to the sample thickness.

The evolution of conductivity is quantified by the variation of the relative electrical resistance R
expressed as (2):

A_R(t)z (R(t)-Ry) 2)
Rg Ro

R [Q)]: resistance at t time [s]

Ro [Q]: resistance at t=0s
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PUEF-AC sensor performances are evaluated through its electrical sensitivity in relation to strain
Se (3) and stress So [kPa] (4).

S, =d(AR/Ry)/de (3)

S, = d(AR/R,)/do 4)

H(t) [mm]: position of top plate at t time

Ho [mm]: position of top plateatt=0s

e [mm]: sample thickness

Stress on PUF-AC sample is quantified from the force F(t) measured by the testing machine in
relation with the sample surface S considered as constant (6).

o) = 2 5)

o(t) [kPa]: Stress at t time
F(t) [N]: Force at t time
S [mm?]: Surface of foam sample (constant)

(b)

Figure 4. PUF-AC sample in free configuration (a) and confined configuration (b).

2.4. Strain rate dependancy test method

In order to better understand the dependency of the electromechanical behavior on the strain
rate, foam samples are compressed at 80% of their thickness at various strain rates (102, 10, 1, 10 s°
1), in free configuration on a DMA machine (E3000, ElectroPuls® Instron 3kN, at ESTACA’LAB
capable of dynamic cycle load up to 100 Hz), in displacement control mode.

Strain rate is defined as the displacement velocity of superior compression plate of the E3000
machine (Figure 5), in relation with the sample thickness e. It is simply the temporal derived
expression of eq (5):

g= 2O _d (_H(t)e- Ho) 6)

Strain rate & [s] is a test consign so it is considered as constant during the entire test.

Compressive strain and loading data are acquired via a LVDT position sensor from E3000 and a
load cell of 500 N capacity with accuracy of 10® N. Electrical resistance is obtained via the same
method as explained in Figure 2.

d0i:10.20944/preprints202305.0076.v1
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Figure 5. Experimental setup on E3000.

2.5. Assessment of the piezoresistive response under impact test

The dynamic response of PUF-AC is analyzed by subjecting low velocity impacts (< 10 m/s). For
that purpose, an impactor in Teflon of 16 cm long by a square surface of 36 mm large is dropped
vertically at a various height ranging from 1 to 16 cm (Figure 6). Surface dimensions are chosen to
assure an as planar compression as possible of the sample. In this test, impact energy is considered
as equal to potential energy defined as:

Eimpact = Epotential = mgh (7)

m is mass of impactor (= 145 g) [kg],

g is earth gravity acceleration [9.81 m.s?]

h is height of drop [m]

Electrical resistance of samples is recorded with the same method as used in quasi static tests.

Clamp
Runner —
Impacto —————— l
Suppor
PUF-AC
———ma
sample

Figure 6. 3D illustration of impact test setup.

Table 1. Impact energy absorbed by PUF-AC samples with the corresponding drop height.

Epotential (J) Drop height (cm)
0.014 1
0.028 2
0.057 4
0.114 8

0.171 12
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3. Results and discussion

3.1. Piezoresitive response and conductive mechanism of PUF-AC

Initially, it is essential to analyze the electromechanical behavior of PUF-AC during the first
compression in free configuration. On the stress/strain curve in Figure 9a, an elasto-plastic behavior
is observed. It is a typical mechanical response of polymeric foams which is described by three stages:
(E) elasticity (e = 0-10%), (P) plateau (¢ =10-55%) and (D) densification (¢ = 55-80%). The Figure 8
shows the deformation of a cell at each compressive phase. This micro-cell pictured in Figure 8 is
situated on the median horizontal line from the foam sample thickness.

The conduction mechanism is initially based on the intrinsic resistance of the filler particles
forming a conductive network. Two forms of conductance are operated in the network: tunneling
effect and ohmic conductance (Figure 7). Depending on the inter-particle distance, the tunneling
effect is the probability to an electron to pass from a filler particle to another through a thin layer of
an insulating material (polyurethane matrix). This quantic effect is directly related to the
concentration and repartition of the conductive filler into the polyurethane matrix. A higher filler
concentration ratio increases the number of contact points between filler particles so reducing the
influence of tunnel resistance [10].

