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Abstract

Auxetics are mechanical metamaterials with the unique properties of expanding their transversal
section upon longitudinal positive strain, decoupling the deformations in normal and transversal
directions. Such property can be exploited to develop soft sensors that can provide feedback to
different mechanical stimuli, e.g. pressure and shear force. In this work, we propose for the first
time a mathematical model to analytically simulate and design the auxetic behavior in a
capacitive strain gauge, and show that, for a polyurethane (PU) auxetic foam, Poisson Ratio’s
values can satisfy the negative gauge factor (GF) condition. We develop an innovative
thermo-compressive process to obtain anisotropic auxetic PU sponges both in normal and
normal/radial directions, and their mechanical properties are in agreement with the theoretical
calculations validating our model. Then, we develop a capacitive strain gauge by integrating a
normal auxetic PU foam with polydimethylsiloxane /carbon nanotubes electrodes. Results show
that the capacitive change caused by an external force, is proportional to the induced
deformation, but importantly it is also dependent on the direction of the applied force. A
negative GF of GF = —2.8 is obtained for a longitudinal strain range up to 10%. This auxetic
foam structure guarantees flexibility and paves the way for an improved design freedom for
multimodal mechanical soft sensors providing new opportunities towards smart wearables and
perceptive soft robots.

Supplementary material for this article is available online
Keywords: auxetic, foam, strain gauge, multimodal
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1. Introduction

Auxetic materials are mechanical metamaterials with unique
properties resulting from their structure. Their elastic proper-
ties, such as shear modulus, compression and absorption res-
istance, can be controlled by designing a complex structure
constituted by elementary-cells whose mechanical deforma-
tion results in a negative Poisson’s ratio [1-3]. When auxetic
materials are stretched in the longitudinal direction, they
become thicker in one or several of the perpendicular width-
wise directions, while, when they are subjected to uniaxial
compression, they display a thinning in one or several of the
transverse directions. This behavior is due to the numerous
hinge-like cells that constitute the auxetic material and that are
joined together [4]. Under tension, thanks to a re-entrant geo-
metry, the elementary cell expands in lateral direction.

Auxetic materials can be found in nature or artificially
synthetized, and they scale from molecular size to macro-
scopic level, since the auxetic behavior is a scale-independent
property [5, 6]. Such materials are known to absorb vibrations,
and can enhance strength and resilience to shear forces; e.g. in
the construction sector, they can be used to manufacture new
fasteners and nails, which undergo lateral contraction during
compression to assist the insertion [7, 8]. Furthermore, auxetic
materials can be used for developing highly responsive piezo-
electric sensors or actuators with distributed shunted piezo-
electric patches [9]. When employed as electrodes sandwich-
ing a polymer, they cause its lateral contraction in response
to a compressive load. This way the sensitivity of the device
increases by at least a factor of two, and possibly by ten or a
hundred times, because the device performance depends on
electromechanical coupling [10]. Other utilizations include
smart mechanical filters, made with an auxetic material that
can stretch tuning the passage pressure, and thus clean the
pores by flushing the dirt out with water or other fluids [11].
Also, auxetic materials improve the acoustic-to-electric energy
conversion [12], and the low bulk modulus makes them more
sensitive to hydrostatic pressure.

At the microscale, very interesting applications can be
addressed by building nano- or micro-electro-mechanical-
systems based on buckling-induced Kirigami. In the latter,
after uniaxial in-plane tension, an out-of-plane deformation
is induced whose extension is controlled by load magnitude
[13, 14]. This is obtained through auxetic materials that can
expand in the direction perpendicular to an externally exer-
ted tension and depending on load applied along an in-plane
direction [15].

The auxetic mechanism can be very useful in soft mechan-
ical sensing for pursuing perceptive soft robotic systems [16].
Indeed, adding mechanical controllable anisotropic behaviors
in soft tactile sensors can be very useful to design devices
that can respond to different mechanical stimuli from dif-
ferent directions, e.g. those originated either from the outer
world or from the movement of the soft robot itself or in
a wearable device. In this vision, it is important to design
auxetic materials having well defined mechanical character-
istics, such as stretchability and Poisson’s ratio. A perforated

auxetic mesh structure could simultaneously induce stretch-
ing in two orthogonal directions upon tensile loading and
can be placed on highly deformable areas of the human
body, such as the forearms and palms [17]. Strain gauge
sensors based on two-dimensional (2D) auxetic materials
were obtained through conductivity changes in a laser-etched
auxetic silicone functionalized on which polyethylenimine-
reduced graphene oxide nanocomposite layers were construc-
ted through a self-assembling process [18]. Two-dimensional
printing techniques were also exploited for obtaining an
auxetic re-entrant structure in a silicone rubber mixed with
chopped carbon fibers [19], in polydimethylsiloxane (PDMS)
mixed with carbon-based conductive thermoplastic elastomer
fibers [20] or carbon-black-doped Ecoflex silicone rubber
(CB/Ecoflex) [21]. In parallel, 2D strain gauges based on
capacitance changes provoked by strain induced deformations
in the sensor’s geometry were addressed. The auxetic beha-
vior was obtained by carefully cutting the starting elasto-
meric material with re-entrant structure, embedded between
PEDOT:PSS organogel electrodes [22] or between liquid
metal (eutectic gallium—indium) electrodes [23]. Alternat-
ively, the auxetic soft dielectric was textured from embossed
geometries forming lattices [24]. Due to their inherent 2D
design, all these devices resulted auxetic only in longitudinal
direction.

