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Abstract

Microorganism metabolic activity can facilitate the formation of cellular material systems that have unusual
mechanical and physical properties. In the living world microorganisms are commonly used for preparing
porous food by fermentation; here carbon nanotubes, graphene nanoplatelets, and a mix of them are
dispersed in liquid silicone rubber with single-cell fungi of commercial beer yeast. The fermentation of such
microorganisms during the gelling of the silicone matrix results in bionic composites with buckled/collapsed
cells that infer, as rationalized with an analytical model and excluded in a abiotic experimental comparison,
auxetic properties. During stretching it is found that the Poisson’s ratio of such composites changes sign,
from negative to positive, and the variation of the electrical resistance is negative. In addition to the
conductivity increment, a general increment of the stretchability and damage resistance with respect to the
composites prepared by abiotic process is observed. Bionic composites, even if in their infancy, can thus be
multifunctional and superior to their traditional/abiotic counterparts.

1. Introduction

Foams are cellular solids consisting of a mix of open and closed cells where the mechanical properties of the
foam are determined by the volume fraction of solid material and the cell structure.[1-4] If we consider
isotropic linear elastic materials, then their elastic response is described by the Young’s modulus and
Poisson’s ratio, connected to the shear and bulk modulus. Although the intuitive thought is that elastic
materials shrink/expand laterally when stretched/compressed axially (so that the Poisson’s ratio is positive),
many 2D and 3D structures and materials with negative Poisson’s ratio have been reported.[1] Several
attempts based on traditional/ abiotic processes using 3D polymer templates provided a facile, low-cost, and
scalable method for creating nanomaterial-based foams including organic nanomaterials,[5,6] metal/metal-
oxide nanomaterials,[7,8] and carbon-based nanomaterials (e.g., carbon nanotubes (CNTs), graphene).[9-
12] Between various carbon-based nanomaterials, carbon nanotube products, including CNT fibers, CNT
films, and CNT aerogels, have been recently developed for carbon-based nanomaterials foams.[13,14] Also
the research on polymer composites has yielded interesting results in mechanical properties of
nanocomposite foams.[15—-17] If we look at the mechanical behavior, most of these materials shrink laterally
like a rubber band when stretched, so their Poisson’s ratios are positive. Likewise, most materials become
thinner in widthwise direction when stretched along their length. Even if most of materials, including foams,
exhibit a positive Poisson’s ratio, theoretically negative Poisson’s ratios (called auxetic behavior) are
permissible. In particular, the range of Poisson’s ratio for linear elastic isotropic materials is restricted
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between -1 and +0.5,[18] with the upperbound usually describing rubber-like materials, in contrast to the
bionic rubber presented in this paper resulting in Poisson’s ratio close to the lowerbound. In this regard, in
the past there were several studies confirming that CNT films can change in-plane Poisson’s ratios from
negative to positive during a uniaxial tensile loading,[19] while recently polymer-based graphene foams also
exhibit negative Poisson’s ratio due to the presence of buckled structures.[20] This auxetic behavior was
attributed to the fact that, instead of conventional foams, their cell structure was found to be “re-entrant”
(i.e., the cell wall protrude inward rather than outward). Such re-entrant structures were obtained artificially
by exploiting the mechanical instabilities through compressive buckling or crumpling of graphene
nanoplatelets (GNPs) on stretchable polymer substrates.[21] Nowadays it is a challenge for the researchers
to synthesize materials by adding nanomaterials via natural metabolic activities leading to auxetic properties
of the synthesized foams. In nature living microorganisms such as yeast cells are commonly used for
preparing porous food (e.g., baked bread, cake, etc.) by fermentation. This microorganism inspired method
can be used to assembly in fast way hybrid porous nanostructures with natural and ecosustainable reagents.
Thus, microorganisms can facilitate the formation of a wide range of porous nanomaterials that have unique
physical properties as well as structures that are not produced by abiotic processes. As an example bacteria
and fungi were extensively used in materials science as simple templates with monodisperse sizes and
controlled shapes as well as scalable growth.[22,23] More recently the metabolic activities of biological
processes such as beer fermentation, were adopted to generate porous hierarchical composites in gelling
materials during their cross-linking or bionic porous nanocomposites based on intractable polymers.[24-27]
Inspired by the idea of bubble migration from the fermentation bath[25] and by the observation that when
the CO2 bubble was released by the yeast fermentation, it deforms once in contact with the liquid medium,
we could be able to create re-entrant cell architectures by gelling the deformed bubble in a cross-linking
system that changes its viscosity during the vulcanization process. Silicon rubber (SR) is a gelling material
obtained by polycondensation or polyaddition reactions; SRs are widely used for a variety of scopes including
tissue implants because of their flexibility and chemical stability.[28] Moreover, in several medical implants
such as neuronal implants, there is a need to restore their functionalities by electrical stimulation and in this
regard carbon nanotube—SR and graphene/SR composites could be considered as promising candidates for
use in tissue implants possessing proper mechanical, electrical as well as biocompatible properties.[29-32]
Auxetic stents made of such biocompatible composites, for example, could help minimizing the negative
effects of current stent designs through tailored negative Poisson’s ratio, deformation mechanism and
enhanced mechanical properties. The manufacturing of smart filters, that when you pull them their pores
become larger, could find application in medication delivery into a swollen wound where the gradual release
of the medication is controlled by the pulling force of the wound. Thus, even if the biocompatibility of SR
reinforced with nanofillers has still to be demonstrated (this is also outside the aim of the present paper),
such new composites, especially when bionic and thus with peculiar properties, could find application even
in medicine. Combining features of such natural microorganism process with artificial nanomaterials can lead
to design innovative bionic nanocomposites. In the present work, a series of porous composites obtained by
microorganism nutrition process were prepared by the simultaneous reactions of beer’s yeast fermentation
and the gelation of liquid SR mixed with nanostructured carbon materials (i.e., CNT and GNPs). Our analyses
demonstrated the presence of buckled/collapsed cell structure in our bionic composites, which results in an
extreme auxetic deformation behavior. Also the negative variation of the electrical resistance is interesting
and unexpected. These results show that after the formation of buckled/collapsed pore structure,
improvement in stretchability and electrical conductivity could be achieved simultaneously in our
multifunctional bionic composites.

