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Abstract�In this work we explore 1D and 2D nanomaterials
(carbon nanotubes and MoS2, respectively) as the core sensing
components of novel highly sensitive and �exible strain sensors
to monitor patients’ vital signs, such as respiratory rate. We
assess their performance following a multi-disciplinary and
multi-level approach, starting from atomistic simulations, up to
device fabrication and applications. By successfully designing,
fabricating, and testing a �exible strain sensor capable of tracking
the respiratory rate, we show that these materials are excellent
candidates to be used for the development of next generation
health monitoring wearable devices.

Index Terms�Wearable sensors, Nanomaterials, Carbon nan-
otubes, Molybdenum disul�de (MoS2), Density functional theory
(DFT), Internet-of-Medical-Things (IoMT)

I. INTRODUCTION

In recent years, the discovery and synthesis of novel
(nano)materials and the development of new fabrication tech-
niques have enabled the rapid evolution of �exible electronic
technologies, with numerous applications in areas such as en-
ergy harvesting (e.g., photovoltaics), robotics, display devices
(�exible OLEDs), and healthcare [1].

In the context of Internet of Medical Things (IoMT)
[2], wearable strain sensors based on �exible materials and
architectures could be well-suited to be employed for the
continuous and non-intrusive measurement of biosignals such
as heart and respiratory rates, body temperature, and blood
pressure. To be used effectively, such sensors have to well
adhere to the patient’s skin, be highly stretchable and �exible
in order to follow the patient’s movements, be ultra sensitive,
and, importantly, be biocompatible. In order to meet these
requirements, the good choice of the sensing materials is
pivotal, as conventional devices based on metals and silicon
are not much bendable and generally not capable to withstand
large applied strain. To overcome such limitations, we explored
low-dimensional materials [3], [4], such as carbon nanotubes
(CNTs) and transition metal dichalcogenides (TMDs), as these
could potentially offer both high stretchability and high sen-
sitivity.
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Thus, in this work we assess the �tness for purpose of CNT
nanocomposites and molybdenum disul�de (MoS2) for the
development of stretchable strain sensors to monitor patients’
respiratory rate. To do so, we followed a multi-disciplinary
and multi-level approach, tackling the problem from different
perspectives: i) at the atomic scale via �rst principles atomistic
simulations; ii) at the device level (fabrication and character-
ization); iii) in real applications, with ex-vivo experiments.
Our �holistic� approach allowed us to better understand the
complex physics of these nanomaterials when subject to strain
and to develop a CNT �exible strain sensor which is able to
capture and track the respiratory function of living beings.

II. DESIGN OF THE STRAIN SENSOR

A. Materials and Modelling
In this part of the work we performed density functional

theory (DFT) simulations to elucidate the physics of both
CNT networks and MoS2 when subject to strain. Moreover,
electronic structure theory provides fundamental information
to predict relevant materials’ parameters, such as band gap and
electron mobility. These simulations lay the necessary theoret-
ical foundation needed for advancing the device optimization.

We �rst focused on CNTs as these are excellent candidates
to be used in �exible devices, given their high mechanical
�exibility and intrinsic charge carrier mobility. Moreover,
compared to metallic strain gauges, CNT networks possess
high gauge factors, high sensitivity, stability, and reliability
[5], [6]. The change in the resistivity could be explained by
considering the percolation theory: CNTs can form connective
networks when the intertube distance is small enough to create
a close contact (i.e., a junction). When strain is applied, it is
expected that such close contacts will break while others will
form, leading to a signi�cant change in the overall network
resistivity. We point out that most ab initio theoretical studies
focused on modelling strain by elongating (or compressing)
the C-C bonds within a single CNT [7], rather than modelling
strain in a network.

Equally promising to be used in sensing devices is mono-
layer MoS2. In particular, the high tunability of its unique
electronic and mechanical properties [8], and its high charge
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Figure 1. Plot of the electron effective mass of the (14,0) CNT network as a
function of strain, computed with DFT both along (m�jj) and across (m�?) the
nanotubes. A representation of the CNT network with the relevant directions
along which the effective mass were computed is also shown.

carrier mobility [9], have pushed the material to be investigated
for the use in numerous nanodevices, including biosensors
[10].

