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Pressure Sensing and Electronic Amplification with
Functionalized Graphite—Silicone Composite

Samuel Littlejohn, Alain Nogaret,* Giles M. Prentice, and G. Dan Pantos

2. Results and Discussion

A flexible yet electronically active composite that mimics mechanoreceptor

neurons in the human skin is synthesized, generating voltage oscillations
whose frequency increases with pressure. By encoding pressure into fre-
quency, the sensor achieves a high pressure sensitivity (<10 Pa). The ability
to sense pressure and to amplify signals arises from the robust negative dif-
ferential resistance of functionalized graphitic flakes in silicone.

1. Introduction

The need for flexible electronics that fit curved surfaces or
moving parts is driving the search for conformable conducting
materials.'™1 Flexible skins that incorporate electromechan-
ical,>® thermal”! and optical sensors(®*1% have been obtained.
However, the pursuit of mechanoreceptors that approach the sen-
sitivity of the human skin remains an enduring challenge.l''-1]
In the natural world, the sense of touch is implemented by nerve
terminals that convert pressure into sustained electric oscillations
achieving, in this way, immunity to noise and accurate readout
of a pressure stimulus whose intensity is encoded in the pulse
frequency. Here, we report an electronically active composite
capable of generating spontaneous voltage oscillations which, like
sensory neurons in the human skin, oscillate at a frequency that
increases with mechanical strain. The composite was synthesized
by admixing functionalized graphite nanoparticles in silicone
resulting in strain sensors which are flexible, biocompatible, and
which sense strain with high accuracy (<10 Pa). The composite
exhibits a robust negative differential resistance (NDR) region
at low temperature (T < 200 K) which supports spontaneous
voltage oscillations and amplifies a.c. signals with a gain tune-
able between 1 and 5. The spontaneous oscillations are found to
combine two pure modes: a driven mode (<8 kHz) and a natural
mode whose frequency depends on strain (2.0 kHz-3.5 kHz).
The latter oscillations are found to arise from positive feedback
amplification in the percolation network. The results demon-
strate graphite—silicone composites as an electronically active
material that could be used for making pressure sensitive skins.
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Composites were prepared by mixing
450 nm highly ordered pyrolytic graphite
(HOPG) nanoparticles in liquid silicone.
The mixture was cast at the surface of
100 um thick cellulose acetate sheets
and cured at room temperature to obtain
100 um thick, 1 mm wide ribbons. Pris-
tine HOPG nanoparticles are miscible in
silicone up to a volume fraction of p = 32%
where clustering begins. To bring the NDR region to lower bias
and reduce Joule heating to stabilize voltage oscillations, we have
coated the surface of HOPG nanoparticles with naphthalene-
diimide (NDI) molecules!'®'8! (Figure 1 a) functionalized with
three types of side chains: 1) —Si-OR (NDI-Si), 2) -2-ethylhexyl
(NDI-Hex), 3) 2,2-diphenylethyl (NDI-Ph) (Figure 1b). The
extended aromatic core of NDI-Si adheres to the graphite sur-
face via 77 interactions while the Si-OR end-groups are cova-
lently bound to the —(-Si-O),— polymeric chains of the silicone
rubber matrix. This effective interfacial vulcanization overcomes
the hydrophobic barrier of the graphite surface with the effect of
lowering the silicone-HOPG potential barrier. This can be seen
in Figure 1c and Supporting Information, Section I, where NDI-
Si functionalization reduces the resistance of the composite by
a factor of 2 relative to control samples prepared with the same
HOPG filling fraction. NDI-Si also gives significantly resist-
ance compared to NDI-Hex and NDI-Ph functionalizations
(Figure 1c). A second advantage of NDI-Si functionalization is
that it further increases the miscibility of HOPG nanoparticles in
silicone from 32% to 39%. This corresponds to the average tun-
nelling barrier width being reduced from 80 nm to 46 nm with
a four orders of magnitude increase in tunnelling current.'”!
Having identified NDI-Si as the best functionalization agent,
we proceed to study NDI-Si composites with a filling fraction
p = 36% to increase conductivity and move the peak current to
low bias voltage: 15-25 V. A scanning electron microscope (SEM)
image of the composite (Figure 1d) shows the lamellar structure
of HOPG nanoparticles. The angular distribution of graphite
planes is isotropic, which accounts for the random nature of the
mixing process.

