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Water filling and electric field-
induced enhancement in the 
mechanical property of carbon 
nanotubes
H. F. Ye1, Y. G. Zheng1, Z. Q. Zhang2, Z. Chen1,3 & H. W. Zhang1

The effects of water filling and electric field on the mechanical property of carbon nanotubes (CNTs) 
are investigated with molecular dynamics simulations. The simulation results indicate that the water 
filling and electric field could enhance the elastic modulus but reduce the Poisson’s ratio of the CNTs. 
As for the buckling behaviors, a significant enhancement could be observed in the yield stress and 
average post-buckling stress of the CNTs. In particular, the enhancement in the yield stress induced 
by the water filling and electric field could be even higher than that resulted from the solid filling. 
Moreover, a transition mechanism from the rod instability to shell buckling is shown to explain the 
nonmonotonic variation of yield stress, and the critical diameter can be tuned through filling the 
water molecules and applying the electric field. The present findings provide a valuable route for the 
optimized design and application of the nanoscale functional devices based on the water-filled CNTs.

Water-filled carbon nanotubes (CNTs) have been successfully separated and fabricated in laboratories in 
recent years based on autoclave treatment, density gradient ultracentrifugation, laser irradiation and so 
on1–6. As an incompressible fluid, water could provide a powerful support for the CNTs and consequently 
enhance the mechanical property of CNTs. In addition, it is well known that the water molecule is a typi-
cal polar molecule. Hence, the electric field may have an additional influence on the mechanical property 
of water-filled CNTs. Thus, it is anticipated that the mechanical property of CNTs could be modified 
through filling water molecules and applying electric field. In particular, a controllable mechanical prop-
erty of CNTs may even be achieved via adjusting the filled water density and the electric field intensity.

Actually, the performance modification for the CNTs based on the filling has attracted much atten-
tion. However, many previous studies were mainly focused on the effect of the solid filling on the 
mechanical property of the CNTs. Wang et al. revealed that the critical buckling strain of CNTs would 
decrease firstly and then increase with the filling density of metal7, and the corresponding enhancement 
induced by the bimetallic alloys would be more obvious than that resulted from the pure metals8. Guo 
et al. found that the mechanical property and buckling process of CNTs could be influenced by the Au 
nanowire-filling9. By using molecular dynamics (MD) simulations, Jeong and Kim studied the effect of 
C60 fullerenes filling on the tensile, compressive and torsional behaviors of CNTs10. The results indicate 
that the critical compressive buckling load of the filled CNTs is increased by 19% as compared to that of 
the empty CNTs. In addition, there were a few investigations on the change in the mechanical property of 
the CNTs induced by the fluid filling. The simulations from Ni et al. revealed that the filling of CH4 and 
Ne could increase the buckling force of the CNTs by about 3% ~ 47%11. Through the experimental meth-
ods, Torres-Dias et al. found that the water filling induces an increasing difference between the radial 
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breathing mode frequencies of water-filled and empty CNTs at elevated pressures12. Based on the water 
filling, our previous works explored the enhancements in the mechanical property of the (12, 12) CNT13 
and further revealed the reversible stretching of the pre-strained (12, 12) water-filled CNTs controlled 
by the electric field14. In fact, for the different CNTs, the amount of the filling water molecules increases 
with increasing the diameter of CNTs. Hence, the mechanical property of water-filled CNTs may vary 
with the characteristic size of the CNTs. Moreover, as a nanoscale material with nearly perfect tubular 
structure and excellent mechanical property, CNTs are regarded as an ideal nanoscale carrier or con-
tainer for nanoparticles, such as drug molecules, metal particles and so on15–18. Hence, the research on 
the mechanical property of the filled CNTs is rather important for the reliability and stability evaluation 
of these CNT-based systems. Furthermore, the CNTs are also considered as a promising candidate for the 
nanoscale functional devices due to their unique physical property. The filling could further improve the 
physical property of the CNTs and therefore expand their functionality to serve the need in various fields. 
As a novel material in laboratories, the water-filled CNTs possess great potential applications and have 
been of great interest. Therefore, the further investigation on the size-dependent mechanical property of 
water-filled CNTs could provide a better understanding on the reliability of drug delivery and nanoscale 
channel, and establish a solid foundation for the future development and applications.