Atomistic simulations were carried out within the density
functional theory (DFT) framework by using QuantumATK
software [11], [12]. To model core electrons, we used norm-
conserving pseudopotentials from the PseudoDojo library [13].
All simulations were carried out in vacuum using the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [14]
and, to correctly predict the intertube distance, we included
the D2 correction by Grimme [15] to take into account
dispersion effects (PBE-D2). We overcame the challenge of
modelling CNT networks with DFT by considering a series
of in�nitely aligned and parallel semiconducting (14,0) CNTs,
placed at the equilibrium intertube distance of 3.07 	A, which
we obtained after relaxing the atomic coordinates of a model
(14,0) CNT dimer. We note that our result is consistent with
previous studies in the literature [16]. For CNTs we de�ned
strain as the change in the intertube distance, which we have
progressively increased. We modelled MoS2 as a monolayer,
and we considered an orthogonal simulation cell, of which we
have fully optimised both the atomic coordinates and the lattice
vectors. We applied both uniaxial (along the zigzag, x, and
the armchair, y, directions) and equibiaxial strain, which we
de�ned as the change in the lattice vectors. For both materials,
we estimated electron mobilities by computing the effective
masses along relevant directions, taking the values of the band
curvature at the conduction minima of the materials’ band
structures.

Our simulations of CNT networks allowed us to decompose
the average network mobility onto two orthogonal directions,
i.e. along (m�jj) and across (m�?) the nanotubes. Results are
shown in Figure 1, in which we plotted the effective masses
computed along both directions against the change in the
equilibrium intertube distance: interestingly, we observe low
values (< 1 me) along both directions, thus we expect good
mobilities not only within single nanotubes, but also across the
intertube close contacts. We also note that, at the equilibrium
distance, m�? is only 2-3 times larger than m�jj. As we apply
increasing strain up to 10%, m�jj remains constant, since the
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Figure 2. Plot of the electron effective mass of MoS2 as a function of strain
computed along the zigzag (m�x) and armchair (m�y) directions. �x and �y
correspond to uniaxial strain applied along the zigzag and armchair directions,
respectively, whereas �xy corresponds to equibiaxial strain.

chemical structure of the nanotubes remained unchanged. On
the contrary, m�? progressively increases with the increase in
strain, i.e. when close contacts get broken, consistently with
the percolation theory. We also computed the band gap of
the CNT network and we observed a rather small increase
(+0.1 eV at 10% strain), suggesting that varying the intertube
distance has very little effect on this quantity.

We then applied both tensile and compressive strain (be-
tween -10% and 10%) on monolayer MoS2, and at each time
we computed the effective masses along the orthogonal zigzag
(m�x) and armchair (m�y) directions. As can be seen from
Figure 2, without any applied strain both m�x and m�y have
the same value, suggesting that the mobility in the unstrained
material is isotropic. However, if directional strain is applied,
MoS2 shows anisotropic mobility, with a signi�cant variability
in the case of compressive strain. When equibiaxial strain
is applied, we observe that the material retains its isotropic
behavior if subject to tensile strain, whereas compressive strain
once again leads to anisotropy. Moreover, we also observed a
signi�cant variability (>1 eV) in the band gap of the material;
notably, at 10% tensile equibiaxial strain we noticed the
vanishing of this quantity, with MoS2 becoming metallic. This
outstanding tunability of its electronic properties reinforces
the idea that MoS2 could be successfully employed for ultra
sensitive strain devices.

B. Fabrication and Characterization
Here, we describe the fabrication process of our CNT strain

sensor. We point out that although, as previously mentioned,
CNT networks offer signi�cant advantages over metallic ma-
terials, in nanocomposites the elasticity of the polymer encap-
sulation matrix is equally crucial for the overall �exibility of
the wearable strain sensor. Therefore, we chose Dragon Skin
silicone because of its high deformability and its biocompat-
ibility. In the �rst step, the Dragon Skin encapsulation was
moulded from a macroscale �lament substrate. The groove of
CNTs was realized by 3D printing technique. Part A (5 g)
and part B (5 g) of Dragon Skin were mixed in a beaker for 2
minutes before degassing. The mixture was then poured into
the �lament mold with the groove pattern, and cured in the
oven for 10 minutes. Eventually, the Dragon Skin bottom layer
was removed from the �lament to allow the injection of CNTs.
In the second step, 5 g of CNTs powder was mixed with 50



Figure 3. Experimental setup and characterization curve of the CNT-based
strain sensor, which is shown at the upper right corner of the �gure.

ml of acetone, following a sonication process for 1 hour to
unchain the CNTs. Afterwards, 50 �l of the CNT solution
were injected each time into the groove of Dragon Skin. We
repeated this step 5-6 times until we observed the formation
of a homogeneous CNT network. In the �nal step, the copper
wire was �xed at both sides of the groove with silver paste.
Finally, the CNT network and the bottom layer of the Dragon
Skin were both encapsulated by a top layer of Dragon Skin.