Sensitivity in transversal direction can be obtained exploit-
ing three-dimensional (3D) structured materials or, more eas-
ily, through auxetic sponges. Conventional sponges, with a
positive Poisson’s ratio and open cells, are good candidates for
the conversion into auxetic ones as reported by a large number
of works in the literature [25, 26]. It is possible to obtain an iso-
tropic auxetic sponge starting from a reticulated polyurethane
(PU) foam with a uniform open cell distribution. A common
PU sponge can be converted into an auxetic one in the three
dimensions trough a thermal compression process that mod-
ifies the regular convex cells in the PU honeycomb structure
creating a 3D re-entrant cells topology in which the ribs pro-
trude inwardly. Re-entrant ribs easily explain how auxetic PU
foams work: under tension the re-entrant cells tend to move
out and when compression is applied, the ribs will bend further
inward, resulting in a lateral contraction [1, 27, 28]. PU-based
auxetic foams were applied to different types of stretchable
strain gauges, such as a triboeletric-based strain gauge [29]
and a piezoresistive strain gauge based on carbon nanotube
(CNT)-functionalized open-cell auxetic PU foam [30].

However, for designing the sensors, modeling of auxetic
strain gauges is of paramount importance. Finite element
methods (FEM) [31] or a simple electromechanical models
[32] were applied to describe reentrant geometric struts of
artificial auxetic materials. A Poisson’s function and a tan-
gent Poisson’s function formulation combined with FEM [33]
were used to describe a 3D foam but, since the foam was con-
sidered homogeneous, only 2D models were implemented. To
the authors’ knowledge, up to date a model describing a 3D
auxetic sponge-based strain gauge has not yet been developed.
In this work, an innovative way to design and achieve an aniso-
tropic thin auxetic PU sponge is presented and used as the
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dielectric layer in a strain capacitive sensor, including mod-
eling and its validation. In the first section, an effective model
to set the conditions for the materials’ auxetization (in order to
obtain a negative gauge factor (GF)) is presented for the first
time. It shows that materials with a negative Poisson ratio’s
value in different geometric direction, such as auxetics, can be
exploited for a strain gauge sensor with negative GFs. In the
second section, PU material and its thermo-mechanical auxet-
ization methods are reported, and a new multi-strain com-
pression technique for fabricating auxetics in normal and nor-
mal/radial direction is realized. The third section is focused
on the dynamic electro-mechanical analysis (DMA) of the
auxetized sponges in order to evaluate the transversal Pois-
son’s ratio. The fabrication and characterization of a capacitive
strain sensor is shown, paving the way for a multimodal sensor
design. Finally, the model describing the auxetic sponge-based
capacitive strain gauge is validated.

2. Modeling for negative GF in an auxetic
capacitive strain gauge

Exploiting strain is the most common technique for retriev-
ing mechanical cues in soft/hybrid systems. In strain sensors
basically a change in either the electrical resistance or capacit-
ance is measured, due to applied forces [34]. In a capacitive-
based strain sensor if the dielectric layer consists of an auxetic
material a non-conventional behavior is shown: if longitudin-
ally stressed, this material reacts with an out of plane expan-
sion and, consequently, the distance between the two plates
of the capacitor increases, decreasing the capacitance value.
This behavior is the opposite of the expected deformation,
which decreases the capacitor thickness and increases the
capacitance.

The sensitivity to deformation of strain gauges is com-
monly called GF or strain factor (see SI), and the higher the
GF, the better is the strain gauge responsivity. While it is
not possible for capacitive isotropic sensors to achieve high
GFs as in resistive devices [35, 36], a value higher than the
unit can be theoretically obtained for anisotropic dielectrics.
Therefore, it is interesting to pursue negative values in a capa-
citive anisotropic strain gauge, by exploiting auxetic proper-
ties. As above mentioned, novel multimodal sensing solutions
could be implemented, e.g. a single capacitive sensor could in
principle discriminate between a compression imposed on the
electrodes (where a capacitance enhancement occurs), and a
longitudinal strain (where a capacitance decrease occurs).

