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Herein, we demonstrate the prototype of a combined flexible pressure sensor based on
ultrathin multiwall carbon nanotubes (MWCNTs) and graphite nanobelts (GNBs) films
embedded in polydimethylsiloxane (PDMS). A simple and scalable modified
Langmuir–Blodgett method was used for deposition of both MWCNT and GNB films.
The use of two types of carbon nanostructures (nanotubes and GNBs) with distinctly
different mechanical properties allowed obtaining enhanced dynamic range for pressure
sensing. Short response time, good sensibility and flexibility, and low power consumption
for enhanced pressure range make possible applications of the sensor for healthcare
monitoring and as a component in the human–machine interfaces application.
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INTRODUCTION

Novel flexible and wearable electronic devices have attracted much interest in the last decade, with
numerous applications that span from simple recreational exercise monitoring to rare heart disease
diagnostics, human sensory capabilities, and soft robotics (Kim et al., 2011). For development of
flexible sensors, integration of sensing materials with flexible substrates and elements for signal
processing is highly required.

Low fabrication cost, chemical and thermal stability, easy manipulation, and transfer onto
different types of substrates make carbon nanostructure (CNS) materials (such as multilayer
graphene or nanographite flakes and carbon nanotubes (CNTs)) highly suitable for flexible
electronics (Obiedkov et al., 2012; Alaferdov et al., 2014; Wang et al., 2019; Zheng et al., 2020).
Sensors based on these materials as building blocks showed high sensitivity and reproducibility for
strain, pressure, and physiological signals monitoring (Sun et al., 2015; Wang et al., 2019). CNTs in
different arrangements (thin and thick films, composites, hybrids, fibers, etc.) are widely used in
pressure sensor fabrication (Figure 1), with the choice of the sensor configuration depending on the
specific application. In particular, CNT-based pressure sensors with 3Dmicrostructured architecture
(Ul Hasan et al., 2016; Li et al., 2017; Zhan et al., 2017; Chen et al., 2020), in hybrid materials (Jian
et al., 2017; Ma et al., 2020) or composites (Lee et al., 2016; Zhuang et al., 2020) demonstrate wide
dynamic range but are characterized by a relatively complex process of fabrication. Sensors with
CNT-composed fibers (Tai and Lubineau, 2016; Han et al., 2020) usually work at higher pressures
and are characterized by reduced sensitivity. Thin films (Wang et al., 2014; Park et al., 2018) of
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nanotubes demonstrate high sensitivity but relatively low
dynamic range and higher limit of sensing. Sensors based on
multiplayer graphene or nanographite (Alaferdov et al., 2017) can
be used for monitoring of higher pressures. In this way, usually
one type of graphite nanostructure is used for pressure sensor
fabrication. This leads to low dynamic range, reduced sensitivity,
or response/recovery time and is frequently characterized by the
complex procedure of fabrication. Thus, it motivated us to create
a pressure sensor with a wide dynamic range using simple and
low-cost techniques of fabrication, which also demonstrates short
enough recovery/response time and sensitive to detect several
types of signals.

In this work, we present the prototype of a thin, flexible, and
wearable piezoresistive pressure sensor composed of two
sensitive elements—MWCNTs and GNBs films embedded in
PDMS layers—which can be integrated into one device with
low power consumption (up to a few mW) and enhanced
dynamic range. Specifically, thin semitransparent MWCNTs
films exhibit high sensitivity in the low-pressure region (up to
200 Pa), and thin opaque GNBs films can be used as a sensitive
element for pressures between 200 Pa and 10 kPa. The reliable,
simple, low-cost, and scalable modified Langmuir–Blodgett
(LB) method was used for deposition of both types of films.
Wide dynamic range and short response/recover time of the
device make this kind of combined pressure sensors very
promising applications in medical health monitoring,
wearable electronics, human–computer interaction, and
bionic prosthetics.