2. Results and discussion



The fermentation assisted method proposed for the realization of our bionic composites involves a
prereaction state where the solution containing yeast and sugar releases CO2 bubbles that are trapped by
the cross-linking agent in SR, when the viscosity of the solution starts to increase with the polymerization
degree. Once the gelation will start, the accumulation of CO2 gas, that needs to escape, generates pores and,
as a result, porous SR and SR composite have been obtained (Figure 1a,b), respectively. Figure 1c—f shows
the images of the bionic SR composites. Considering that the strategy adopted in this work is to reproduce
the Saccharomyces cerevisiae through a process called “budding”, where a daughter cell is initiated as growth
from the mother cell, it is reasonable to suggest that the yeast cells remain trapped in the gelling matrix.[26]
As seen in Figure 1c, the yeast cells were completely removed by postthermal annealing at 250 °C of the
bionic composite after their cure. From the field emission scanning electron microscopy (FESEM) analysis it
is possible to observe that the cells in the SR/CNTs composite are round and rather symmetrical, similar to
conventional cell structure previously reported for SR foams (Figure 1d).[1] In contrast, the cells of the bionic
SR/GNPs and SR/CNTs/ GNPs composites, shown in Figure 1e,f, are collapsed or buckled. The values of the
pore size and the pore shape (i.e., circularity that is a measure of how circular each particle is; i.e., particles
are modeled with ellipses: an ellipse with a circularity of 0 is a straight line, while an ellipse with a circularity
of 1 is a perfect circle) as well as the statistics from the analysis of the cross sections of the bionic samples
shown in Figure 1c—f are reported in Table S3 and Figure S2 (Supporting Information), respectively. From
these data it is evident that the addition of GNPs in the bionic composites makes the pores less circular with
a collapsed or buckled morphology. This finding could be explained according to a model recently proposed
by Valentini et al.[25], where the assembly of GNPs at liquid— liquid immiscible interface (water and silicone
in this case) is driven by interfacial tension of the bubble shell that is producing during the fermentation and
that can be estimated as yw + dGNPstGNPs where yw is the water surface tension (71 mN m-1 at 25 °C),
oGNPs is the film stress and tGNPs is the thickness of the retracting film once the bubble comes in contact
with water/silicone interface. Thus the bubble radius deformation can be considered directly proportional to
stress in the coating times its thickness (“interfacial tension”). The interfacial tension is thus the main
responsible for the bubble deformation and for the final collapsed structure once the gelling is occurring.
Moreover, accordingly to the results presented in ref. [25] the stress of the GNP film was found to be higher
than that observed for CNTs, and this takes into account the observed collapsed structures in the bionic
SR/GNPs and SR/ CNTs/GNPs composites. Moreover, the response of the bionic SR/CNTs/GNPs sample
(Figure 2a inset) to uniaxial tensile strain exhibits lateral expansion, which is the typical behavior of negative
Poisson’s ratio effect. Figure 2a shows the relationship between the in-plane (i.e., measured by the
contraction of the width) Poisson’s ratio and the strain of the prepared bionic samples. When the tensile
strain was small =7% for bionic SR, bionic SR/GNPs, or bionic SR/CNTs/GNPs samples, respectively, the
Poisson’s ratio was negative. With the increased strain, the Poisson’s ratio also increased and became
positive gradually. Similar to that of conventional SR material, the Poisson’s ratios of bionic SR/CNTs
composite are positive and near +0.15 at small applied tensile strain level, maintaining this value also at high
strain level. The negative Poisson’s ratio of our composites sharply contrasts with that reported in Figure 2b
for conventional SR composites where the experimentally observed Poisson’s ratios are positive. An
analytical model was developed that predicts the observed sign change of the Poisson’s ratios for bionic
composites under large strain. This model takes into account key structural features of our bionic composites:
(i) isotropic matrix properties; (ii) buckled/collapsed porosity with variable size at small strains and (iii) even
shape at large strains. For a material stretched with a length increase in the stretching direction the relative
change of volume (AV/V) is (see Supporting Information)