We develop a full mathematical model for small tensile
strains in z-direction of a capacitive sensor, whose thickness
is in x-direction, exploiting an anisotropic foam (see supple-
mentary information, SI) as dielectric. It is shown that an
auxetic behavior in at least the thickness direction is neces-
sary for obtaining a negative GF for tensile strain deforma-
tions. Briefly, here we introduce the porosity of the foam as

P (e:) = (Po+M(e:) o) (D

where @ is the porosity before strain and ® (&,) is the porosity
after a strain ¢, along the direction z and M(e;), the porosity

dynamic coefficient, is a parameter dependent with ¢.; the fol-
lowing expression is obtained for a capacitive sensor filled
with a dielectric foam:

ACFOAM AC 1 1 —uvy
FOAN[(E:Z) = — 1 M (€Z)K( + EZ) ( V)€Z) (2)
CO Co (1 - ngz)
where v, = —¢, /e, and v, = —&, /€, are the Poisson’s ratio in

the transverse and perpendicular direction (1, # v, for aniso-
tropic materials). The first term A C/ Cy represents the beha-
vior of a full solid dielectric material, while the second term is
the modification due to the porosity and K has the following
expression:

(k)
N KM (1 — @) + kil Dy

3

with k! is the relative permittivity of the material filling the
dielectric pores and k'™ is the relative permittivity of the por-
ous material. In case of a negative GF (see SI), the following
expression must be satisfied:

I—(1+e) (1 —re,) {1 + M(ff)K:|

€

vy < “

€z

We observe that M (¢;) < 0 in case of conventional materi-
als because the porosity decreases under strain while M (g,) >
0 in case of auxetic materials, where the auxetic cells expand
with tension, enhancing the porosity ® (e;).

3. Materials and methods

3.1. PU foam

PU are a class of polymers whose structure consists of multiple
organic compounds derived from carbamic acid (NH,COOH).
We used a reticulated PU foam with a uniform open cell dis-
tribution. Reticulation decreases the resistance to compression
while increases tensile properties like elongation and resist-
ance to tearing [37].

Several models were developed in the past to describe the
mechanical properties of PU cellular materials, depending on,
e.g. foam density [38, 39]. One of the most diffused mod-
els addressing the micromechanics of 3D open-cell foams is
based on tetrakaidecahedral unit cells. In this case, each unit
cell has 36 struts treated as uniform slender beams undergoing
linearly elastic deformations. The unit cell could also incor-
porate struts with different cross sectional shapes such as cir-
cular, square, equilateral triangle and plateau border [40]. This
model explicitly shows that the foam elastic properties depend
on the relative foam density, the shape and size of the strut
cross section, the Young’s modulus and the Poisson’s ratio of
the strut material.

Conventional sponges with a positive Poisson’s ratio and a
uniform open cell distribution, such as a reticulated PU foam,
are good candidates for the conversion into auxetic ones [25,
26]. In this work, we use this class of materials that have the
present lightweight foams, simple to transform into auxetic
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structures. The open cell foams (density ~ 30 kg m—?) (Mod-
ulor GmbH®) are characterized by three different values of
pores per inch (10, 20 and 60 PPI), representing the density
of pores. Anisotropy of the pristine foam plays a strong role
on the performance of thermoformed auxetic foams [41], but
according Modulor GmbH information, they are a uniform
open cell material in the form of 10 mm thick layer sheets.
Hence, we mechanically characterized the foams, converted
them into auxetic materials, and tested them to verify the role
of density in the mechanical properties, in order to choose the
best one for our purpose.

3.2. Auxetic anisotropic PU foam fabrication technique

A common PU sponge can be converted into an auxetic one
trough a thermal compression process that modifies the reg-
ular convex cells in the PU honeycomb structure creating
a 3D re-entrant cell topology in which the struts protrude
inwardly [42]. The conversion method exploited was based on
the compression and heating to a temperature slightly lower
than the softening point of the polymeric material at which the
cell struts started to collapse. Indeed, at this temperature the
struts become viscous and deform inward with a folded shape
without starting to liquefy. To permanently set the deformed
struts in their new configuration, the compressed foam is then
cooled back down to room temperature before removal of
the PU foam from the mold [25]. Fabrication parameters for
the conversion process were tested in order to investigate in
which ways pressure parameters directly affect the auxetiza-
tion results.

A purposely developed aluminum mold was developed in
order to, both, impose an axial compression on the speci-
mens, and modify the regular convex cells in the polymers
honeycomb structure creating a 3D re-entrant cell topology
(figures 1(a) and (b)). Thick uniform 5 mm walls were made
in order to obtain an isotropic heating. Cylindrical shaped
pieces of foam (4 cm diameter in figure 1(c) and 5 cm dia-
meter in figure 1(d)) were cut from the starting PU sheets
using sharp edge steel cylinders (figure 1(a)). Specimen dia-
meters of dg; = 4 cm and dg; = 5 cm, same as or slightly lar-
ger than the mold diameter, respectively, allowed testing the
effects of the different compression force directions. In detail
these were: a pure normal compression (perpendicular to the
sample circular surface) when the sample diameter is the same
as the mold (named as normal compression, (figure 1(c)); and
a normal/radial compression through the larger specimen dia-
meter (named as normal/radial compression, figure 1(d)). As
schematized in figure 2(a), based on the methods of Sanami
and Lakes [28, 43], auxetization experiments were conducted,
for each value of the purchased foams (10, 20 and 60 PPI),
and for each untreated specimens’ diameter (dg; = 40 mm and
dg; = 50 mm—figures 1(c) and (d)). No buckling has been
observed during the compression molding. The same tem-
perature ramp but different pressures were used as described
below. As a result, different volumetric compression factors
V¢/Vi (where V¢ and V; are the initial and final volume, respect-
ively) were obtained, ranging from 1/2 to 1/5, affecting the re-
entrancy degree of the struts and the specific Poisson’s ratio