The conductive paths percolate through the composite
by tunnelling from one HOPG node to the next via silicone
potential barriers.'”) The composite exhibits a wide and robust
NDR region that occurs through the break-down of the m-band
in HOPG. Graphite is known to have anisotropic conduc-
tivity oy /oL &~ 3000 that favors conduction in the plane of the
layers.2% If, however, graphite planes are tilted by a large angle
relative to the electric field, the current injected in one layer will
hop into a neighbouring layer before exiting the particle. The
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Figure 1. Graphite-silicone composite. a) Naphthalenediimide molecules at the surface of a HOPG nanoparticle. The extended aromatic core of the
molecule adheres to the graphite surface while the —Si—~OR appendages anchor the polymerized chains of silicone rubber. b) Naphthalene diimide
molecules with three different side chains were used to functionalize HOPG nanoparticles: 1) NDI-Si (C,6H34N,01,Si,, molecular weight: 590.73), 2)
NDI-Hex (C3oH3gN,04, molecular weight: 490.63), 3) NDI-Ph (C,;,H30N,04, molecular weight: 626.70). c) The current—voltage characteristics of the
composite film exhibit a peak followed by a wide NDR region (T = 77 K). The current—voltage curves compare the effect of the functionalization by the
3 types of NDI molecules with a control sample that remained unfunctionalized. The HOPG filling fraction (p = 36%) is the same for all 3 samples
however series (a) and (b) have 50% and 500% nominal NDI coverage respectively. d) SEM image of the composite. This reveals a random distribution

of faceted HOPG particles of average size 450 nm.

ol ¢

critical angle for bilayer conduction is 6, = arctan (0 d) where
¢=0.337 nm is the interlayer separation and d is the partlde size.

We find 6, = 66° for our HOPG particles (d = 450 nm). It follows
that particles tilted at an angle 6 > 6, in the composite are the
weak links in the percolation path(s). The electric field being local-
ized to one graphene bilayer, a moderate bias (100 mV) across the
particle is sufficient to break the m-band of graphite.!*21:22 The
particle undergoes a metal-insulator transition which shuts down
the percolation path. The electrically induced metal-to-insulator
transition of graphite nanoparticles has been shown to cause the
NDRI2324 gbserved in Figure 1b. In-situ temperature meas-
urements show that the low temperature NDR is not a result of
Joule heating (Supporting Information, Section II). This is fur-
ther confirmed by the observation of spontaneous voltage oscil-
lations in the NDR region at frequencies much higher than the
thermal relaxation rate in the composite (see below).

The composite/acetate bilayer was mounted between clamps
and bent into an arc by compressive force applied to its edges
(Figure 2a). Curving the strip upwards or downwards places
the composite under tensile (€ > 0, where ¢ is the differential
strain) or compressive strain (€ < 0). Once bent, the sample
was cooled to 77 K and its current-voltage characteristics (I-V)
were recorded. To change the bend radius, the sample was ther-
mally cycled to room temperature. The -V curves remained
remarkably resilient and reproducible after the composite
was subjected to both thermal and bend cycles (Supporting
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Information, Section III). Placing the composite under
increasing strain was found to increase the differential resist-
ance Ry, in the both linear part of the -V curve and in the NDR
region (Figure 2a). The same trend was observed under tension
and compression.!

To evaluate € at the interface between the composite and
the substrate, we have computed the curvature radius p of the
bilayer as a function of the horizontal deformation n = M
where [, is the length of the flat strip and l is the chord of its arc
when bent. The theoretical dependence of p on 7 (Figure 2b,
black line) is in good agreement with the experimental data
(Figure 2b, black squares). This justifies inserting the p(n)
formula in the p-dependence of the differential strain/®! p(e)
(Supporting Information, Section IV) to obtain the following
relationship between strain € and horizontal deformation n:

h<14+—+E2>‘/i
= E

E; = 4 MPa and E, = 400 MPa are the Young’s moduli of the
composite and acetate respectively; h = 200 nm is the thickness
of the strip. Equation 1 is plotted in Figure 2b (red line). The
experimental data points (red dots) are obtained by assuming
a linear dependence between & R,/ Ry, and € via the piezore-
sistive constant, m;,. We find the §R/ R (n) dependence fits the
calculated g(n) dependence best for 7 = 2.6 £ 0.2.

(1)
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Figure 2. Flexible oscillators. a) /-V curves of a thin composite film under tensile (¢ > 0) and compressive strain (€ < 0) measured using a four-probe
technique. b) Curvature radius p of the composite/acetate strip deformed by horizontal compression n = (lp — /) /lo: experimental (black squares),
theory (full black line); differential strain € at the graphite/acetate boundary: experimental (red dots), theory (full red line). c) A composite film oscil-
lates spontaneously when it is incorporated in a tuned circuit (inset) and biased in the NDR region. The resonant frequency of the tuned circuit is
fic=456 Hz and V =25 V. d) Power spectral density of the tuned composite oscillator mapped as a function of the bias voltage over the range of the
I-V curve (full line). Spontaneous voltage oscillations start in the NDR region and have maximum amplitude at the resonant frequency f,c. Lines A
(450 Hz) and B (2500 Hz) are the natural oscillation frequencies of the composite. €) Spectrum of spontaneous oscillations and its dependence on
compressive strain. f) Power spectral density of spontaneous oscillations mapped as a function of fic. L=2.2 mH, r; = 150 Q, g=0.8 mS. f,¢ is tuned

with variable capacitor C.