AV|V =exp ((1-2v)*&)-1
=p*(exp((1-2v,)*€)-1)
+(1-p)* (exp ((1-2v.) *£)-1),
p=po *exp(-B*¢)

(1)



where p is the pore volume fraction, vm is the Poisson’s ratio of the matrix, p0 is the pore volume fraction at
vanishing strain (€ = 0), and B is a shape factor governing the variation of the pore shape with strain. Equation
(1) for € > 0 and for “Hoberman sphere”-like pores (vp = -1, Figure 2a inset and proof in the Supporting
Information) gives

v=(1-3p—(1-p)*(1-2%v,))/2 ()

that restitutes for p = 0 the Poisson’s ratio of the matrix (vm) while for p = 1 the Poisson ratio of the pores,
here equal to —1. For € = oo, Equation (2) gives the Poisson’s ratio of the matrix (i.e., vm). The same self-
consistent asymptotic behaviors are guaranteed by Equation (1) for § > 3. Using for fitting the experimental
results the model of Equation (2) (similar behaviors are obtained using the more complex “Poisson’s mixture
rule” of Equation (1)), the dependence of the Poisson’s ratios with the strain has been predicted for our bionic
composites for specific B, p0, and vm parameters as reported in Figure 2c. In particular, the model predicts
the observed Poisson’s ratios for the bionic SR and bionic SR/ CNTs/GNPs composite with the best fitting
values of B, p0, and vm parameters reported in Figure 2c. The predicted pore volume fraction and the matrix
Poisson’s ratio values are comparable with those of vm for € - oo and p0 directly measured as reported in,
Table S1 (Supporting Information) where p0 was expressed as 1-(Vm/V) being Vm/V the ratio between the
matrix volume and the total volume of the bionic composites. This analytical model is consistent with the
experimental data reported in Table S4 (Supporting Information) where for pores with the lower circularity
(and thus with buckled or collapsed structure) a negative value of the Poisson’s ratio at 0% of strain was
associated. More in general the Poisson’s ratios are lower as the circularity is lower. Figure 3a shows the
mechanical characteristics obtained by tensile test of conventional or bionic SR composites, respectively.
From the comparison with conventional SR composites, it is evident that the tensile strength is generally
reduced by the presence of the pores in the bionic composites (Table 1) while the specific strength (i.e., the
tensile strength normalized by the density) was generally found to be independent by the pore volume
fraction and thus also pore stress concentration. Moreover the stretchability expressed in terms of
deformation at break values obtained for the bionic samples, is higher than the respective data obtained for
conventional SR composites. The mechanical properties reported above can be rationalized in terms of the
agglomeration of the nanophase(s); after defining V as the total volume of the composite and v as the (total)
volume of the phase(s), it is possible to define f as the (total) volume percentage of the phase(s) referring to
the total volume V, i.e., f = v/V as reported in Table. 1. If an ideal dispersion, thus without agglomeration, is
considered, the composite mechanical resistance would depend linearly on the percentage of the phase
itself, thus an increment of f would cause an increment also in the mechanical resistance (assuming the
strength of the inclusion much larger than that of the matrix). This is not true if the agglomeration of the
phase takes place, which causes at a given point a decrease of the total resistance as observed in Figure
3e.[33] The mechanical efficiency of the reinforcement was estimated as the ratio of the mean strength of
the phase(s) on and of the matrix om by using the direct rule of mixture, namely,

