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Abstract: In this work we determined the mechanical properties (Young's modulus, Poisson's ratio, and shear modulus) 
of 400 single-walled carbon nanotubes of radii from 2.1; ((0,  5) nanotube) to 17.3 Å ((0,  45) nanotube). All nanotubes 
were simulated with AIREBO forcefield. It turns out that zigzag nanotubes are mechanically more resistant than 
armchair nanotubes. 
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Single-walled carbon nanotubes (SWCNT) have been 
the subject of research for years. Due to the unique 
mechanical and electrical characteristics they continue to 
be a promising material for future practical applications 
[1]. Most of the researchers’ efforts have been focused on 
the study of the electrical properties of SWCNTs, while the 
mechanical properties have been studied much less 
frequently. The experimental works have been related to 
single nanotube types for which the defined values of 
individual elastomechanical constants are given or the 
mechanical properties of mixtures of nanotubes of different 
types are characterized in very general terms [2-4]. This 
brief paper presents the results of systematic studies of the 
mechanical properties of nanotubes with all chiralities 
starting from (5, 0) to (20, 20) and additionally (0, 25), 
(0, 30), (0, 35), (0, 40), (0, 45) and (25, 25), corresponding 
to the diameters of 4.2 Å to 34.6 Å, respectively. All the 
studied tubes were about 170 Å long. 

The samples were studied in a series of computer 
simulations. The simulations were performed with the 
molecular dynamics method using the AIREBO potential 

[5] and a Nosé-Hoover thermostat [6], as implemented in 
the nanoMD program [7]. The calculations were performed 
at a constant temperature of 300 K. The simulations 
consisted in longitudinal stretching and compressing of 
samples at a constant relative velocity of the nanotube ends 
of 0.001 fs/Å. All the nanotubes were relaxed before 
application of external interactions within 100 000 steps 
with 0.5 fs timestep. 

The value of Young's modulus, Y, was obtained from 
the stress dependence, σ = F/S (F – longitudinal force 
measured at the ends of the sample, S – nanotube cross-
section, calculated as the nanotube circumference multi-
plied by the nanotube wall thickness equal to 3.4 Å, as is 
common used) on the longitudinal strain ε, according to the 
formula: 

.σY =
ε

 

Poisson's ratio, ν, was determined from the sample 
radial strain dependence, εr, on the longitudinal strain, ε, 
according to the formula: 
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.rεν=
ε

 

The values Y and ν were determined in two ways: 
a) assuming the linear dependence, σ(ε) and ν(ε), for strains 
|ε| < 0.015, b) assuming the linear dependence separately in 
the ranges of !0.02 < ε < 0 (for compressing – subscript s in 
symbols) and 0 > ε > 0.04 (for stretching – subscript r), thus 
reflecting the minor nonlinearity of σ(ε) and ν(ε).  

As far as the obtained results are considered special 
attention should be paid to the dependence of the 
mechanical properties on the nanotube chirality. When 
determining the parameters from the strain range 
symmetric with respect to zero (Y and ν values in the 
Table), the values do not show any dependence on the 

chirality. If the mechanical parameters are determined 
unilaterally, i.e. separately for compressing and stretching, 
the values Y and ν are dependent on the nanotube chirality 
(Ys, Yr, νs and νr in the Table where the relationships of 
Ys,/Yr and νs/νr are also given). For zigzag nanotubes 
(chiralities (0, n)) Young's modulus for stretching is greater 
than Young's modulus for armchair nanotubes (chiralities 
of (n, n)), and vice versa – for compression – Young's 
modulus of zigzag nanotubes is smaller than the modulus 
for armchair nanotubes. 

Simulations of torsional vibrations around the nanotube 
axis had to be performed to calculate the shear modulus, G. 
When setting the frequency of torsional vibrations the shear 
modulus can be defined as: 

2 216 .G = L f ρ  
 

 
Table 1. Mechanical properties of SWCNTs. The values of R0, L0 are given in Å. Y, Ys, Yr are in TPa and G is in GPa 

