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Owning to their unparalleled sensitivity resolution, nanomechanical resonators have excellent capabilities
in design of nano-sensors for gas detection. The current challenge is to develop new designs of the resonators
for differentiating distinct gas atoms with a recognizably high sensitivity. In this work, the characteristics of
impulse wave propagation in carbon nanotube-based sensors are investigated using molecular dynamics
simulations to provide a new method for detection of noble gases. A sensitivity index based on wave velocity
shifts in a single-walled carbon nanotube, induced by surrounding gas atoms, is defined to explore the
efficiency of the nano-sensor. The simulation results indicate that the nano-sensor is able to differentiate
distinct noble gases at the same environmental temperature and pressure. The inertia and the strengthening
effects by the gases on wave characteristics of carbon nanotubes are particularly discussed, and a continuum
mechanics shell model is developed to interpret the effects.

T
he outstanding electrical, mechanical, and thermal properties of carbon nanotubes (CNTs)1–3 have made
them as one of the most promising materials in development of nanoelectromechanical systems such as
nanoscale gigahertz and terahertz devices. The potential of CNTs in nanoscale terahertz devices has opened

a wide range of applications in nanotechnology such as atomic transportation, drug delivery, and detection of
atoms or molecules4–6.

The limitation of gas sensing methods based on the electrical conductance changes of semiconducting CNTs7,8,
such as the inability to detect gases with low adsorption energies and distinguish gases in different concentrations,
and high sensitivity of nanotube conductivity to changes in environmental conditions, have motivated scientists
to build nanoscale gigahertz and terahertz devices for a more precise and robust detection of atoms or mole-
cules9,10. The main objective of the nanoscale gigahertz and terahertz devices is to design ultra-sensitive nano-
sensors based on a vibration or wave propagation analysis. The detection principle by using vibration or wave
propagation is to detect the induced recognizable shift in resonant frequencies or the wave velocity in nano-
sensors owing to attachments of foreign atoms or molecules on surface of the nano-sensors. Static and dynamic
mechanical deflections electrically induced to cantilever multi-walled CNTs (MWCNTs) in a transmission
electron microscope were developed to measure masses in the pictogram (10212 g) to femtogram (10215 g) mass
range11. A doubly clamped CNT resonator with a diameter of 3.5 nm and a length of 300 nm was experimentally
designed as a mass sensor to achieve a detection sensitivity in an order of attogram (10218 g) at room temper-
ature12. The experiment enabled the realization of resonance frequencies over 1.3 GHz with nanotube resonators,
and furthermore, extremely high resonance frequencies over 10 GHz or even into the terahertz range were
expected to be achieved by scaling down CNT-based resonators and selecting suitable coating materials.
Ultra-sensitive mass sensing with the resolution of 25 zeptogram (25 3 10221 g) was experimentally realized
by employing a single-walled CNT (SWCNT) resonator with a diameter of 1 nm and a length of 900 nm at room
temperature13. By cooling the nanotube down to 5 K the resolution was improved to 1.4 zeptogram. The mass
sensitivity of nano-resonator sensors was experimentally enhanced to 0.066 zeptogram using a doubly clamped
SWCNT resonator with a diameter of ,1 nm and a length of 150 nm by which atomic species of Argon (Ar) were
weighted14. Mass sensing experiments with a resolution of 1.7 yoctograms (1.7 3 10224 g), which corresponds to
the mass of one proton, were reported by using a bridge CNT resonator with a length of ,150 nm and a diameter
of 1.7 nm as a nano-sensor. The nano-sensors enabled to successfully differentiate a Xenon atom with an atomic
mass of 131.29 Da from a naphthalene molecule (C10H8) with an atomic mass of 128 Da. The experiments
assure ultra-sensitive nanotube sensors for detection of atoms and molecules with extremely high accuracy15. The
potential of SWCNTs in detection of distinct noble gases, i.e., Helium (He), Neon (Ne), Argon (Ar), Krypton (Kr),
Xeon (Xe), with a vibration analysis was studied by using molecular dynamic (MD) simulations and a sensitivity
index based on frequency shift of the CNTs surrounded by gas atoms was defined16. The applicability of SWCNT
resonator sensors in detection of distinct genes was investigated through a transverse vibration analysis17. Besides
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the vibration analysis of a nano-sensor, the analysis of wave propaga-
tion in nano-materials has been also proposed for detection of dis-
tinct gas atoms18,19. The hypothesis of the detection is that atoms or
molecules surrounding a CNT or graphene sensor would induce a
shift in the wave velocity, which can be measured technically. The
potential of graphene sheets (GSs) as nano-sensors in detection of
noble gases through a wave propagation analysis was developed
using MD simulations18. In above vibration and wave propagation
based sensor designs, applying or measuring a harmonic transverse
deflection with a frequency in an order of terahertz on CNT or GS-
sensors is necessary for detection. Although the above sensors have
been shown to enable successful detection, two kinds of limitations of
the above-proposed sensors hinder their applications. First, applying
or measuring such a high-frequency harmonic mechanical excitation
on the nano-sensors is not technically sound in practice. For
example, applying a high-frequency mechanical vibration in an order
of gigahertz or terahertz may be affected by environmental noise
signals, which in turn disturb an accurate measurement of frequency
shifts in the nano-sensors. On the other hand, the intrinsic ripples in
GSs due to their negligible bending rigidity20 affect the wave pro-
pagation in the sheets, which in turn has influence on accuracy of the
detection.