During the elastic phase, the stress increases linearly until reaching a “plateau constraint” of 3.5
kPa approximately. Mechanical models [22] describe this phase as a linear bending of the cells struts
of the foam (considered as beams). In the plateau phase, a low augmentation of stress is observed
until edensification. It is due to struts buckling, collapsing cells with low effort. It is suggested that the
increasing resistance ratio observed from o to edensification is due to progressive reduction of tunneling
effect influence; during deformation, the variation of tunneling distance between filler particles
disturbs electrons exchange. Moreover, compression damages induced on microstructure perturb
conduction network (Figure 8c).

Polyurethane matrix

Lonelizg Compressive strain

Y A A |
o[>

Figure 7. 3D illustration of impact test setup.

Ohmic conductance | .~

(contact)

Active carbon 1

particles

The densification phase starts at approximately 55% of compressive strain. It corresponds to the
threshold at which the foam cells collapse (Figure 8c,d). The mechanical

response shows an increasing stiffness (Figure 9a). From an electrical point of view, the
conductive network is denser which reduces foam resistance (Figure 9b).

After being completely compressed, sample foam is supposed to be damaged. Partial or
complete rupture of struts can be observed (Figure 8c). Consequently, the conductive network
considered as an assembly of current pass ways (struts) is also damaged. Moreover, the initial
conductivity Ro will be never recovered after unloading.

As represented in Figure 9b and 9c, resistance ratio curve is divided accordingly into three
deformation phases. By the least mean square method, each domain is approximated by a linear
curve with a slope corresponding to S: (Figure 9b) and So (Figure 9c).
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Figure 8. Foam cell deformation during compression: (a) o= 0; (b) €elasticity = 10%); (€) €densification = 55%;
(d) Efinal = 80%.

14 1 I 60%
1 1
12 1 1 = —1,27
' — Free configuration | 50%
10 : :
0,
— E) (®) (D) A0
o 1 | -
g 8 I 1 =
0 | S
8 6 ! - D) \
= | , 20%
W 4 1 1 b
1
2 : : 10% ——— Free configuration
1 1 1 —
S, = 1,46
0 1 ! 09 @ e i L LI R 1
0% 10% 20% 30% 40% 50% 60% 70% B80% 0% 10% 20% 30% 40% 50% 60% 70% 80%
Compressive strain [%] Compressive strain [%0]
(a) (b)
60% !
1
1
50%
NG S, = —004kPat

(E) (D) .
20%
S, = 0,05kPa™? Ss1= 0,22 kPa™?
10%
Free configuration
0% .
0 2 4 6 8 10 12 14
Stress [kPal
(c)

Figure 9. PUF electromechanical behavior during first compression in free configuration: (a)
compressive stress strain curve; (b) relative resistance as a function of compressive strain and (c)

stress.

3.2. Cyclic compressions: electromechanical hysteresis

Cyclic compressions test, performed with Instron 3369, aims to study the repeatability of the
electromechanical response of PUF-AC.

Cycle 1: The mechanical behavior during cycle 1 of compression is described by a hysteresis
curve on graph in Figure 9a. The diminution of stress level during unloading phase is due to Mullins
effect, which is directly related to the viscoelasticity property of PUF-AC. The evolution of relative
resistance is also non repeatable during unloading phase (Figure 9b,9c). Few information in scientific
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literature are reported to explain this observation. This work suggests that the main consequence is
linked to viscoelasticity and cells damaging. Viscoelasticity can be described by a temporary residual
stress in the foam sample varying stiffness. The Maxwell model represented by association of spring
and dashpot well describes viscoelastic behavior of materials [23]. From a microscopic point of view,
under loading, polyurethane constitutive molecules chains are temporary in movement by creating
entanglements [24]. This mobility cancels tunneling effect because tunnel distance between particles
are broken. In consequence, the main conduction mechanism in operation is ohmic conductance,
depending only on cells contacts variation. When the sample gets its initial state back after a certain
recovering time, the two conduction mechanisms (tunneling and ohmic conductance) operate again.
The similar form of curves is observed after one day at rest. However, the general resistance level is
increased because of irreversible damages caused by compressions (Figure 8c, 8d).