Chirality R0 L0 Y Ys Yr ν νs νr G Ys/Yr νs/νr 
1 2 3 4 5 6 7 8 9 10 11 12 

(5, 0) 2.1 162 0.91 0.90 0.81 0.08 0.10 0.04  1.11 2.45 
(0, 5) 2.1 164.4 0.97 1.07 0.82 0.08 0.12 0.05  1.31 2.49 
(6, 0) 2.4 165.1 0.88 0.92 0.79 0.10 0.12 0.05 6.03 1.17 2.27 
(0, 6) 2.4 165.7 0.93 0.96 0.81 0.10 0.12 0.06  1.18 2.01 
(0, 7) 2.8 168.3 0.92 0.89 0.80 0.11 0.15 0.07  1.11 2.22 
(0, 8) 3.2 168.6 0.91 0.92 0.81 0.14 0.17 0.07  1.13 2.29 
(8, 0) 3.2 168 0.87 0.95 0.82 0.13 0.17 0.08 6.05 1.16 2.19 
(0, 9) 3.5 168.8 0.86 0.89 0.82 0.14 0.18 0.08  1.08 2.19 
(0, 10) 3.9 168.9 0.87 0.91 0.83 0.15 0.20 0.09  1.10 2.30 
(11, 0) 4.3 168.3 0.85 0.90 0.81 0.17 0.21 0.09 5.88 1.10 2.39 
(0, 11) 4.3 169 0.86 0.90 0.82 0.16 0.21 0.09  1.10 2.40 
(0, 12) 4.7 169 0.86 0.87 0.82 0.17 0.22 0.09  1.06 2.37 
(12, 0) 4.7 168.3 0.84 0.85 0.82 0.17 0.21 0.09 5.82 1.03 2.19 
(0, 13) 5.1 169 0.85 0.88 0.82 0.18 0.22 0.09  1.07 2.36 
(13, 0) 5.1 168.3 0.87 0.89 0.82 0.18 0.23 0.10 5.78 1.09 2.37 
(14, 0) 5.4 168.3 0.89 0.89 0.82 0.18 0.23 0.10 5.73 1.09 2.33 
(0, 14) 5.4 169 0.90 0.90 0.82 0.18 0.23 0.10  1.09 2.24 
(0, 15) 5.8 169 0.90 0.92 0.83 0.19 0.23 0.10  1.11 2.26 
(15, 0) 5.8 168.3 0.92 0.91 0.82 0.18 0.23 0.10 5.63 1.11 2.28 
(16, 0) 6.2 168.4 0.85 0.88 0.83 0.19 0.24 0.10 5.74 1.07 2.46 
(0, 16) 6.2 169 0.90 0.90 0.82 0.19 0.24 0.10  1.10 2.31 
(17, 0) 6.6 168.4 0.82 0.87 0.82 0.18 0.24 0.10 5.93 1.06 2.36 
(0, 17) 6.6 171.1 0.85 0.85 0.82 0.19 0.23 0.10  1.03 2.29 
(18, 0) 7 168.4 0.83 0.85 0.82 0.19 0.25 0.10 5.96 1.04 2.43 
(0, 18) 7 171.2 0.83 0.85 0.84 0.19 0.22 0.11  1.02 2.12 
(0, 19) 7.3 171.2 0.83 0.85 0.83 0.19 0.24 0.10  1.02 2.34 
(19, 0) 7.3 168.4 0.83 0.83 0.82 0.19 0.25 0.11 5.93 1.02 2.29 
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1 2 3 4 5 6 7 8 9 10 11 12 
(0, 20) 7.7 171.2 0.82 0.88 0.83 0.20 0.24 0.10  1.06 2.26 
(25, 0) 9.6 168.4 0.83 0.84 0.82 0.21 0.25 0.11  1.02 2.34 
(30, 0) 12 168.3 0.86 0.85 0.82 0.22 0.24 0.11  1.03 2.25 
(35, 0) 13 168.3 0.85 0.81 0.82 0.21 0.25 0.11  0.99 2.28 
(40, 0) 15 168.3 0.82 0.81 0.82 0.23 0.23 0.11  0.99 2.11 
(45, 0) 17 168.3 0.85 0.85 0.82 0.22 0.23 0.11  1.03 2.10 
(3, 3) 2.1 168.7 0.86 0.92 0.70 0.12 0.11 0.17  1.31 0.68 
(4, 4) 2.7 169.5 0.88 0.92 0.71 0.17 0.14 0.20 6.93 1.29 0.68 
(5, 5) 3.4 170.3 0.87 0.94 0.72 0.19 0.16 0.22 6.74 1.30 0.73 
(6, 6) 4 170.1 0.88 0.94 0.71 0.20 0.17 0.22 6.58 1.32 0.79 
(7, 7) 4.7 170 0.81 0.97 0.74 0.20 0.17 0.23 6.48 1.30 0.74 
(8, 8) 5.4 171.1 0.82 0.96 0.73 0.21 0.18 0.23 6.35 1.30 0.76 
(9, 9) 6 171 0.83 1.00 0.73 0.20 0.18 0.23 6.41 1.36 0.75 