In view of the problems, an introduction and development of a
practical CNT sensor for detection of gas atoms are indispensible to
achieve a practical detection of gases with higher efficiency by study-
ing propagation of an impulse wave. On one hand, the excitation of
an impulse wave is simple and easy to achieve in practice and mon-
itoring of wave propagation due to the impulse wave is also achiev-
able. Hence, the method is technically sound. Moreover, the higher
bending rigidity of CNTs compared to graphenes21 could prevent any
occurrence of ripples in the nanotube sensors to ensure a stable and
reliable measurement process.

In this report, the potential of CNTs in design of nano-sensors
with an impulse wave propagation analysis in SWCNTs is explored
using MD simulations. An index representing the sensitivity based
on the wave velocity shifts in the nanotube sensors is defined and
examined. It is clearly observed that the proposed nano-sensor is able
to successfully differentiate distinct noble gases, i.e., Ar, Kr, and Xe.
Moreover, the inertia effect and the strengthening effect by the gases
on wave characteristics of the CNTs were particularly discussed. A
continuum mechanics shell model was developed to describe the gas

detection process. The effects of the some practical considerations,
such as the sizes of CNTs, are investigated as well.

Results
Impulse wave propagation in CNTs. The principle of the detection
method on the basis of a wave propagation analysis in a CNT-based
gas sensor is to identify a recognizable wave velocity shift in the CNT
when it is surrounded with gas atoms with a certain mass density. In
order to examine the feasibility of the method, the impulse wave
propagation in a pristine (22, 22) CNT with a length of ,100 nm
and fixed on both ends is first investigated. Then the result is
compared to that of the same CNT surrounded with Ar gas atoms
with a mass density of 1.6 g/cc at 298 K.

In simulations, five layers of carbon atoms at two ends, shown as
E1 and E2 in Figure 1(a), are fixed by applying restraints to their
degrees of freedom. In experiments, the restraints at E1 and E2 can be
imposed by techniques of fixing a CNT as an AFM tip and/or form-
ing an intramolecular junction as a restraint point22,23. The envi-
ronmental temperature is set to be 298 K. The CNT is then subjected
to an impact loading at the top and bottom of a portion of the CNT
shown in red in Figure 1 (a), comprising thirteen layers of carbon
atoms indicated as the impacted portion in Figure 1 (a). The impact is
assumed to induce an initial velocity of 10 nm/ps in the positive and
negative directions of the y-axis to carbon atoms at the bottom and
top of the impacted portion, respectively. As a result, the impact
generates an impulse wave along the x-axis in the nanotube which
propagates from x0 5 1.97 nm as shown in Figure 1(b) and reaches
the acquiring location at xac 5 70.11 nm at tac 5 19.46 ps as illu-
strated in Figure 1(c). The process of impulse wave propagation in
the pristine (22, 22) CNT can be seen in the video attached as
Additional Information.