In this paper, the mechanical property of water-filled CNTs is investigated via MD simulation of the 
compressive response, with a focus on the size effect. The five CNTs with different diameters are con-
sidered to examine the size dependence of the mechanical property. In addition, it has been proved that 
the electricity, the ubiquitous environment in biological molecules, could make an obvious effect on the 
water molecules inside the CNTs19–21. Therefore, the electric field is also taken into account in the MD 
simulation reported here.

Results
Figure 1 shows the variations of the stresses with the strains of the empty CNTs, the water-filled CNTs 
and the water-filled CNTs under the electric field of 0.5 V/Å, respectively. In this work, the stress σ is 
calculated by the classical definition: σ =  F/A, in which F is the spring force and A is the initial sectional 
area of CNTs. In the calculation of the sectional area, the thickness of CNTs is adopted as 0.66 Å22. From 
the figure, it can be seen that the stress linearly increases as the compressive strain increases in the 
initial elastic stage. Subsequently, when the strain reaches the critical buckling strain, the stress sharply 
decreases and the CNTs begin to buckle. For the buckled CNTs, the stress slowly decreases with the 
increase in the strain, and the variation range of the stress in this stage is rather small even though the 
strain keeps growing up to ~26%. The final buckling modes and the distributions of strain energy of the 
(8, 8) and (16, 16) CNTs are inserted in Fig. 1. The computational results reveal that the CNTs always 
present the asymmetric buckling mode in the final stage, which is similar to the common rod buckling. 
As compared to the (8, 8) CNTs, based on the global buckling deformation, some local wrinkles appear 
on the wall of the empty (16, 16) CNTs. For the water-filled CNTs, the CNTs look plump due to the filling 
of water molecules, and the local wrinkles on the wall of (16, 16) CNTs reduces. When the axial electric 
field is applied, the local wrinkles on the wall of (16, 16) CNTs almost disappear. Moreover, we can find 
that the high strain energy is always located on the positions of the large bending deformations along 
the CNTs. The average strain energies per carbon atom of the empty (8, 8) and (16, 16) CNTs under the 
strain of ~23% are 0.10 and 0.08 eV, respectively. After filling with water molecules, the corresponding 
average strain energies increase to 0.12 and 0.11 eV. Considering the electric field with the intensity of 
0.5 eV/Å, a slight increase can still be observed for the average strain energies of the two CNTs. It is 
implied that under the same compressive strain, the water filling and electric field may speed up the 
compressive failure of CNTs, which is significant for the drug release and provides a reference point for 
the CNTs serving as a nanoscale fluid container.

The elastic moduli of the empty CNTs, the water-filled CNTs and the water-filled CNTs under the 
electric fields of 0.5 V/Å are given in Fig.  2. The elastic modulus is defined as the slope of the linear 
stress-strain relationship in the whole elastic stage. The five columns in the three groups correspond to 
the elastic moduli of the (6, 6), (8, 8), (10, 10), (12, 12) and (16, 16) CNTs, respectively. Here, the elastic 
modulus and Poisson’s ratio are considered as the material properties which are independent on the char-
acteristic size. For the empty CNTs, the average elastic modulus is 5.43  ±  0.21 TPa, which is consistent 
with 5.5 TPa as reported in the previous work based on the same CNT thickness22. As for the water-filled 
CNTs, the average elastic modulus is enhanced to be 5.56 ±  0.22 TPa, which is due to the additional 
support from the incompressible water. When the axial electric field is applied, the elastic modulus only 
has a small increase (5.60 ±  0.23 TPa). The results indicate that the filling of water molecules and the 
introduction of electric field could slightly enhance the elastic modulus of the CNTs.