(10, 10) 6.7 170.9 0.83 0.93 0.73 0.21 0.17 0.23 6.44 1.27 0.74 
(11, 11) 7.4 170.9 0.87 0.94 0.74 0.21 0.18 0.23 6.49 1.27 0.77 
(12, 12) 8 170.8 0.85 0.92 0.73 0.21 0.18 0.23 6.37 1.26 0.77 
(13, 13) 8.7 170.8 0.88 0.94 0.73 0.21 0.19 0.23 6.53 1.29 0.80 
(14, 14) 9.4 170.8 0.86 0.94 0.74 0.21 0.18 0.23 6.45 1.26 0.75 
(15, 15) 10 170.8 0.85 0.93 0.74 0.21 0.18 0.23 6.50 1.26 0.75 
(16, 16) 11 170.8 0.86 0.93 0.74 0.21 0.18 0.24 6.51 1.26 0.74 
(17, 17) 11 170.7 0.86 0.93 0.74 0.21 0.16 0.23 6.40 1.26 0.72 
(18, 18) 12 170.7 0.87 0.93 0.73 0.21 0.18 0.23 6.39 1.26 0.76 
(19, 19) 13 170.7 0.78 0.94 0.74 0.17 0.17 0.23 6.54 1.28 0.75 
(20, 20) 13 170.7 0.87 0.94 0.73 0.21 0.15 0.23 6.51 1.28 0.65 
(25, 25) 17 170.7 0.84 0.95 0.73 0.22 0.16 0.23  1.29 0.71 
(2, 3) 1.8 166.3 0.87 0.93 0.74 0.09 0.16 0.07  1.26 2.15 
(3, 2) 1.8 166.4 0.89 0.89 0.70 0.12 0.11 0.10  1.27 1.14 
(1, 4) 1.9 164.2 0.92 0.96 0.79 0.06 0.20 0.02  1.22 11.36 
(4, 1) 1.9 163.7 0.91 0.90 0.79 0.08 0.03 0.02  1.14 1.35 
(4, 2) 2.1 167.2 0.86 0.96 0.74 0.09 0.07 0.10  1.30 0.72 
(2, 4) 2.1 167.5 0.93 0.95 0.75 0.09 0.08 0.10  1.27 0.81 
(1, 5) 2.2 166.8 0.90 0.94 0.79 0.08 0.10 0.04  1.19 2.48 
(5, 1) 2.2 166.2 0.88 0.91 0.80 0.06 0.08 0.05  1.15 1.65 
(3, 4) 2.4 169.7 0.88 0.91 0.71 0.12 0.06 0.16  1.29 0.35 
(2, 5) 2.5 168.8 0.87 0.94 0.76 0.10 0.10 0.09  1.24 1.07 
(5, 2) 2.5 168.4 0.92 0.99 0.77 0.10 0.11 0.09  1.29 1.22 
(1, 6) 2.6 168.3 0.93 0.97 0.81 0.09 0.14 0.05  1.20 2.95 
(6, 1) 2.6 167.4 0.91 0.91 0.79 0.10 0.12 0.05 6.34 1.15 2.24 
(5, 3) 2.8 169.7 0.84 0.94 0.72 0.14 0.13 0.15 7.02 1.29 0.88 
(3, 5) 2.8 169.9 0.87 0.91 0.72 0.13 0.12 0.14  1.26 0.83 
(2, 6) 2.9 169.4 0.92 0.95 0.79 0.12 0.13 0.10  1.20 1.32 
(6, 2) 2.9 168.6 0.89 0.97 0.79 0.12 0.13 0.10 6.56 1.23 1.25 
(1, 7) 3 169.3 0.93 0.94 0.81 0.11 0.12 0.05  1.17 2.41 
(7, 1) 3 168.4 0.96 0.95 0.81 0.10 0.12 0.05  1.16 2.43 
(5, 4) 3.1 170.5 0.81 0.93 0.74 0.14 0.12 0.19 6.90 1.26 0.61 
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1 2 3 4 5 6 7 8 9 10 11 12 
(4, 5) 3.1 170.5 0.89 0.96 0.73 0.13 0.11 0.19  1.30 0.58 
(6, 3) 3.1 169.6 0.88 0.98 0.74 0.15 0.14 0.14 6.92 1.33 1.01 
(3, 6) 3.1 169.8 0.91 0.96 0.75 0.14 0.13 0.15  1.28 0.89 
(2, 7) 3.2 170 0.91 0.97 0.80 0.15 0.15 0.11  1.21 1.33 
(8, 1) 3.4 168.9 0.91 0.94 0.83 0.12 0.15 0.06 6.36 1.13 2.36 
(6, 4) 3.4 170.2 0.86 0.96 0.75 0.17 0.16 0.18 6.85 1.27 0.89 
(4, 6) 3.4 170.3 0.91 0.96 0.74 0.17 0.15 0.18  1.30 0.82 
(7, 3) 3.5 170 0.93 0.93 0.78 0.15 0.14 0.14 6.75 1.20 1.07 
(3, 7) 3.5 170.4 0.91 0.92 0.76 0.15 0.15 0.14  1.20 1.07 
(2, 8) 3.6 170.2 0.87 0.94 0.81 0.15 0.17 0.10  1.16 1.63 
(5, 6) 3.7 170.8 0.81 0.93 0.72 0.16 0.12 0.20  1.28 0.58 
(6, 5) 3.7 170.7 0.88 0.93 0.72 0.15 0.12 0.20 6.73 1.29 0.61 
(1, 9) 3.7 170.3 0.89 0.95 0.82 0.14 0.17 0.06  1.16 2.66 
(7, 4) 3.8 170.6 0.89 0.96 0.76 0.17 0.16 0.17 6.74 1.27 0.95 
(4, 7) 3.8 170.7 0.94 1.00 0.76 0.17 0.16 0.17  1.32 0.93 
(3, 8) 3.8 170.6 0.85 0.96 0.80 0.17 0.17 0.14  1.21 1.27 
(8, 3) 3.8 170 0.91 0.95 0.79 0.17 0.17 0.14 6.62 1.20 1.25 
(2, 9) 4 170.6 0.87 0.92 0.81 0.16 0.18 0.12  1.14 1.48 
(5, 7) 4.1 170.9 0.86 0.93 0.72 0.18 0.16 0.19  1.28 0.84 
(10, 1) 4.1 169.6 0.81 0.90 0.82 0.14 0.18 0.07 6.09 1.10 2.47 
(8, 4) 4.1 170.3 0.91 0.94 0.77 0.18 0.17 0.17 6.64 1.23 1.03 
(4, 8) 4.1 170.5 0.88 0.98 0.77 0.18 0.17 0.17  1.27 1.00 
(3, 9) 4.2 170.7 0.89 0.93 0.79 0.17 0.18 0.13  1.19 1.43 
(9, 3) 4.2 169.8 0.90 0.94 0.78 0.17 0.18 0.13 6.40 1.19 1.35 
(2, 10) 4.3 170.4 0.93 0.92 0.80 0.16 0.20 0.10  1.14 1.88 
(10, 2) 4.3 170 0.88 0.89 0.81 0.17 0.20 0.11 6.14 1.10 1.86 
(7, 6) 4.4 171.1 0.79 0.99 0.75 0.17 0.13 0.21 6.52 1.31 0.62 
(6, 7) 4.4 171.2 0.80 0.95 0.73 0.17 0.12 0.21  1.30 0.58 
(5, 8) 4.4 171.1 0.84 0.92 0.74 0.19 0.17 0.19  1.24 0.91 
(8, 5) 4.4 170.8 0.85 0.91 0.74 0.19 0.18 0.19 6.50 1.24 0.96 
(11, 1) 4.5 169.8 0.81 0.89 0.83 0.16 0.19 0.07 6.04 1.07 2.56 
(9, 4) 4.5 170.6 0.86 0.94 0.77 0.17 0.18 0.15 6.48 1.21 1.15 
(1, 11) 4.5 170.8 0.84 0.91 0.83 0.15 0.19 0.07  1.10 2.67 
(4, 9) 4.5 170.9 0.85 0.93 0.77 0.17 0.18 0.15  1.21 1.16 
(10, 3) 4.6 170.2 0.88 0.91 0.79 0.18 0.20 0.13 6.29 1.16 1.57 
(3, 10) 4.6 170.9 0.90 0.92 0.80 0.18 0.21 0.12  1.16 1.71 
(2, 11) 4.7 170.8 0.87 0.94 0.82 0.17 0.20 0.11  1.16 1.90 
(11, 2) 4.7 170 0.90 0.91 0.81 0.17 0.21 0.11 6.07 1.13 1.95 
(6, 8) 4.7 171 0.80 0.93 0.74 0.20 0.17 0.21  1.26 0.81 
(8, 6) 4.7 170.9 0.86 0.92 0.72 0.20 0.18 0.22 6.40 1.27 0.83 
(5, 9) 4.8 171.1 0.83 0.91 0.75 0.18 0.17 0.18  1.21 0.92 
(9, 5) 4.8 170.7 0.88 0.90 0.74 0.18 0.17 0.18 6.41 1.21 0.93 
(4, 10) 4.8 170.8 0.85 0.92 0.77 0.18 0.18 0.15  1.19 1.17 
(10, 4) 4.8 170.4 0.89 0.92 0.77 0.19 0.19 0.15 6.26 1.20 1.28 
(1, 12) 4.9 170.8 0.86 0.87 0.82 0.16 0.20 0.07  1.06 2.69 
(12, 1) 4.9 169.9 0.88 0.90 0.83 0.16 0.20 0.08 5.96 1.09 2.66 
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1 2 3 4 5 6 7 8 9 10 11 12 
(11, 3) 5 170.3 0.88 0.93 0.80 0.19 0.20 0.14 6.09 1.16 1.43 
(3, 11) 5 170.9 0.87 0.93 0.81 0.19 0.19 0.14  1.15 1.38 
(8, 7) 5 171.2 0.85 0.95 0.75 0.17 0.13 0.21 6.34 1.27 0.61 
(7, 8) 5 171.2 0.85 0.95 0.73 0.17 0.12 0.21  1.30 0.59 
(9, 6) 5.1 170.8 0.81 0.94 0.73 0.20 0.18 0.20 6.33 1.29 0.89 
(6, 9) 5.1 171 0.82 0.94 0.73 0.20 0.19 0.20  1.29 0.92 
(2, 12) 5.1 170.8 0.88 0.89 0.81 0.18 0.21 0.11  1.11 1.90 
(12, 2) 5.1 170 0.89 0.93 0.82 0.17 0.20 0.11 6.01 1.13 1.85 
(5, 10) 5.1 171.2 0.86 0.97 0.76 0.18 0.17 0.18  1.28 0.93 
(10, 5) 5.1 170.2 0.82 0.93 0.78 0.19 0.19 0.18 6.32 1.20 1.04 
(11, 4) 5.2 170.6 0.84 0.91 0.79 0.19 0.20 0.15 6.20 1.16 1.34 
(4, 11) 5.2 171.1 0.86 0.90 0.78 0.19 0.20 0.15  1.16 1.36 
(1, 13) 5.2 170.9 0.88 0.90 0.83 0.16 0.21 0.08  1.09 2.56 
(13, 1) 5.2 170 0.88 0.91 0.83 0.17 0.20 0.08 5.87 1.09 2.56 
(3, 12) 5.3 170.7 0.82 0.92 0.81 0.19 0.20 0.13  1.13 1.61 
(7, 9) 5.4 171.3 0.84 0.94 0.74 0.20 0.19 0.21  1.28 0.87 
(9, 7) 5.4 171 0.77 0.95 0.74 0.21 0.19 0.21 6.34 1.28 0.89 
(6, 10) 5.4 171.1 0.82 0.94 0.74 0.20 0.18 0.20  1.26 0.94 
(10, 6) 5.4 170.9 0.83 0.96 0.75 0.20 0.19 0.19 6.37 1.29 0.99 
(13, 2) 5.5 170.2 0.85 0.90 0.82 0.19 0.21 0.11 5.91 1.10 1.93 
(2, 13) 5.5 171.1 0.90 0.90 0.81 0.19 0.21 0.11  1.10 1.89 
(11, 5) 5.5 170.8 0.85 0.94 0.78 0.18 0.18 0.16 6.18 1.21 1.12 
(5, 11) 5.5 171.2 0.85 0.95 0.78 0.18 0.18 0.16  1.22 1.11 
(12, 4) 5.6 170.3 0.87 0.87 0.77 0.19 0.20 0.15 6.07 1.12 1.39 
(4, 12) 5.6 170.7 0.81 0.88 0.80 0.19 0.20 0.14  1.11 1.40 
(1, 14) 5.6 171.1 0.90 0.89 0.82 0.17 0.20 0.08  1.08 2.50 
(8, 9) 5.7 171.2 0.82 0.93 0.73 0.17 0.14 0.21  1.27 0.65 
(9, 8) 5.7 171.2 0.84 0.89 0.72 0.17 0.12 0.21 6.36 1.23 0.59 
(3, 13) 5.7 171.1 0.85 0.91 0.81 0.19 0.20 0.14  1.13 1.46 
(13, 3) 5.7 170.4 0.87 0.89 0.80 0.19 0.21 0.14 6.10 1.11 1.47 
(10, 7) 5.7 171.1 0.80 0.94 0.75 0.20 0.20 0.21 6.40 1.25 0.95 
(7, 10) 5.7 171.2 0.82 0.94 0.74 0.19 0.18 0.21  1.27 0.86 
(6, 11) 5.8 171.3 0.85 0.94 0.76 0.19 0.18 0.18  1.23 0.97 
(11, 6) 5.8 170.9 0.84 0.95 0.76 0.19 0.18 0.18 6.37 1.25 0.97 
(2, 14) 5.9 170.8 0.85 0.88 0.82 0.18 0.22 0.11  1.08 2.08 
(14, 2) 5.9 169.9 0.90 0.89 0.82 0.19 0.22 0.11 5.78 1.09 1.96 
(12, 5) 5.9 170.8 0.84 0.92 0.78 0.20 0.20 0.17 6.25 1.18 1.18 
(13, 4) 6 170.6 0.86 0.88 0.79 0.19 0.22 0.14 6.08 1.11 1.62 
(4, 13) 6 171.2 0.79 0.93 0.81 0.19 0.20 0.14  1.15 1.40 
(15, 1) 6 170.2 0.84 0.88 0.83 0.18 0.22 0.08 5.90 1.06 2.76 
(1, 15) 6 171.1 0.87 0.85 0.82 0.17 0.21 0.09  1.04 2.44 
(10, 8) 6 171.1 0.85 0.94 0.74 0.21 0.18 0.22 6.41 1.27 0.82 
(11, 7) 6.1 171.1 0.81 0.96 0.75 0.20 0.19 0.20 6.38 1.29 0.94 
(7, 11) 6.1 171.2 0.82 0.93 0.74 0.20 0.19 0.20  1.26 0.92 
(3, 14) 6.1 171.2 0.83 0.89 0.82 0.18 0.21 0.12  1.09 1.73 
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1 2 3 4 5 6 7 8 9 10 11 12 
(14, 3) 6.1 170.5 0.85 0.89 0.81 0.18 0.20 0.12 6.10 1.10 1.65 
(6, 12) 6.1 171.1 0.81 0.94 0.78 0.20 0.18 0.18  1.21 1.00 
(12, 6) 6.1 170.9 0.83 0.93 0.78 0.20 0.19 0.18 6.42 1.20 1.01 
(5, 13) 6.2 171.2 0.86 0.95 0.79 0.20 0.20 0.16  1.21 1.23 
(13, 5) 6.2 170.7 0.85 0.92 0.78 0.20 0.19 0.17 6.28 1.18 1.17 
(2, 15) 6.2 171.1 0.84 0.86 0.81 0.19 0.22 0.11  1.06 1.92 
(15, 2) 6.2 170.3 0.84 0.88 0.82 0.19 0.22 0.11 5.96 1.07 1.93 
(14, 4) 6.3 170.6 0.83 0.89 0.80 0.19 0.20 0.14 6.19 1.12 1.43 
(4, 14) 6.3 171 0.85 0.89 0.80 0.20 0.21 0.14  1.12 1.57 
(9, 10) 6.4 171.3 0.83 0.93 0.74 0.17 0.13 0.21  1.26 0.60 
(10, 9) 6.4 171.2 0.83 0.94 0.73 0.17 0.13 0.22 6.42 1.29 0.58 
(16, 1) 6.4 170.2 0.86 0.87 0.82 0.17 0.23 0.08 6.03 1.06 2.74 
(8, 11) 6.4 171.3 0.84 0.91 0.74 0.21 0.18 0.21  1.24 0.84 
(12, 7) 6.4 171 0.83 0.96 0.75 0.20 0.19 0.20 6.38 1.27 0.95 
(7, 12) 6.4 171.3 0.80 0.93 0.75 0.20 0.19 0.20  1.25 0.95 
(15, 3) 6.5 170.3 0.86 0.87 0.80 0.19 0.23 0.12 6.08 1.08 1.95 
(3, 15) 6.5 171.2 0.84 0.89 0.81 0.19 0.21 0.12  1.09 1.77 
(13, 6) 6.5 170.8 0.82 0.94 0.78 0.19 0.18 0.17 6.40 1.21 1.09 
(6, 13) 6.5 171.2 0.83 0.92 0.77 0.19 0.19 0.17  1.21 1.11 
(14, 5) 6.6 170.7 0.84 0.92 0.79 0.20 0.21 0.15 6.34 1.17 1.44 
(5, 14) 6.6 171.3 0.84 0.93 0.79 0.20 0.22 0.15  1.18 1.41 
(2, 16) 6.6 171.1 0.84 0.85 0.81 0.20 0.23 0.11  1.05 2.12 
(16, 2) 6.6 170.3 0.87 0.88 0.81 0.19 0.24 0.11 6.05 1.09 2.16 
(11, 9) 6.7 171.2 0.84 0.94 0.73 0.21 0.19 0.22 6.45 1.28 0.84 
(4, 15) 6.7 171.3 0.84 0.89 0.79 0.20 0.21 0.15  1.13 1.41 
(15, 4) 6.7 170.6 0.86 0.88 0.80 0.21 0.21 0.15 6.17 1.09 1.44 
(12, 8) 6.7 171.1 0.82 0.93 0.74 0.21 0.19 0.21 6.38 1.25 0.89 
(8, 12) 6.7 171.3 0.85 0.93 0.75 0.20 0.18 0.21  1.24 0.88 
(1, 17) 6.8 171.3 0.83 0.86 0.83 0.17 0.23 0.09  1.04 2.61 
(13, 7) 6.8 171 0.84 0.93 0.77 0.19 0.18 0.18 6.39 1.22 0.99 
(7, 13) 6.8 171.3 0.83 0.94 0.75 0.19 0.18 0.18  1.26 0.98 
(3, 16) 6.8 171.2 0.83 0.89 0.82 0.19 0.23 0.12  1.09 1.89 
(16, 3) 6.8 170.5 0.84 0.86 0.81 0.19 0.22 0.12 6.14 1.06 1.87 
(6, 14) 6.9 171.3 0.83 0.94 0.77 0.20 0.19 0.17  1.21 1.14 
(14, 6) 6.9 170.8 0.85 0.90 0.78 0.20 0.19 0.17 6.32 1.15 1.11 
(15, 5) 7 170.3 0.86 0.93 0.79 0.20 0.22 0.15 6.21 1.17 1.45 
(5, 15) 7 171.2 0.83 0.92 0.80 0.20 0.20 0.15  1.16 1.30 
(2, 17) 7 171.2 0.83 0.87 0.83 0.20 0.24 0.11  1.04 2.20 
(17, 2) 7 170.4 0.84 0.86 0.82 0.19 0.23 0.11 6.03 1.04 2.04 