The arrival of the impulse wave at the acquiring location can be
detected by means of the transverse deformation of top and bottom
atoms, illustrated as T and B in Figure 2, in the direction of the y-axis
at the acquiring location. In experiments, the motion of the nanotube
can be detected using the frequency modulation (FM) mixing tech-
nique, which allows transduction of the nanotube motion to a low-
noise electrical signal24–26. A photonic technique based on the FM
method was introduced in Ref. 26, which provided wide and high
operating frequencies of up to 1 THz. Figure 3 provides a time his-
tory of resultant deformations of T and B in the direction of the y-axis
at the acquiring location of xac 5 70.11 nm at tac 5 19.46 ps, pristine
(22, 22) CNT subjected to the impulse loading is subsequently

Figure 1 | Propagation of an impulse wave in a (22, 22) CNT with a length
of ,100 nm. Two end of the CNT, i.e., B1 (orange) and B2 (orange), are

fixed and the impacted portion (yellow) is subjected to an impact loading

as shown in (a) snapshot of the left and right ends of the nanotube at

t 5 0.05 ps. The impact results of an impulse wave in the tube, which

propagates from x0 5 1.97 nm as shown in (b) snapshot at t 5 0.05 ps. The

wave reaches the acquiring location (pink) at xac 5 70.11 nm as illustrated

in (c) snapshot at tac 5 19.46 ps.

Figure 2 | Calculation of the wave velocity in the (22, 22) CNT. (a) carbon

atoms at the top (T (red)) and bottom (B (red)) of the CNT at the

acquiring location, and (b) time history of the impulse wave in the CNT at

the acquiring location at xac 5 70.11 nm.
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determined by calculating the ratio of
xac{x0

tac
that is obtained to be

c0 5 3500.95 m/s.
Following the procedure aforementioned, the impulse wave pro-

pagation in the (22, 22) CNT surrounded with Ar gas atoms with a
mass density of 1.6 g/cc is studied. The corresponding atmospheric
pressure for the mass density at the room temperature is 102.3 KPa.
In the simulation, the CNT is assumed to be immersed in a periodic
box of 130 Ar atoms with a size of 102.0 nm 3 68.0 nm 3 68.0 nm
as illustrated in Figures 3 (a) and (b). The wave velocity in the (22, 22)
CNT surrounded with Ar atoms with the mass density of 1.6 g/cc is
obtained to be cg 5 3482.41 m/s. The process of impulse wave pro-
pagation in the (22, 22) CNT surrounded with Ar gas atoms with
a mass density of 1.6 g/cc can be seen in the video attached as
Additional Information.

To evaluate the sensitivity of the potential CNT-based sensors, a
sensitivity index based on the wave velocity shift in the CNT, which is

induced by gas atoms, is defined to be 100
c0{cg

c0
, where c0 and cg are

respectively wave velocities in a pristine CNT and the CNT sur-
rounded with gas atoms. Therefore, the sensitivity of the (22, 22)
CNT surrounded with Ar gas atoms with the mass density of 1.6 g/cc
is obtained to be 0.53%. The simulation results show that gas atoms
around the CNT induce a decrease in the wave velocity. In addition,
the propagation of the impulse wave in the nanotube sensor in
absence of any ripples promises a more accurate detection method
of gas atoms.

Detection of distinct noble gas atoms. To further explore the
applicability of the nanotube sensor subjected to an impact to
differentiate distinct gases, the sensitivities of the (22, 22) CNT
surrounded with distinct noble gases of Ar, Kr and Xe with various
mass densities at the room temperature of 298 K and pressures
ranging from 101.32 KPa to 506.62 KPa are presented in Table 1.
The atomic mass of Ar, Kr and Xe are respectively 39.95 g/mol,
83.8 g/mol and 131.29 g/mol. Thus, at a constant temperature and
pressure, the magnitude of the mass density of the three atoms is in
the order of Ar, Kr, and Xe. For example, At the room temperature of
298 K and the pressure of 101.32 KPa, the mass densities of Ar, Kr
and Xe are 1.6 g/cc, 3.7 g/cc and 5.9 g/cc, respectively.

