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ABSTRACT

Electrically conductive composite materials are highlighted as a potential tech path towards
future flexible devices for wearable health technologies. To be commercially viable, these
materials must not only be mechanically soft, highly sensitive to deformation and report a
sustainable signal but also utilise manufacturing methods that facilitate large scale production.
An ideal candidate for these envisioned technologies is the viscous, electromechanically
sensitive composite material g-putty. Inks based off of g-putty here are shown to transform a
commercial polymer foam into a sensitive strain sensing material through a simple, scalable
soaking procedure. Foam composites reported here have sensitives as high as ~20 in terms of
compressive strain and ~0.4 kPa* with respect to applied compressive stress; both values being
comparable to the parent g-putty material. Through g-putty’s self-adhering nature, the foams
used acted as an elastic scaffolding that aided in overcoming many of the hysteresis effects
associated with g-putty without the need to further encapsulation methods. From this, these
composite foams were demonstrated to have a sustainable signal which allowed for effective

impact and vital sign sensing.
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INTRODUCTION

Electromechanically sensitive nanocomposites are an exciting and ever expanding subsection
of material science. The functionality of these materials are based on the simple principle of
applied deformation results in a bulk piezoresistive response.l 2 Most commonly, these
materials are formed through the mixing or deposition of one and two-dimensional
nanomaterials into/onto soft elastomeric polymers.?* In application, these materials are
envisioned as the future of medical diagnostics due to their high sensitivity to strain,> ©
compliant nature” 8 and ability to be scalably produced.® 1° Composite sensor research so far
has successfully demonstrated a variety of these materials in potentially commercialisable real-
time bodily movement and vital sign measurement applications.!! At the forefront, g-putty is
one of the most unique prospects in realising the goal of nanocomposite sensors reaching the
marketplace.’® G-putty, is a mixture of graphene and home-made “Silly Putty”, a novelty
material made of polysiloxane lightly cross-linked with boric acid.** ** With unparalleled
sensitivity, scalability, and viscous nature, g-putty has been demonstrated to be one of the most
highly accurate bodily sensors in literature.!® I* On average, a nanocomposite’s sensitivity is
~40™ but in comparison g-putty far surpasses its competitors by displaying sensitives >500.*
Furthermore, with a Young’s modulus of ~200 kPa, g-putty presents mechanical properties that
better facilitate application for skin-on sensing with respect to other nanocomposite materials
that on average have moduli of ~300 MPa.** Currently, a sensing material that combines high
sensitives, low mechanical properties and a sustainable signal is an unmet need. With its current

properties, g-putty would be the ideal candidate.

However, despite such a large amount of potential upside, g-putty still comes with intrinsic
material drawbacks. At strains >2%, g-putty displays a highly viscoplastic nature, an inherent
property of the silly putty matrix.'? For application at larger strains, such as repeated joint or
impact sensing, permanent deformation is problematic as it can lead to signal dampening and
drift. Furthermore, electronically, the graphene nanofiller network in g-putty displays dynamic
percolation at room temperature resulting in flake mobility inside the viscous polymer matrix.*
This flake movement manifests itself as a bulk resistive decay, with nanosheets relaxing into
lower energy states with respect to time. Though not insurmountable with signal processing, it

would require additional electronic components to be overcome in any future applications.

Here, we resolve all the above stated issues with g-putty without compromising any of

material’s electromechanical sensitivity and meet all the previously detailed requirements for



commercial application. By creating composite inks from bulk g-putty, it was demonstrated
that soft commercial foams soaked in the inks can act as an elastic scaffold, stabilising the
deposited material. Interestingly, the electromechanical signal drift associated with g-putty was
found to be non-existent and the reported electromechanical sensitivity unperturbed by the
soaking process. The advantage of using foam substrates was that they are already
manufactured on a large scale and are widely applied in commercial apparel. Also, by utilising
simple solution processing techniques to create and incorporate our inks into the foam structure
we demonstrate a process that can be seamlessly integrated into commercial foam production.?
These smart foams can be easily made into any desired dimension and then introduced into or
replace current foam materials in apparel to create next generation smart biomonitoring
clothing. One example of an unmet need in the market are the accurate measurement of impacts
to the body of an athlete for injury prevention.* By replacing the foams found in the protective
undergarments or shoe insoles of athletes with the materials here, it would enable the
measurement of impacts experienced by the wearer in real-time during athletic activities and

