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A tactile sensor using a conductive graphene-sponge composite
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Abstract

For sensors that emulate human tactile perception, we suggest a simple method for
fabricating a highly sensitive force sensor using a conductive polyurethane sponge where
graphene flakes are self-assembled into the porous structure of the sponge. The completed
sensor device shows a sensitive and reliable response for a broad range of pressure and
dynamic pressure detection that correspond to human tactile perception. The ability of the
sensor to detect vibration is also confirmed with vertical actuations due to slipping over
micro-s

cale ridge structures attached on the sensors. Based on the sensor’s ability to detect both

pressure and vibration, the sensor can be utilized as a flexible tactile sensor.
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1. Introduction

Among the five senses that humans employ to interact with the environment, tactile
sensing is the biological recognition of touch experienced through responses of the cutaneous
mechanoreceptors reacting to pressure and vibration induced by direct contact with a material
surface. Human skin shows excellent touch sensitivity through four mechanoreceptors that
function as sensor elements in glabrous skin. These include Pacinian corpuscles (for rapid
vibrations of 40 to 400 Hz), Meissner’s corpuscles (for light touch and texture changes
around 5 to 50 Hz), Merkel’s discs (for sustained pressure), and Ruffini endings (for tension
deep in the skin) [1]. To emulate such functions, an artificial sensor basically requires high
sensitivity in the pressure range corresponding to human pressure perception (100 to 100,000
Pa) and sensitive detection of vibrations up to ~400 Hz to recognize the texture information
of touched materials [2].

Flexible force sensors are regarded as detecting elements for tactile sensation because the
sensor operation can be performed on soft substances. Some demonstrations of such sensors
have been reported with the development of conductive polymers [3-6] or the introduction of
various nano-materials (including nanowires, nanotubes and graphene) into soft substrates [7-
13]. However, research efforts are mainly focused on enhancing the sensitivity of pressure
detection and detection of pressure distributions. Recognition of vibrations using force
sensors has largely been ignored, although it would be ideal if a force sensor could be applied
for detection of both pressure and vibration.

In this work, we present a highly sensitive sensor using graphene-sponge composites
(GSCs), which can emulate human tactile sensation by recognizing both pressure and
vibration in the human sensing range with a single element architecture. To achieve a piezo-

resistive substance, conductive graphene flakes (GFs) are introduced into a polyurethane
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sponge (PS) as a soft substrate to achieve both electrical conductivity and mechanical
flexibility. The porous structure of the sponge provides an advantage in improving the
response for vibration detection in addition to providing high sensitivity to the applied
pressure. Such properties allow the sensor to distinguish the surface texture of materials

during a touching event.

2. Formation of conductive graphene-sponge composite

Formation of a template-assisted sponge structure with graphene has been studied with
various methods, which are categorized by direct growth on a porous catalytic metal [14-17]
or coating of a porous template using graphene dispersed in an aqueous solution [18-21].
Among these methods, the dip coating method with conductive graphene flakes (GFs) is
employed for fabrication of the conductive graphene-sponge composite (GSC) in this work
because the process is simple and practical [22]. The commercially available PS is directly
immersed in a GF solution for 3 hours followed by drying to yield a robust form where the
GFs are firmly stuck in the internal skeletons of the PS as shown in Fig. 1a. As displayed in
Fig. 1b, the GFs are coated along the skeletons of the PS (Fig. 1c) and were embedded as
aggregated particles into vacancies of the porous structure (Fig. 1d). The aggregated GF
particles filled the vacancies of the porous PS structure. It is noted that graphene insertion in
polyurethane nanofiber induces slight enhancement of elastic characteristics which are
resulting fast recovery time for shape deformation [23]. PS is also expected for the similar
behavior in elastic character with GF insertion. The GF particles are critical for providing
piezo-resistive character because the number of contacts between the particles increases with
increasing force, which results in an increase in conductive paths. The dip-coating method

generally employs graphene oxide flakes (GOFs), which require an oxidation-reduction
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process because oxidized graphene provides a uniform coating on the surface of the template
by preventing aggregation of graphene flakes in solution [24-26]. Conductive paths are only
formed along the skeleton of the sponge, and force sensor applications require additional
modification for enhancement of conductivity and piezo-resistive character as demonstrated
in previous work [27]. On the other hand, the GFs easily aggregate upon dispersion in water
because of their hydrophobic character. By applying the GFs instead of GOFs, the resulting
GF particles increase the conducting paths of the GSC that can enhance piezo-resistive
characteristics. Therefore, the incorporation of GFs must be customized to produce a
conductive GSC that can function as a piezo-resistive substance.