First, the sensitivity of the nanotube sensor in detection of a dis-
tinct gas at different densities is studied. From Table 1, the impulse
wave velocities in the (22, 22) CNT-based sensor surrounded with Ar
gases with the mass densities of 3.3 g/cc, 4.9 g/cc and 6.6 g/cc are
respectively 3464.11 m/s, 3445.97 m/s and 3428.02 m/s, revealing
the sensitivity indexes of 1.05, 1.57 and 2.08%. As another example,
the impulse wave velocities in the nanotube sensor surrounded with
Kr atoms with mass densities of 6.9 g/cc, 10.3 g/cc and 13.9 g/cc are
respectively 3434.97 m/s, 3410.26 m/s and 3353.96 m/s, showing
that the sensitivities increase from 1.88% to 2.59 and 4.21%, respect-
ively. It is observed that the sensitivity increases monotonically with

an increase in the mass density of gas atoms; hence the sensor could
successfully estimate mass densities of a distinct gas.

Next, the applicability of the nanotube sensor in detection of dis-
tinct gases at the same environmental conditions of temperature and
pressure is evaluated. At the room temperature of 298 K and the
pressure of 101.32 KPa, the impulse wave velocities in the CNT
sensor surrounded with Ar, Kr and Xe gases are respectively
3482.43 m/s, 3464.11 m/s and 3445.97 m/s as highlighted in
Table 1 in blue, showing a decrease in the wave velocity with an
increase in the atomic mass of gas atoms. Considering the impulse
wave velocity in the pristine (22, 22) CNT of 3500.95 m/s, the sens-
itivity indexes are respectively found to be 0.53, 1.05 and 1.57% for
Ar, Kr and Xe atoms. As another example, at the same temperate and
the pressure of 506.62 KPa, where the mass densities of Ar, Kr and Xe
are respectively 8.2 g/cc, 17.2 g/cc and 27.1 g/cc, the sensitivities
respectively increases to 2.34, 5.51 and 6.72% as highlighted in
Table 1 in green. The simulation results justify the potential of the
nanotube sensor in detection of distinct gases at the same temper-
ature and pressure even at low concentrations.

After determining the ability of the sensor design in differentiation
of distinct gases at the same environmental conditions, the potential
of the sensor in detection of gases with close densities is considered.
From the simulation results presented in Table 1, the impulse wave
velocities in the (22, 22) CNT-based sensor surrounded with Kr and
Xe gas atoms with the mass densities of 10.3 g/cc and 10.9 g/cc are
respectively 3410.26 m/s and 3392.68 m/s as highlighted in Table 1
in yellow, showing the sensitivity of 2.59 and 3.09%. Therefore, the
sensor enables differentiation distinct gases with very close mass
densities. In addition, we conduct robust analysis by changing the
requiring locations of sensors to investigate the important question
from the reviewer. The results show that the sensitivities of the (22,
22) CNT sensor surrounded with Kr atoms and Xe atoms with same
densities in Table 1 are calculated to be 2.5% 6 0.1% and 3.1% 6

0.1%, when the acquiring location, xac, shifts from 70.11 nm to
80.06 nm. The simulation results reveal the robustness and reliability
of the nanotube sensor.

Effect of the diameter of CNTs on the wave velocity. The efficiency
of the CNT-based sensor is studied by investigating effect of the
diameter of CNT sensors. The impulse wave propagation in (15,
15) and (22, 22) CNTs with lengths of ,100 nm and both fixed
ends surrounded with Ar gas atoms with mass densities ranging
from 0 (i.e., the pristine CNT) to 18.3 g/cc at 298 K is conducted

Figure 3 | A (22, 22) CNT with a length of ,100 nm and both fixed ends
in a periodic box, filled with 130 Ar atoms, with a size of 102.0 nm 3
68.0 nm 3 68.0 nm (i.e., the mass density of 1.6 g/cc). (a) at t 5 0.05 ps,

(b) the impulse wave reaches acquiring location at t 5 19.56 ps.