allow for the retroactive evaluation of performance.!®

RESULTS AND DISCUSSION

Characterising Bulk G-putty

Defect free, liquid phase exfoliated graphene was produced through the tip sonication of
graphite in N-methyl-pyrrolidone.t” The liquid was size selected through centrifugation, filtered and
redispersed in chloroform to form a stock solution (see Methods in Supporting Information). In
Figure 1A, a representative Transmission Electron Microscopy (TEM) imagine of the resultant
processed nanosheets can be seen. All flakes are found to be large, few layer, and electron
transparent. Statistics taken from TEM (Figure 1B) show that the flakes are on average ~500 nm in
length and are 1-6 monolayers thick.'® Using the authors previously developed optimised silly putty
production protocol,** pristine putty was made and then formed into an 8.5 vol% g-putty sample by
mixing the putty with the stock graphene solution (inset Figure 1B). This loading level was chosen
as it is reported to be near the percolation threshold of the material where electromechanical
properties will be maximised.'® As previously stated, g-putty suffers from two intrinsic material
draw backs, a decay in resistance with time and plastic deformation above 2% strain. In Figure S1A,
the characteristic decay in bulk resistance as a function of time at 0% strain was seen, with resistance
decreasing by a factor of ~2.5 in ~500s. To examine the level of plasticity of the material, hysteresis
testing up to 40% strain were performed in both tension (Figure 1C) and compression (Figure 1D)

on the g-putty sample over eight strain steps. In both cases, g-putty displayed very large hysteresis



loops above 2% strain and showed no sign of mechanical recovery. During this strain cycling
regime, the g-putty sample was clearly seen to plastically deform inside the sample holding clamps
(Figure E). To quantify the performance quality of the g-putty material produced, tensile and
compressive electromechanical testing was performed in Figures 1F-G. The standard metric in
which the electromechanical performances of materials are compared, the Gauge Factor (G),
can be described in two ways. Firstly by
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Where ¢ is either tensile or compressive strain, p(¢) is the resistivity with applied strain, po . the
zero-strain resistivity, G is the gauge factor with respect to strain and 4R/Ry is the fractional
resistance change. For traditional metal-based strain sensors, which exhibit resistivity
independent behaviour, values of G in tension are expected to be ~2.1° However for g-putty,
this figure of merit in tension can be as high as ~1000* due to network and tunnelling effects
leading to large changes in the resistivity of the nanofiller network. Alternatively, a materials

sensitivity to applied compressive stress can be similarly described as?
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Where o is stress in units of kPa, p(o) is the resistivity with applied stress, po,» the zero-stress
resistivity, and G, is the gauge factor with respect to stress in units of kPa. On average for a
composite material the value for G, in compressive testing generally is found to range from
0.02 to 6 kPa™.1 % The stock g-putty here was reported to have values for G. in tension and G, in
compression of ~238 and ~0.24 kPa respectively. These values are in keeping with previously
reported values for g-putty of a similar loading level.® In Figure 1H, the effects of hysteresis on the
stability of g-putty’s electromechanical signal under cycling loading is reflected in compressive
cyclic testing undergone between 5 and 30% strain at 100 mm min' for 500 cycles (Figure S1B for
full cycle range). When comparing the electrical output in resistance (red) to the driving strain profile

(black), a clear desync was seen in the signal. For comparison, in Figure S4C and D, compressive



cyclic tests performed between 0.2 to 1% strain, below the hysteresis threshold, reported no signal
drift. From the characterisation of the stock g-putty sample the material has excellent strain sensing
performances however, there are clear material obstacles that must be overcome to realise g-putty’s

full potential in application.