The composite device was then embedded in a tuned reso-
nator circuit (inset, Figure 2c) and biased in the NDR region to
demonstrate the generation of spontaneous oscillations by the
flexible material. Given that the negative differential conduct-
ance was g = 0.8 mS and the resistance of the contacts was r;
=150 Q, the stability condition for the composite to oscillate, g
re < 1, is fulfilled.?®) We show that the composite indeed oscil-
lates when biased in the NDR region (Figure 2c). The oscilla-
tion frequency, f = 456 Hz, matches the resonant frequency
fic = 3=/ 4 — & of the LC circuit. The oscillation amplitude gen-
erally fluctuates over time due to nonlinearities in the system.
These oscillations become most regular when f;. crosses one
of the natural frequencies of the composite in which case the
oscillation amplitude stabilizes. By increasing the series resist-
ance r; we verify that the oscillations vanish when r; = 1/g. We
also verify that spontaneous oscillations only appear in the NDR
region. This is shown in the dependence of the power spectral
density on the bias voltage (Figure 2d). When V < V,, the com-
posite does not oscillate. At V > V], the a.c. power surges rap-
idly and saturates in the NDR region. The main emission line
is centred at f;c however two subsidiary lines: A (450 Hz) and
B (2.2 kHz) are also found which are the natural frequencies
of the composite. The Fourier spectrum of the time series data
shows a sharp resonance at f;¢ (Figure 2e). The amplitude of
this resonance decreases under strain.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Next, we study the power spectral density as a function of
fic to determine the emission bandwidth of the oscillator
(Figure 2f). To this end, we swept the frequency of the LC cir-
cuit fic by steadily decreasing the value of capacitor C while
keeping the value of the inductor constant L = 2.2 mH. We find
that the composite behaves as an active source that generates
a.c. power up to a maximum frequency f, = % /.- —1. This
frequency is reached when C = C, = gL/r, (Supporting Infor-
mation, Section V) at which point the oscillation frequency
does not increase anymore and becomes independent of C. In
Figure 2f, this saturation is seen at f = 7.8 kHz. These obser-
vations suggest the existence of a capacitance intrinsic to the
composite, C,, that comes to dominate the oscillator response
when C becomes very small. By writing that the two capaci-
tances are equal at the cut-off, one obtains C. = 220 nF. This is
the intrinsic capacitance of the composite which sets the upper
frequency limit of the oscillator.

To study oscillations under strain, we substitute a larger
inductor L = 47 mH so that f, remains below the intrinsic sat-
uration frequency at f= 7.8 kHz. As strain increases from € =
0 to € = 14%, the frequency bandwidth of tuned oscillations
increases from 600 Hz to 2.2 kHz (Figure 3a—e, red diagonal).
This increase in cut-off frequency is due to f, o< g /2 and g
decreasing with increasing strain. To prove this dependency,
we calculate f, using the negative differential conductances, g,

Adv. Funct. Mater. 2013, 23, 5398-5402
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However, the cell remains biased in the NDR
region, causing the current to increase again
(AIT) and charge accumulation to resume
(AQT). A positive feedback loop of this kind
propelled by the NDR can explain the self-
sustained natural oscillations. The effect of
strain here is to decrease the amplitude of
current oscillations |AI| = |g| x |AV] since |g|
decreases when the composite is bent (Sup-
porting Information, Figure S6). This effect
is experimentally observed in the Fourier
3 spectrum of Figure 2e. Under strain, smaller
deflections from equilibrium |AI] will also
give faster oscillations by reducing nonlinear
inertia. This picture explains the increase in
oscillation frequency observed under both
2 tensile and compressive strain since in both
cases |g| decreases (Figure 3a—e). The strain

ZHM /4

2 0
f. IkHz

Figure 3. Strain dependence of spontaneous oscillations at 77 K. a—e) Power spectral density
of the composite film bent at increasingly tight curvature radii. The effect of increasing the
compressive strain is to increase the cut-off frequency of the tuned oscillations (yellow dot) and
to increase the natural frequencies A and B of the composite (horizontal red lines). The theo-

5 10
el /%

dependence of natural oscillations, as a new
physical effect, is valuable for making skin-
like transducers that encode strain into fre-
quency. The rate of change of frequency with
strain is:

retical dependence of the tuned frequency (yellow dashed line) is shown with the experimental

dependence (diagonal red branch). The theoretical cut-off frequency (yellow dot) was calculated A f
using L =47 mH, r; = 130 Q and the —g values obtained from each |-V curve under strain. AP = . =
1

