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Boron-Nitride Nanotubes as Zeptogram-Scale
Bionanosensors: Theoretical Investigations
R. Chowdhury and S. Adhikari

Abstract—Boron-nitride nanotubes (BNNTs) are being increasingly used due to their superior biocompatibility. We develop sensor equations for using the BNNTs as possible mass sensors for
nanoscale biological objects. Two approaches based on static and
dynamic deflection shapes have been investigated. Two types of
sensor configurations, namely, cantilevered and bridged, have been
studied. New sensor equations have been validated using molecular
mechanics simulations. Our results show that BNNTs can be used
as biosensor with sensitivity reaching in the order of 0.1zg/GHz.
Index Terms—Boron-nitride nanotubes (BNNTs), frequency
shift, mass sensor, molecular mechanics.

I. INTRODUCTION
ARBON nanotubes (CNTs) [1] have received remarkable
research interests due to their excellent electronic [2], thermal [3], and structural/mechanical [4]–[8] properties. Recently,
the usefulness of CNTs in biological applications such as biosensor devices have been realized and numerous advancements
have been made in a wide range of application areas [9]–[14].
Various approaches such as CNT field-effect-transistor-based
biosensors [12] and cantilever CNTs biosensors [10] have been
explored to integrate the CNTs into modern bionanotechnology.
Soon after the discovery of CNTs, Blase et al. [15] theoretically predicted the possibility of obtaining boron-nitride
nanotubes (BNNTs). They initiated an investigation on their
distinctive properties [16], [17] by exploring the similarity between hexagonal boron-nitride (h-BN) sheets [18] and graphite.
An h-BN sheet is composed of alternating atoms of boron and
nitrogen, but BN is mostly found in the same phases, which produce atomic structures similar to those of graphite. It is noted
that even the crystallographic parameters of h-BN sheets and
graphite are almost equal. Rolling up an h-BN sheet in different
chiral directions generates BNNTs of various chralities, such as
zigzag, chiral, and armchair. Such BNNTs possess many of the
superior properties of the CNTs [19], [20] such as exceptional
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elastic properties [21]–[27], high mechanical strength [28]–[33],
chemical inertness [34], structural stability [35], [36], high heat
conduction, and piezoelectricity [37]. In addition, BNNT has a
wideband gap independent of the geometrical/atomic configuration [19]. These factors make BNNT particularly suitable for
the biological applications [38]. Moreover, BNNT is a nonabsorption material of visible and infrared light [38]. This property
would particularly help to protect biofragments from overheating and damage, which may be possible in the case of CNT
usage.
Several attempts have been made to explore the application
of CNTs in biotechnology, while the use of BNNTs have not
been elucidated largely [38]. Up till now, a number of investigations have been reported on the use of BNNTs as nanosensor [39]. Ciofani et al. [36] exploited the use of BNNTs in the
nanomedicine field. Experimental studies suggest that BNNTs
are more suitable for the development of sensors and transducers for the detection of biological entities, due to their chemical
stability [36]. Ciofani et al. [39] performed a study on the interactions and effects of biological objects with BNNTs. In a later
study, Ciofani et al. [40] highlighted the complexity of BNNTbased nanomaterials, which requires further experiments for the
accurate assessment of their biocompatibility. Basic idea of developing nanosensor devices are founded on either the shift in
frequency [10], [41]–[43] or the change in conductance [44],
[45]. Here, we develop a methodology for the active use of
BNNTs as a biosensor, by which we can detect the amount of
deposited biomass [10]. We exploited the shift in the resonance
frequency due to the added mass on the BNNT resonator [28],
[46], [47]. Two types of sensor configurations, namely, cantilevered and bridged, have been studied. Explicit closed-form
expressions of the sensitivities of the BNNT sensors have been
derived using the continuum-beam theory. New sensor equations
have been validated using molecular mechanics simulations.
II. VIBRATION ANALYSIS OF BNNTS WITH ATTACHED MASS
We use Euler–Bernoulli beam theory [48] to model the bending vibration of single-walled BNNT resonators. The continuum models based on beam as well as shell have been used
extensively for single and multiwalled CNTs, see, for example, [49]–[51]. This motivates us to use the continuum model
to develop sensor equations. The equation of motion of free
vibration can be expressed as
EI