MATERIALS AND METHODS

Materials
MWCNTs with ∼50 nm diameter (supplied by G.A. Razuvaev
Institute of Organometallic Chemistry, Russia) were synthesized
by the MOCVD method using ferrocene and toluene as

precursors (Obiedkov et al., 2012). GNBs (supplied by
Nacional de Grafite Ltda, Brazil) were obtained from natural
graphite by liquid-phase chemically assisted exfoliation technique
(Hernandez et al., 2008; Alaferdov et al., 2014). Flexible,
transparent, and biocompatible PDMS sheets were used as
substrate and covered layers for the sensor fabrication. For
substrates, commercial elastomeric PDMS sheets, with a
thickness of 250 μm, were used (Bisco® HT-6240, Rogers
Corp.). To fabricate a top protective layer with thickness near
150 μm, PDMS in the liquid form was used (Sylgard 184, Dow
Corning Corporation).

To analyze the morphology structure of sensitive films
deposited by the LB method, scanning electron microscopy
(SEM; Nova 200 Nanolab, FEI) was performed. The crystalline
quality of CNSs was investigated by micro-Raman spectroscopy
(NT-MDT NTEGRA Spectra, with a 473 nm laser).

Sensor Fabrication and Characterization
For films deposition, MWCNTs or GNBs powders were
dispersed in N-Methyl-2-pyrrolidone solution at
concentrations 0.2 mg/ml and 0.5 mg/ml, respectively, using
an ultrasonic bath (Unique USC-1880, 100 W, 37 kHz). Then,
using 1 ml of GNBs or 1 ml of MWCNTs suspensions,
nanofilms were deposited onto 100 × 45 mm solid flexible
PDMS substrates by the modified LB method (see for details
Alaferdov et al., 2016) using a homemade trapezoidal
polytetrafluoroethylene (PTFE) cuvette filled with deionized
water; after careful distribution of the suspension by a
microsyringe over the water surface, the formation of a
compact CNS (nanotubes or nanobelts) film occurs by
draining water slowly through a hole at the cuvette’s bottom
and thus reducing the water surface area due to the cuvette
shape. As the water level goes down, the compacted CNS film is
transferred onto the PDMS fixed on the lower part of the
vertically oriented cuvette wall; this wall is opposite to the
one inclined at an angle of 45°. Before film depositions, the
PDMS surface was treated by atmospheric pressure plasma
(Nascimento et al., 2016), resulting in the decrease of PDMS
surface roughness (mean roughness decreased by an order of
magnitude, from ∼40 nm down to 5 nm) and the increase of
CNS film adhesion to the surface. The procedure of film
deposition was repeated 4 times (followed by 4 h drying at
normal condition after each deposition) in the case of GNBs. A
high degree of crystallinity was proved by Raman measurements
for both GNBs and MWCNTs films (Supplementary Figure S1,
see detailed characterization in (Obiedkov et al., 2012; Alaferdov
et al., 2018, 2020)).

The as-obtained films formed by randomly oriented
percolated nanotubes (Figure 2A) or nanobelts (Figure 2B)
are quite uniform . Since the PDMS surface is not flat, films do
not cover completely its surface, leaving some areas uncovered
and thus semitransparent after the first deposition (Figure 1A).
Next, 15 × 25 mm pieces of films were cut, and 5 mm width
metallic Ti (30 nm)/Au (200 nm) contact electrodes were
deposited by sputtering at two opposite edges of the films
using a shadow mask. Finally, Cu metallic wires were
connected to electrodes using conducting epoxy paste, and

FIGURE 1 | Comparison of sensing performance of CNT pressure
sensors: S vs p dynamic range; the data were obtained from of
Supplementary Table S1 and references therein. S, sensitivity; p, pressure;
CNT, carbon nanotube.
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the structure was packed using liquid PDMS (thermally cured
at 90°C for 1 h), achieving total a device thickness of about
400 µm (Figure 2C,D). Electrical measurements were

performed to confirm ohmic behavior in both types of
sensors, with typical resistance of a few kΩ for GNB-based
sensor and a few MΩ for films of MWCNT (Figure 2E).