(10, 11) 7 171.3 0.83 0.95 0.74 0.18 0.13 0.22  1.28 0.60 
(11, 10) 7 171.2 0.82 0.92 0.73 0.17 0.12 0.22 6.45 1.26 0.57 
(9, 12) 7 171.1 0.80 0.91 0.73 0.21 0.19 0.22  1.25 0.84 
(12, 9) 7 170.9 0.83 0.92 0.73 0.21 0.18 0.22 6.44 1.26 0.83 
(4, 16) 7.1 171.1 0.83 0.92 0.82 0.19 0.21 0.13  1.12 1.59 
(8, 13) 7.1 171.3 0.84 0.91 0.74 0.21 0.19 0.20  1.23 0.94 
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1 2 3 4 5 6 7 8 9 10 11 12 
(13, 8) 7.1 171 0.84 0.93 0.74 0.21 0.19 0.20 6.41 1.27 0.95 
(18, 1) 7.1 170.3 0.85 0.85 0.82 0.18 0.23 0.08 6.04 1.03 2.75 
(7, 14) 7.2 171.1 0.87 0.93 0.78 0.20 0.19 0.18  1.20 1.02 
(14, 7) 7.2 170.8 0.83 0.92 0.77 0.21 0.20 0.19 6.47 1.18 1.07 
(3, 17) 7.2 171.3 0.83 0.91 0.82 0.20 0.23 0.12  1.11 2.01 
(17, 3) 7.2 170.5 0.83 0.87 0.82 0.20 0.23 0.12 6.14 1.06 1.93 
(15, 6) 7.2 170.6 0.83 0.92 0.78 0.20 0.20 0.17 6.37 1.18 1.20 
(6, 15) 7.2 171.3 0.83 0.91 0.78 0.19 0.20 0.17  1.17 1.15 
(5, 16) 7.3 171.3 0.83 0.90 0.80 0.20 0.22 0.14  1.13 1.55 
(16, 5) 7.3 170.7 0.83 0.91 0.80 0.20 0.22 0.14 6.28 1.13 1.54 