The GFs and aggregated GF particles are uniformly and firmly coated on the entire surface
of the PS skeletons that make up the structure of the sponge. This uniform coating makes the
GSC hydrophobic due to the surface character of graphene. Fig. 2a shows a comparison of
the water affinity between the sponge and the GSC. As shown, the sponge sinks into water,
but the GSC floats on the water surface. Fig. 2b also confirms the water resistance due to the
clear formation of water droplets on the GSC, while water droplets are easily absorbed into
the sponge. Typical Raman resonance peaks (Supplemental information Figure S1) for the
coated layered graphene are observed for a randomly selected area on the GSC. In addition,
the embedded GFs maintain their attachment without any specific process to affix. The
adhesion strengths due to Van der Waals interaction [28-29] are high because the surface
tensions of graphene to graphene and graphene to internal polyurethane surface are strong
enough to withstand the mechanical stresses induced by twisting (Fig. 2¢) and hitting (Fig. 2d)
(Supplemental video clips: SV1 and SV2). Fig. 2e shows that the resistances of the GSC
were maintained against twisting and hitting stresses after a few initial applications, which

also implies uniform and robust attachment of GFs.
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The advantage of using the dip-coating method with a GF dipping solution is that the
conductivity of the GSCs can be easily adjusted by changing either the GF concentration in
the dispersion solution or the number dips. Fig. 3a shows the results of two GSCs, which are
treated with three (left) and thirty (right) dipping repetitions, respectively, in a 1 mg/ml
graphene dispersion. The sponge is initially white, but becomes darker with increased dipping
repetitions due to deposition of the GFs. As displayed in Fig. 3b, the cut surfaces at the
middle of the sponges also show uniform and equivalent darkness corresponding to each
dipped sponge. This indicates that the absorbing ability of the sponge is strong enough to
form a continuous coating of GFs inside the sponge. Fig. 3c shows that the electrical
conductivity depends on the dipping process, which depends on the GF concentration in the
dispersion solution and the number of dips. The conductivity tends to increase up to a
saturation value of 5.24 mS/cm with a GF concentration of 2 mg/ml after 30 dips, while
larger GF concentrations than 0.25 mg/ml are required to obtain conductive GSCs in a single

dip.

3. Force sensor using conductive graphene-sponge composite

The elastic character of the sponge allows the GSCs to be used in force sensor applications.
As shown in Fig. 4a, the applied force enhances connections between the aggregated GFs
coated on the skeletons of the internal porous structure of the sponge. The force sensor is
completed by adding Pt electrodes protected by PEN (polyethylene naphthalate) films on the
top and bottom sides of the GSC (1.5 x 1.5 x 1.5 cm’). Fig. 4b shows the change in
conductance (AC = C-Cy) for the selected applied pressures (0.24, 1, 10 kPa) relative to the
initial conductance of the sensor Cy (3.08 mS) before applying the force. For this sensor, a

GSC with a conductivity of 2.05 mS/cm was fabricated by 30 dipping repetitions in the GF
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solution (1 mg/ml). The increases in the conductance (AC) are attributed to a decrease in the
spatial vacancies in the GSC as a function of the applied pressure. All measurements are
performed in a home-made apparatus equipped with a time controlled force inductor.
Reproducible operation is also confirmed through 2,000 repeated 2,000 loading-unloading
cycles with a pulse width of 2 Hz and a pressure of 2 kPa (Supplemental information Figure
S2). Fig. 4c shows AC/C, for a vertical pressure input of 13 to 20,000 Pa. The pressures are
applied by stacking weights with surface areas that are identical to that of the sensor. We
generally defined sensitivity as S= (AC/Cy)/AP, and two different slopes are estimated from
rough linear fits as 1.04 kPa™ for the applied pressure regions of 13 to 260 Pa and 0.12 kPa™
for 260 to 20,000 Pa. The increase in the conductivity gradually saturates with increasing
pressure because the effective vacancies are reduced by the force. The sensitivity varies with
GSC thickness as thinner GSC shows higher sensitivity (Supplemental information Figure
S3).

