
Fig. 2 (a) - (c) Time-sequential images of bending 
deformation of C60 nanotube as observed in Fig. 1. The 
effective length for bending is 4.8 ± 0.2 Pm. 

Fig. 1 TEM image of C60 nanotube. The outer diameter is 
510 nm and the inner diameter is 120 nm. 
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1. Introduction 
    Since bulk crystals composed of fullerene C60 
molecules were first synthesized in 1990 [1], their crystal 
structure and mechanical properties have been investigated 
[2-12]. At room temperature, C60 molecules crystallize in a 
face-centered-cubic structure by van der Waals forces with 
a lattice constant of 1.417 nm [2, 3]. The Young’s modulus 
of bulk C60 crystals has been measured to be 8.3 - 20 GPa 
[8-12]. In 2001, Miyazawa et al. synthesized crystalline C60 
nanowhiskers with high aspect ratios of length to diameter 
[13-16]. Furthermore, they found that tubular C60 
nanowhiskers, i.e., crystalline C60 nanotubes are fabricated 
by the same method as that for filling crystalline C60 
nanowhiskers [17]. Asaka et al. reported that the Young’s 
modulus of C60 nanowhiskers is higher than that of 
crystalline C60 plates [18]. These nanowhiskers and 
nanotubes are expected to be applied to nanometer-scale 
functional and structural devices. In this paper, to estimate 
the Young’s modulus of individual C60 nanotubes, we 
performed the bending tests by in situ transmission electron 
microscopy (TEM). 
 
2. Experiment 
    We synthesized C60 nanotubes by a liquid-liquid 
interfacial precipitation method using a saturated solution 
of C60 molecules in pyridine and isopropyl alcohol [13-16]. 
The solution including precipitated nanotubes was dropped 
on a microgrid as used for TEM. The microgrid was 

mounted on a specimen holder on a transmission electron 
microscope equipped with a piezo manipulation system. A 
nanometer-sized tip of a silicon microcantilever was fixed 
onto another specimen holder. Then, we deformed 
individual C60 nanotubes using the cantilever tip inside the 
microscope. The deformation process was observed in situ 
using a television system. 
 
3. Result and Discussion 
    Figure 1 shows a TEM image of a C60 nanotube 
protruding from an edge of the microgrid. A inner linear 
cavity is observed at the center axis of the nanotube. The 
outer diameter of the nanotube is 510 nm and inner 
diameter is 120 nm. From selected-area electron diffraction, 
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Fig. 3 Flexure - force curve of nanotube during bending 
observed in Fig. 2. The points indicated by arrowheads a-c 
correspond to the TEM images in Fig. 2 (a) – (c). 

we found that the crystal structure of the nanotubes is a 
body-centered tetragonal structure with lattice constants of 
a = 0.876 nm and c = 1.66 nm. The longer growth axes of 
C60 nanotubes are aligned parallel to <100>. 
    Figure 2 shows time-sequential TEM images of the 
deformation process of the nanotube observed in Fig. 1. 
The length of a deformed part is 4.8 ± 0.2 Pm. The dark 
triangular region in the top of each frame in Fig. 2 is the 
cantilever tip and the dark region in the bottom is the edge 
of the microgrid. The bright region is a vacuum. Figure 3 
shows the relationship between the flexure of the nanotube 
and force during the bending shown in Fig. 2. The points 
indicated by arrowheads a - c in Fig. 3 correspond to the 
states at which Figs. 2(a) - 2(c) were observed. First, 
cantilever tip was placed to contact with the nanotube tip as 
shown in Fig. 2(a) and 3(a). Then, the nanotube was 
pressed along the direction indicated by the bigger arrow in 
Fig. 2(a). The nanotube was bent as shown in Fig. 2(b). At 
this state, the maximum flexure of the nanotube was 400 
nm with a force of 2300 nN as indicated by arrow b in  
Fig. 3. Subsequently, the tip was retracted, and the 
nanotube recovered its initial straight shape as shown in Fig. 
2(c) and point c in Fig. 3. Thus, this observation indicates 
that the bending is an elastic deformation. The curve in  
Fig. 3 shows a hysteresis owing to the friction on the 
contact boundary between the cantilever tip and the 
nanotube,  
    From the in situ bending test, we estimated the 
Young’s modulus of the nanotube to be 61 - 105 GPa. This 
value is 110 % - 330 % larger than that of C60 nanowhiskers 
[18]. Therefore, it is deduced that the increase in the 
Young’s modulus of the C60 nanotubes results from the 
change in shape; strengthening by formation of the internal 
surfaces. 
  
4. Conclusions 
    We performed bending test for individual C60 
nanotubes by in situ TEM. The maximum flexure of a C60 
nanotube was 400 nm with a force of 2300 nN. The Young 

modulus of the C60 nanotube was estimated to be 61 - 105 
GPa. 
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