0./0n=0(fo.)-(1-f)/f (3)

where o is the mechanical resistance of the composite. The data were reported in Table 1 including the
volume fractions. From Table 1 and the mechanical efficiency values, we deduce a synergistic effect for
conventional composites of CNTs and GNPs that is maximum for their weight fraction ratio of 0.5/0.5 wt%,
whereas a nearly doubled maximal efficiency for 0.5 wt% of GNPs (in absence of CNT) for the bionic ones.
The increase of elongation at break can be attributed to a decrease in film density (Table S1, Supporting
Information) and thus to an increase of the mean free volume of the film.[34] As reported in Table S2
(Supporting Information), the lower bulk density values of the bionic composites is indicative of the free
volume between the polymer chains leading to greater chain mobility; a bionic composite would therefore
be less resistant and would deform at a lower force than the respective conventional composite. Hence,
lower tensile strength and higher elongation is expected for the bionic sample as reported in Table 1. The



tensile test results could be rationalized assuming a pullout model[35-37] representing the failure
mechanisms that could be related to the high moduli of CNT (GNP) particles, and to the fact that the CNTs
(GNPs) make the pores stiffer by interconnection as reported in Figure 3f and Figure S3 (Supporting
Information). To explore the effects of the auxetic pore in our bionic composites on their functional
performance, we further investigate the electrical characterizations of our samples in response to mechanical
deformation. The resistance variations of our samples were studies as a function of tensile strain as shown
in Figure 3g. The general electrical resistance increase with extension observed in the conventional SR
composites may be explained, according to the model proposed previously by Yamaguchi et al.,[38] by
considering the conducting fillers (e.g. CNTs and GNPs) as aggregates regularly spaced that under a
homogenous strain would deform in a regular manner, as a result, the electrical resistivity would increase
with extension in the direction of strain as the aggregates moved apart. The resistance increase AR/RO of
conventional silicone rubber composites is much higher (i.e., 4500% at 60% strain for the SR/CNTs/GNPs
composite) than that of the analogue bionic composite (i.e., 7.4% at 90% strain). It means that the auxetic
pores in the bionic composite preserve the sample from the interruption of the conducting network and from
a significant decay in conductivity under stretching. Thus, combining with the mechanical performance (e.g.,
the improved stretchability), the auxetic bionic composites would effectively improve their electrical
performance with respect their abiotic (nonbionic) counterparts especially under large strains and thus
extreme conditions. Interestingly for the bionic SR/GNPs and SR/CNTs/GNPs composites we observe negative
AR/RO values at larger strain. One possible reason for the negative variation in the electrical resistance at
larger extensions may be a net reduction in the distance between complex structures of conducting
aggregates which are not spherical in shape and that align under large strains. As reported by Yamaguchi et
al.,[38] these rotations may result in a significant alignment of the conducting aggregates, as sketched in
Figure 3g, and are responsible for the negative variation in the electrical resistance with extension in the
direction of strain. Finally, it was found that the bionic SR composites with sign change of the Poisson’s ratio
showed a higher crack resistance than that of the SR composites with positive Poisson’s ratio. As reported in
Figure 4a V-notch on auxetic bionic SR composite creates a crack blunting thus delaying the crack propagation
in the sample and increasing the fracture toughness (see Table 2S). Consequently, the auxetic behaviors
preserve to our bionic composites more than 100% stretchability even after a V notching, which is important
for practical applications of stretchable conductors.

