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Abstract  
 Carbon nanotubes (CNTs) have been subject of intense research in the last decades, mainly 
due to their unique mechanical and electronic properties. However, their disseminated use in many 
different applications has been limited by the experimental difficulties in producing large amounts of 
CNTs with specific diameters and chiralities. 
 One possible solution to overcome these limitations could be the use of carbon nanotube 
serpentines (CNSs) [1]. CNSs are S-like shaped nanostructures, composed of a series of straight, 
parallel, and regularly spaced segments, connected by U-shaped turns (Figure 1).  
 CNS formation has been qualitatively explained based on the “falling spaghetti 
mechanism”[1,2]. The serpentines would be formed in a two-step process, where the isolated 
nanotubes are grown standing up from the stepped substrates. The tube would then fall down, 
preferentially along the steps, as a result of the van der Waals interactions between the tubes and the 
substrates. These movements can create oscillatory patterns, like spaghetti falling on a tilted bamboo 
mat [1.2], thus leading to the spontaneous formation of the serpentines. 
 In this work we present the first modeling of the dynamics of CNS formation. We have carried 
out multi-million fully atomistic molecular dynamics simulations (MD) using the well-known and tested 
CHARMM force field, as implemented in the NAMD computer code [3]. We have considered long 
carbon tubes (about 1 micron in length) and stepped substrates of silicon oxide (used in the 
experiments [1,2]) and graphite. The graphite substrates were also used to test the dependence of the 
dynamics of CNS formation on the type and composition of the substrates. Typical systems (nanotube 
plus substrate) contain up to 2 million atoms. 
 In order to simulate the formation of the CNSs we considered a CNT placed over the substrate 
with a significant part of the tube initially perpendicular to the substrate. An external forward force 
(mimicking the gas flow used in the experiments) was applied to the suspended part of the tube and the 
system is then set to freely evolve in time.  
 Our results [4] show that these conditions are sufficient to form robust serpentines. From the 
simulations and force profile analysis, it is possible to explain how the serpentines are formed. The 
process involves a balance of different kind of forces, elastic deformations, and stress-strain force 
distributions modulated by the materials and format of the substrate steps. As the forward force is 
applied, the tube starts to move forward, but at the same time the interactions with the substrate (mainly 
van der Waals forces) pulls it down toward the substrate. As the tube segments start to interact with the 
substrate, elastic waves (deformations) are generated and propagate through the tube, which tends to 
align it with the substrate steps. This continues until the elastic limit (maximum stress) is reached (which 
depends on multiple factors, such as kind of substrate, temperature, applied external force, catalytic 
particle, etc.) and the forward tube force or velocity overcomes the elastic deformation, leading to a U-
turn formation. The repetition of these processes leads to serpentine formation. From the simulations 
we observed that, as far as the top part of the tube continues to be ahead of its main body, 
serpentinelike structures can be formed. When this condition is not satisfied, the tube falls on itself, 
producing looped or ill-formed serpentines. Interestingly, the simulations showed that, although complex 
and involving many factors, the qualitative general trends of the serpentine formation are basically the 
ones of the proposed ‘‘falling spaghetti mechanisms’’ [1-2], thus validating the general features of this 
model. A typical snapshot from MD simulations, showing a well-formed CNS is shown in Figure 2. 
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To test this hypothesis and increase the yield of serpentines, we
made use of our previous knowledge that an amorphous SiO2

coating inhibits surface-bound growth and promotes the growth
of standing nanotubes15,20. We therefore patterned the catalyst
nanoparticles (ferritin or evaporated Fe) on stripes or islands of
amorphous SiO2 parallel to the steps, and then grew single-
walled carbon nanotubes with the gas flow perpendicular to the
steps. This indeed produced a high yield of nanotube serpentines
(tens to thousands per sample), as shown in Fig. 1b (see also
Supplementary Information, Fig. S7). As exemplified in Fig. 1c,
the serpentines usually start from the amorphous SiO2 stripes as
a straight segment along the flow direction, followed by a
transitional region of disordered serpentine, which becomes
gradually more periodic and regular. Depending on the growth
conditions, serpentines can be relatively wide, short and dense
(width W ! 10–30 mm, length L ! 20–200 mm), as in Fig. 1d,
or relatively narrow, long and highly periodic (W ! 3–10 mm,
L ! 100–1,000 mm), as in Fig. 1e. The diameter D of the
U-turns, which is also the spacing between the straight segments,
normally ranges between 0.5 and 8 mm, although a few serpentines
can have very small U-turn diameters (D ! 75–100 nm), as
shown in Fig. 1f, in which case the U-turns may be kinked at one
or two points. As seen in Fig. 1c–e, serpentines often become
slightly wider and denser toward their end (see Supplementary
Information, Figs S1 and S2, for quantitative data and additional
images). The catalyst nanoparticle can usually be observed at the
end of the serpentine (see Supplementary Information, Fig. S3),
suggesting that the nanotube elongates from its upper tip rather
than from its base. Atomic force microscopy (AFM, see Fig. 3),

transmission electron microscopy (TEM; see Supplementary
Information, Fig. S4) and Raman spectroscopy (see Supplementary
Information, Fig. S5) show that at least 90% of the nanotubes are
single-walled, of diameters d ranging from 0.8 to 4 nm, although a
few double-walled carbon nanotubes could also be found.