b)
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Figure 1. (a) Aluminum mold and sharp edge steel cylinders.

(b) Modification in the regular convex cell of the polymer structure
after treatment. (c) Pure normal compression: the untreated sample
diameter (dg; = 4 cm) is the same as the mold diameter, while the
compression displacement depends on the normal compression
factors o. (d) Normal/radial compression: the untreated sample
diameter (de; = 5 cm) is larger than the mold diameter, and a fixed
radial compression factor 5 = 0.8 is imposed, while the
compression displacement depends on the normal compression
factors a.

[44]. The inside walls of the mold were lubricated with veget-
able or silicone oil and the foam was compressed inside the
mold avoiding unwanted creases or torque effect. The piston
was then pushed inside it and locked in the desired position.
The mold (with the inserted and compressed foams) was then
placed into an industrial oven (B180, Nabertherm, Germany),
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Figure 2. (a) Heating temperature and time profile for
manufacturing normal/radial compressed auxetic foams.

(b), (¢) SEM images of a PU foam specimens: (b) before and

(c) after the compression-thermal treatment. The SEM images are
related to the 20 PPI treated foam.

heated to a temperature near the softening point of 160 °C
(170 °C for the 60 PPI foam) for 20 min, and kept at that tem-
perature for additional 20 min. After removing the mold from
the oven, the foam was extracted from it and gently stretched
to avoid adhesion of the cell ribs. Then, for a second time
the foam was placed into the mold, which was inserted in
the oven for 20 min with the same heating ramp as before,
in order to permanently set the auxetic deformation. After this,
the samples were removed from the mold, cooled at room tem-
perature, and gently tensioned in order to relax the external
surface.

Fabricated sponges were visibly auxetic, however many
tests were required to determine the Poisson’s ratio obtained
at different starting configurations. Figures 2(b) and (c) show
the scanning electron microscopy (SEM) images of the foam
specimens before and after the compression-thermal treat-
ment. The untreated foams have an open-cell structure, and
the cell struts are straight while the treated one have the typ-
ical deformed configuration. Figures 2(b) and (c) shows cell
dimensions are mildly changed and pores number per inch
(PPI) are preserved, confirming that the PPI is not changed
after treatment.

Table 1. Dimensions of the specimens where do and th represent
the diameter and the thickness of the cylinder, respectively, while L,
w, and th are the length, the with and the thickness of the cuboid,
respectively.

Compression
test (cylinder) Tension test (cuboid)
PU PPl dy mm th mm Lmm wmm thmm
Conventional 10 12.8 10 14 12 10
20 12.8 10 14 12 10
60 12.8 10 14 12 10
Auxetic 10 128 48 14 12 4.8
20 12.8 3,8 14 12 3,8
60 12.8 34 14 12 34

3.3. Mechanical characterizations method

Mechanical and temperature characterizations were per-
formed by a dynamic mechanical analyzer (Q800 DMA, TA
Instruments, USA). Flexible PU foam samples with different
densities were tested in quasi—static compression and in ten-
sion mode. More in details, to investigate the compression and
tension stress/strain behavior, measurements were made in a
Controlled Force/Strain Rate mode, following a 20 °C iso-
thermal preset ramp. In this mode, the temperature is held con-
stant while strain is ramped at a constant rate without any oscil-
lation frequency in the strain amplitude. In both cases, samples
were fixed in the clamp using a dynamometric wrench. Test
were made under a DMA controlled preload force of 0,01 N
and a constant rate of change of force of 0.2 N min~!. The
elastic moduli were measured in the first linear range of the
stress—strain curve before the elastic limit was reached. Geo-
metric dimensions of the samples used for the experiments
are summarized in table 1. Although the cuboid dimensions,
because of experimental limitations, are affected by the Saint
Venant effects due to the small scale and the clamping wrench,
the compression and traction measurements are a good indica-
tion of the order of magnitude of the compression and traction
modulus of the pristine and auxetized foam.