Fig.  3 displays the average Poisson’s ratios of the three types of CNTs, i.e., the empty CNTs, the 
water-filled CNTs and the water-filled CNTs under the electric field. Here, the Poisson’s ratio is calculated 
by the expression, ν =  –εr/εz, where εr and εz are the circumferential and axial strains, respectively. The 
corresponding Poisson’s ratios for the three CNTs are 0.177 ±  0.012, 0.173 ±  0.012 and 0.170 ±  0.013, 
respectively. The present Poisson’s ratio of the empty CNTs is in the range of that obtained in the previous 
work (0.16 ~ 0.19)22–24. It can be seen that the water filling reduces the Poisson’s ratio of the CNTs, and the 
electric field could result in a further decrease in the Poisson’s ratio. The reason is because there has been 
a pre-strain in the circumferential direction for the water-filled CNTs as compared to the empty CNTs. 
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Figure 1. The stress-strain relationships. (a) the empty CNTs, (b) the water-filled CNTs and (c) the water-
filled CNTs under the axial electric field with the intensity of 0.5 V/Å. The insets are the final buckling 
modes of the (8, 8) and (16, 16) CNTs. The color in the CNTs represents the distribution of the strain 
energy (eV) under the strain of about 23%.

Figure 2. The elastic modulus of the CNTs in the three cases. The five columns in each case correspond 
to the elastic moduli of the (6, 6), (8, 8), (10, 10), (12, 12) and (16, 16) CNTs. The solid and dashed lines 
represent the averages and error bands of the five columns, respectively.



www.nature.com/scientificreports/

4Scientific RepoRts | 5:17537 | DOI: 10.1038/srep17537

Thus, for the water-filled CNTs, the further enlargement in the circumferential deformation becomes 
more difficult. Hence, it appears from the MD simulation that the water could offer a stronger suppres-
sion for the circumferential deformation than for the axial deformation.

The yield stresses of the three types of the CNTs as a function of the diameter are plotted in Fig. 4. 
The yield stress reflects the critical value for the CNTs from the elastic to buckling deformations. For the 
empty CNTs (square samples), the yield stress has an increase for the (8, 8) CNT relative to the (6, 6) 
CNT, and then it decreases with the increase in the diameter. The nonmonotonic variation can be attrib-
uted to the different buckling mechanisms of the CNTs with different slenderness ratios. Though the final 
buckling modes of all the CNTs could be seen as the global instability, the initial buckling types, at which 
the stress just exceeds the yield stress, are completely different. The initial buckling mode of the 
small-diameter CNTs (the (6, 6) and (8, 8) CNTs) are the rod-like global buckling, as shown in the left 
two insets of Fig. 4. In the continuum theory, the yield stress in this case is in proportion to the square 
of diameter, i.e., σ π= ( ) /( )E D L2rc

2 2 , in which E is the elastic modulus, and D and L are the diameter 
and length of the CNTs22,25. As for the CNTs with larger diameter, the local buckling appears symmetri-
cally and persists for several picoseconds, which is similar to the shell buckling, as shown in the lower 
two insets of Fig. 4. Based on the shell theory, the yield stress is in inverse proportion to the diameter 
and can be expressed as ( )σ ν= / ( − )Et D2 3 1sc

2 , in which t and ν are the thickness and Poisson’s 
ratio of the CNTs22,25. Based on the two equations as given above, a nonmonotonic trend of the yield 
stress can be obtained after identifying a transition diameter from the rod buckling to the shell buckling. 
As a result, the physics behind the present simulation results could be qualitatively explained although 
the average difference between the simulation results and the predictions from the continuum theory is 
about 20%. The turning point in the yield stress-diameter curve of the empty CNTs indicates that the 
transition diameter is in the range of 10.85 ~ 13.56 Å.

Figure 3. The Poisson’s ratio of the CNTs in the three cases. The five columns in each case correspond 
to the Poisson’s ratios of the (6, 6), (8, 8), (10, 10), (12, 12) and (16, 16) CNTs. The solid and dashed lines 
represent the averages and error bands of the five columns, respectively.

