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Service performance of nanopins based on different branched carbon nanotubes (CNTs) including the 45° Y-type CNT, the 45° V-type CNT,
the 90° Y-type CNT, and the T-type CNT have been investigated using classical molecular dynamics simulations. The Y-type CNT is the most
cost-effective while there is adequate room to improve its service performance. The installed V-type CNT always has a trend of leaving from
the silicon hole, and thus it would better be used with another nanopin cooperatively. For the 90° Y-type CNT, the installation resistance and
the unloading force are almost in the same order of magnitude while the installation in pushing approach is relatively easier than that in pulling
approach. Interestingly, the attraction between the silicon hole and the T-type CNT can mislead the branch, resulting in the failed installation of
the T-type CNT consequently.
1. Introduction: In the past half century, great advances have been
achieved in the field of nanometre materials, and the design and
application of the nanodevices have become one of the most
popular hotspots [1]. With the various nanodevices springing
up like mushrooms, one of the increasingly crucial problems is
to develop new structures and processing methods for the
integration of various nanodevices.

Since the bottom-up assembly approach was proposed by
Feynman in 1959, there has been a great assumption of fabricating
materials and devices atom by atom. Nevertheless, until the scan-
ning tunnel microscope (STM) was invented, ultimately we can pre-
cisely observe and manipulate a single atom. The first attempt of
reconstruction on Si (111) surface in real space was reported in
1983 [2], and then it raised the tide of researches on atomic manipu-
lation. Subsequently, it was found that the low temperature require-
ment is one of the significant limitations, especially for the
relatively complex structures [3]. Although the vertical atomic
manipulation can somewhat facilitate the operation, force field ana-
lysis [4] shows that the STM tip lowers the diffusion barrier and the
termination of the tip determines the lateral manipulation force
threshold, consequently affecting the final results of atomic manipu-
lation. Furthermore, the atomic manipulation in other operating
conditions such as a single atom in an ionic crystal surface [5] is
quite difficult. As a result, some novel mechanisms of atomic
manipulation were proposed, such as thermally activated electron
attachment [6], generalised magicity of nanoclusters [7], electronic
excitation of the atom or molecule [8] and so forth. Recently, IBM
Research has firstly demonstrated a reversible Bergman cyclisation
by the means of atom manipulation [9], which is considered as a
new height in atomic manipulation, looking forward to opening
up a new field of radical chemistry for on-surface reactions by
atomic manipulation.

Self-assembly, originally applied to nanoparticles [10, 11], is
another alternative approach to the bottom-up assembly. A typical
example is drying-mediated self-assembly [12], i.e. evolving the
mesostructures or complex composites as the solvent evaporates,
similar to the crystallisation process. Nevertheless, this kind of self-
assembly is distinctly sensitive to the solvent, and evaporation-
crystallisation process is hard to control. As a result, the application
of the self-assembled materials is considerably limited, especially
for the nanostructured devices. Fortunately, the progress in
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biochemical field brings us a new ground – supramolecular self-
assembly. Various functional groups, such as amphiphilic groups
[13–15], can make up the block copolymers [16–18], dendrimers
[19], hierarchical structures [20] and so on by coordination
chemistry. Following the example of amino acid, supramolecular
self-assembly is expected to form polymer molecular groups and
consequently realise superstructure or nanorobots. However,
except the existing biomolecule, the synthetic polymer molecules
have many limitations in application. For instance, supramolecular
self-assembly depends strongly on the solvent structure [21].
Although the assistance of the enzyme [22] or other surfactants
[23] can catalyse the desired reaction, it is far from enough for
designing or programming the self-assembly pathways. Moreover,
molecular recognition plays an important role in the synthesis and
application of the synthetic polymer molecules [24]. However,
obviously, there is a long way to go before the synthetic polymers
can recognise each other accurately.