3.4. Evaluation of the tensile Poisson’s ratio

In order to verify the Poisson’s ratio for each starting condition
of the auxetization process, and to determine how time, tem-
perature and compression affect the process, the DMA was
equipped with two orthogonal cameras (figure 3). The test-
ing set-up consists of two cameras (‘AxioCam ERc 5 s’ from
Carl Zeiss Microlmaging GmbH) in order to measure simul-
taneously the two transversal deformations with respect to the
direction of the force applied to the sample under test in the
DMA configured in tension mode. This way we obtain two
values of the transverse Poisson’s ratio, in the x-axis and y-
axis, respectively. The experimental conditions of the DMA
for x-axis and y-axis Poisson’s ratio measurements were the
same as in the previous section.
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Figure 3. (a) Sketch of the experimental setup for the dynamical
mechanic test. Deformations along the x and y axes were
simultaneously measured; (b) The reference system for the tensile
Poisson’s ratio evaluation on the cutted sample from the
Polyurethane processed disk. (i) (ii) The circular auxetic sheets of
the 20 PPI polyurethane foam. In red there are the cuboid cutting
area; (ii) (iv) two different views of the cuboid sample; (v) the
cuboid sample will be strained (¢;) along z axis in order to measure
simultaneously the two transversal deformations with respect to the
direction of the applied force (z). In this way two values of the
transverse Poisson’s ratio, in the x-axis (vx) and y-axis (vy), will be
obtained.

3.5. Auxetic PU foam-based capacitive strain gauge sensor
fabrication

In a previous work [30] from our group, the fabrication process
of a flexible CNTs-based auxetic electrode, suitable for soft
sensors and devices, was addressed; it will be briefly outline
here. In order to characterize the PU foam as a dielectric for
capacitive sensing, a thin top/bottom surface layer of the por-
ous PU was filled with a pristine CNT/PDMS/methyl group-
terminated PDMS (MEP) conductive paste, later cured in oven
for 30 min at 80 °C (figure 4(a)(i)). These two conducting
layers work as top and bottom electrodes. The used materials
were the following: functionalized Graphitized Multi Walled

AAXAA22DIDBII222S
AAXADDDIBIBD0003
\S\\\\\\\g§§§§g

AR IAAAAXID
SSSESEEEEES

Conductive fabric [] |
N i CNT/PDMS electrodes [l
(ii) f Auxetic PU layer [I] |

W

Figure 4. (a) Electrode fabrication: (i) PU was filled with a thin
film of uncured CNT/PDMS solution. (ii) Conventional and (iii)
auxetic PU with a single conductive layer (on top). (b) Finalized
device: (i) Purchased conductive fabric; (ii) 3D representation of
device; (iii) fabricated sensor.

CNT (Purity >99.99%, outer diameter 18-28 nm) (Nano-
cyl SA, Belgium); PDMS and MEP (Dow Corning, Midland,
MI, USA). All chemicals, including isopropyl alcohol (IPA)
and other organic solvents, were obtained at high-performance
liquid chromatography grades with >99.9% purities (Sigma-
Aldrich, St. Louis, MO, USA).

Pristine CNT were first dispersed in IPA with a 100:1
weight ratio; strongly aggregated CNT bundles were tem-
porarily separated and stabilized by sonication and the gaps
between them were then coated and filled with the IPA solvent
at the frequency of 35 kHz and the power of 80 W for 30 min.
20% wt of MEP with low viscosity (100 cSt) was added to the
CNT-dispersed IPA solution and blended for 15 min by sonic-
ation. MEP is a non-volatile polymeric organosilicon material
which penetrates the IPA phase in individual CNT/IPA com-
plexes and adheres to the 80% wt of the base of the Sylgard
184 silicone elastomer (PDMS-A, viscosity of 3500 cSt) was
then blended with the CNT/IPA/MEP solution by sonication.
Both PDMS-A and CNT/MEP become stable and aggregate
in single CNT/IPA/MEP/PDMS-A units in the IPA solution
because PDMS-A could make direct contact with the MEP
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phase and surround the CNT. After the complete removal of
the IPA components, slowly vaporizing at 50 °C hot plate, only
the CNT/MEP/PDMS-A units remain. The curing agent from
the Sylgard 184 silicone elastomer kit, named PDMS-B, with
a 15:1 weight ratio is then added and mixed. As highlighted in
figures 4(a)(ii) and (iii), the conductive silicone was inserted
by dipping into approximately 1 mm of the foam surface, cov-
ering all fibers and filling hollow space of the cell structures. In
this way, the stretchable silicone conductor was stably bonded
with the foam fibers making a large electrode area and provid-
ing a compliant, strong mechanical connections both in con-
ventional and auxetic PU foam. Figure 4(b)(i) shows a schem-
atic with the foam equipped with the compliant electrode. A
small drop of uncured CNT/PDMS was used as conductive
adhesive to glue the foam electrodes to a stretchable conduct-
ive fabric coated with a medical grade silver layer (Holland
Shielding Systems B.V.) (figure 4(b)(ii)), ensuring an electric
connection with an inductance (L), capacitance (C), and res-
istance (R) meter (LCR) meter probes. In figure 4(b)(iii) the
final fabricated sensor is shown. Because of the mechanical
characterization in the small strain regime, no cracks in the
flexible carbon nanotubes-based auxetic electrode have been
observed.