Table 1 | Wave propagation in a (22, 22) CNT-based sensor with
a length of 100 nm surrounded by noble gas atoms at temper-
ature of 298 K. (Wave velocity in the pristine counterpart of the
nanotube sensor is 3500.95 m/s)

Type of gas
(atomic mass)

Pressure
(KPa)

Density
(g/cc)

Wave velocity
(m/s)

Sensitivity
(%)

Ar (39.948) 101.32 1.6 3482.43 0.53
202.65 3.3 3464.11 1.05
303.97 4.9 3445.97 1.57
405.30 6.6 3438.02 1.80
506.62 8.2 3419.12 2.34

Kr (83.798) 101.32 3.4 3460.01 1.17
202.65 6.9 3434.97 1.88
303.97 10.3 3410.26 2.59
405.30 13.9 3353.96 4.21
506.62 17.2 3308.06 5.51

Xe (131.293) 101.32 5.3 3440.17 1.74
202.65 10.9 3392.68 3.19
303.97 16.2 3375.28 3.59
405.30 21.8 3309.52 5.46
506.62 27.1 3265.77 6.72
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to study the effect. The corresponding atmospheric pressure
corresponding to the range of mass density varies from 0 (i.e., the
pristine CNT) to 1158.90 KPa.

Figure 4 provides the results of the wave velocity in the CNTs
surrounded with Ar atoms with different mass densities. It is
observed in Figure 4 that the wave velocity in the pristine (15, 15)
CNT with a diameter of ,2 nm is found to be 3761 m/s. The wave
velocity in the (15, 15) CNT surrounded with Ar atoms with a
mass density of 3.3 g/cc to 6.6 g/cc decreases to 3729.06 m/s to
3708.05 m/s. However, additional increase in the mass density of
Ar atoms is unexpectedly found to result in an increase in the wave
velocity of the nanotube. The results show that the wave velocity goes
up to 3793.52 m/s by increasing the mass density of Ar atoms to
18.3 g/cc. The process of impulse wave propagation in the (15, 15)
CNT surrounded with Ar atoms with a mass density of 18.3 g/cc can
be seen in the video attached as Additional Information. The obser-
vations demonstrate that there is a turning point at the mass density
of 6.6 g/cc. Before the density, the wave velocity decreases with an
increase in the mass density of gas atoms, while after the mass density
the wave velocity increases in contrast. The non-monotonic behavior
of the wave velocity versus the mass density of surrounding gas atoms
found in the (15,15) nanoube, which is not desirable in design of a
nano-sensor, needs to be prevented in real applications. A remedy for
the non-monotonic wave solutin in CNTs is to increase the diamter
of the CNT-sensor. Now, the effect of diameter of CNTs on the wave
velocity is investigated. Figure 4 indicates that the wave velocity in the
(22, 22) CNT with a diameter of ,3 nm surrounded with Ar atoms
with a mass density ranging from 0 to 18.3 g/cc. From Figure 4, the
wave velocity in the pristine (22, 22) CNT is 3500.95 m/s that res-
pectively decreases to 3464.08 m/s, 3428.02 m/s and 3392.68 m/s
when the tube is surrounded with Ar atoms with mass densities of
3.3 g/cc, 6.6 g/cc and 18.3 g/cc. Hence, the wave velocity becomes a
monotonically decreasing variaion versus the mass density of gas
atoms surrounding the nanotubes with a larger diameter. The mono-
tonic behavior of the wave velocity versus the mass density of sur-
rounding gas atoms, attained by increaing the diameter of a nanotube

from 2 nm to 3 nm, guarantees the effectiveness and reliability of the
nano-sensor.

From the simulations, we find that the propagation of an impulse
wave in a CNT is affected by two opposite phenomena: (1) the inertia
effect, and (2) the strengthening effect. The inertia effect, caused by
the vdW interactions between carbon atoms of the CNT and sur-
rounding gas atoms, dissipates the energy of the impulse wave. The
effect causes a resistance to the motion of the wave in the CNT and
induces a reduction in the wave velocity. Unlike the inertia effect that
reduces the wave velocity, gas atoms around the nanotube at the mass
densities greater than 6.6 g/cc play a role of a surface constrainer on
the tube. The surface constrainer on the nanotube makes the tube
stiffer, and hence speeds up the wave in longitudinal direction of the
nanotube. Herein, the effect is called the strengthening effect.

For nanotubes with a diameter of 2 nm such as the (15, 15) CNT,
two regions can be recognized: (1) for the mass densities of gas atoms
smaller than 6.6 g/cc, the inertia effect is dominant, and hence the
wave velocity displays a decreasing variation versus the mass density
of surrounding gas atoms; (2) for mass densities greater than 6.6 g/cc
the strengthening effect against is dominant, and hence the wave
velocity is found to increase with an increase in the mass densities
of gas atoms. Therefore, a turning point is detectable for the wave
velocity in the (15, 15) CNT at the mass density of Ar atoms of
6.6 g/cc in Figure 4. However, for nanotubes with a diameter of
3 nm or larger such as the (22, 22) CNT, the inertia effect is always
dominant so that the wave velocity would be a monotonically
decreasing function of the mass density of surrounding gas atoms.