∂ 2 u(x, t)
∂ 4 u(x, t)
+
ρA
=0
∂x4
∂t2

(1)

where u(x, t) is the transverse deflection, E the Young’s modulus, I the second moment of the cross-sectional area A, and
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ρ is the density of BNNTs. Depending on the boundary condition of the BNNT and the location of the attached mass, the
resonant frequency of the combined system can be derived. We
only consider the fundamental resonant frequency, which can
be expressed as

keq
1
(2)
fn =
2π meq
where keq and meq are equivalent stiffness and mass of BNNT
with attached mass in the first mode of vibration, respectively.
Two kinds of end constraints, i.e., cantilever and bridged, are
considered. In the previous study [13], the authors used static
deflections to obtain the equivalent stiffness and mass of CNTbased resonators. Here, deflection shapes based on dynamic
equation are used for the BNNT resonators. The sensor equations obtained using this approach is expected to have more
accurate sensing capabilities as the inertial properties of the
BNNTs are taken into account in a more rigorous manner.
A. Cantilevered BNNT With a Mass at the Tip
Consider that a BNNT resonator of length L is perturbed by
a mass M at the end point, i.e., at x = L as shown in cantilever.
For the cantilevered BNNT, the resonance frequencies can be
obtained from

λ2j
EI
(3)
fj =
2π ρAL4
where λj can be obtained by [52] solving the following transcendental equation
cos λ cosh λ + 1 = 0.
The vibration mode shape can be expressed as

x
x
Uj (x) = cosh λj − cos λj
L
L


sinh λj − sin λj 
x
x
−
sinh λj − sin λj
cosh λj + cos λj
L
L
The mode shape in (5) is normalized such that

1 L 2
Uj (x)dx = 1.
L 0

(4)

where a is a constant amplitude. The potential energy of the
BNNT can be obtained as
 L 2
 L 2
2
2
∂ U (x)
∂ U1 (x)
1
1
2
EIa
dx
=
dx.
P = EI
2
∂x2
2
∂x2
0
0
(8)
Differentiating Uj (x) in (5) twice with respect to x and using
λ1 = 1.8751, this integral can be obtained as
P = 12.36236338a2

(5)

EI
.
L3

(9)

Since the potential energy of the equivalent SDOF oscillator is
(1/2)keq a2 , from the previous equation, we have
keq = 12.36236338

(6)

We aim to obtain an equivalent single-DOF (SDOF) oscillator
for the mass loaded BNNT in Fig. 1. The equivalence between
the actual mass loaded BNNT and the virtual SDOF oscillator
can be established be equating the potential and kinetic energies
of both the systems. One needs to consider a deflection shape
for the BNNT. Since the cantilevered BNNT is vibrating in the
first mode, it is natural to consider the deflection proportional
to the fist mode of vibration given by (5) with λ1 = 1.8751.
This value is obtained [53] by solving the transcendental (4).
Therefore, the assumed deflection is
U (x) = aU1 (x)

Fig. 1. Cantilevered BNNT resonator of length L with an attached mass. The
mode-shape in the first mode of vibration given by (5) is shown in (b). The maximum deflection occurs under the added mass at x = L. (a) DeOxy adenosine
with free residue at the edge of a BNNT. (b) Mathematical idealization: point
mass at the tip.

(7)

EI
.
L3

(10)

Suppose the value of the added mass is M . Assuming harmonic motion, i.e., u(x, t) = U (x) exp(iωt), where ω is the
frequency, the kinetic energy of the BNNT can be obtained as

ω2
ω2 L
M U 2 (L)
ρAU 2 (x)dx +
T =
2 0
2
=

ω 2 a2
ω 2 a2
ω 2 a2
ρAL +
M (2)2 =
(ρAL + 4M ) . (11)
2
2
2

Since the kinetic energy of the equivalent SDOF oscillator is
(1/2)meq ω 2 a2 , we have
meq = ρAL + 4M.

(12)
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The resonant frequency can be obtained using (2) as


keq
12.36236338(EI/L3 )
1
1
=
fn =
2π meq
2π
ρAL + 4M


EI
1
1 √
12.36236338
=
2π
ρAL4 1 + (M/ρAL)4
=

αk β
1
√
2π 1 + αm ΔM

(13)

where
√
12.36236338 = 3.516015270

EI
β=
ρAL4

αk =

ΔM =

M
ρAL

(15)
(16)

αm = 4.

and

(14)

(17)

We call ΔM the relative mass change.
The resonant frequency for a cantilevered BNNT without any
added mass is obtained by substituting ΔM = 0 in (13) as
f0 n

1
αk β.
=
2π

(18)

Comparing this with (3), we indeed obtain αk = λ21 =
3.516015270. This verifies the energy approach adopted here.
Next, we extend this analysis to bridged BNNT.
B. Bridged BNNT With a Mass at the Midpoint
For the bridged BNNT shown in Fig. 2, the equation of motion
and the natural frequency equation are given by (1) and (2),
respectively. However, the constant λj should obtained [52] by
solving
cos λ cosh λ − 1 = 0.