Fig. 5a shows the dynamic responses for the vertical pressure applied as a time-dependent
pulse. Measurements are carried out using a homemade apparatus, which includes a source
meter and a pressure inductor that supplies the dynamic vertical forces. The output
conductance change ratio (AC/Cy) is consistently measured as ~0.52 for each applied pressure
(1 kPa) with a 0.5 s pulse width and duration, and 0.2 s measurement intervals. Fig. 5b
displays the same measurement performed with a 0.2 s pulse width and duration, and 0.2 s
measurement intervals that indicate simultaneous responses for the applied pressure. AC/Cy is
consistently measured as 60 for 640 kPa, which is the maximum limit of the force inductor
(Supplemental information Figure S4). As shown in Fig. 5c, the response time for the sensor
is estimated to be as fast as ~ 34 ms for deformation by an applied pressure of 500 Pa and 5

ms for restoration due to the self-recovery of the elastic character of the GSC with 0.1 ms
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measurement intervals. The deformation time could be overestimated because of limitations
in the delay accuracy (10 ms) of the pressure inductor in the measurement apparatus. Apart
from the high sensitivity and fast response, the advantage in using an elastic sponge is that it
allows for detection of infinitesimal pressures. Fig. 5d shows responses of the sensors for a

2.3 Pa applied pressure driven by a weight of 110.7 mg with an area of 4.84 cm”.

4. Detection of surface roughness for tactile sensing

The vibration detection is another required function for emulating tactile sensing beyond
simple force measurements. The observed sensor characteristics actually mimic human
perception even described by fast adapting (FA) mechanoreceptors (Pacinian and Meissner)
that are detecting vibrations at frequencies up to 400 Hz [1]. Fig. 6 shows the frequency
responses for the sensor in various vibration ranges (1 to 500 Hz). For a vertically applied
vibration induced by an actuator driven using a function generator, the frequency responses
are read using an oscilloscope to estimate the signal to noise ratio (SNR). The sensor has a
good SNR (as defined as the output voltage difference) over 20 dB up to a frequency of 50
Hz; then, the signals gradually decrease with increasing frequency. This degradation is
attributed to an incomplete sensor response due to the time lag resulting from elastic
deformation and restoration of the sponge. In spite of such degradation, the SNR does not
drop below 10 dB up to 500 Hz.

The high sensitivity of the sensor (especially in the extremely low pressure region) allows
for detection of a locally applied force by a partial segment on the sensor as displayed in Fig.
7a. This figure shows a schematic of the shear force measurement by using a flexible ridge
(height x width = 80 x 200 pm) introduced on the sensor. The ridge structure is fabricated

using polyethylene terephthalate (PET) because it is flexible and compatible with
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conventional lithography and etching processes. The slip motion of the PET tip (width = 120
pum) generates an interacting force through a touching event between the tip and the ridge.
The force is transferred to the local area of the GSC, defined by the ridge width and length.

Fig. 7b shows the output conductance change ratio for the transferred local force with a slip
velocity of 1 mm/s directed forward and backward for a sensor equipped with single and
double ridges. A five percent conductance change is equivalent to the case where 40 Pa is
uniformly applied to the entire area of the sensor. The corresponding force is estimated to be
9 mN for a sensor area of 2.25 cm”. The ridge structure not only amplifies the pressure of the
applied force by reducing the interacting area, but it also induces a local vibration by acting
as a moving probe tip. The observed 0.3 s period in the peak width with a slip speed of v =1
mm/s confirms that the interaction time over the moving distance should be defined as the
sum of the ridge and tip width (320 um). In the case of two ridges separated by 200 um, the
sensor is able to distinguish each ridge pattern without a mixture of the two peaks. The spatial
resolution of the sensor for the locally applied pressure is estimated to be 80 um by
considering that the width of the tip is 120 um. Fig. 7c demonstrates the frequency response
after the fast Fourier transform (FFT) of the data. This response is based on the conductance
output of the sensor on which the periodic ridge pattern with 200 pum separation is attached
(see inset). The sensor output is also periodic because it is generated through the vibrations
caused by touching events on each ridge with the constantly moving probe tip. The sensor
response for such vibrations was observed as a peak in the FFT wave form whose position
corresponds to the contact interaction time. The peak positions for the first harmonic are
observed at 21, 32, 56 Hz for slip speeds (v) of 4, 6, and 11 mm/s respectively, with a
periodic space of v/f = 200 um for the ridges.