(12, 10) 7.4 171 0.85 0.94 0.74 0.21 0.18 0.23 6.53 1.26 0.77 
(10, 12) 7.4 171.3 0.84 0.92 0.73 0.21 0.18 0.23  1.27 0.80 
(2, 18) 7.4 171.3 0.85 0.86 0.82 0.19 0.23 0.11  1.05 2.09 
(18, 2) 7.4 170.2 0.84 0.87 0.82 0.20 0.24 0.11 6.05 1.06 2.13 
(9, 13) 7.4 171.3 0.84 0.92 0.73 0.21 0.18 0.21  1.25 0.87 
(14,  8) 7.4 171 0.86 0.93 0.76 0.21 0.19 0.20 6.42 1.22 0.96 
(8,  14) 7.4 171.2 0.86 0.95 0.75 0.21 0.19 0.20  1.25 0.96 
(4,  17) 7.5 171.3 0.87 0.90 0.81 0.21 0.22 0.14  1.11 1.56 
(17,  4) 7.5 170.6 0.85 0.90 0.81 0.21 0.22 0.15 6.18 1.10 1.52 
(7, 15) 7.5 171.4 0.84 0.93 0.77 0.20 0.18 0.17  1.21 1.08 
(15, 7) 7.5 170.9 0.86 0.92 0.78 0.19 0.19 0.17 6.35 1.18 1.09 
(1, 19) 7.5 171.3 0.86 0.86 0.84 0.18 0.21 0.08  1.03 2.63 
(19, 1) 7.5 170.3 0.84 0.87 0.82 0.19 0.23 0.09 6.07 1.05 2.71 
(3, 18) 7.6 171.2 0.86 0.89 0.82 0.20 0.21 0.12  1.08 1.80 
(18, 3) 7.6 170.3 0.85 0.88 0.82 0.19 0.22 0.12 6.16 1.08 1.81 
(16, 6) 7.6 170.8 0.82 0.91 0.80 0.20 0.21 0.16 6.32 1.14 1.30 
(6, 16) 7.6 171.3 0.83 0.91 0.79 0.20 0.20 0.16  1.15 1.25 