Figure 4. The yield stresses of the CNTs in the three cases under the compressive load. The insets 
illustrate the three representative configuration evolutions of the (8, 8) and (10, 10) CNTs in the initial 
buckling stage. The color on the wall of the CNTs represents the distribution of the strain energy (eV).
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In addition, it could be observed that the water filling and electric field enhance the yield stress of the 
CNTs. For the (6, 6) and (8, 8) CNTs, the number of water molecules in the unit sectional area of the 
CNTs is very small. Hence, the enhancement in the yield stress induced by the water effect is not evident. 
As the diameter of the CNTs increases, however, the enhancement in the yield stress becomes obvious. 
As compared with the empty CNTs, the average enhancements of the last three CNTs induced by the 
water filling and the electric field of 0.5 V/Å are 23.1% and 36.6%, respectively. These enhancements are 
comparable to and even higher than those induced by the solid filling (5% ~ 33%), including C60, gold 
nanowires and metal9,11. Furthermore, the simulation results reveal that besides the enhancement in the 
yield stress, the water filling and electric field result in the change in the initial buckling mechanism of 
the (10, 10) CNT (the right two insets in Fig. 4), which implies the enlargement of the transition diam-
eter of the rod and shell buckling deformations.

It should be noted from the stress-strain curves that the buckled CNTs can still withstand a small 
compressive force. The resistant stress of the buckled CNTs, which is defined to be the post-buckling 
stress, only slightly decreases as the strain increases. The average post-buckling stresses of the buckled 
CNTs are shown in Fig.  5. The results indicate that the average post-buckling stress decreases firstly 
and then increases with the diameter of the empty CNTs. The average of the five average post-buckling 
stresses (five square samples) is about 0.034 ±  0.007 TPa. For the water-filled CNTs, the corresponding 
average value is increased by ~41.2% (0.048 ±  0.006 TPa). When the axial electric field with the inten-
sity of 0.5 V/Å is applied, the average post-buckling stress of the five water-filled CNTs is increased to 
0.053 ±  0.004 TPa, and the improvement in this case is about 55.9%. The present results demonstrate that 
the buckled CNTs could play a weak mechanical role, and water filling and electric field can enhance 
the mechanical performance of the buckled CNTs. It has been shown that the CNT can well maintain 
its structure even under a large deformation26,27. Hence, this weak and controllable mechanical property 
of the buckled CNTs may be significant for designing the restorable CNT-based devices to perform 
overloading tasks.

Conclusion
In this work, the size-dependent mechanical property of water-filled CNTs is investigated by MD sim-
ulations. An electric field with the intensity of 0.5 V/Å is applied along the CNTs to further expand the 
influence of the internal polar water molecules. The simulation results reveal that all the CNTs in this 
study finally exhibit the global instability. Some local wrinkles can be observed on the wall of the CNTs 
with a large diameter, which can be reduced by the filling of water molecules and the introduction of 
electric field. Moreover, it is found that the water filling and electric field could slightly enhance the elas-
tic modulus but reduce the Poisson’s ratio of the CNTs. For the buckling behavior, relative to the empty 
CNTs, the yield stress and average post-buckling stress have obvious enhancements due to the water 
filling and electric field. The high enhancement on the yield stress is even comparable to those induced 
by the solid filling, which may be ascribed to the incompressibility of water and the uniform distribution 
of water molecules inside the CNTs. Furthermore, as the slenderness ratio of the CNTs decreases, the 
initial buckling mode of the CNTs undergoes a transition from the rod instability to shell one, and the 
transition diameter can be changed through filling the water molecules and applying the electric field. 
In summary, for water-filled CNTs, the present research provides a valuable reference for designing the 
nanodevices based on this novel material. In addition, it is conceivable that the mechanical property of 
water-filled CNTs can be further changed via adjusting the water density and the electric field intensity, 
which may be utilized to fabricate the nanoscale functional devices.