Cycle 2 to 10: At the second compression cycle, an electromechanical hysteresis is observed. The
relative resistance of PUF-AC sample has increased by 160% compared with the starting first cycle.
As explained previously, at this time of experiment, the evolution of foam conductivity only depends
on ohmic conductance so the progressive diminution of relative resistance during loading phase
(Figure 10b,10c,10d) is justified. From 2nd to 10th cycle, the hysteresis effect is progressively
decreasing, and the electromechanical behavior tends to be more stable (Figure 10). Along
compressive cycles, polyurethane chains and filler particles are moving with the same inertia without
recovery time which could explain this form of stability regarding the hysteresis behavior.

Tests in fatigue and a complete historic of foam events would permit a better interpretation of

its electrical response.
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Figure 10. Evolution of the relative resistance of the piezoelectric foam during cyclic compressions on
ten cycles: (a) compressive stress strain curve; relative resistance as a function of compressive (b)
strain, (c) stress and (d) time.

3.3. Influence of pre-stress condition on performances

As explained in previous parts, PUF-AC s destined to be integrated in a structure. Foam samples
would be likely pre-stressed by its implementation in a structure. The experiment aims to understand
the influence of lateral pre-stress condition on its electromechanical behavior and performances.

The stress-strain curve on Figure 11a shows that samples with pre-stress condition have an
elasto-plastic behavior with more stiffness. An increase of plateau constraint (+0.5 kPa) can be
observed. The piezoresistive response of confined samples is broadly similar to samples in free
configuration. Nevertheless, results show a lower electrical sensitivity to strain (S¢) and stress (So) in
elasticity phase (see Table 2) with a relative difference of 58% and 60% respectively.

The performances in terms of sensitivity would likely be diminished by the implementation of
PUF-AC in a structure.

14 60%

50%

———Free configuration

40%

=
z 8 = Lateral pre-stress ‘e
= configuration é‘
“ = 30%
¥ 6
=
Z =
i = 20%
——Free configuration
2 10% —— Lateral pre-stress configuration
0 0%
0/, % 20% 30% 40% 50% 0/, 24 &
e W0e  20% S0 40 J0%  00% Y0 0% 0%  10%  20% 30% 40%  S0%  G0%  70%  S0%
osst ain [© § ;
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(@) (b)
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50%
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—— Free configuration

Lateral pre-stress configuration

0 2 4 6 8 10 12 14
Contrainte (kPa)

(©)

Figure 11. Comparison of electromechanical behavior of PUF-AC samples in free and pre-stress
configuration: (a) compressive stress strain curve; relative resistance as a function of compressive (b)

strain, (c) stress.
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Table 2. Comparison of electrical data between free and pre-stress configuration.

Sample RO [KQ] (AR/Ro)ma Elasticity Plateau Densification
S X Sa So Se Sa Sa So
0.05 0.22 0.04
O, -
Free 5.81 49.63% 1.46 Pa-1 0.84 KPa-1 1.27 Pa-1
Pre- o 0.02 0.19 0.03
stress 5.71 41.35% 0.62 KPal 0.71 KPa-1 -0.86 KPa-1

3.4. Strain-rate dependency

Figure 12a describes the electro-mechanical behavior of samples. The three phases of elasto-
plastic behavior are still visible (at the same strain levels), but the global level of stress is
proportionally increasing with strain rate, confirming the rate dependency of polymeric foams.
Moreover, it can be observed that the stiffness is superior regarding the progressive augmentation of
Young modulus in Table 3. At 10 s, stress-strain curve in plateau phase is not linear and presents a
decrease at € = 30%. This loss of rigidity is possibly due to an eventual fragilization of foam samples.

Figure 12 shows the potential relation between viscoelasticity and electrical sensitivity in PUF
AC sample. Regarding Figure 12d, all set of tested samples have a homogeneous initial resistance
meaning that Ro can be considered as a controlled parameter.
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Figure 12. Electromechanical characterization of PUF-AC at various strain rates with: (a) stress-strain
curve; relative resistance as a function of (b) compressive strain and (c) stress; (d) initial resistance
average of each samples set.
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Elasticity and plateau phases: The progressive reduction of (AR/Ro)max and Se are proportional to
the augmentation of strain rate (see Table 3). It is supposed to be due to the augmentation of stiffness
induced by viscoelasticity which lowers tunnel resistance. Nevertheless, at sample scale, it is difficult
to confirm this interpretation. Numerical simulation of foam deformation at local scale (cell) would
help understanding this result. Figure 12b shows a similar electrical response and sensitivity (Se)
between tests at 1 and 10 s suggesting the electrical sensitivity is more influent at lower strain rates.
Regarding Figure 12¢, by considering compressive stress, electrical sensitivity (So) is clearly inferior
between tests at 1 and 10 s! strain rates with a relative difference of 75%. Until densification,
viscoelasticity seems to be influent on detection performances of the foam.