(12, 11) 7.7 171.2 0.89 0.94 0.74 0.17 0.12 0.21 6.49 1.27 0.55 
(11, 12) 7.7 171.3 0.82 0.96 0.74 0.18 0.14 0.22  1.30 0.64 
(13, 10) 7.7 171.2 0.87 0.91 0.74 0.21 0.18 0.22 6.42 1.23 0.83 
(10, 13) 7.7 171.4 0.85 0.93 0.74 0.21 0.18 0.22  1.26 0.79 
(17, 5) 7.7 170.7 0.86 0.92 0.82 0.20 0.22 0.14 6.24 1.12 1.53 
(5, 17) 7.7 171.3 0.82 0.88 0.80 0.20 0.23 0.14  1.11 1.58 
(14, 9) 7.7 171.1 0.82 0.92 0.74 0.20 0.19 0.21 6.42 1.24 0.92 
(9, 14) 7.7 171.3 0.85 0.91 0.74 0.20 0.19 0.21  1.23 0.91 
(19, 2) 7.8 170.5 0.86 0.87 0.83 0.20 0.25 0.11 6.10 1.04 2.28 
(2, 19) 7.8 171.3 0.86 0.86 0.81 0.20 0.24 0.11  1.06 2.16 
(8, 15) 7.8 171.3 0.86 0.92 0.76 0.20 0.19 0.18  1.22 1.02 
(15, 8) 7.8 171 0.84 0.93 0.76 0.19 0.18 0.19 6.39 1.23 0.93 
(18, 4) 7.8 170.5 0.84 0.87 0.81 0.20 0.22 0.13 6.17 1.08 1.69 
(4, 18) 7.8 171.2 0.84 0.89 0.80 0.20 0.23 0.13  1.10 1.80 
(16, 7) 7.9 170.9 0.84 0.92 0.78 0.20 0.21 0.18 6.28 1.18 1.20 
(7, 16) 7.9 171.4 0.84 0.89 0.77 0.20 0.20 0.18  1.15 1.12 
(20, 1) 7.9 170.3 0.84 0.87 0.83 0.18 0.23 0.08 6.07 1.04 2.80 
(1, 20) 7.9 171.3 0.83 0.87 0.83 0.18 0.23 0.09  1.05 2.66 
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1 2 3 4 5 6 7 8 9 10 11 12 
(6, 17) 8 171.3 0.83 0.88 0.79 0.21 0.22 0.15  1.11 1.46 
(17, 6) 8 170.8 0.84 0.89 0.79 0.21 0.21 0.16 6.30 1.13 1.36 
(3, 19) 8 171.3 0.85 0.88 0.82 0.20 0.22 0.11  1.07 1.97 
(19, 3) 8 170.6 0.86 0.86 0.81 0.20 0.23 0.12 6.12 1.06 1.90 