The complicated phenomena of the CNT diameter effect on the
wave propagation can be interpreted by using a continuum mech-
anics model. In the continuum model, the CNT is modeled with a
cylindrical elastic shell and the interactions between the nanotube
and gas atoms are also simulated with surface stress effects27 as shown
in Figures 5(a) and (b). Consider a cylindrical elastic shell of radius r,
thickness h, bending rigidity D, Young’s modulus E and density r
which are used to model a CNT. If x and h respectively represent the
longitudinal and circumferential coordinates the governing equation

Figure 4 | Wave velocity in (15, 15) and (22, 22) CNTs with lengths of ,100 nm surrounded by Ar atoms versus the mass density of the gas atoms.
Before the mass density of 6.6 g/cc, the wave velocity in the (15, 15) CNT decreases since the inertia effect of gas atoms on the nanotube is dominant, while

after that the mass density the strengthening effect is governing and the wave velocity increases. In contrast, the wave velocity in the (22, 22) CNT is

monotonically decreasing versus the mass density of gas atoms. The wave velocity in the (15, 15) CNT is monotonically decreasing when the mass density

of gas atoms is lower than 6.6 g/cc since two opposite effects of the inertia and the strengthening effects.

www.nature.com/scientificreports
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based on the Donnell shell theory including surface stress27 and the
small-scale28 effects in term of the radial displacement W(x,h) is
given as

DzDsð Þ+8W~2ts 1{m+2
� �

+6Wz rhzrsð Þ 1{m+2
� � L2

Lt2
+4W

z
nh2rs

6 1{nð Þ 1{m+2
� � L2

Lt2
+6W{

Eh
r2

L4W
Lx4

,

ð1Þ

where Ds and rs are respectively the bending rigidity and the mass
density of the surface, ts is the residual surface stress under
unstrained conditions, and m is the small-scale parameter.

Surface effects become prominent when the surface-to-bulk ratio
of nanostructures increases29. The reason is that the nature of atoms
on the surface is different from that in the interior (bulk). Thus, the
surface effects are considerable in determining the physical prop-
erties of CNTs, when gas atoms adhere to their surface.

The wave propagation solution for CNTs can be expressed as

W~ �Wei kxzmh{vtð Þ, ð2Þ
where �W is amplitude of the wave motion, k 5 2p/l is the wave-
number in the longitudinal direction, m is the wavenumber in the
circumferential direction, v 5 2pc/l is the frequency of the wave
motion, c is the wave velocity, and l is the wave length.

Assuming ts 5 0, substituting Eq. (2) into Eq. (1) gives the wave
velocity as

c2~
DzDsð Þb4z

Eh
r2

k4

rhzrsð Þ{ nh2rs

6 1{nð Þ b
� �

b2 1zmbð Þk
, b~k2z

m2

r2
: ð3Þ

From Figures 6 (a) and (b), the wavelength and the circumferential
wavenumber are measured to be l 5 4 nm and m 5 4 for a (15, 15)
CNT, respectively.

The following properties are taken for CNTs and the surface of gas
atoms around nanotubes.

D~0:85 ev, E~1 TPa, n~0:27, r~2300 kg
�

m3,

h~0:34 nm, rs~2rg h

Ds~
0, rgƒ6:6 g=cc

0:0017rg ev, rgw6:6 g=cc

(

where rg is the mass density of surrounding gas atoms. From MD
simulations presented in Figure 4, the strengthening effect of gas
atoms on nanotubes is negligible for rg # 6.6 g/cc, hence Ds is set
to be zero for this region. Also, Ds 5 0.0017rg ev is taken to be a linear
function of the mass density of gas atoms for rg . 6.6 g/cc to include
the strengthening effect. The value is obtained through a fitting

process with results of MD simulations. In addition, the small-scale
parameter is respectively set to be m 5 0.044 nm2 and m 5 0.002 nm2

for the (15, 15) and (22, 22) CNTs through a verification process with
results obtained from MD simulations.