(19)

The vibration mode shape can be expressed as

x
x
Uj (x) = cosh λj − cos λj
L
L


cosh λj − cos λj 
x
x
−
sinh λj − sin λj
. (20)
sinh λj − sin λj
L
L
For the first mode of vibration, we have λ1 = 4.7300. This
value is obtained [53] by solving the frequency (19). Like the
cantilevered case, the mode shape is normalized according to
(6).
We assume the deflection shape as in (7) with U1 (x) given
by (20) for j = 1. From the potential energy of the BNNT, the
equivalent stiffness can be obtained as

keq = EI
0

L 

∂ 2 U1 (x)
∂x2

2

dx = 500.5638988

EI
.
L3

(21)

Fig. 2. Bridged BNNT resonator of length L with an attached mass. The modeshape in the first mode of vibration given by (20) is shown in (b). The maximum
deflection occurs under the added mass at x = L/2. (a) DeOxy adenosine with
free residue at the center of a BNNT. (b) Mathematical idealization: point mass
at the center.

As can be seen in Fig. 2, the value of the added mass at the
center of the BNNT is M . Using the expressions of the mode
shape in (20), the kinetic energy of the bridged BNNT can be
obtained as
 

L
ω2 L
ω2
2
2
MU
T =
ρAU (x)dx +
2 0
2
2
ω 2 a2
(ρAL + 2.522208550M ) .
2
Therefore, the equivalent mass is
=

meq = ρAL + 2.522208550M.

(22)

(23)

The resonant frequency can be obtained using (2) as

12.36236338EI/L3
1
αk β
1
√
=
fn =
2π ρAL + 2.522208550M
2π 1 + αm ΔM
(24)
where β and ΔM are as defined in (15) and (16), respectively,
and the constants
√
αk = 500.5638988 = 22.37328537
and

αm = 2.522208550.

(25)

The resonant frequency for a bridged BNNT without any added
mass can be obtained by substituting ΔM = 0 in (24) as in (18).
Comparing (18) with (3), one obtains αk = λ21 = 22.37328537,
which verifies the energy approach adopted here.
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III. MASS DETECTION AND SENSITIVITY CALCULATION
The expressions of the natural frequencies of the mass loaded
BNNT are now used to obtain the mass based on the frequency
shift [10]–[14], [42], [54], [55]. Combining (13) and (18), one
obtains the relationship between the resonant frequencies as
f0 n
.
fn = √
1 + αm ΔM

(26)

The frequency shift can be expressed using (26) as
f0 n
Δf = f0 n − fn = f0 n − √
.
1 + αm ΔM

(27)

From this, we obtain
Δf
1
.
=1− √
f0 n
1 + αm ΔM

(28)

Rearranging gives the expression
ΔM =

1
1
2 − α .
αm (1 − (Δf /f0 n ))
m

αk2 β 2
ρAL
ρAL
−
.
2
αm (αk β − 2πΔf )
αm

Simulations were performed with Gaussian [56], using the
universal force field (UFF) developed by Rappe et al. [57].
Since, force fields use explicit expression for the potentialenergy surface of molecule as a function of the atomic coordinates, therefore, force-field-based simulations are convenient.
The UFF is well suited for dynamics simulations because it
allows more accurate vibration measurements than many other
force fields, which do not distinguish bond strengths. The UFF is
a purely harmonic force field with a potential-energy expression
of the form
ER +

E=
+

(30)

This is the general equation which completely relates the added
mass and the frequency shift. The constants appearing in this
equation can be summarized as (up to four decimal place)
αm = 4, αk = 3.5160 for cantilevered BNNT and αm = 2.5222,
αk = 22.3733 for bridged BNNT.
To obtain the sensitivity of the BNNT-based sensor, we differentiate (30) with respect to Δf and obtain
ρAL 4π αk2 β 2
∂M
=
.
s=
∂Δf
αm (αk β − 2πΔf )3

IV. VIBRATIONAL ANALYSIS OF BNNT USING
MOLECULAR-MECHANICS APPROACH

(29)

This equation completely relates the change in mass with the
frequency shift. The actual value of the added mass can be
obtained from (29) as
M=

From this, it can be concluded that the cantilevered BNNT sensor is about four times more sensitive compared to the bridged
BNNT.