Apparently, the atomic manipulation and molecular self-
assembly are not ready yet, while micro/nanomanufacturing
technology is still considered as a powerful tool to realise the
simple integration. However, most of the nanoscale integrations
for now refer to the integrated arrays of carbon nanotubes (CNTs)
[25], nanorods [26], nanogaps [27], nanoholes [28] and so on,
rather than the connection of nanodevices. One exception is that
the first CNT computer [29], fabricated entirely from CNT
field-effect transistors (CNFETs), has realised the integration
of the molecular-level electronic devices, but the integration
approaches including the deposition and etch and so on are not
exactly suitable for the nanodevices in other service environment.
As a result, more complex nanodevices such as mechanical
devices [30, 31], energy-storage devices [32, 33], and nanofluidic
devices [34–36] still remain as individuals. Therefore, a new
connection mode for mass assembly of nanodevices is necessary.
Here, considering the incredible properties of CNTs, we demon-
strate four types of nanopin models based on CNTs for part fixation
and connection, and attempt to specify their performance and
applicability.

2. Model and method: Considering the difficulties in experimental
operation and characterisation of nanotubes [37], the classical
molecular dynamics (MD) simulations are used to observe and
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measure their performance in fixity, characterised by the maximum
unloading resistance. In this work, there are four typical nanopin
models based on armchair (12, 12) SWCNTs, i.e. 45° Y-type
CNT, 45° V-type CNT, 90° Y-type CNT, and T-type CNT
separately, as illustrated in Fig. 1. For the 45° Y-type CNT
considered here, the length of the left end is 30 Å and the height
of the branch is 40 Å. The 45° V-type CNT is developed from
the 45° Y-type CNT by extending the branch to a length of
∼200 Å, approaching the length of the trunk CNT. Moreover, the
Y-type CNT with a 90° angle is a special example with two fixed
modes, represented by 90° Y-type CNT and T-type CNT,
respectively, as shown in Figs. 1c and d. The branches of them
have the same height of 40 Å, i.e. hCD = hEF = 40 Å = hAB,
to fasten the hole parts. As the nanopins are used as the
shaft parts, a silicon component with a through hole is still
considered as the typical hole part. The silicon component is
briefly assumed to be of a diamond cubic crystal structure, with
Fig. 1 Atomic models of
a 45° Y-type CNT
b 45° V-type CNT
c 90° Y-type CNT, and
d T-type CNT. All the nanopin models are made up of armchair (12, 12)
SWCNTs. The length of trunk CNTs is 200–250 Å, while the branches of
45° Y-type CNT, 90° Y-type CNT, and T-type CNT have the same height
of 40 Å
e Installation of the 45° Y-type CNT. The pink is the silicon component with
a through hole, and the black represents a nanocomponent with this nanopin
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the size of 100 × 120 × 40 Å in x, y and z directions. Particularly,
the installation process of the 45° Y-type CNT is schematically
shown in Fig. 1e.

Although MD simulation produces a result not as accurate as the
results produced by Car–Parrinello MD or density functional theory
[38], classical MD simulation has high computational efficiency in
simulating the large-scale systems and can also reveal the general
mechanical properties. In the field of solid mechanics, classical
MD can simulate a system with the spatial scale below nanometres
and the time scale of picoseconds [39], therefore, using the MD
software LAMMPS, the MD models here are simulated in
an NVT ensemble with a timestep of 1 fs (10−15 s) to observe the
details, while all the simulation data are time-averaged in 10 ps.
Since the service performance of the nanopins, i.e. comprehensive
performance during the loading/unloading processes, is not sensi-
tive to the temperature and velocity in normal range [40], 300 K
is briefly considered as the kinetic temperature of the nanopin
systems, and 10 m/s is considered as the moving velocity of the
nanopins in the following simulations. The equilibration is achieved
by relaxing the nanopin systems for 400 ps before the loading/
unloading processes, and there is always a moving distance of
∼40 Å to achieve the stable state of the moving nanopins. For the
proposed nanopin systems, all the CNT models contain thousands
of carbon atoms, belonging to the large-scale CNTs, and there are
over 20,000 silicon atoms on the silicon component in a diamond
cubic crystal structure. Therefore, the Adaptive Intermolecular
Reactive Empirical Bond Order potential is applied for the C–C
bonds, and the Stillinger–Weber (SW) potential is applied for
Si–Si bonds. The Lennard–Jones (LJ) potential is applied for van
der Waals between carbon and silicon atoms, and the parameters
are ε = 3.466 meV and σ = 2.8 Å [41–43]. In order to facilitate
the comparison and reveal the general patterns of the proposed
models, the axial loading/unloading forces of the nanopins are the
main objects to be observed in the following simulations.
3. Results and discussion: Although the nanopins are assumed to
be loaded and unloaded with the same velocity under the identical
temperature, these four kinds of nanopins may have different
appropriate gaps owing to their different branched structures.
Hence, a series of MD simulations with different gaps between
the tube wall of the branched CNT and the internal surface of the
silicon hole in the proposed model (represented by ΔR) are
performed on each nanopin to qualitatively characterise the
loading/unloading patterns and evaluate their performance and
applicability.