Densification phase: Results from Table 3 and Figure 12 show a non-influence of strain rates on
electrical sensitivity (Se, So) except for So at 10 s'. This exception is due to an eventual damaging of
samples at 10 s!. From these results, it can be concluded that viscoelasticity doesn’t influence much
foam sensitivity during large deformation when [& 2 densification].

Table 3. Electromechanical response data obtained at every strain rate for the PUF AC foam.

. Young Elasticity Plateau Densification
Strain
rate [s1] modulus (AR/R)max S S S S S S
[kPa] € g € a & (o)
-0.026
0.01 19.63 1717%  0.487 0.025kPa! 0.223 0.077 kPa? -0.411 KPa-l
-0.026
0.1 22.881 13.89%  0.446 0.019kPa!l 0.211 0.074kPa! -0.454 KPal
-0.02
1 31.058 10.76%  0.334 0.008 kPa' 0.141 0.037 kPa! -0.436 KPa-l
-0.005
10 32.35 9.97% 0.287 0.002 kPa? 0.112 0.044 kPa' -0.413 KDPa-l

In summary, a distinct variation of electromechanical sensitivity of PUF-AC is observed with the
augmentation of strain velocity until the densification phase. This result is interesting because it
shows the ability of the foam to detect various loading velocities which represents a potential
advantage for damage assessment of a structure subjected to impact loading such as bird strikes,
mechanical drop or ballistic impacts. Moreover, starting from densification phase where cells are
collapsing, as explained previously, ohmic conductance is prominent. One suggests that if ohmic
conductance was prominent during elastic phase, the influence of strain rate rising would be quite
reduced as it is in densification. Same test method applied on samples with various filler
concentration ratios would verify this hypothesis.

3.5. Electromechanical parameter

As mentioned in material and methods part, the resulting foam conductivity is dependent of the
manufacturing process. Initial resistance is directly related to filler concentration. In order to quantify
Ro influence on sensitivity, PUF-AC samples with different conductivities were tested with the exact
same method as strain dependency test. From Tables 2 and 3, the maximum relative resistance
(AR/Ro)max obtained during first compression is a great indicator for sensitivity.

Figure 13 shows the piezoresistivity response as a function of Ro for different strain rates £. Each
ensemble of ((AR/Ro)max ; Ro) points are approximated as linear curves (Figure 13a). Moreover, when
Ro value is approaching zero, conductivity tends to infinity meaning that the considered material is
an electrical conductor. Therefore, (AR/Ro)max can be considered as negligible when Ro = 0 because
electrical conductors such as metals are faintly sensible to conductivity variation when subjected to
loads. Each slope of linear curve is considered as a new measurement parameter that is arbitrary
named electromechanical parameter (Pewm), for evaluation of electrical sensitivity to strain rate (Figure
13b) considering Ro. It is expressed by equation (8).
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(AR/Ro) 0 = PEM * Ro (8)

Results from Figure 13a firstly show that for a fixed strain rate, when Ro is increasing, (AR/Ro)max
is augmented, confirming the augmentation of sensitivity with Ro. Secondly, referring to linear
curves, for a same Ro, (AR/Ro)max is superior proportionally to strain rate. Eventually, it can be clearly
observed (Figure 13b) that sensitivity to load velocity is more important when PUF-AC conductivity
is lower. The Pem can be approached with a logarithmic expression of strain rate (9).

Py = (-0.008) * In(2) + 0.067 9)

The resulting equation (10) can be expressed as below:

_ * : *
(AR/Ry)__ =[(-0.008) *In(é) + 0.067] * Ry (10)
90% 0.12
80% ® 001sl ol
0.1s-1
70%
sl 0,08
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: ©otost Qﬁ 0,06
é 50%
40% 0,04
&
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Figure 13. Analysis of electromechanical parameter (Pem): (a) (AR/Ro)max represented as a function of
Ro for different strain rates; (b) Pem as a function of strain rate in logarithm scale.