Eω +

EVDW
(35)

The valence interactions consist of bond stretching (ER ), which
is a harmonic term and angular distortions. The angular distortions are bond angle bending (Eθ ), described by a threeterm Fourier cosine expansion, dihedral angle torsion (Eφ ), and
inversion terms (out-of-plane bending) (Eω ). Eφ and Eω are
described by cosine-Fourier expansion terms. The nonbonded
interactions consist of van der Waals (EVDW ) and electrostatic
(Eel ) terms. EVDW are described by a Lennard–Jones potential
and Eel described by a Coulombic term. The functional form of
aforesaid energy terms is given as follows:
ER = k1 (r − r0 )2
Eθ = k2 (C0 + C1 cos θ + C2 cos 2θ)
1
4sin2 θ
C1 = −4C2 cos θ0

(31)

ρAL 24π 2
ρAL 96π 3
ρAL 4π
+
Δf
+
Δf 2 + . . .
s=
αm (αk β)
αm (αk β)2
αm (αk β)3
(32)
The coefficients associated with the powers of Δf are positive.
Therefore, the mass sensitivity of the sensor increases with the
increasing values of frequency shift Δf . The minimum sensitivity, for the case when Δf is very small, can be obtained by
taking limΔ f → 0 in (32) as
ρAL 4π
.
αm (αk β)

Eφ +

Eel .

C2 =

We observe that the mass-detection sensitivity of a BNNT-based
nanosensor is a nonlinear function of the frequency shift. For
further understanding, expanding the sensitivity in (31) in Taylor
series in Δf , we have

sm in =

Eθ +

(33)

Applying this equation for the cantilevered and bridged BNNT,
the minimum sensitivities can be obtained as
4π ρAL
4π ρAL
and sbridged =
.
scantilevered =
14.064 β
56.430 β
(34)

C1 = C2 2 cos2 θ0 + 1
Eφ = k3 (1 ± cos nφ)
Eω = k4 (1 ± cos (nχ − χ0 ))
 ∗ 12
 ∗ 6 
r
r
EVDW = D
−2
r
r
and

Eel =

qi qj
εrij

(36)

where k1 , k2 , k3 , and k4 are force constants, θ0 is the natural
bond angle, D is the van der Waals’ well depth, r∗ is the van der
Waals’ length, qi is the net charge of an atom, ε is the dielectric
constant, rij is the distance between two atoms. The Eel term is a
columbic term and is not zero for the present case. The Gaussian
[56] program assigned the atomic charges automatically based
on the atom types. The atomic charges are assigned according to
“Qeq algorithm” presented in [58]. The torsion term Eφ turns out
to be of great importance. Detailed values of these parameters
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in (36) can be found in [57]. The calculation of frequency and
their validation for CNTs can be found detailed in [59]. In
the following section, we are providing the methodology of
frequency calculation briefly for completeness of the present
paper.
A. Frequency Calculation
We start with the Hessian matrix HCAR , which holds the
second partial derivatives of the potential E with respect to the
displacement of the atoms in cartesian coordinates (CAR) [56],
[60]

HCAR i j =

∂2 E
∂ξi ∂ξj


.

(37)

Opt

This is a 3N × 3N matrix (N is the number of atoms), where
ξ1 , ξ2 , ξ3 , . . . , ξ3N are used for the displacements in cartesian
coordinates Δx1 , Δy1 , Δz1 , . . ., ΔzN . The ()Opt refers to the
fact that the derivatives are taken at the equilibrium positions
of the atoms. These force constants are then converted to mass
weighted cartesian (MWC) coordinates [60]
HCAR i j
HM WC i j = √
=
mi mj



∂2 E
∂qi ∂qj


(38)
Opt

√
√
√
√
where q1 = m1 ξ1 = m1 Δx1 , q2 = m1 ξ2 = m1 Δy1 ,
and so on. HM WC is diagonalized, yielding a set of 3N eigenvectors and 3N eigenvalues.
The next step is to translate the center of mass to the origin,
and determine the moments and products of inertia, with the
goal of finding the matrix that diagonalize the moment of inertia
tensor. Using this matrix, we can find the vectors corresponding
to the rotations and translations. Once these vectors are known,
we know that the rest of the normal modes are vibrations. The
center of mass RCOM is found in the usual way
RCOM