Characterising Foams Soaked in G-putty Ink

We believe that the above mentioned material obstacles can be overcome through the creation and
application of inks formulated from bulk g-putty. In the author’s previous work, we demonstrated
that g-putty can be dissolved in common solvents to form inks with long term stability (Figure
S2A).1? From these inks, g-putty can be reconstituted through a variety of ink printing methods into
patterned heterostructures on flexible substrates. The hypothesis here is that by soaking a
commercial foam in g-putty ink, the foam would act as an elastic scaffolding for which g-putty could
adhere to and be mechanically stabilised by. Using the principles from a previous study where the
author’s developed a soaking method for commercial foams in graphene dispersions,?® foams were
cut into the desired dimensions and washed to remove containments (see Methods in Supporting
Information). After which, the pieces of foams were soaked in chloroform-based g-putty inks of
different concentration and dried to form composite foams ranging in mass fraction (Ms) from 0 to
40%. Soaking resulted in the foams changing from a light cream colour to a grey/black hue,
characteristic of graphene composites (Figure 2A). Scanning Electron Microscopy (SEM) images
of the pristine and Mt ~7.5% foam in Figures 2B and C respectively showed that the interior porous
structure of the foam was unaffected by the g-putty coating. Close-ups of the coating in Figure 2D
show the internal structure of the foam to be evenly coated, with graphene flakes being very
prominently shown and no apparent sign of a polymer coating. Comparing the Raman spectra of a
(top to bottom) M¢ ~7.5% composite foam, g-putty, pristine putty and pristine commercial foam in
Figure 2E, the graphene signal with all the characteristic bands was found to dominate the spectra
of the composite.® Distinct bands associated with the pristine foam and putty materials however
can still be faintly seen within the spectra of the composite at Raman shifts of ~2900 cm. However,
as these bands occur at similar Raman shifts due to both materials being polysilicone-based, they
are indistinguishable. Most notable from Raman is that the quality of the graphene material in the
composite foams was unaffected by the g-putty ink soaking process, with no notable changes in
band intensity ratios? nor were morphological changes noted in follow-up TEM on the inks

themselves (Figure S2B).

Electronic Properties



Looking at the electrical properties of the composites, the once insulating pristine foam was
reported to become electrically conductive upon the introduction of critical loadings of g-putty
through soaking. Plotting conductivity as a function of Mt in Figure 3A, conductivity was found
to increase from ~107 S/m at M; ~7.5% to ~10 S/m at M ~40%. Like many conductive
composite materials, the increase in conductivity (y) with loading level of conductive filler can

be described using percolation theory and fitted with the following power law?2

Y= Yf(‘Pf - ‘Po)t
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Where ¢ is the loading level at which the first conductive pathway across the composite forms
(i.e. the percolation threshold), ¢s is the loading level in Mt and # and t are constants. For 3-
dimension transport of charge, t typically has a value of ~2.22 Fitting Eq 3 to Figure 3A (solid
line), values for ¢ and t are found to be ~7.2% and ~2.4 respectively. However, this increase
in conductivity with loading level could be considered counterintuitive. When considering this
particular system, a coating with a well-defined conductivity is being introduced onto a scaffold
structure. Thus, seeing percolation-like scaling that saturates above the bulk coatings
conductivity would not be expected. This scaling however is consistent with the author’s

previous work on g-putty inks.

During the deposition and drying of g-putty inks during printing, it was reported that there is a
large shift in network morphology from polydispersed to a segregated system.'2 This was made
possible by the viscous nature of the putty matrix and was a manifestation of dynamic
percolation accelerated by a decrease in matrix viscosity due to the presence of the solvent used
to form the ink. The resultant is a heterostructure where a large population of the graphene
nanosheets reside on top of a putty layer. This varying degree of phase separation brought about
by these ink drying effects led to large changes in electrical conductivity, with spray coated
samples showing a 6 order of magnitude increase in conductivity over the bulk form of similar
loading level.'? Despite this phase separation, printed materials based off g-putty inks kept their
bulk properties and reported values of G, in tension >100, similar to the bulk material used for
ink formulation.'> We believe that the above mentioned phenomena is consistent with this
unexpected percolation-like behaviour in Figure 3A. As inks with various concentrations are

being applied in this work, it would result in different densities of graphene in the top layer of



the phase separated coating. Reflecting on the SEM images and the percolation exponent of
the foam system, all are consistent with a graphene layer with very little polymer coating on
the nanosheet surfaces or at the nanosheet junctions.?® However, in a comparative graphene
coated polyurethane foam system, an electrical conductivity of ~10° S/m is reported at a
percolation threshold of Ms ~0.75%.2° These values respectively are two orders of magnitude
higher and one order of magnitude lower than what is reported for the foams here. Thus, the
presence of the putty under layer still greatly influences current conduction in the composites

despite not being well observable.