FIGURE 2 | SEM images of two pressure sensor elements: low-pressure sensitive 1 LB layer film of MWCNT (A) and high-pressure sensitive 4 LB layers of GNBs
(B) over PDMS substrate. The diameters of MWCNTs range from 30 to 80 nm (average diameter ∼ 50 nm). Images of semitransparent MWCNTs (C) and almost opaque
GNBs (D) based pressure sensors. (E) Typical I-V characteristics for MWCNTs and GNBs based sensors. SEM, scanning electron microscopy; MWCNT, multiwall
carbon nanotube; GNB, graphite nanobelt; LB, Langmuir–Blodgett; PDMS, polydimethylsiloxane.

FIGURE 3 | Homemade lever setup used for tests of sensor performance. 1–PVC base, 2–PTFE axis, 3–Al beam, 4–PTFE indenter, 5–moving PTFE load,
6–sensor, 7–connection to a stepper motor. PVC, polyvinylchloride; PTFE, polytetrafluoroethylene.
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Sensor Testing
The sensor tests have been carried out using a homemade lever
setup (Figure 3) developed to provide pressures with fine
adjustment in a wide range between 30 Pa and 10 kPa. The
measurements of the pressure impact on the sensor (6) fixed
on the base (1) were realized using standard torque equation for
two bodies localized on a rigid Al beam (3) supported on a PTFE
axis (2): the fixed 1 × 1 cm cross-section PTFE indenter (4) and
moving PTFE load (5). The pressure applied by the indenter on a
sample surface depends on moving load position. In this way,
necessary pressure determined by equation for left beam was
obtained from the torque equation for two bodies:

l2 � l1
m2g

(m1g − pS),

where l2 is the distance between the load and axis position; l1 is
the distance between the indenter and axis position; m1 and m2

are masses of the indenter and load, respectively; S is the
indenter cross-section; p is the pressure applied to the
sample surface; and g is standard gravity. The changes of
electrical current in load/unload states were measured using
a B2912A Agilent source-meter by applying a constant voltage
of 1 V. The measurement process for cycling pressure was
automatized using a stepper motor connected to one end of
the beam (7).

RESULTS

The measurements were performed to show the current changes
under applied pressure (see Figure 4 and insets in it). Detailed

analysis of the response temporal behavior was done to estimate
the characteristic response (tres) and recovery (trec) times at
different pressures (Table 1). It was found that response as
well as recovery time1 usually have a magnitude of a few
hundreds of ms that is sufficient for monitoring human
physiological signals and applying in human–machine
interfaces. Moreover, the decrease of both times was observed
with pressure increase. It also should be noted that trec is superior
to tres at high pressures, whereas at low and moderate pressures,
the recovery time is shorter than the response time.

Investigation of relative current changes under different
pressures (ΔI/I0)(p) allowed to identify several specific regions
for each type of sensors, characterized by different sensitivity
calculated as S � (ΔI/I0)/Δp, where ΔI is the current change due
to pressure impact, I0 is the initial current value, and Δp is the

FIGURE 4 | The sensitivity of MWCNTs (A) and GNBs (B) LB films. The insets in (A) and (B) show typical profiles of current changes under 185 Pa and 2 kPa
pressures. Dashed lines are linear fitting (S) of different dynamic ranges. Each point in (A) and (B) corresponds to averaging of 5 to 8 test cycles for selected pressures.
(C) Example of reproducibility and aging tests for GNBs based sensor submitted to 1 kPa pressure; 86 cycles are shown. MWCNT, multiwall carbon nanotube; GNB,
graphite nanobelt; LB, Langmuir–Blodgett; S, sensitivity.

TABLE 1 | Estimated characteristic response and recovery times for two types of
sensors at different pressures.

Sensor type MWCNTs GNBs

p (Pa) 34 185 549 6,171
tres (s) 0.37 0.16 1.03 0.13
trec (s) 0.20 0.13 0.55 0.48

MWCNT, multiwall carbon nanotube; GNB, graphite nanobelt.