Figure 5. The average post-buckling stresses of the CNTs in the three cases under the compressive load. 
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Methods
The MD method is adopted to study the mechanical property of water-filled CNTs under the compressive 
load. Fig. 6 illustrates the computational models. Five capped armchair CNTs, i.e., (6, 6), (8, 8), (10, 10), 
(12, 12) and (16, 16) CNTs, are chosen as the water carriers. The bottom end of the water-filled CNTs 
is fixed on a rigid substance, and the top end is compressed by a spring. The spring is gradually com-
pressed as 0.1 Å/ps and its length change is used to calculate the applied compressive force. Moreover, to 
examine the effect of loading rate, the stress-strain curves with a small spring velocity of 0.05 Å/ps is also 
extracted and presented in Supplementary Fig. S1 online. The consistent results demonstrate the ration-
ality of the present loading rate. Without considering the boundary section, the effective lengths of the 
water-filled CNTs are about 100 Å. The filling density of water inside the CNTs is 1.0 g/cm3. The mechan-
ical property of the CNTs is described by the reactive empirical bond-order (REBO) potential28. The 
water molecules are simulated by the TIP4P-EW model29, in which the bond lengths and angle degrees 
are constrained by the SHAKE algorithm to the initial values of 0.9572 Å and 104.52°, respectively. The 
atomic interactions between the carbon atoms of CNTs and the oxygen atoms of water molecules are 
calculated by the Lennard-Jones (LJ) potential, and the corresponding parameters are σCO =  3.28218 Å 
and εCO =  0.11831 =  kcal/mol30. The particle-particle-particle-mesh method is adopted to compute the 
long-range Coulomb interactions between the polar water molecules. The cutoff distances of the LJ and 
Coulomb interactions are 12 Å and 10 Å, respectively. The position and velocity are updated through the 
canonical ensemble (NVT) with the integration time-step of 1 fs. The system temperature is maintained 
at room temperature (298 =  K) by the Nosé-Hoover thermostat. In the present research, the effect of the 
electric field on the mechanical property of water-filled CNTs is also explored through applying an axial 
electric field along the CNTs. The electric field intensity is 0.5 V/Å, which is comparable to the average 
local electric field within the condensed phase of water31. Moreover, it can be found that this intensity is 
still in the range of high-intensity electric field in laboratories32–35. Initially, the relaxation times for the 
hollow and the water-filled CNTs are 100 and 300 ps, respectively. Subsequently, the spring is compressed 
by 1 Å and the system is equilibrated for 100 ps. To eliminate the influences of the initial configuration 
and velocity, the results below are the averages of six independent simulations for each case. The MD 
simulations are carried out by LAMMPS package36.

References
1. Naguib, N. et al. Observation of water confined in nanometer channels of closed carbon nanotubes. Nano Lett. 4, 2237 (2004).
2. Mattia, D. & Gogotsi, Y. Review: static and dynamic behavior of liquids inside carbon nanotubes. Microfluid. Nanofluid. 5, 289 

(2008).
3. Chiashi, S. et al. Water encapsulation control in individual single-walled carbon nanotubes by laser irradiation. J. Phys. Chem. 

Lett. 5, 408 (2014).
4. Cambré, S. & Wenseleers, W. Separation and diameter-sorting of empty (end-capped) and water-filled (open) carbon nanotubes 

by density gradient ultracentrifugation. Angew. Chem. Int. Ed. 50, 2764 (2011).
5. Fagan, J. A. et al. Separation of empty and water-filled single-wall carbon nanotubes. ACS Nano 5, 3943 (2011).
6. Cambré, S., Schoeters, B., Luyckx, S., Goovaerts, E. & Wenseleers, W. Experimental observation of single-file water filling of thin 

single-wall carbon nanotubes down to chiral index (5, 3). Phys. Rev. Lett. 104, 207401 (2010).
7. Wang, L., Zhang, H. W., Zhang, Z. Q., Zheng, Y. G. & Wang, J. B. Buckling behaviors of single-walled carbon nanotubes filled 

with metal atoms. Appl. Phys. Lett. 91, 051122 (2007).