Mechanical Properties

To examine the mechanical properties of the composite foams, the materials were subjected to
compressive mechanical testing (Figure 3B-D,S3). In Figure 3B, the introduction of the g-putty
coating gradually increased the mechanical properties of the foam materials up until M~ 8%
(representative stress-strain curves can be found in Figure S3A). After which all values plateau
and were found to scatter around a somewhat constant value. This saturation point for the
mechanical properties is noted to be quite similar to the electrical percolation threshold. The
Max Stress (omax), Young’s modulus (Y) and Toughness (T) of the foams in this initial value
range were found to increase from ~56 kPa, ~27 kPa and ~87 kJ/m? respectively to the
corresponding values of ~114 kPa, ~44 kPa and ~150 kJ/m? at the M saturation point. Relative
to other composite materials applied as strains sensors, from a recent study, the modulus values
here are less than ~77% of reported literary values.!* Noted in this same study, values of
Young’s modulus <300 kPa (i.e. the modulus of human skin) greatly enhance a materials
prospects of application as a wearable material for bodily monitoring in regards to signal clarity
and the wear’s comfort. Here, we report our materials to be far below this application threshold,
even at the highest tested loading level. In terms of hysteresis, the composite foams display
curves comparable to that of the pristine foam (Figures 3C and D, S3B and C). When
comparing the pristine foam in Figure 3C and a M ~ 30% foam in Figure 3D, it was noted there

is minimal change in the loop size even with such a high loading level.

Electromechanical Properties
In relation to the composite’s electrical properties as a function of time, the composite foams
show no sign of the resistive decay that was observed in bulk g-putty. When held at 0% strain

for a period of ~450s (Figure S4), a Mt ~ 7.5% foam presented a constant resistance signal with



respect to time. Looking at the electromechanical response of the composites in Figures 4A-D,
S5A-D as a function of loading level, the foams showed an expected changed in electrical
resistance as a function of applied strain and stress. For all plots, 4R/Rowas found to initially
increase linearly until a critical strain/stress value of ~17% and ~7 kPa respectively. These
critical values are noted to be similar across all loading levels (Figure S4E) and closely match
values for the yield strain and stress of the composites. These critical values run some parallels
with the electromechanical performance metric the Working Factor, which describes the strain
limit of a material’s linear electromechanical response and corresponds to the yield point.*
Beyond these critical values, 4R/Ro decreased due to a combination of effects caused by
geometric changes that resulted in the internal pore structure of the foam to collapse with
applied deformation resulting in nanosheets becoming more well connected and the electrode
distance decreasing. The shape of electromechanical response curves here resembles closely
what was reported in a similar graphene coated foam system.?’ To note, the presence of the
critical strain/stress would imply that the composites here can function effectively as highly

sensitive low strain/stress sensing materials.

In Figure 4A, 4R/Ro vs strain for a select range of M was shown. Plotting these curves on a
log-log plot (Figure 4B), a clear linear region at low strain was observed in accordance with
Eq 1. All data (Figures 4B, S5B) was reported to reside above a value of G, ~ 2 (dashed line).
Similarly, in Figures 4C and D, 4R/Ro vs stress presented the same linear behaviour at low
stress and using Eq 2, all data (Figures 4D, S5D) were found to reside above G, ~ 0.01 kPa!
(dashed line). Plotting the extrapolated values for G, and G, as a function of M and electrical
conductivity (Figure 4E and F), each metric was found to decrease from ~11 and ~0.3 kPa* at
M ~7.5% and ~107 S/m to ~2 and ~0.03 kPa* at M;~40% and ~10 S/m respectively. In
comparison to a broad range of strain sensing systems applying a range of nanomaterial and
polymer type, values of G reported here were found to be larger than more than half of
nanocomposites materials sampled in a study on 200 sensing systems.** This trend in the
sensitivity with Mt is characteristic of most nanocomposite systems, where gauge factor peaks
around electrical percolation and then diminishes with increasing loading level, and thus
electrical conductivity, due to an increase in connectivity of the nanofiller network.?*  The
manner in which the sensitivity metrics decreases in the data here however gives rise to some
interesting scaling. In Figure 4E gauge factor scales inversely with My, denoted by the solid
line overlaying the data. This trend was noted to be similar to scaling in tensile G, reported in

spray coated g-putty inks up until at sensitivity saturation point of M¢ ~11%.%2 Additionally in



Figure 4F, gauge factor was found to scale as the cubed root of electrical conductivity (solid
line). This again was a behaviour noted by the authors in previous works on bulk and ink-based
g-putty and maybe a manifestation of percolation and tunnelling effects. 14