2.1mHz/Pa (2)

f) Strain dependence of resonance B extracted from panels (a—e) (red circles) and obtained

from another nominally similar sample (blue circles) to demonstrate reproducibility.

taken from the [-V curves at different values of the applied
strain (Supporting Information, Figure S6). The theoretical
cut-offs (yellow dots, Figure 3a—e) are in very good agreement
with the experimental cut-offs. Figure 3 thus demonstrates
a plastic oscillator with tuneable bandwidth. Now turning
to the natural oscillations of the composite, resonances A
and B occur at frequencies which are independent of both C
(Figure 3b) and L but depend strongly on strain (Figure 3a—e).
These oscillations occur even after the LC resonator has been
removed. The natural oscillations, like the tuned oscillations,
are only observed in the NDR region. Under strain, resonance
B shifts from 2150 Hz at € = 0 to 3330Hz at € = 14% which
represents an average rate of increase of A = 84 Hz/% strain
(Figure 3f). The natural oscillations can be explained with a
percolation model of the composite in which the total applied
bias is dropped across a manifold of tunnelling barriers of
varying widths. Thermodynamic considerations require that
under constant bias voltage, the equilibrium potential profile
is the one that maximizes the conductivity of the network.
Departures from this equilibrium, caused by, for example,
charge accumulation in one cell, would decrease the overall
conductivity as a change of bias in the opposite direction in
another cell would be required to keep the total voltage con-
stant. We argue that at the site of cells involving the 6 > 66°
HOPG nanoparticles responsible for the NDR, these fluc-
tuations are self-sustaining. Transient charge accumulation
(AQT) in one such particle will increase capacitive bias in the
adjacent silicone barrier (AVT). As the cell is biased in the
NDR region the current decreases (AIl). This in turn reduces
charge accumulation (AQJ) and, hence, the local bias (AVY).
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The accuracy of the sensor will only be
limited by the width of the integration time
window. A window of 1 s gives an uncertainty on frequency of Af=
1 Hz hence a pressure sensitivity of AP = 475 Pa. A time window
of 60 s would increase the pressure sensitivity to AP = 8 Pa.

Finally, we have built a tuned voltage amplifier that uses com-
posite films as the active element (Figure 4). The typical time
series data of the amplified signal are shown in Figure 4a. We

6
20} Input b
— Output
10}
4
>
E o”‘ <
>
2
-10H
20}
1 1 1 0 1 1
0 4 8 0.0 0.5 1.0
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Figure 4. Flexible amplifier. a) Time series data of the input and output
voltages of a tuned NDR amplifier showing an average gain of 2. The
amplifier incorporates a thin composite film as the active element.
b) Inset: tuned voltage amplifier. The voltage gain A, = 1/(1—gr) is con-
trolled by resistor r and the negative differential conductance of the com-
posite —g. Main panel: the dependence of the experimental gain (squares)
and the theoretical gain (full line) onr. L=47 mH, C=680nF, R, =1 MQ,
g=0.8mS.
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are able to control the voltage gain between 1 and 5 using the
resistance r of the amplifier circuit (inset to Figure 4b). This is
because the voltage gain is A, = ﬁ at the resonant frequency
(Supporting Information, Section VI). The experimental gain
(averaged over 25 oscillations) is plotted as a function of r in
Figure 4b (squares) and compared to the theoretical gain (full
line). These results demonstrate graphite—silicone composites
as a flexible material capable of electronic amplification.

3. Conclusions

We have made the first flexible amplifier and oscillator using
graphite—silicone composites which are cheap, scalable, and
biocompatible. The composite is shown to encode strain
through frequency modulation, mimicking tactile receptors in
the skin and lending itself for use as an artificial skin.

4. Experimental Section

Graphite—silicone composites were prepared by first mixing 450 nm
HOPG nanoparticles (Nanoamor) with NDI functionalization agents
in proportions calculated to give 50% and 500% NDI coverage of
HOPG nanoparticles—see samples series (a) and (b) in Figure Tc.
The nominal NDI coverage was evaluated using the coverage formula
in Supporting Information, Section |. The NDI/HOPG weight ratios
for each individual sample are given in Figure S3, Supporting
Information. The functionalized HOPG nanoparticles were then mixed
in liquid silicone (Alchemie, RTV139) and catalyst (Alchemie C149)
in the weight ratios given in Figure S3 of the Supporting Information
to achieve a nominal HOPG volume filling fraction of 36%. HOPG
nanoparticles were dispersed in liquid silicone using mortar and
pestle grinding over a longer time than that required for the mixture
to become homogeneous. The composite was moulded in the form
of 1 mm wide ribbons at the surface of cellulose acetate films. The
film thickness was 100 = 8 um. The composite was left to cure at
room temperature for 24 h. Gold pads (50 nm thick) were thermally
evaporated over the composite ribbon giving good Ohmic contacts
with =100 Q resistance.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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