With these observations, we can intuitively describe our
proposed ‘falling spaghetti mechanism’ (Fig. 1g) in the following
way (see Supplementary Information for an animated movie and
further discussion). The first stage is the regular tip-growth of a
suspended nanotube14, which may take several minutes,
depending on the growth time. Once the nanotube has grown to
a considerable length, this growth process is followed by a rapid
oscillatory fall process, in which the serpentine shape is
generated. In the fall process the nanotube adsorbs onto the
surface by tangentially zipping down, from base to tip,
preferentially along a surface step. The zipping motion pulls the
lower region of the nanotube away from its centre of mass, while
a drag force pulls its upper region in the opposite sense, causing
the formation of a suspended loop tangent to the surface. The
zipping point propagates farther away along the step until
the opposed drag force is enough to derail the nanotube from
the step. This causes an instability that leads to a change in the
direction of zipping, and the fall of the suspended loop on the
surface, preferentially in the direction of the flow, thus forming a
U-turn. The zipping then continues in an antiparallel direction
along another surface step. The same process repeats itself again
and again in an oscillatory way, until the entire length of the
nanotube has adsorbed onto the surface in the form of a
serpentine. Occasionally, if the suspended loop falls against the
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Figure 1 Representative nanotube serpentines. a– f, The samples were obtained under different conditions, observed by SEM (a–e) and AFM (f). The directions of
the steps and flow are indicated by the step vector15 s and the flow vector u, respectively. Unless otherwise stated, standard growth conditions are as described in

the Methods (u ! 1,000 s.c.c.m., t ! 10 min). a, Occasional serpentine (low yield) grown on bare quartz. b, Several serpentines grown at higher yield from
amorphous SiO2 stripes (u ! 500 s.c.c.m., t ! 30 min). c, A long serpentine (u ! 500 s.c.c.m., t ! 20 min). d, Wide and dense serpentine (u ! 500 s.c.c.m.,
t ! 60 min), obtained at very high yield from evaporated Fe on amorphous SiO2. e, Long, narrow and highly periodic serpentine (u ! 250 s.c.c.m., t ! 20 min).
f, Topographic AFM image of a very small serpentine, average parallel section length W ! 280+175 nm, average U-turn diameter D ! 74+10 nm, nanotube
diameter d ! 0.9+0.1 nm (on bare miscut quartz). g, Schematic representation of the ‘falling spaghetti’ mechanism (see Supplementary Information, movie).
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Figure 1. Example of a carbon nanotube serpentine formed on silicon oxide substrate. Figure adapted 
from reference [1]. 
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can be attributed, among other factors, to the fluctua-
tions in the gas flux (intensity and directions) [6–11].
We have also investigated whether the nanoparticle

(present in the experiments) can have an active role in
the serpentine formation. We ran simulations with and
without a particle at the top of the tube. Our results
showed that the particle plays indeed an active role. It
helps to damp large amplitude tube oscillations. These
oscillations significantly contribute to prevent the forma-
tion of more uniformly shaped serpentines.
The serpentine stability is in great part due to the sur-

face adhesion. In order to investigate whether serpentines
could also be formed on di!erent substrates we created
an idealized stepped substrate made of graphite. Our
results (Fig. 2) showed that well-formed serpentines are
also possible on graphite substrates (see video02 in the
supplementary materials [15]).

FIG. 2: (color online) Typical snapshot from molecular dy-
namics simulations of the serpentine formation on a stepped
graphite substrate. The atoms are displayed with their atomic
radius. The equilibrium distance between CNT and the sub-
strate is 0.34 nm. See text for discussions. See also video02 in
the supplementary materials [15] for the serpentine formation
on this substrate.

The main di!erences in the dynamics of serpentine for-
mation for the di!erent substrates are that, while for
quartz once formed the U-turn structures remain virtu-
ally motionless, on graphite they remain moving for a
long time. Also, on quartz, in some cases, the tube lies
on the middle of the steps, while on graphite the tube
always lies at the corners of the steps (see video01 and
video02 in the supplementary materials [15]). These as-
pects can be understood in terms of the di!erent energy
profiles experienced by the tube on quartz and graphite
substrates. In Fig. 3 and Fig. 4 we present the energy
profiles for a straight and U-turn tube segments on quartz
and graphite. As we can conclude from these figures the
quartz substrate is ‘stickier’ (deeper energy valleys) than
graphite, thus it more e"ciently damps the tube oscilla-
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FIG. 3: (color online) Energy profiles for (6,0) and (12,0) zig-
zag nanotube segments placed parallel to a step on quartz and
graphite (G) substrates, when shifted along the u direction of
the steps.

tions and traps the tube, which can occur at any part of
the steps. The graphite substrate is too ‘smooth’, thus
allowing the tube to oscillate for a longer time and with
a well defined energy minima only at the corners of the
steps. In spite of these aspects it is also possible to have
well-formed serpentines on graphite substrates. It seems
that the steps are much more important to induce ser-
pentine formation than the materials of the substrates.
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FIG. 4: (color online) Energy profiles for U-shaped nan-
otubes placed on quartz and graphite stepped substrates,
when shifted along the s step direction. The curve in black
(red) represents the interaction energy of the tube with the
quartz (graphite) substrate.

It should be stressed that the crystal structure by itself

 
Figure 2. Typical snapshot from molecular dynamics simulations showing a well-formed carbon 
nanotube serpentine. Figure adapted from reference [4]. 