α mα rα
= 
α mα

(39)

where the sums are over the atoms, α. The origin is then shifted
to the center of mass rCOM α = rα − RCOM . Next, we have to
calculate the moments of inertia (the diagonal elements) and
the products of inertia (off diagonal elements) of the moment of
inertia tensor (I), given by
⎧
⎪
⎪
⎪
⎪
⎪
⎨

mα (yα2 + zα2 )

−

α

α

−

⎪
⎪
⎪
⎪
⎪
⎩−

mα (xα yα )
mα (x2α + zα2 )

mα (yα xα )
α

α

mα (zα xα )
α

−

mα (zα yα )
α

⎫
mα (xα zα )⎪
⎪
⎪
⎪
α
⎪
⎬
−
mα (yα zα ) .
⎪
α
⎪
⎪
2
2 ⎪
mα (xα + xα )⎪
⎭

−

α

(40)
This symmetric matrix is diagonalized, yielding the principal
moments (the eigenvalues I ) and a 3 × 3 matrix, which is made
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up of the normalized eigenvectors of (I). The eigenvectors of
the moment of inertia tensor are used to generate the vectors
corresponding infinitesimal rotation of the molecular system.
The translations are trivial to generate in cartesian coordinates.
They are just mi times the corresponding coordinate axis. A
Schmidt orthogonalization is used to generate Nvib = 3N − 6
remaining vectors, which are orthogonal to the six rotational
and translational vectors. The result is a transformation matrix
D which transforms from MWC coordinates q to internal coordinates S = Dq, where rotation and translation have been
separated out. Now that we have coordinates in the rotating and
translating frames, we need to transform the Hessian HM WC to
these new internal coordinates (INT) [56], [60]. Only the Nvib
coordinates corresponding to internal coordinates will be diagonalized, although the full 3N coordinates are used to transform
the Hessian. The transformation is straightforward as follows:
HINT = DT HM WC D.

(41)

The Nvib × Nvib submatrix of HINT , which represents the force
constants internal coordinates, is diagonalized yielding Nvib
eigenvalues and Nvib eigenvectors. If we call the transformation
matrix composed of the eigenvectors L, then we have
LT HINT L = Γ

(42)

where Γ is the diagonal matrix with eigenvalues γi . At this point,
the eigenvalues need to be converted frequencies as

γi
fi =
.
(43)
4π 2

V. RESULTS AND DISCUSSIONS
In Section III, it was proved that the cantilever sensor is about
four times more sensitive than a bridged sensor. For this reason,
in this section, we consider cantilever sensors only. Two types
of BNNTs, namely, a armchair and zigzag, with two different
lengths are considered. We consider two types of biological objects on the cantilevered BNNT as shown in Fig. 3. Alanine
with Amino terminal residue (mass 0.121307 zg) is a type of
α-amino acid with simple structure as shown in Fig. 3(a). DeOxy
adenosine with free residue (mass 0.416965 zg) is a nucleoside
component of DNA, composed of adenosine and deoxyribose,
with a structure shown in Fig. 3(b). Here, we investigate the
validity of the mathematical expressions derived in the paper
to detect the mass of these molecules. In Fig. 4, the identified masses from the frequency shift of cantilevered BNNTs
are shown. Two armchair (4,4) BNNTs of lengths 7.493 and
9.99 nm are considered. The first BNNT is loaded with upto
13 Alanine with Amino terminal residue molecules shown in
Fig. 3(a), while the second BNNT is loaded with upto six DeOxy adenosine with free residue molecules shown in Fig. 3(b).
The frequency shift corresponding to these added masses are
calculated from the molecular mechanics approach explained in
the previous section. These frequency shifts are then used and
“experimental results” in the sensor equation (30). The value of
the mass predicted by this equation are then compared with the
known values used in the molecular mechanics simulations. For
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Fig. 3. Added molecules on the armchair and zigzag BNNTs (1 zg =
10 −2 1 gm). (a) Alanine with Amino terminal residue (mass 0.121307 zg).
The BNNTs are loaded with upto 13 molecules. (b) DeOxy adenosine with
free residue (mass 0.416965 zg). The BNNTs are loaded with upto six
molecules.