Figure 6. The computational models of the five water-filled CNTs. (a). (6, 6) CNT; (b). (8, 8) CNT; 
(c). (10, 10) CNT; (d). (12, 12) CNT and (e). (16, 16) CNT. The CNTs are colored in green, and O and H 
atoms of water molecules are in red and white, respectively.



www.nature.com/scientificreports/

7Scientific RepoRts | 5:17537 | DOI: 10.1038/srep17537

8. Wang, L., Zhang, H. W., Zheng, Y. G., Wang, J. B. & Zhang, Z. Q. Single-walled carbon nanotubes filled with bimetallic alloys: 
Structures and buckling behaviors. J. Appl. Phys. 103, 083519 (2008).

9. Guo, S. H., Zhu, B. E., Ou, X. D., Pan, Z. Y. & Wang, Y. X. Deformation of gold-filled single-walled carbon nanotubes under axial 
compression. Carbon 48, 4129, (2010).

10. Jeong, B. W. & Kim, H. Y. Molecular dynamics simulations of the failure behaviors of closed carbon nanotubes fully filled with 
C60 fullerenes. Comp. Mater. Sci. 77, 7, (2013).

11. Ni, B., Sinnott, S. B., Mikulski, P. T. & Harrison, J. A. Compression of carbon nanotubes filled with C60, CH4, or Ne: Predictions 
from molecular dynamics simulations. Phys. Rev. Lett. 88, 205505 (2002).

12. Torres-Dias, A. C., Cambré, S., Wenseleers, W., Machon, D. & San-Miguel, A. Chirality-dependent mechanical response of empty 
and water-filled single-wall carbon nanotubes at high pressure. Carbon 95, 442–451 (2015).

13. Ye, H. F. et al. The tunable mechanical property of the water-filled carbon nanotubes under an electric field. J. Phys. D: Appl. 
Phys. 47, 125302 (2014).

14. Ye, H. F. et al. Reversible stretching of pre-strained water-filled carbon nanotubes under electric fields. Microfluid. Nanofluid. 18, 
1201 (2015).

15. Zhang, Z. S. et al. Peptide encapsulation regulated by the geometry of carbon. Biomaterials 35, 1771 (2014).
16. Moribe, K. et al. Encapsulation of poorly water-soluble drugs into organic nanotubes for improving drug dissolution. Int. J. 

Pharmaceut. 469, 190 (2014).
17. Smith, B. W., Monthioux, M. & Luzzi, D. E. Encapsulated C60 in carbon nanotubes. Nature 396, 323 (1998).
18. Sandoval, E. M. et al. Synthesis, characterization and magnetic properties of Co@Au core-shell nanoparticles encapsulated by 

nitrogen-doped multiwall carbon nanotubes. Carbon 77, 722 (2014).
19. Zhang, Z. Q. et al. Carbon nanotube-based charge-controlled speed-regulating nanoclutch. J. Appl. Phys. 111, 114304 (2012).
20. He, Y. C., Sun, G., Koga, K. & Xu,L. M. Electrostatic field-exposed water in nanotube at constant axial pressure. Sci. Rep.-UK 4, 

6596 (2014).
21. Qian, Z. Y., Fu, Z. M. & Wei, G. H. Influence of electric fields on the structure and structure transition of water confined in a 

carbon nanotube. J. Chem. Phys. 140, 154508 (2014).
22. Yakobson, B. I., Brabec, C. J. & Bernholc, J. Nanomechanics of carbon tubes: instabilities beyond linear response. Phys. Rev. Lett. 

76, 2511 (1996).
23. Zhang, C. L. & Shen, H. S. Predicting the elastic properties of double-walled carbon nanotubes by molecular dynamics simulation. 