As the fixed mode is similar to the macrobarb, the 45° Y-type
CNT is firstly examined with the gaps ranging from 0.864 to
7.864 Å. For the case of ΔR = 0.864 Å, the silicon hole is too
small to allow the 45° Y-type CNT to pass through, as illustrated
in Fig. 2. Fig. 3 shows the variation of the axial force of the 45°
Y-type CNT exerted by the silicon component during the
loading/unloading processes. Obviously, the loading and unloading
force and the corresponding deformation of the 45° Y-type CNT is
Fig. 2 In the case of ΔR = 0.864 Å, 45° Y-type CNT failed to pass through
the silicon hole and the great bending deformation occurred
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Fig. 3 Force of the 45° Y-type CNT in z-direction as a function of the
moving displacement in the
a Loading processes and
b Unloading processes
increased with decreasing the gap, and the oscillation in the install-
ing stage and recovering stage become larger gradually. Compared
with the installation, the 45° Y-type CNT experiences a much larger
resistance force in the uninstallation, which is more than three
times of the installation resistance. Particularly, for the larger gap
of ΔR≥ 5.864 Å, the resistance force between the 45° Y-type
CNT and the silicon component in the uninstallation is ∼8 times
of that in the installation. By contrast, the fixity of the 45° Y-type
CNT in the cases of ΔR = 1.864 Å and ΔR = 2.864 Å is considerably
extraordinary. To address this, two typical configurations of the
45° Y-type CNT in the cases of ΔR = 2.864 Å and ΔR = 3.864 Å
are taken at the moving displacement of 116 Å in Fig. 4, corre-
sponding to the maximum resistances during the uninstallation in
Fig. 3b. It can be found that there is a kind of microstructure
Fig. 4 Configurations of the 45° Y-type CNT in the cases of
a ΔR = 2.864 Å and
b ΔR = 3.864 Å are taken at the moving displacement of 116 Å,
corresponding to the maximum resistances during the unloading processes
in Fig. 3b
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similar to the stiffening rib in the case of ΔR = 2.864 Å, as ringed
by a red circle in Fig. 4a, restraining the further adaptive deform-
ation of the branch tube, and thus the branch can bear relatively
more resistance derived from the silicon component. As for the
45° Y-type CNT in the case of ΔR = 3.864 Å, the branch suffers a
similar deformation with a distinct cambered surface near the
joint (see Fig. 4b), giving no evident resistance to the adaptive de-
formation of the branch, and thus the nanopin has a relatively lower
bearing capacity. Therefore, if the stiffening structure of the branch
tube can be artificially programmed, the fixity of the Y-type CNTs
will be further enhanced.