3. Conclusion

In this work, we report a biogenic successful method in transforming conventional silicone rubber composites
to auxetic robust rubbers. This method is based on carbon dioxide gas generated during yeast fermentation
and the gelation process of the liquid rubber matrix. Composites with buckled/collapsed cell structure
exhibited an auxetic behavior and a sign change of the Poisson’s ratios from negative to positive values under
large strains being more stretchable than the corresponding conventional composites. We propose a model
for the auxetic properties of our bionic composites, able to capture the observations. Additionally, these
bionic composites offer negative electrical resistance change under strain and superior toughness even if less
dense. Through such unexpected multifunctional material properties, we could envisage their utilization in
macroscopic structures where the negative Poisson’s ratio, the negative variation of the electrical resistance,
superior stretchablity, and damage resistance with reduced density are ideal multifunctional properties for
extreme applications in lighter composites.

4. Experimental section

GNPs were kindly supplied by NANESA (G3Nan average thickness of 9 nm =25 layers, bulk density 0.018—
0.023 g cm-3, average lateral particle size 15 um). CNTs (NC 7000) were purchased from Nanocyl and their



structure was confirmed by transmission electron microscopy (bulk density 0.066 g cm-3, average diameter
9.5 nm, average length 1.5 um). S. cerevisiae-based commercial beer yeast extract was used as the medium
for fermentation. Crystal liquid rubber (CRISTAL RUBBER purchased from PROCHIMA, density 1.04 g cm-3)
was used for casting with a cold cure by polyaddition. Before using, the rubber 10 wt% of PT-CURE catalyst
(purchased from PROCHIMA, density 1.04 g cm-3 ) was added. GNPs or/and CNTs were dispersed in liquid
silicone rubber (1% wt) through the utilization of a magnetic stirrer (500 rpm for 3 h) to facilitate their
dispersion. After that, yeast (0.1 weight ratio with respect to the liquid silicone rubber) and sugar (i. e.,
sucrose, 0.04 weight ratio with respect to the liquid silicone rubber) were previously dispersed in 2 mL of
water, heated at 50 °C to start the fermentation and added to the silicone mixture. The silicone mixture
added with yeast was heated at 50 °C and the catalyst was added. Then once the fermentation process
stopped the polyaddition reaction was completed in an aluminum mold for 24 h at room temperature. The
same procedure was repeated without the addition of the yeast and sugar to prepare SR and SR composites
for a comparison purpose. FESEM was used to investigate the cross section of the samples obtained by
fracture in liquid nitrogen. The pores size and their shape in terms of circularity were measured through the
image analysis software Image-J. The tensile properties of the prepared samples were measured using a
universal tensile testing machine (Lloyd Instr. LR30K) with a 500 N static load cell. The film samples were cut
into strips (100 mm x 10 mm x 3 mm). The gauge length was 60 mm, and the extension rate was set at 10
mm min-1 . Five samples for each composition were tested. The in plane Poisson’s ratios of the samples
were initially determined by using a micrometer (Borletti, accuracy 0.01 mm at 20 °C) to measure the change
in sample width as a function of stretch in the sample length direction. More accurate Poisson’s ratio
measurements resulted from strain gauge positioned transversal to the strain direction. The fracture
toughness was calculated by V-notching the samples in the middle. According to ASTM E23, the standard
specimen used had a 2 mm deep notch with a tip radius of 0.25 mm machined on one face. Five samples for
each composition were tested with the stress—strain curves reported in the Supporting Information. For an
infinite sheet with a lateral crack of length, a, subjected to a uniform stress o the stress intensity factor is
given by KI = g*f(a/W)*(rt*a)1/2 where f(a/W) is the geometry factor, W is the sample width and thus the
fracture toughness KIC is calculated as Kl(c = oC) = KIC with oC fracture strength. Defining a/W = q, the
geometry factor for a lateral crack is given by f(a/W) = 0.265*(1-a)”4 + (0.857 + 0.265*a)/(1-a)”1.5. For the
electromechanical tests, the ends of the samples were connected by copper wires. During the tensile process,
the electrical resistance (Keithley 4200 SCS under a bias of 1 V) was recorded simultaneously.
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Figure 1. Photoimages of a) circular shaped bionic SR and b) bionic SR (top) and bionic SR/GNP composite (1 wt%; bottom) prepared by fermenta-
tion of yeast in gelling silicone rubber. c—f) Cross section SEM images of representative cell structures for c) bionic SR, d) bionic SR/CNTs (1 wt%),
e) bionic SR/GNPs (1 wt%), and f) bionic SR/CNTs/GNPs (0.5/0.5 wt%) composites, respectively. The scale bars indicate 50 um.
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Figure 2. a) Measured Poisson’s ratio versus strain for bionic composites. Inset: digital picture of bionic SR/CNTs/GNPs composite under 0 and =30%