the BNNT in Fig. 4(a), the predicted mass is very close to the
actual mass of the added molecules. By comparing the identified
mass with the molecular mechanics simulations in Fig. 4(b), we
can see that the sensor equation (30) slightly overpredicts the
mass. The general trend is, however, similar. Percentage error
obtained using the proposed method is shown in Table I for
different values of frequency shift. The error is calculated by
considering molecular simulation as the reference. Results for
the two cases considered in Fig. 4 are shown. One can observe
that the error for the longer BNNT is relatively more than the
shorter BNNT. This is possibly due to the fact that the BNNT of
length 9.99 nm is loaded by a much heavier molecule compared
to the BNNT of length 7.493 nm.
In Fig. 5, the identified masses from the frequency shift of
two zigzag BNNTs are shown. Two zigzag (5,0) BNNTs of
lengths 5.191 and 6.922 nm are considered. Like the armchair
BNNTs, the first BNNT is loaded with upto 13 Alanine with
Amino terminal residue molecules shown in Fig. 3(a), while the
second BNNT is loaded with upto six DeOxy adenosine with
free residue molecules shown in Fig. 3(b). The frequency shift
corresponding to these added masses are calculated from the
molecular- mechanics approach explained in the previous section. The value of the mass predicted by this equation are then
compared with the known values used in the molecular mechanics simulations. Percentage error obtained using the proposed
method is shown in Table II for different values of frequency

Fig. 4. Identified attached masses from the frequency shift of a cantilevered
armchair BNNT. The proposed analytical approach is validated using data from
the molecular mechanics simulations. (a) Alanine with Amino terminal residue
on cantilevered armchair (4,4) BNNT. Results of adding upto 13 molecules are
shown. The properties of the BNNT are: length 7.493 nm, mass 9.9682 zg,
diameter 0.551 nm, and fundamental frequency 41.072 GHz. (b) DeOxy adenosine with free residue on cantilevered armchair (4,4) BNNT. Results of adding
upto six molecules are shown. The properties of the BNNT are: length 9.99 nm,
mass 13.2909 zg, diameter 0.551 nm, and fundamental frequency 22.847 GHz.
TABLE I
PERCENTAGE ERROR IN THE MASS DETECTION USING CANTILEVERED
ARMCHAIR (4,4) BNNT-BASED BIONANOSENSOR
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TABLE II
PERCENTAGE ERROR IN THE MASS DETECTION USING CANTILEVERED ZIGZAG
(5,5) BNNT BASED BIONANOSENSOR

TABLE III
SENSITIVITY OF CANTILEVERED BNNT

VI. CONCLUSION

Fig. 5. Identified attached masses from the frequency shift of a cantilevered
zigzag BNNT. The proposed analytical approach is validated using data from
the molecular mechanics simulations. (a) DeOxy adenosine with free residue
on cantilevered zigzag (5,0) BNNT. Results of adding upto 13 molecules are
shown. The properties of the BNNT are: length 5.191 nm, mass 4.98409 zg,
diameter 0.389 nm, and fundamental frequency 50.80598 GHz. (b) Alanine
with Amino terminal residue on cantilevered zigzag (5,0) BNNT. Results of
adding upto six molecules are shown. The properties of the BNNT are: length
6.922 nm, mass 6.64545 zg, diameter 0.389 nm, and fundamental frequency
32.0778 GHz.

shift. The error is calculated by considering molecular simulation as the reference. Results for the two cases considered in
Fig. 5 are shown. One can observe that the error for both cases
are comparable.
The sensitivities of the four cantilevered nanotubes are shown
in Table III. These sensitivities are calculated from (34). If
identical BNNTs in the bridged configuration were used, their
sensitivities would have been 0.0303, 0.0403, 0.0151, and
0.0202 zg/GHz, respectively. The cantilevered BNNT are, therefore, more sensitive.

The use of BNNT as a nanoscale mass sensor is investigated
in this theoretical study. The shift in the resonance frequencies
due to additional mass is exploited in the proposed sensor. The
BNNT resonators are assumed to be either in cantilevered or in
bridged configurations. Two atomically configured BNNTs are
considered, namely, zigzag and armchair. Simple relationship
between the frequency shift and the added mass is proposed,
which is based on energy principle. Using this, generalized calibration constants have been derived for an explicit relationship
between the added mass and the frequency shift. A molecularmechanics-based approach is used to validate the calibrationconstant-based sensor equations. We used the UFF force field
model, wherein the force-field parameters are estimated using
the general rules based on the element, its hybridization, and
its connectivity. Acceptable agreements between the proposed
approach and the molecular mechanics simulations have been
observed. Sensitivity equations are also developed. Our results
show that BNNTs can be used as biosensor with sensitivity
reaching in the order of 0.1 zg/GHz. In addition, it can be noted
that the cantilevered BNNT sensor is about four times more sensitive compared to the the bridged BNNT. Theoretical results
obtained here may be useful to practically realize future BNNT
sensor devices.
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