On the other hand, with a special structure like the split pin
at macroscale, the 45° V-type CNT has a unique fixed mode. MD
simulations with different gaps are conducted to examine the
performance of the 45° V-type CNT. Fig. 5 plots the axial force
of the 45° V-type CNT as a function of the displacement in the
loading/unloading processes. Apparently, compared with the 45°
Y-type CNT, the longer branch can lead to a larger installation
resistance with larger oscillation (see Figs. 5a and 3a). However,
it is considerably disappointing that the installed V-type CNT
always has a trend of leaving from the silicon hole. As shown in
Fig. 5b, the 45° V-type CNT with the smaller gaps (ΔR = 1.864,
2.864 and 3.864 Å) undergoes a small resistance with relatively
large oscillation in the early phase of the unloading processes and
an evidently positive force in the later phase, which facilitates the
uninstallation. On the contrary, for the larger gaps (ΔR = 5.864,
6.864 and 7.864 Å), the force the silicon component exerted on
the 45° V-type CNT is slightly larger than zero at the beginning
of the unloading processes, while it turns into a negative value
at the moving displacement of ∼120 Å, contributing to the
weak unloading force. Particularly, the case of ΔR = 4.864 Å is
considered as somewhere in between, with the axial force of the
45° V-type CNT vibrating around the level of zero.
Fig. 5 Axial force on the 45° V-type CNT as a function of the moving dis-
placement in the
a Lading processes
b Unloading processes

Micro & Nano Letters, 2017, Vol. 12, Iss. 12, pp. 934–939
doi: 10.1049/mnl.2017.0188



To explain these phenomena, several typical configurations
of the 45° V-type CNT in the loading/loading processes are taken
in Fig. 6. Interestingly, the 45° V-type CNT with smaller gap of
ΔR = 1.864 Å at the displacement of 112 Å, which has a distinct
positive force (see Fig. 5b), is at the time of the joint passing
through the silicon hole and the large deformation recovering (see
Fig. 6a). Therefore, the deformed joint diminishes the conflict
between the 45° V-type CNT and the silicon component during
the uninstallation, while the recovery of the deformed 45° V-type
CNT with the smaller gaps can lead to a distinct repulsion on the
right side of the silicon hole, and thus the 45° V-type CNT
suffers a positive force exerted by the silicon component. By con-
trast, the 45° V-type CNT with larger gap of ΔR = 5.864 Å at the
displacement of 148 Å, which has a distinct negative force (see
Fig. 5b), is at the time of the joint leaving from the silicon hole
(see Fig. 6b). In other words, the unloading force is strengthened
by the attraction between the silicon component and the joint,
and the attraction becomes smaller as the gap further increases
(see Fig. 5b). In addition, during the early phase of the unloading
process, there is no change in the total number of the carbon
atoms passing through the silicon hole (see Fig. 6c), and thus we
attribute the difference in the early phase to the radial morphology
changes of the trunk CNT and the branch CNT. The smaller gaps
can lead to the continuous larger deformation of the CNTs, while
the radial stability prevents the occurrence of deformation.
Therefore, the smaller gaps (ΔR = 1.864, 2.864 and 3.864 Å) have
the slight unloading resistance force with the larger oscillation
(see Fig. 5b) in the early phase of the unloading processes. By
contrast, the deformation of the 45° V-type CNT with larger gaps
(ΔR≥ 5.864 Å) is much smaller without impacting the radial stabil-
ity, and the recovery of the small deformation still can lead to the
slight repulsion exerted by the right side of the silicon hole (see
Fig. 5b). Overall, the 45° V-type CNT cannot effectively fasten
the silicon component on its own. However, due to the unique
fixed mode similar to split pin, the joint can be locked by another
nanopin after the 45° V-type CNT is installed. Therefore, the 45°
V-type CNT should be used cooperatively with other nanopins.
Fig. 6 Configurations of the 45° V-type CNT
a With ΔR = 1.864 Å at the displacement of 112 Å
b With ΔR = 5.864 Å at the displacement of 148 Å and
c With ΔR = 4.864 Å at the initial position in the unloading processes
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The 90° Y-type CNT is another special case among the
Y-junction CNTs owing to the unique structure similar to the
T-type CNTs. As installed/uninstalled like the former two,
the 90° Y-type CNT is expected to meet the same resistance
force in the loading and unloading processes because of its symmet-
rical structure. Fig. 7 shows the variation of the axial force of the
90° Y-type CNT during the loading/unloading processes, with the
gaps ranging from 2.864 to 9.864 Å. Surprisingly, the unloading
force is always larger than the installation resistance for the 90°
Y-type CNT. Actually, the inserting end and the control end of
the 90° Y-type CNT have the similar length, and thus the
loading/unloading processes can be seen as two typical installation
methods, i.e. the 90° Y-type CNT can be installed by pushing ap-
proach and pulling approach, respectively. In other words, the
force needed during the installation in pushing approach is
smaller than that in pulling approach. To illustrate this, two
typical configurations of the 90° Y-type CNT with ΔR = 4.864 Å,
as shown in Figs. 8a and b, are taken at the displacements corres-
ponding to the peaks in the loading/unloading processes. It can
be found that the two installation methods have different action
modes and the deformation of the 90° Y-type CNT in pushing
approach is larger than that in pulling approach. Therefore, the
pushing approach allows a larger adaptive deformation of the 90°
Y-type CNT and sequentially reduces the installation resistance.