The CNT/DS strain sensor was tested by using the E-861
PiezoWalkr NEXACTr Controller by varying strain at rates
ranging between 0.01 and 10 mm/s. The resistance of the
sensor was equal to 20 k
. A homemade Wheatstone bridge
circuit structure was fabricated by using known resistances
equal to 22 k
. The supply DC voltage Vcc was set to 1.8 V
at the stretch rate of 0.5 mm/s, and, as the electrical circuit
balance was broken, the induced current was detected and
transformed into voltage signal. Such signal was recorded by
Analog Discovery and the signal evolution curve is shown
in Figure 3, together with our experimental setup. The curve
shows that our CNT sensor is sensitive to strain, and that its
response is reproducible over time.

III. EX-VIVO TESTING OF RESPIRATORY FUNCTION

Male Wistar rats were housed on a twelve-hour light-dark
cycle and had free access to water and food. All investigations
conformed to European Parliament Directive 2010/63/EU and
were approved by the local ethics committee rules (Ethics
committee for animal experimentation Languedoc-Roussillon
N�22699-2019110611232613 v3).

All experiments were carried out on anesthetized rats
(iso�urane 2.5 -3%). The CNT strain sensor was attached
to the rat’s chest skin in a number of ways: either using
crocodile clips or tape, or sewn directly to the skin. While the
strain sensor was stretching, the resistance value (Rsensor)
change, due to the mechanical deformation induced by res-
piration, was detected and transformed into voltage signal.
Voltage signal variation was monitored at �rst by using the
microcontroller board and STM studio hardware, and then
with Analog Discovery 2 (a multifunction hardware) and the
WaveForms software. By using Analog Discovery 2, the fast

Figure 4. Voltage signal curve in monitoring the respiration of an anesthetized
rat. A) Peaks of voltage signal variation which correspond to breath cycles. B)
FFT value in Hz corresponding to the number of breathing cycles per second
or per minute by multiplying the value by 60.

Fourier transform (FFT) was obtained at the same time in
addition to the output voltage signal curve.

We performed different experiments, and at �rst the strain
sensor was attached to the anesthetized animal’s skin with
crocodile clips. We manually counted, during one minute, the
rat’s breath cycles and the number of peaks shown on the
STM studio software. We found a corresponding number of
55 breath cycles per minutes (bpm) and 55 peaks recorded
on the software. In a con�guration similar to that described
previously, we monitored once again the variation of the
voltage signal but using Analog Discovery 2 hardware and
the WaveForms software. We found a correspondence between
the number of respiratory cycles manually counted and the
number of peaks displayed by the software at the same time:
67 breath cycles with FFT 1.13 Hz (see Figure 4). In the
�nal experiment, the CNT strain sensor was sewn directly to
the rat’s chest skin. In accordance with previous experiments,
we found the same correspondence between the number of
breath cycles and the number of voltage peaks recorded
by the software: 24 breath cycles were recorded during 30
seconds and 24 peaks were measured by the software, which
correspond to FTT 0.8 Hz.

IV. CONCLUSIONS

We successfully designed, fabricated, and tested a CNT-
based strain sensor able to monitor the respiratory rate, and we
showed that both 1D and 2D nanomaterials are very promising
candidates to be used for such application. Stretchable strain
sensors could play a vital role in monitoring patients with
cardiovascular diseases as well as their breathing and heart
rate. For example, the monitoring of respiratory rate has
become increasingly essential in several healthcare settings
for conditions such as sleep apnea and heart failure. Fur-
thermore, the applications of this medical surveillance device
are extremely promising, as it could be deployed in the
service of patients with COVID-19 in the near future. As
upcoming work, following the results of our simulations, we
aim at fabricating and testing MoS2-based strain sensors to
monitor both heart and respiratory rates. We are also interested
in further investigating the properties of both nanomaterials
by increasing the complexity of our theoretical models, for
instance by including non-uniform strain.
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