1The characteristic response (recovery) time has been calculated as
tres(rec) � ti ± t(ΔIe ), where ti is the initial time, ΔI is current changes due to
pressure impact, and t(ΔI

e ) is the time when ΔI changes for 1/e times. Signs “+” and
“–” correspond to response and recovery times, respectively.
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pressure change (Figure 4). A near linear dependence of response
on pressure has been observed between 30 and 200 Pa regions for
MWCNTs films (Figure 4A) and for two regions in the case of
GNBs films: (i) between 200 Pa and 1 kPa and (ii) at p > 1 kPa for
(Figure 4B). Notably, only weak changes of current are observed
for pressures exceeding ∼ 200 Pa for the MWCNTs sensor and at
pressures lower than 200 Pa for the GNBs sensor.

Cyclic tests performed on both types of sensors indicated good
electromechanical stability and reversibility of devices
(Figure 4C).

DISCUSSION

The pressure-sensing mechanism in films is related to variations
of contact areas between individual nanostructures resulting in
current changes under applied pressure. Different mechanical
properties of the films composed by nanotubes and GNBs (with
the latter being more rigid and flat) provide sensitivities to
different pressure ranges (larger pressures for more rigid
nanobelts). Specifically, percolated nanotubes form point
contacts between themselves in the LB film in a relaxed state
(Figures 2A,5A). The low-pressure impact induces the flattening
of initially curved nanotubes and fast rise of the contact areas,
which results in fast current changes, i.e. high sensitivity. At the
same time, the impact of low pressures is still negligible for more
rigid GNBs films (Figure 5B). Further increase of pressure

evidently does not result in changes of contact areas for
already compacted nanotubes films. Along with this, the gaps
between individual nanobelts are reduced and areas of contacts
between them start to increase with pressure, however, withmuch
lower sensitivity (Figures 2B,5C). Further slower increase of the
response at pressures higher than 1 kPa is probably due to
deformations of supporting PDMS layers and related increase
of contact areas between nanobelts. As the results, three distinct
pressure regions are observed with decreasing sensitivities:
S1>S2>S3.

As nanotubes and nanobelts films demonstrate the ability to
detect pressure impact in distinct pressure regions (S1 for
nanotubes and S2–S3 for GNBs), these films can be integrated
into one device and can act as combined sensitive elements in
pressure sensors (Figure 5) with enhanced dynamic range and
low power consumption, about 1 mW (estimated from
Figure 2E). Taking into account the results of physiological
signal-detecting tests obtained in our previous work in sensors
contained only GNBs sensitive layer with reduced sensitivity and
dynamic range (Alaferdov et al., 2017), the combined sensors
developed in the current research can be employed for
monitoring of cardiorespiratory signals, blood circulation in
arteries, and breathing, with performance comparable with
best results available in literature (Wang et al., 2014; Park
et al., 2018) and MWCNTs (Jian et al., 2017).

Finally, in order to explore the lower limits of pressure
detection (below 30 Pa) using the same sensor configuration,

FIGURE 5 | Schematic illustrations of the pressure sensingmechanism for combined sensor based onMWCNTs (left) andGNBs (right) films: (A) The initial relaxed
state; (B) loaded state at pressures p < 0.2 kPa, characterized by increasing contact areas between MWCNTs and corresponding fast current increase with pressure,
while only small current changes are observed for GNBs film; (C) loaded state at pressures of 0.2 kPa < p < 10 kPa, characterized by small changes of contact areas
between MWCNTs and increasing contact areas between nanobelts. The sensor response to pressure is shown in the right images for each case. MWCNT,
multiwall carbon nanotube; GNB, graphite nanobelt.
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the improvement of the test setup and sensor design is the subject
of future work.

CONCLUSIONS

In summary, we presented the prototype of a thin, flexible,
biocompatible pressure sensor based on combined MWCNTs
and GNBs films with an enhanced sensing range. Simple
fabrication technique, biocompatibility of materials and low
power consumption make our device a good choice for
numerous biomedical applications.
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