Except for the fixed mode similar to the common Y-type CNT,
the 90° Y-type CNT has another typical morphology, considered
as a T-type CNT, i.e. the branch CNT terminates the inserting
end of the trunk CNT. Also, a series of simulations with different
gaps are conducted to test the service performance of the proposed
T-type CNT. Unfortunately, the terminated inserting end makes
the installation not as easy as the Y-type CNTs. To illustrate
this, two typical configurations of the T-type CNT in the case of
ΔR = 3.864 Å are shown in Fig. 9. The attraction between the
Fig. 7 Axial force of the 90° Y-type CNT as a function of the displacement in
the
a Loading processes
b Unloading processes
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Fig. 8 Configuration of the 90° Y-type CNT with ΔR = 4.864 Å at the dis-
placement of
a 140 Å in the loading process
b 72 Å in the unloading process

Fig. 9 Configuration of the T-type CNT with ΔR= 3.864 Å at the moving
displacement of
a 44 Å and
b 100 Å in the loading process

Fig. 10 Axial force of the T-type CNT as a function of the displacement in
the
a Loading processes
b Unloading processes

Fig. 11 Branch of the T-type CNT has an approximately symmetrical struc-
ture at the displacement of 152 Å in the case of ΔR = 4.864 Å
silicon hole and the T-type CNT can mislead the branch (see
Fig. 9a), and consequently result in the failure installation of the
T-type CNT (see Fig. 9b). Moreover, with the gaps ranging from
4.864 to 10.864 Å, the force–displacement curves of the T-type
CNT in the loading/unloading processes are shown in Fig. 10.
Interestingly, the unloading force of the T-type CNT with the
smaller gaps (ΔR = 4.864 and 5.864 Å) is distinctly larger than
the installation resistance, while this phenomenon is not evident
in other cases (ΔR≥ 6.864 Å). To address this, the unloading pro-
cesses are further observed and the configuration of the T-type
CNT at the displacement of 152 Å in the case of ΔR = 4.864 Å is
938
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taken as the typical. As shown in Fig. 11, an approximately sym-
metrical structure emerges on the branch tube of the T-type CNT
during the unloading process, acting as a baffle, and thus the
fixity of the T-type CNT is greatly enhanced.
Micro & Nano Letters, 2017, Vol. 12, Iss. 12, pp. 934–939
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4. Conclusions: In summary, the service performance of the
nanopins based on four typical structured CNTs is briefly
examined in the loading/unloading processes by using MD
simulations. The results show that the Y-type CNT has the
highest cost-performance ratio and the great potential in fixity.
Although the V-type CNT cannot fasten the hole parts on their
own, it can be used cooperatively with another nanopin. The
installation resistance and the unloading force are in the same
order of magnitude for the 90° Y-type CNT, the installation in
pushing approach is easier than that in pulling approach.
Moreover, it is difficult for the proposed T-type CNT to be
installed owing to the misleading attraction between the silicon
hole and the branch CNT, although it is expected to effectively
avoid mutual interference in practice. Importantly, several special
microstructures occurred on different structured CNTs in loading/
unloading process can influence the service performance of the
proposed nanopins. The findings may be helpful to design and
manufacturing of the CNT-based nanoapparatus.
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