4. Results and discussion

4.1. Conventional PU foam compression and tension
characterization

For the conventional open cells foam, the stress—strain rela-
tionships of three tested samples (three for each foam type:
10 PPI, 20 PPI and 60 PPI) are shown in figures 5(a) and
(b). Under compression and tension, a typical stress—strain
response for elastomeric foams [45] is observed. Compressive
stress—strain behavior starts with the linear region of elasticity,
where Hooke’s law applies and it is possible to evaluate the
modulus of elasticity, and the strain energy is stored in revers-
ible bending of the struts. A plateau follows, where struts begin
to impinge upon each other, and, finally, a densification region
where the foam at this stage becomes a virtual solid material:
the cells are completely flattened causing a sudden increase in
internal compression stiffness of the cellular network. Tensile
stress—strain responses show a behavior that depends on differ-
ent materials and significantly differ for the various densities
of PU foams. The obtained results for the quasi static modulus
are in agreement with previous literature [46].

4.2. Auxetic PU foam compression and tension
characterization

Figures 5(c) and (d) presents the stress—strain behavior under
compression and tension of the auxetic samples. The results,
typical of auxetic foams [47, 48], show an increase in stiff-
ness during compressive loading: it is possible to observe two
distinct phases, namely, an initial, soft phase and a final, stiff
phase. The two phases are connected by a gradual stiffen-
ing due to a densification phase described by a super-linear
increase. Tensile stress—strain responses show a behavior that

resembles that of conventional materials but show a signific-
ant increase with respect to that of the conventional PU foam
studied in the previous sections. Table 2 presents a summary
of the results of the test for each type of foam, conventional
or auxetic, at different density, 10, 20 and 60 PPI. From the
results of our experimental analysis, we chose a foam density
of 20 PPI for the Poisson’s test characterization.

4.3. Evaluation of the tensile Poisson’s ratio of fabricated
auxetic PU foam

Circular auxetic sheets of the 20 PPI PU foam were cut in a
cuboid shape (figure 3(b)) for both normal compressed and
normal/radial compressed PU sponges.

For the normal auxetized PU sample (figure 1(c)), the vari-
ation of Poisson’s ratio with the increase in vertical strain ¢,
can be observed in figures 6(a) and (b). The auxetic foam
exhibits a negative Poisson’s ratio in the x direction until
approximately 15% of the axial strain and then saturates to
a negligible value in the range between 15% and 25%, finally
showing a conventional positive value (figure 6(a)). This phe-
nomenon depicts the gradual recovery of conventional beha-
vior at higher axial strain levels [49]. In contrast, the Poisson’s
ratio of the same auxetic PU foam into the y direction was pos-
itive (figure 6(b)) throughout the loading, showing a conven-
tional linear behavior. In the case of normal/radial (figure 1(d))
auxetization processing both x and y strain variation exhibited
anegative Poisson’s ratio with the increase in vertical strain e,
and can be observed in figures 6(c) and (d). For both strain vari-
ations, the auxetic foam exhibited a negative Poisson’s ratio
until approximately 25% of the axial strain and then deviates
this behavior to a conventional positive value [49].

In conclusion, figures 6(a)—(d) shows that the auxetic effect
for the converted foams occurs over a specific tensile strain
before undergoing a transition to positive Poisson’s ratio foam.
The results for both types of samples confirm that the PU con-
ventional sponge samples after the thermal-compression pro-
cess exhibit an auxetic behavior. Furthermore, while normal
compressed samples shown a conventional behavior into the y-
direction and an auxetic behavior into the transversal one (v, =
—0,80 — v, = 0,22), normal/radial compressed samples are
auxetic in both x- and y- directions (v, = —1,03 - v, = —0,2).
To design a capacitive-based strain sensor (figure 6(e), where
electrode area is highlighted), capacitance variations need
to be dependent only from the dielectric thickness changes,
while the area of the electrodes should have negligible change
under strain. In fact, due to a positive strain ¢, in z direc-
tion, both normal compressed and normal/radial compressed
auxetized foams increase the thickness in x-direction but dif-
ferences along y-directions are showed, instead: while in the
normal compressed auxetized case the electrode shrinks in
the y-direction (figure 6(f)), in the normal/radial compressed
auxetized case the electrodes area broadens in the y-direction
(figure 6(g)). Only normal compressed auxetization process
is investigated for our capacitive strain gauge fabrication. In
this case, the changes in the y-z plane electrode total area can
be considered negligible (figure 6(f)) in first approximation;
to investigate a GFTO*M < 0 strain gauge, therefore, only the
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Figure 5. PU conventional foam DMA: (a) compression and (b) tension stress—strain responses performed at three densities (10, 20, 60
PPI) of the sponge; PU auxetic foam DMA: (c) compression and (d) tension stress—strain responses performed at three densities (10, 20,

60 PPI) of the sponge.

Table 2. Summary of the results of the test. In bold are highlighted
the 20PPI foam selected for device fabrication.