J. Phys. D: Appl. Phys. 41, 055404 (2008).
24. Ye, H. F., Wang, J. B. & Zhang, H. W. Numerical algorithms for prediction of mechanical properties of single-walled carbon 

nanotubes based on molecular mechanics model. Comput. Mater. Sci. 44, 1089 (2009).
25. Chang, I.-L. & Chiang, B. C. Mechanical buckling of single-walled carbon nanotubes: Atomistic simulations. J. Appl. Phys. 106, 

114313 (2009).
26. Iijima, S., Brabec, C., Maiti, A. & Bernholc, J. Structural flexibility of carbon nanotubes. J. Chem. Phys. 104, 2089 (1996).
27. Falvo, M. R. et al. Bending and buckling of carbon nanotubes under large strain. Nature 389, 582 (1997).
28. Brenner, D. W. et al. A second-generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons. 

J. Phys-Condens. Mat. 14, 783 (2002).
29. Horn, H. W. et al. Development of an improved four-site water model for biomolecular simulations: TIP4P-EW. J. Chem. Phys. 

120, 9665 (2004).
30. Zheng, Y. G., Ye, H. F., Zhang, Z. Q. & Zhang, H. W. Water diffusion inside carbon nanotubes: Mutual effects of surface and 

confinement. Phys. Chem. Chem. Phys. 14, 964 (2012).
31. Svishchev, I. M. & Kusalik, P. G. Crystallization of liquid water in a molecular dynamics simulation. Phys. Rev. Lett. 73, 975 

(1994).
32. Chiba, D. & Ono, T. Control of magnetism in Co by an electric field. J. Phys. D: Appl. Phys. 46, 213001 (2013).
33. Zhu, W. J., Xiao, D., Liu, Y. W., Gong, S. J. & Duan C. G. Picosecond electric field pulse induced coherent magnetic switching in 

MgO/FePt/Pt(001)-based tunnel junctions: a multiscale study. Sci. Rep.-UK 4, 4117 (2014).
34. Matsukura, F., Tokura, Y. & Ohno, H. Control of magnetism by electric fields. Nat. Nanotechnol. 10, 209 (2015).
35. Tokita, S., Sakabe, S., Nagashima, T., Hashida, M. & Inoue, S. Strong sub-terahertz surface waves generated on a metal wire by 

high-intensity laser pulses. Sci. Rep.-UK 5, 8268 (2015).
36. Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comput. Phys. 117, 1 (1995).

Acknowledgements
The supports from the National Natural Science Foundation of China (11302037, 11272003, 11232003, 
11472117 and 91315302), Program for New Century Excellent Talents in University (NCET-13-0088), the 
111 Project (B08014), PhD Programs Foundation of Ministry of Education of China (20130041110050) 
and Fundamental Research Funds for the Central Universities are gratefully acknowledged.

Author Contributions
H.W.Z and Z.C. conceived the idea of this study. H.F.Y. designed the computational plans. H.F.Y., Y.G.Z. 
and Z.Q.Z. performed MD simulations, data analysis and theoretical analysis. The manuscript was 
written through contributions of all authors.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Ye, H. F. et al. Water filling and electric field-induced enhancement in the 
mechanical property of carbon nanotubes. Sci. Rep. 5, 17537; doi: 10.1038/srep17537 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Water filling and electric field-induced enhancement in the mechanical property of carbon nanotubes
	Results
	Conclusion
	Methods
	Acknowledgements
	Author Contributions
	Figure 1.  The stress-strain relationships.
	Figure 2.  The elastic modulus of the CNTs in the three cases.
	Figure 3.  The Poisson’s ratio of the CNTs in the three cases.
	Figure 4.  The yield stresses of the CNTs in the three cases under the compressive load.
	Figure 5.  The average post-buckling stresses of the CNTs in the three cases under the compressive load.
	Figure 6.  The computational models of the five water-filled CNTs.



 
    
       
          application/pdf
          
             
                Water filling and electric field-induced enhancement in the mechanical property of carbon nanotubes
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17537
            
         
          
             
                H. F. Ye
                Y. G. Zheng
                Z. Q. Zhang
                Z. Chen
                H. W. Zhang
            
         
          doi:10.1038/srep17537
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep17537
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep17537
            
         
      
       
          
          
          
             
                doi:10.1038/srep17537
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17537
            
         
          
          
      
       
       
          True
      
   