strain. b) M

easured Poisson’s ratio versus strain for conventional composites. Inset: digital picture of conventional SR/CNTs/GNPs composite under

0 and =30% strain. c) Comparison between measured and predicted Poisson’s ratio values for bionic SR and bionic SR/CNTs/GNPs (0.5/0.5 wt%) com-

posite, resp.

ectively. The inset shows the educational toy that is the expanding Hoberman sphere, taken as inspiration for modeling the auxetic porosity.
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Figure 3. Measured tensile stress of a) conventional SR composites and b—d) bionic SR composites. e) Experimental values of strength o (specific
strength) versus volume fraction for a single phase and double phase nonbionic and bionic SR composites. f) SEM and optical images showing
cross-sectional view of bionic SR/CNTs (1/0 wt%) composite where CNTs can be seen bridging between the SR and the cells. The arrows indicate

the CNTs. g
under load
panel).

) Variation of normalized resistance as a function of tensile strain for the prepared samples. Schematic of the movement and orientation
of aggregates evenly spaced in conventional SR composites (top panel) or anisotropic randomly spaced in bionic composites (bottom



Table 1. Mechanical characteristics of the prepared samples.

Samples Velume Young modulus Tensile strength Toughness Specific strength O/ Om Deformation at break
[CNTs wt96/GNPs wi3] fraction f [MPa] [MPa] [MPa] [MPa*em® g7'] [36]
0/0 0 0.13 +£0.01 0.17 £0.03 0.09 +0.01 0.16+0.04 - 1M2+4
1/0 0.13 0.56 £0.03 0.23+0.02 0.05£0.01 0.25+0.04 53 434
o1 0.33 0.46 +0.02 0.27+0.02 0.08 £0.01 0.29+0.03 268 59+3
0.5/0.5 0.07/0.20 0.60 £ 0.03 0.33£0.03 0.09 £0.01 0.40 £ 0.05 6.50 542
Bionic

0/0 0 0.13 +£0.01 0.18 £0.02 0.10+0.01 0.37+0.08 - 1MN8+4
05/0 0.07 0.05£0.01 0.13+0.02 0.10£0.01 0.28+0.06 5.05 15214
1/0 0.13 0.06 £ 0.01 0.11 +£0.02 0.07 £0.01 0.24+0.06 2.08 120+15
2/0 0.24 0.06 £ 0.01 0.10 £0.02 0.07 £0.01 0.16+ 0.06 0.43 144 £10
0/0.5 0.20 0.12+0.01 0.20 £0.02 0.13£0.01 0.32+0.06 2.59 126 £12
o 0.33 0.16£0.01 0.23+0.02 0.16 £0.02 0.37+0.05 2.16 144 =1
02 0.50 0.13+0.01 0.18 +0.02 0.12+0.01 0.29+0.05 1.13 133+15
0.25/0.75 0.03/0.27 0.12+0.01 0.12+£0.02 0.06 £ 0.01 0.37+£0.07 232 95+ 14
0.5/0.5 0.07/0.20 0.16 £ 0.01 0.17 £0.02 0.07 £0.01 0.47+0.10 351 9%6+8
0.75/0.25 0.10/0.11 0.14 £0.01 0.14 £0.02 0.07 +0.01 0.43+0.08 3.89 102+12

Figure 4. Optical images showing the crack propagating mechanism of
a) bionic SR/CNTs/GNPs (0.5/0.5 wt%) and b) conventional SR/CNTs/
GNPs (0.5/0.5 wt%) composites.
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I Analytical Model
For a material stretched with a length increase of AL=L’-L in the stretching direction the

relative change of volume (AV/V) is:

AV/V=(L’/L)Y*(1-2v)-1 Eq.1S
from where, introducing the strain as e=In(L’/L), we obtain:

AV/V=exp((1-2v)*¢)-1 Eq.2S

Defining Viy and V,, as the volumes of the matrix composite and pores, respectively, and with

p the pore volume fraction, we have:

that gives:
AVIN=p*(AVp/Vp)*+(1-p)*AVr/Vin Eq.4S

Thus, according to Eq. 2S, the relative volume change of the matrix and its pores can be

expressed, respectively, as

AVn/Vm=exp((1-2vm)*¢)-1 Eq.5S

AV/IV,=exp((1-2vp)*e)-1 Eq.6S



WILEY-VCH

where v, and vj are the Poisson’s ratios of the matrix and pores, respectively.
Including Egs. 5S, 6S and 2S in Eqg. 4S we obtain:
AV/V=exp((1-2v)*e)-1=p*(exp((1-2vp)*e)-1)+(1-p)*(exp((1-2vm)*e)-1) Eq.7S

Assuming p=po*exp(-p*¢), with B denoting a shape factor describing the variation of the pore
shape under strain, we note that B>1-2v, for the self-consistency (v=vm) in the asymptotic

limit e—o0, where pg is the pore volume fraction at vanishing strain (€=0).

Assuming for the relative volume change of the pores a model similar to that describing the

Hoberman sphere,*° Eq. 6S yields:
AVIV,=(R®-r3)/r’= (RINN(1-2vp) -1 Eq.8S

where r and R are the radius of the pore before and after expansion. Thus Eq. 8S predicts for a

sphere which maintains its shape as it expands or collapses a Poisson’s ratio v,=-1.
Finally, Eq. 7S for e—0 and vp=-1, gives:
v=(1-3p-(1-p)*(1-2*v))/2 Eq.9S

that restitutes for p=0 the Poisson’s ratio of the matrix (vi) while for p=1 the Poisson ratio of
the pores, here equal to -1. For e—o, Eq.9S gives the Poisson’s ratio of the matrix (i.e. vp).

The same self-consistent asymptotic behaviors are guaranteed by Eq.7S for vp=-1 and >3.

Il Density
The density of composite material (pc) can be defined as the ratio of weight of the composite
material (W.) to the volume of the composite material (V) and is expressed as

pc:Wc/ V(;
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that being V=W/p, can be written in terms of weight fraction as:

1pe=1/pe* (WeWe)+1/pm* (Wn/We)

where W, (pm) and Ws (pf) and are the weight fraction (density) of the matrix and the filler,
respectively. Thus, in general, the density of the composite material in terms of weight
fractions w;=W,/W can be written as:

pe=1/Z"=1(Wi/pi).

The theoretical density values reported in Tab. 1S have been obtained from the weight
fractions and density values reported in the Materials and Method section of the main text.
The pore volume fraction (po) has been calculated from the sample (p) and theoretical (pc)

densities from the mass balance p=(1-po)*pc.

Table 1S. Theoretical densities and pore volume fraction of the bionic composites.

Samples Theoretical density Pore volume fraction
(CNTs wt%/GNPs wt%) (g/cm’) (po)
0/0 1.05 0.55
1/0 0.91 0.50
0/1 0.90 0.31
0.5/0.5 0.80 0.60
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Table 2S. Density normalized mechanical characteristics of the prepared samples.

Samples Young Toughness/Density |Fracture toughness/Density| Bulk density
modulus/Density s 1 s s
(CNTs wt%/GNPs (MPa)/(g/cm?) (MPa*mm / )/(g/cm?) (g/cm?)
wt%) (MPa)/(g/cm’)
0/0 0.13+0.08 0.09+0.07 0.11+0.08 1.04+0.06
1/0 0.62+0.1 0.05+0.05 0.20+0.06 0.91+0.06
0/1 0.49+0.1 0.08+0.03 0.19+0.04 0.90+0.04
0.5/0.5 0.73+0.1 0.09+0.02 0.22+0.03 0.79+0.04
Bionic
0/0 0.27+0.07 0.21+0.07 0.75+0.13 0.48+0.06
1/0 0.13+0.02 0.15+0.02 0.48+0.05 0.46+0.04
0/1 0.26+0.02 0.26+0.02 0.74+0.05 0.62+0.03
0.5/0.5 0.50+0.05 0.22+0.03 0.93+0.10 0.32+0.03
a) —SR
0.12¢ b)
— SR/GNPs Bionic CNTs/GNPs
0.10 - —— SR/CNTs/GNPs (CNTs wt?%/GNPs wt%)
0.20 F —— owtos/0wt%
‘@ 0.08 —_ —— OwWt%/1wi%
% & 015 — o 5wt%/0.5wt%
= 0.06 =
a9 0.10
(7]
g 0.04 %
P o002 i 0.05
0.00 : L L L ! . . ‘
o 10 20 30 40 50 "% 05 10 15