Finally, results obtained from the continuum shell model pre-
sented in Eq. (3) obviously confirm that there is a turning point
for the wave velocity in the (15, 15) CNT with a diameter of 2 nm
at the mass density of Ar atoms of 6.6 g/cc as shown in Figure 4. For
example, the wave velocity in the (15, 15) CNT decreases from
3760.53 m/s to 3701.57 m/s with an increase in the mass density of
surrounding Ar atoms from 0 to 6.6 g/cc. Also, results obtained from
the shell model show that the wave velocity would be a monotonically
decreasing function of the mass density of surrounding Ar atoms by
increasing the diameter of the nanotube to 3 nm. For instance, the
wave velocity in the (22, 22) CNT predicted with Eq. (3) decreases
from 3507.81 m/s to 3394.64 m/s with an increase in the mass den-
sity of surrounding Ar atoms from 0 to 18.3 g/cc.

Discussion
The potential of CNTs as nano-sensors in detection of noble gases is
explored with an impulse wave propagation analysis. The wave pro-
pagation in the nanotube sensors surrounded with different noble
gas atoms is simulated by MD simulations. It was demonstrated that
a (22, 22) CNT with a diameter of 3 nm and a length of 100 nm as a
nano-sensor could successfully differentiate distinct noble gases, i.e.,
of Ar, Ne and Xe, at the same environmental conditions of temper-
ature and pressure. The sensitivity of the nano-sensor increases with
an increase in the mass density of gas atoms. In addition, the nano-
sensor enables detection of different types of noble gases with close
mass densities. The inertia and the strengthening effects of gases on
the characteristics of impulse wave propagation in nanotubes are
studied, and a continuum mechanics shell model is presented to
physically describe the effects. The effect of size of nanotubes sur-
rounded with gas atoms on the impulse wave propagation is inves-
tigated as well. The sensitivity analysis in the research shows the great
potential of the method for nano-sensors.

Methods
The interaction potential is modeled by the universal force field (UFF)29, which is a
purely diagonal and harmonic force field. In the UFF, The potential energy of an
arbitrary geometry of a molecule is provided as a superposition of various two-body,
three-body, and four-body interactions. The total potential energy, E, is expressed as
follows30:

E~ERzEhzEQzEvzEvdW , ð4Þ

where ER, Eh, EQ and Ev are valence terms of bond stretching, bond angle bending,
dihedral angle torsion, and inversion energies, respectively. EndW is the van der Waals
(vdW) energy represented by a sum of repulsive and attractive Lennard-Jones terms31.

Molecular dynamics simulations are initialized with a geometry optimization
process to minimize the total energy of the system (i.e., a CNT surrounded with gas
atoms illustrated in Figures 3(a) and (b)) by using the conjugate-gradient method32.
Once the minimization process is completed, the system is then allowed to equilibrate
over the constant volume and constant temperature (NVT) ensemble at the room
temperature of 298 K for 0.5 ns. The simulation time step is set to be 1 fs in the NVT
simulation, and the Andersen feedback thermostat33 is used for the system

Figure 5 | Modeling a CNT surrounded with gas atoms using an elastic
shell model. The CNT is illustrated in blue and surrounding atoms inside

and outside of the tube are shown in violet: (a) top view of a (15, 15) CNT

surrounded with Ar atoms with a mass density of 6.6 g/cc, and (b) the

equivalent shell model from top view.

Figure 6 | Snapshots of propagation of the wave from: (a) side view for
measuring the wave length (l), (b) cross section of the wave for obtaining
the circumferential wavenumber (m).

www.nature.com/scientificreports
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temperature conversion. A NVE (i.e., constant volume and constant energy
dynamics) simulation process of 25 ps is then followed to model the propagation of
an impulse wave in the CNT. The wave is induced by applying an impact loading at
the top and bottom of the impacted portion of the CNT as shown in red in
Figure 1 (a). The Verlet velocity algorithm is adopted in the NVE simulation to
integrate the motion of equations for the whole system, and the time step in the NVE
simulation is chosen to be 0.05 fs. The trajectories of atoms at the acquiring location
of the CNT, shown in Figure 1(c), are recorded to detect reaching the wave to the
acquiring location. The MD simulations have been performed with the Forcite
module of Materials Studio software package.
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