The demonstrated characteristics of the GSC sensor suggest that it can be used to emulate
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tactile sensation for recognizing vibrations due to surface roughness. This is the basic
function of perceiving surface texture. Generally, texture recognition using a force sensor
requires a matrix architecture whose sensor elements should be integrated with a distribution
density according to the required spatial resolution. However, the construction of a matrix
architecture using resistive elements causes many practical difficulties involving wiring,
sneaker paths, a complex driving circuit, addressing, and so on. In contrast, the demonstrated
GSC sensor can be constructed to function in a single sensor architecture with the specific
responsibility of detecting vibrations due to interactions generated by the pressure applied to

a local area through a micro-patterned ridge structure that acts as a human finger print.

S. Conclusion

In summary, we propose a flexible tactile sensor using self-assembled conductive networks
of GFs formed in a polyurethane sponge. Direct dipping of the sponge in a solution of
conductive GF results in robust adherence of the GFs inside the sponge to provide a
mechanically stable GSC. The extraordinary elastic properties of the sponge allow the GSC
to be used as a force detecting element for sensors. The sensors fabricated using these
materials provide high sensitivity over a broad pressure range and fast response for vibrations
that corresponding to human perception of tactile sense. In particular, the sensor provides
detection of vibrations driven from partial segments on the sensor. It also allows for surface
texture recognition with a single sensor by introducing a micro-patterned ridge structure that
acts as a human finger print. Based on the characteristics demonstrated in this work, the GSC
sensor is a promising element for a tactile recognition system emulating human sense within
a single element architecture, which is the simplest way of resolving the issues related to

sensor integration.
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6. Experimental

Fabrication of conductive graphene-polyurethane sponge composite

Graphene nano-powder (Graphene Supermarket Co.) with individual flake thicknesses of <
~3 monolayers, a lateral flake size of ~10 pm and a surface area of 510 m*/g is vigorously
mixed to form suspensions in dimethylformamide (DMF). Sonication is then applied by using
a sonication bath for 3 hours in order to obtain mixed graphene. The mixture was then stirred
with a magnetic bar (1 hour at 400 rpm). The graphene suspension is coated on the porous
structure of the polyurethane sponge by the dip-coating method. Drying is conducted in a
baking oven at 170°C for 2 hours and at 85°C for 24 hours. Repetitions of the dip-coating and
drying process are performed to ensure an appropriate conductivity.

Sensor fabrication

Preparation of the sensors is completed with the attachment of Pt electrodes on a 50 pum thick
polyethylene naphthalate (PEN) film that acted as both a substrate for evaporation and a
protection layer. For tactile sensing devices, the ridge structures are prepared with
polyethylene terephthalate (PET) because it is easy to fabricate and is relatively rigid. The
SiO; layer is deposited on the PET film using plasma enhanced chemical vapor deposition at
80°C. SU-8 photo-resist is spin-coated (3000 rpm) on the SiO; layer followed by a two-step
curing process (65°C for 3 min. and 95°C for 9 min.). Conventional optical lithography is
conducted to form the ridge patterns with a height of 75 pm. The ridge patterns are completed
with conventional reactive ion etching (30 sccm of CHy4 gas and 150 W of plasma power) to
provide a periodic structure with a line width, height, and separation of 200, 80, and 400 pm,
respectively. The tactile sensor is completed by attachment of the ridge structure on the top of
the GSC with appropriate alignment.

Measurement of electrical responses of sensors

10
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The piezoresistive responses of the sensors are independently measured through a weight
stacking method using an apparatus equipped with a force inductor. In the weight stacking
method, we applied weights directly on the sensor to obtain an accurate evaluation of the
static pressure. The measurement apparatus devised for dynamic response of the sensor has a
z-axis stage equipped with a force inductor for generating a time controlled applied pressure,
a moving x-stage for slip motion, and a NI precision system SMU (PXIe-4139) connected to
a Keithley 2400 sourcemeter to collect electrical data.