Strain (%)

Strain (%)

Figure 1S. Stress-strain curves of notched (a) conventional and (b) bionic composites.
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Table 3S. Pore size and pore shape values obtained by the software analysis of the FESEM

images of the bionic CNTs/GNPs samples (CNTs wt%/GNPs wt%). In the panel is reported

the FESEM image (515um X 417um) of the bionic SR/CNTs sample elaborated by the

Image-J software for the calculation of the pore size and pore circularity.

Pore area (umz) Circularity

0/0 1/0 0/1 0.5/0.5 0/0 1/0 0/1 0.5/0.5
156.223 | 80.474 83.09| 41778 0.238 0.778 0.259 0.358

147918 | 125004 38218 21778 0.628 0.541 0.725 0543
82177 | 162.514 43106 24589 0.625 0.518 0.065 0.599
G3.915 | 154.426 33774 20 0.611 0.541 0.749 0.449

102.264 | 153.384 74213 26.667 0.321 0.895 0.418 0.328

107.743 | 135124 17.331 86.667 0.591 0734 0.647 0.209
85.529 237.38 31107 20 0.462 0.825 0.359 0.633
91.308 96.778 12,8587 25778 0.564 0.51 0.44 0.348

186.267 109.56 20442 28 0.43 1.136 0.604 0.639
52958 | 105908 28885 46.222 0.652 0928 0.719 0.786

346,968 | 211.816 33329 34222 0.66 0.976 0.68 0.254

215486 | 149732 46.217 34222 0.375 0.981 0.556 0.083

111.385 | 111.386 13332 0.248 052 0.738 -

113.221 153.384 4355 0.684 0.994 0.722

211.833 164.34 24 886 0.609 1.136 0.586

7122 153384 12.887 0.604 0.541 0.476

136.961 109.56 39,551 0.649 0.923 0.544

210.007 59.388 19.553 0.477 0.968 0.453
54785 133298 18.664 0.456 1.082 0.686

171.658 | 102.256 99.089 0.71 1.062 072
85.829 182.8 14 665 0.57 085 0.579

197.224 | 104.082 13332 0.581 0.43 0.43
27027 | 129.646 18.664 0.643 052 0.58

210.007 87.648 13776 0.437 0.518 0.361

252000 | 153384 18,664 0.613 0.44 0.223
93.134 | 131472 93 766 0.671 0518 0.245
74.872 127.82 16.8587 0.441 0.944 0.451

104.091 284856 15008 0.268 0.42 0.532
199.05 136.95 16.442 0.562 0.54 0.545
27027 | 111.386 0.659 052 -

G2.084 0.5879
87.648 035
251.088 0.711
180.774 0.45
98.604 0518
78.518 055
166.166 0.35
26477 072
147.906 0.599
140.602 0.669
111.386 0.545
118.69 111
189.904 035
157.036 072
80474 0.789
246.51 0.518
22825 0.544
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Figure 2S. Average pore size and average pore circularity of the bionic composites reported in

Figures 1 c-f.

Table 4S. Average values of pore size and pore shape of the bionic composites vs. their

Poisson’s ratios at 0% of strain and electrical resistance values.

Bionic samples Pore size | Circularity Poisson’s ratio Electrical resistance
(CNTs wt%/GNPs wt%) (um?) at strain 0% Ohm
0/0 149+70 | 0.60+0.10 -0.49 -
1/0 145+53 | 0.70+0.10 0.14 7.39E10
0/1 33+14 | 0.53+0.10 -0.60 7.57E10
0.5/0.5 34+14 | 0.44+0.17 -0.75 7.20E10
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Figure 3S. FESEM images at different magnifications presenting the metallized fracture

surface of the bionic SR/CNTs composite showing the pull-out CNTs.
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