(11, 13) 8 171.3 0.83 0.92 0.73 0.21 0.17 0.23  1.26 0.74 
(13, 11) 8 171.2 0.84 0.95 0.74 0.21 0.18 0.23 6.35 1.28 0.78 
(14, 10) 8.1 171.2 0.87 0.93 0.74 0.21 0.18 0.22 6.44 1.25 0.80 
(18, 5) 8.1 170.8 0.84 0.88 0.80 0.20 0.21 0.14 6.17 1.09 1.52 
(5, 18) 8.1 171.4 0.82 0.87 0.80 0.20 0.21 0.14  1.09 1.48 
(9, 15) 8.1 171.3 0.88 0.91 0.75 0.20 0.19 0.20  1.21 0.92 
(15, 9) 8.1 171.1 0.85 0.91 0.75 0.21 0.19 0.21 6.52 1.21 0.90 
(2, 20) 8.1 171.3 0.84 0.87 0.83 0.20 0.25 0.11  1.05 2.21 
(20, 2) 8.1 170.3 0.82 0.89 0.83 0.20 0.23 0.11 6.06 1.07 2.10 
(16, 8) 8.2 170.8 0.84 0.91 0.77 0.20 0.19 0.19 6.46 1.18 1.02 
(8, 16) 8.2 171 0.83 0.89 0.76 0.21 0.19 0.19  1.18 1.00 
(4, 19) 8.2 171.4 0.83 0.87 0.81 0.19 0.23 0.12  1.07 1.83 
(19, 4) 8.2 170.6 0.86 0.88 0.81 0.20 0.22 0.13 6.13 1.09 1.69 
(7, 17) 8.3 171.4 0.82 0.89 0.78 0.21 0.21 0.17  1.15 1.23 
(17, 7) 8.3 170.8 0.87 0.91 0.78 0.21 0.20 0.17 6.39 1.17 1.14 

(13, 12) 8.3 171.2 0.84 0.91 0.73 0.17 0.12 0.21 6.50 1.25 0.55 
(12, 13) 8.3 171.3 0.84 0.89 0.72 0.17 0.13 0.22  1.24 0.61 
(6, 18) 8.4 171.2 0.82 0.90 0.80 0.19 0.21 0.16  1.13 1.32 
(18, 6) 8.4 170.8 0.84 0.91 0.79 0.20 0.22 0.15 6.32 1.15 1.43 
(20, 3) 8.4 170.5 0.84 0.85 0.82 0.20 0.23 0.12 6.18 1.04 1.83 
(3, 20) 8.4 171.3 0.84 0.87 0.81 0.20 0.23 0.12  1.07 1.91 

(11, 14) 8.4 171.3 0.84 0.90 0.74 0.21 0.18 0.22  1.22 0.83 
(14, 11) 8.4 171.2 0.82 0.93 0.75 0.21 0.18 0.22 6.37 1.25 0.81 
(10, 15) 8.4 171.2 0.85 0.93 0.75 0.21 0.19 0.21  1.24 0.88 
(15, 10) 8.4 171 0.84 0.92 0.74 0.21 0.18 0.21 6.52 1.24 0.83 
(9, 16) 8.5 171.4 0.82 0.92 0.76 0.20 0.19 0.20  1.22 0.95 
(5, 19) 8.5 171.4 0.84 0.88 0.80 0.21 0.21 0.15  1.10 1.43 
(19, 5) 8.5 170.7 0.83 0.87 0.80 0.21 0.20 0.15 6.24 1.09 1.33 
(17, 8) 8.5 170.9 0.84 0.92 0.77 0.21 0.17 0.17 6.45 1.20 1.02 
(8, 17) 8.5 171.4 0.85 0.89 0.76 0.20 0.19 0.17  1.17 1.11 
(20, 4) 8.6 170.3 0.85 0.87 0.82 0.20 0.22 0.13 6.25 1.06 1.72 
(4, 20) 8.6 171.2 0.84 0.89 0.81 0.20 0.22 0.13  1.10 1.73 
(18, 7) 8.6 170.9 0.86 0.90 0.78 0.20 0.19 0.17 6.34 1.16 1.12 
(7, 18) 8.6 171.4 0.86 0.90 0.78 0.21 0.20 0.17  1.14 1.18 