Measurement of surface roughness

The PET tip (width = 120 pm) slips on the PET ridge attached on the sensor with a steady
velocity. Then, shear strain by physical interaction between the tip and the ridge directly
generates vibrations due to interacting vertical pressures. The pressure enhances physical
connections between the GFs, thus vibrations are transferred to changes of electrical
conductance of the sensor. Occurrence frequency of the electrical changes is only dependent
on the number of ridges, and the surface roughness is perceived after fast Fourier transform
(FFT) by the function: f = v/A, where f is vibration frequency, v is slip velocity, and A is

periodicity of ridge.
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Figure captions

Fig. 1. SEM images for (a) skeletons of pristine polyurethane sponge, (b) the GSC inside
after 30 dipping repetitions in a GF solution (1 mg/ml). (c¢) GF coated on the skeletons of the
PS, and (d) GF aggregated as particles, which partially filled the vacancies of the porous
structure of the PS.

Fig. 2. (a) The pristine PS sinks under water, whereas the GSC floats on the water surface due
to the hydrophobic GF coating. (b) Difference between water resistance with water droplets
between the pristine PS and the GSC. Applied mechanical stresses by (c) twisting or (d)
hitting to evaluate the robustness of the GSCs. (e) Electrical resistance after repeated twisting
and hitting up to a thousand times for independent samples. The resistance was stably
maintained regardless of the method of applying stress.

Fig. 3. Electrical conductivity of the GSCs. (a) Photographic image of two GSCs treated with
three (left) and thirty (right) dipping repetitions in a solution with a GF concentration of 1
mg/ml. Inset shows the pristine PS. (b) Photographic image for cut surfaces at the middle of
the GSCs. (c¢) Electrical conductivity as a function of the GF concentrations in the dispersion
solution and number of repeated dips. The dotted line indicates conductivity of the GF film as
the reference for the highest limit (0.56 S/cm).

Fig. 4. Sensor responses for applied pressure induced by static vertical forces. (a) SEM
images for the aggregated GF particles filled inside the PS without and with application of
vertical pressure. (b) Sensor responses in conductance change for sequential loading of
applied pressure. Conductance changes are 0.27, 0.52, and 2.03 for applied pressures of 0.24,
1, and 10 kPa, respectively. (c) Sensitivity for vertical pressure of 13 to 20,000 Pa. Inset
shows magnification for the low pressure regime (13 to 260 Pa).

Fig. 5. Dynamic responses for the vertical pressure applied as a time-dependent pulse.
Conductance change ratio for the applied pressure (1 kPa) with a pulse width and duration of
(a) 0.5 s and (b) 0.2 s. Measurement interval is 0.2 s for each case. (c) Sensor
response/relaxation time for 0.1 ms of measurement accuracy with a constant bias of 10 mA.
500 Pa is applied for evaluation. (d) Sensor response for loading/unloading of 110.7 mg,
which corresponds to 2.3 Pa, resulting in a conductance change ratio of 0.003.

Fig. 6. Detection of vertical vibrations. Signal to noise ratio (SNR) for the various vibration
ranges (1 to 500 Hz) induced by an actuator connected to a function generator. Inset shows
schematic for the vibration measurement. The red dashed line indicates a base line of 10 dB.

Fig. 7. Detection of surface roughness. (a) Description for force transfer to ridge pattern from
interacting surface. The slip motion of the PET tip (width = 120 pm) generates an interacting
force through a touching event between the tip and the ridge. (b) Conductance change ratio
for the transferred force with a slip velocity of 1 mm/s directed forward and backward for the
sensor equipped with single and double ridges. Arrows indicate the direction of the slipping
motion. SEM images show the ridge structures, and each scale bar indicates 200 pm. (c)
Frequency responses for the interacting vibration on the ridges during slipping motion with
different slipping velocities (4~11 mm/s). The inset shows a SEM image of the periodic
ridges, and the scale bar is 600 pum.
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Fig. 5.
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Fig. 6
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