In comparison to bulk g-putty, the sensitivity metrics for the foam materials have maximum
values that match quite closely that of the bulk. This means that the soaking process had no
effect on the compressive electromechanical performance of g-putty. With respect to other
foam sensor materials, similarly structured graphene coated polymer foams were reported to
have sensitives of G, ~ 4 and G, ~ 0.05 kPa*.? An rGO free standing foam reported a slightly
higher value for G, of ~12.5.% For a reduced graphene oxide foam coated in PDMS, G, was
reported to be ~0.01 kPa.?® To further understand the electromechanical properties of the
composites foams, the tensile response of a Mt ~7.5% composite foam with a longer length
(~4cm) but with the same cross-sectional area was examined (Figure S6A). This material
however was found to have a tensile G; of ~10, much lower than the value of ~238 previously
seen for the bulk material. Thus, in application compressive conditions would be more
desirable. However, to verify that this longer sample was still of good quality and that the
measurement was not an artifact of poor production due to increased sample length,
electromechanical compression tests were also performed on the sample. A value of G, ~0.4
kPa! was recorded (Figure S6B)

Signal Stability

To compare directly the improvements in performance between the bulk g-putty and its
composite foam form, a Ms~ 7.5% (the most sensitive loading level) was selected. Step strain
testing was performed on the two materials where by a compressive strain of 2% was applied
and then held. Under these conditions, g-putty’s displayed its large resistive decay, with
resistance falling by a factor of 5 after ~600s (Figure S7A). However, the composite foam
displayed an improved performance, with resistance relaxing slightly by a factor of ~1.1 over
the initial few seconds of test time after which it remains unperturbed after ~600s of a strain
hold (Figure S7B). To further test the sustainability of the response in compression for the Ms
~7.5% composite, it was subjected to a series of cyclic testing conditions. Under a cyclic square
wave profile from 5 to 30% strain for 500 cycles, the material’s signal in Figure 5A was seen
to follow the strain profile accurately. In Figure S8 the material’s signal is seen to undergo

signal dampening, commonly known as conditioning, with increasing cycle number in



accordance with fatigue theory in nanocomposite strain sensors. The magnitude of the
electromechanical signal extrapolated from the first 35 cycles in Figure 5B was shown to scale
accordingly with the following power law decay due to the Mullins effect?’

AR
(%), e
Rq R,C

(4)

Where (4R/Ro)r,1 is the fractional resistance change range, C is the cycle number, o is a
material constant and B is the Basquin exponent. The electromechanical signal of the Mt ~7.5%
foam was found to scale as ~C %194 with this value for the exponent near the expect value of -
0.1 for nanocomposites systems.?” Unlike previous foam based composite iterations, the
composites here displayed a sustainable response without the need of further polymer
encapsulant to prevent filler delamination during cycling.! We believe that this is due to the
natural self-adhering nature uniquely intrinsic to the parent putty material. It can also be noted
that though g-putty in itself is highly viscoelastic, no coating ever appears to rub off or to be
squeezed out of the foam matrix during any of the cyclic testing. Machine simulated impact
tests were used to demonstrate real-time impact monitoring over a range of strain deformations
and impact delay times (scheme found in Figure S9). For these tests an unconditioned Mt ~7.5%
composite was used to ensure that the effect of conditioning under these more dynamic
conditions could be observed. These tests were performed using time delays between cycles of
0, 1 and 5s and for deformations of 0.1, 1 and 10% strain. In all cases the signal again accurately
follows the strain profile with very minimal fatigue related changes in electromechanical
response (Figure 5C, S10-12). The lack of fatigue effects in the signal of the simulated impact
data is consistent with the time dependent recovery of a nanofiller network upon the full realise
of applied deformation.?’ In comparison, bulk g-putty under similar testing conditions

performed poorly with electromechanical signal being lost after the first 3 cycles (Figure S13).

Impact and Vital Signs Measurements

Previously, g-putty was reported as being a highly accurate impact sensor however, this testing
would result in indentations of the putty layer if the impact was too large. With similar
sensitivity but superior hysteresis and signal stability, a composite foam of M¢~7.5% was tested
under dynamic impact conditions. Ball bearings of various weights were dropped from several

heights to allow for analysis of the material’s response over a range of impact energies (Emgn).



As a comparison, bulk g-putty was subjected to similar testing. Plotting the max 4R/Roresponse
for the bulk g-putty and composite foams as a function of Emgn, both datasets are found to
overlay one another quite closely and scale similarly with energy according to Emgh = mgh?®®
(dashed line) in Figure 5D. This exponent has previously been reported to relate to the fractal
structure of the graphene network in g-putty®® and other filler elastomer systems.?® With their
low hysteresis impact measurement capabilities (Figures S9-13) and soft nature, these foam
materials would be highly desirable for application as insole replacements in shoes and ideal
for the measurement of a wearer’s gait. With excellent electromechanical properties
comparable to the parent g-putty material, we demonstrated the composite foams to be as
equally as effective for vital sign sensing. Holding a M ~7.5% composite sample to the carotid
artery in a subject’s neck allowed for accurate pulse monitoring in real-time (Figure 5E). The
noted resistance decay here in the signal was due to the subject being unable to apply even
pressure to the foam when holding it to the neck. This however did not affect measurement, as
the characteristic initial systolic peak, dicrotic notch and, subsequent diastolic peak of the pulse

waveform was reported (inset).