3.6. Piezoresistivity behavior during dynamic loading

This part aims at presenting the characterization of dynamic behavior of PUF-AC subjected to
light shocks. At the authors knowledge, only one publication is reported about impact sensing of
piezoresistive foams [21].

Unlike quasi-static tests, samples undergo a quick compression during impact. Foam is acting
as a soft spring: a part of the impact energy is absorbed by the foam and is partly redistributed to the
impactor until it is immobilized on sample causing a relaxation condition.

The dynamic behavior of PUF-AC observed in Figure 14a is quite different to quasi-static
response. It can be broadly described by a steep augmentation of relative resistance during impact
followed by a smooth decrease until reaching a stabilization of resistance level. This form of electrical
response is similar to research work of Boland et al. [21] (Eimpact < 5 m]) on PU foam filled with
graphene.

However, for an impact energy superior to 114 mJ (h > 8 cm), an abrupt diminution of resistance
(=-10%) systematically precedes the impulsion (Figure 14a). From a physical point of view, this fact
can be connected to the quasi complete compression of the sample (¢ = 100%, densification phase)
which is not reached at lower impact energies. The distance between electrodes is clearly reduced
(capacitive effect) resulting in a better conductivity. From this suggestion, the first resistance
impulsion is attributed to the foam response: the impactor is rebounding on the sample. It is similar
to the hysteresis effect observed in quasi static tests where resistance is increasing during unloading
phase of compression (Figure 10b). Moreover, after reaching (AR/Ro)max, another rapid diminution of
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resistance is observed. This behavior is due to the rebound of the impactor on the sample until
reaching a complete energy absorption.

In order to compare the sensitivity of PUF-AC in relation to impact energy, the maximum
reached resistance (AR/Ro)max is presented as a function of Eimpact. A good repeatability can be observed
and a relation between those parameters is expressed as a power law (11):

0.7024 (11)
— *
(AR/Ry)  =18872*Ey
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Figure 14. Electrical response of PUF-AC during light impacts: (a) Temporal response of relative
resistance at the minimum (14 mJ) and maximum (227 m]) impact energies; (b) Maximum resistance

ratio as a function of impact energy.

5. Conclusion

To conclude, the aim of this work was to analyze the electromechanical behavior of an antistatic
foam in quasi-static and dynamic regimes in order to evaluate its ability to monitor the severity of an
impact when embedded into a structure, by characterizing its piezoresistive response. As the
performances are directly linked to the electrical sensitivity to strain (S¢) or stress (So) of the foam, an
attention is paid to key parameters such as viscoelasticity, initial conductivity and boundary
conditions. The polyurethane foam filled with active carbon (PUF-AC) shows a great responsiveness
at first quasi static compression with an important electrical sensitivity at low strain (S.= 1.46). The
repeatability of this response is discussed as the conduction mechanism varies starting from the
unloading phase of first compression duo to polymer viscosity and foam damages. However, from
cycle 2 to 10, repeatable electromechanical hysteresis is then observed which tends to minimize with
the augmentation of compression cycles.

This low-cost conductive foam shows a great detection capacity on large deformations (¢ € [0 ;
80%]) with a good sensitivity to low impacts (Eimpact < 227 m)]). Electrical sensitivity is also linked to
viscoelasticity regarding its negligible dependency to strain rate (¢ € [107;10 s™']) with a maximum
decrease of 40% (S¢), demonstrating the ability to PUF-AC to evaluate a damage seriousness on a
structure. Nevertheless, the pre-stress configuration test aiming to anticipate the structure integration
consequences on performances, shows a global diminution of sensibility. Moreover, regarding the
electromechanical parameter (Pem), sensitivity variations to strain rate are amplified with a lower
foam conductivity. Finally, an experimental approach is given to understand piezoresistivity
behavior of conductive polymeric foams for sensing applications. An empirical parameter is defined
in order to connect the strain rate with the resistivity.

Before testing the foam performances integrated in a structure, further tests are necessary to
identify its detection limits. Experimentations conducted on Hopkinson bars at much higher strain
rates more representative of severe impacts would provide results at higher impact energies. As
presented in this article, the same tests applied on PU foam samples filled at various concentrations
ratio would permit a better understanding of conduction mechanism. In parallel, a complementary
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numerical model at cell scale would also be pertinent to explain the suggested diminution of tunnel
resistance during augmentation of strain rate.
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