Conventional PU Auxetic PU

PU PPI (kPa) (kPa)
Compression 10 39 34

20 39 30

60 47 98
Tension 10 34 61

20 19 87

60 24 94

normal compressed auxetized 20 PPI PU foam will be tested
as dielectric in the capacitive sensor.

4.4. Auxetic PU foam-based capacitive strain gauge sensor
electrical behavior

Figure 7 shows the electrical response of the capacitive strain
gauge sensor under tensile strain for conventional and nor-
mal compressed auxetized capacitive sensor. To calculate the
dynamic coefficient M(e;), PU (PM stays for porous material
and ST for standard material) and ‘air filler’ parameters from
datasheet and literature [S0] were exploited,

=1 ™M—=6.4

P =30K8/, 3 py =1220K8/, 5

and the parameters ®; and K for the conventional case and the
normal compressed auxetic foams were evaluated. The results
are reported in table 3.

In figure 7(a)(i) the foam-based flexible capacitance
conventional sensor behavior under longitudinal strain (z-
direction) is shown and present a linear increasing of the
capacitance with the strain due to the thickness reduction (x-
direction) of the dielectric layer. A GF of 1.1 was measured.
Applying equation (2) for calculating the numerical expres-
sion of the porosity dynamic coefficient M(c;), we obtain a
decreasing linear fit and negative values, as expected, with a
slope equals to —190 562 (figure 7(a)(ii)).

In contrast, figure 7(a)(iii) shows relative capacitance
changes with z-direction tensile strain in the case of the
auxetic PU foam dielectric. Due to the normal auxetic beha-
vior, for strain values up to 10% the capacitance decreases
because of electrodes distance increases (figure 7(a)(iii) inset).
In this range, the measured Gf is negative and equals to —2.8,
and as expected its magnitude is distinctly higher than the
unity. For strains larger than 10%, the capacitance starts to
increase according to the conventional behavior: this hap-
pens because the corrugated ribs of the auxetic cells reach
the expansion limit. Therefore, for strain values in the range
of 10%-20% (figure 7(a)(iii)), the conventional behavior
recovers, and a positive Poisson’s ratio value is obtained. For
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Figure 6. Tests on cuboid auxetic sheets of the 20 PPI polyurethane foam: (a) Strain along x vs Strain along z for the 20 PPI normal
compressed auxetic PU foam. Poisson’s ratio along the x direction: Elongation: v, = —0,80 (red line); relaxation: v, = —0,86 (blue line);
(b) Strain along y vs Strain along z for the 20 PPI normal compressed auxetic PU foam. Poisson’s ratio along the y direction: Elongation:

vy = 0,22 (red line); relaxation: vy = 0,41 (blue line); (c) Strain along x vs Strain along z for the 20 PPI normal compressed auxetic PU
foam. Poisson’s ratio along the x direction: Elongation: v, = —1,03 (red line); relaxation: v, = —0,57 (blue line); (d) Strain along y vs
Strain along z for the 20 PPI normal compressed auxetic PU foam. Poisson’s ratio along the y direction: Elongation: v, = —0,2 (red line);
relaxation: vy = —0,16 (blue line). Cuboid auxetic samples area changes with the strain: (e) undeformed specimen and space coordinate
system; (f) normal compressed case: the changes in the electrodes area can be negligible because the sample is lengthened in z-direction and
shrinked in the y-direction; (g) normal/radial compressed case: the electrodes area increases because the sample is lengthened in z-direction
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Figure 7. (a) Foam-based flexible capacitance behavior test under tensile strain: (i) test for the conventional sensor under longitudinal strain;
(ii) related porosity dynamic coefficient M(e;) for conventional sensor with decreasing linear fit; (iii) test for the auxetic sensor under
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(b) Foam-based flexible capacitance behavior test under compression stress for (i) the conventional sensor and for (ii) the auxetic sensor.
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Table 3. Evaluated @y and K parameters for the conventional case and for the two different auxetic foam.
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Figure 8. Left column: Poisson’s ratio values in x- and y-directions that solve inequality (4) for the (i) conventional foam, (iii) the
auxetic-normal compressed foam. The parameter ¢; is the applied strain along z. Right column: graphical zoom of left graphics for
Poisson’s ratios values |vy| < 10 and |v| < 10: (ii) The red square highlights the conventional region 0 < vy < 0.5 and 0 < vy < 0.5. The
conventional PU foam falls in this region (vx = vy = 0.3), where inequality (4) is not satisfied; (iv) The red square highlights the region —1
<1y <0 and 0 < 1y < 0.5 where the Poisson’s ratio of the normal compressed auxetic PU foam falls (zx = —0.80 — 1, = 0.22) showing

the inequality (4) is satisfied up to £; < 0.1.