CONCLUSION

G-putty, though is one of the most sensitive and unique electromechanical sensing
composite materials, it suffers from plastic deformation at large strains and resistive decay with
time. Using a simple foam scaffolding and solution soak method, composites formed from
soaking a commercial foam in g-putty inks overcame all the obstacles associated with the bulk
material. This scalable method not only presented composite foams that allowed for highly
repeatable measurements but also ones with an undiminished sensitivity with respect to the
parent material. Applying the above listed properties in application, these highly sensitive

smart foams were effectively demonstrated as a real-time bodily impact and vital sign sensors.

EXPERIMENTAL SECTION

G-putty ink was formed using the author’s standard method!? and dispersed into ink form
through the bath sonication of the bulk material in chloroform. The preformed stock ink was
diluted to create multiple inks of various concentration which then had previously prepared
commercial foams soaked in them. The ink saturated foams were then dried to form the
composite foams of various loading level that were used in subsequent mechanical and
electromechanical testing. Full details of experimental methods and procedures can be found

in the Supporting Information.
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Figure 1. A) Representative TEM image of defect free liquid phase exfoliated graphene
nanosheets used to form the stock g-putty composite. B) Histogram showing length distribution
of graphene nanosheets recorded from TEM analysis of stock dispersion. Nanosheets are found
to have a mean length of ~500 nm. Inset photo shows a picture of the stock g-putty material.
C-D) Tensile and compressive hysteresis testing of g-putty showing the large hysteresis loops

representative of plastic deformation above 2% strain. E) Photo showing the plastic



deformation of putty after tensile hysteresis testing at holder starting position. F-G) Tensile and
compressive electromechanical testing of the stock g-putty. Mean gauge factor of ~238 and
~0.24 kPa! for tension and compressive are reported. H) Compressive cyclic
electromechanical testing of g-putty displaying desync of electrical response (red) with respect
to the strain profile (black).
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Figure 2: A) Photo of (left) pristine commercial foam and (right) Ms ~ 7.5% g-putty doped
foam. B-D) SEM images of the pristine, doped and zoomed view of g-putty coating
respectively. E) Raman spectroscopy of (top to bottom) Ms ~7.5% composite foam, g-putty,

pristine putty and the pristine commercial foam.
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Figure 3: A) Plot of composite electrical conductivity as a function of g-putty loading.
Percolation fit of data (solid line, Eq 3) gives a percolation threshold of 7.2% and a percolation
exponent of 2.4. B) Toughness (T), Young’s Modulus (Y) and Maximum Stress (omax) plotted
as a function of g-putty mass fraction (Mr). Mechanical properties are reported to increase until
a saturation point of Mt ~8%, similar to the percolation threshold value. C-D) Compressive

hysteresis testing of a pristine and 30% g-putty foam sample respectively.
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Figure 4. A) Compressive electromechanical testing of a select number of loading levels as a
function of strain. B) Log-log plot of A with Eq 1 fitted to the data to represent G; = 2 (dashed
line). C) Compressive electromechanical testing of a select number of loading levels as a
function of stress. D) Log-log plot of C with Eq 2 fitted to the data to represent G, = 0.01 kPa
! (dashed line). E-F) Plots of G and G as a function of Mr and conductivity respectively. The

solid lines in E and F represents a 1/Mr and y*® scaling behaviour respectively.
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Figure 5: A) Co

data in Figure S8. (4R/Ro)r 1, the fractional resistance change range, was found to scale as ~C

and bulk mate

mpressive cyclic testing of a Mt ~7.5% composite. B) Fatigue scaling in cyclic

0104 C) Machine assisted impact simulation on 7.5% composite with a 5 second pause and 10%
compressive deformation. D) Impact response of a 7.5% composite foam overlaying bulk g-
putty’s performance. Peak 4AR/Ro is plotted against potential energy with the dashed line

representing the root dependence behaviour of impact potential energy seen for both the foam

rial. E) Heart monitoring testing as a function of time (inset) showing

characteristic waveform and dicrotic notch.
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