the normal compressed auxetic foam, the expression of the
porosity dynamic coefficient M(e,) shows positive values and
is no longer linear but follows a second order polynomial
fit (M(e;) = 19.87735 ¢, — 121.94486 af) in the region until
€, < 0.1, where the negative GF is obtained (figure 7(a)(iv)).
Figure 7(b) shows the same behavior for compression tests
on both conventional (figure 7(b)(i)) and auxetic capacit-
ors (figure 7(b)(ii)). As expected, the decrease in the dielec-
tric layer thickness generates an enhancement of capacitance
with the compression. This variation is higher for conven-
tional foam than normal compressed auxetic foam. In fact,
the auxetic treatment makes the ribs already corrugated along
z- direction limiting the relative variation of the capacitance.
This kind of behavior demonstrates the different strain meas-
urement modalities (compression/tension) that are possible. A
foam-based flexible auxetic capacitance sensor based on our
material could then discriminate between compression (where

a positive output variation occurs) and tension (with a negative
output variation) up to 10% tensile strain.

4.5. Experimental validation of the developed mathematical
model

In order to confirm the theoretical model for a negative Pois-
son’s ratio auxetic material, inserting the measured Poisson’s
ratios and the fitted expression of M(e;), equation (4) has to be
verified for the capacitive strain gauge filled with the 20 PPI
normally compressed auxetic PU dielectric and not verified
for the standard PU material. Through table 3 values and tak-
ing the strain along z (¢;) as a parameter, figure 8 shows for
each considered strain, in colored area, the Poisson’s ratio val-
ues in x- and y-directions that solve inequality (4). Figures 8(i)
and (iii) show inequalities related to conventional and normal
compressed auxetic, respectively. It is possible to graphically
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evaluate which is the set of Poisson’s ratios along x- and y-
directions able to solve (4) in a large range of strain along z-
direction until €, = 0.5. Figures 8(ii) and (iv) show a zoom of
the region around (vy,v,) = (0,0) where two orthogonal red
lines separate the quadrants with different signs for the Pois-
son’s ratio along x- and y-directions. In figure 8(ii) the con-
ventional foam region (v, >0 and v, > 0) is highlighted and
a squared shape shows the conventional range (0 < v, < 0.5
and 0 < vy, <0.5). It is possible to observe that the standard
Poisson’s ratios of the conventional PU foam (expected in
the range between 0 and 0.5) make GFFOM < (0 impossible
for each strain. As shown in figure 8(iv), in case of the nor-
mal auxetized foam (—1 <v, <0 and 0 <v, <0.5, see the
squared shape), the measured Poisson’s ratios for the 20 PPI
PU foam fall in this area (v, = —0.80 — v, = 0.22). In this
case, GFFOAM < () is possible for z-direction strain ranging up
to e, = 0.1. For higher values, the condition (4) is no longer
holding. This is confirmed by the experimental measurements
showed earlier in figure 7(a).

5. Conclusions

In this work, auxetic PU foams exhibiting a negative Pois-
son’s ratio are prepared by thermo-mechanical auxetic con-
version from an open cell PU foam. The auxetic behavior is
modeled and conditions for a negative GF in an auxetic capa-
citive strain gauge are studied. It is shown that a range of neg-
ative Poisson Ratio’s values in different geometric directions
can be exploited for multimodal tactile applications based on
negative GF values. To the best of our knowledge, this is the
first time that a theoretical description of an auxetic dielectric
capacitive strain gauge is proposed.

Based on such encouraging results we combine our auxetic
anisotropic PU foam with CNT/PDMS conductive composite
electrodes and develop a soft capacitive strain gauge. Elec-
tromechanical characterizations demonstrate a negative GF
equal to —2.8 for tensile strain and an increase of capacitance
for compressive strain. Finally, we report the experimental val-
idation of our proposed model. In a forthcoming work, this
model will be carefully tested in a final capacitive strain gauge,
in order to measure the GF under actual conditions. Moreover,
this will allow to test this potential auxetic foam-based mul-
timodal capacitive strain gauge on a larger number of fabric-
ated devices and through ageing tests.

In the near future we plan to exploit our results to design
auxetic soft strain sensors in which, depending on the extern-
ally applied stimuli, e.g. force direction, a normally applied
force can be discriminated from a tensile force by means of the
different electrical behavior. We believe that our methodology
can represent the basis for an improved design freedom for
multimodal mechanical soft sensors and that innovative effect-
ive designs will be possible for sensors to discriminate among
different mechanical stimuli. In this vision, these results set an
opportunity towards smart wearables and the development of
perceptive soft robots in which the sensing structures, although
merged with the soft body are required to provide information
about the deformations induced by external stimuli (tactile) as

well as the internal ones, i.e. those provoked by the actuation
of the robot itself.
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