(14, 12) 8.7 171.2 0.87 0.94 0.74 0.21 0.18 0.23 6.47 1.26 0.76 
(12, 14) 8.7 171.2 0.83 0.90 0.73 0.21 0.17 0.23  1.24 0.73 
(15, 11) 8.7 171.2 0.88 0.93 0.74 0.21 0.19 0.22 6.52 1.26 0.86 
(11, 15) 8.7 171.3 0.86 0.92 0.74 0.21 0.19 0.22  1.24 0.87 
(6, 19) 8.7 171.4 0.86 0.89 0.79 0.21 0.22 0.15  1.12 1.52 
(19, 6) 8.7 170.8 0.85 0.88 0.79 0.21 0.23 0.15 6.25 1.12 1.54 

(16, 10) 8.8 171.1 0.85 0.93 0.76 0.21 0.18 0.21 6.46 1.22 0.87 
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1 2 3 4 5 6 7 8 9 10 11 12 
(10, 16) 8.8 171.4 0.86 0.92 0.75 0.21 0.18 0.21  1.22 0.89 
(17, 9) 8.8 171 0.86 0.93 0.76 0.20 0.19 0.18 6.45 1.22 1.06 
(9, 17) 8.8 171.4 0.84 0.92 0.75 0.19 0.19 0.19  1.22 1.01 
(5, 20) 8.8 171.1 0.83 0.88 0.81 0.20 0.21 0.14  1.09 1.51 
(20, 5) 8.8 170.6 0.84 0.87 0.80 0.20 0.23 0.14 6.25 1.09 1.69 
(18, 8) 8.9 170.9 0.86 0.91 0.78 0.20 0.20 0.18 6.39 1.17 1.16 
(8, 18) 8.9 171.4 0.85 0.89 0.77 0.20 0.21 0.18  1.15 1.16 
(19, 7) 9 170.9 0.83 0.88 0.79 0.20 0.20 0.16 6.45 1.12 1.30 
(7, 19) 9 171.4 0.86 0.90 0.79 0.20 0.21 0.16  1.14 1.30 

(13, 14) 9 171.3 0.84 0.93 0.74 0.17 0.13 0.22  1.26 0.60 
(14, 13) 9 171.3 0.85 0.90 0.73 0.17 0.12 0.22 6.59 1.25 0.55 
(15, 12) 9 171.2 0.87 0.94 0.74 0.21 0.18 0.22 6.53 1.26 0.81 
(12, 15) 9 171.3 0.85 0.92 0.74 0.21 0.18 0.23  1.24 0.79 
(11, 16) 9.1 171.4 0.85 0.92 0.74 0.21 0.18 0.21  1.24 0.85 
(16, 11) 9.1 171.2 0.83 0.91 0.74 0.20 0.17 0.21 6.43 1.23 0.82 
(6, 20) 9.1 171.4 0.84 0.89 0.80 0.20 0.21 0.15  1.11 1.41 

(10, 17) 9.1 171.4 0.86 0.93 0.76 0.21 0.20 0.20  1.23 0.98 
(17, 10) 9.1 171.1 0.84 0.93 0.76 0.21 0.19 0.21 6.54 1.22 0.94 
(18, 9) 9.2 170.7 0.84 0.90 0.77 0.20 0.20 0.19 6.37 1.17 1.06 
(9, 18) 9.2 170.9 0.83 0.90 0.77 0.21 0.19 0.19  1.18 1.00 
(8, 19) 9.3 171.4 0.85 0.91 0.77 0.20 0.20 0.17  1.17 1.16 
(19, 8) 9.3 170.9 0.85 0.89 0.77 0.20 0.20 0.17 6.47 1.15 1.18 

(13, 15) 9.4 171.4 0.83 0.92 0.74 0.20 0.17 0.23  1.25 0.75 
(15, 13) 9.4 171.2 0.86 0.94 0.74 0.21 0.18 0.23 6.38 1.27 0.78 
(7, 20) 9.4 171.4 0.86 0.89 0.79 0.20 0.22 0.16  1.13 1.43 
(20, 7) 9.4 170.8 0.84 0.88 0.78 0.21 0.21 0.16 6.41 1.12 1.35 

(16, 12) 9.4 171.1 0.82 0.90 0.73 0.20 0.17 0.22 6.53 1.23 0.77 
(11, 17) 9.4 171.4 0.84 0.93 0.75 0.20 0.17 0.21  1.23 0.83 
(17, 11) 9.4 171.1 0.85 0.93 0.75 0.21 0.18 0.21 6.37 1.24 0.88 
(10, 18) 9.5 171.3 0.85 0.91 0.76 0.21 0.20 0.20  1.20 1.00 
(18, 10) 9.5 171.1 0.85 0.91 0.76 0.21 0.19 0.20  1.19 0.95 
(9, 19) 9.5 171.4 0.89 0.91 0.78 0.19 0.19 0.18  1.18 1.06 
(19, 9) 9.5 171 0.86 0.93 0.77 0.20 0.20 0.18 6.37 1.20 1.10 
(20, 8) 9.6 170.9 0.84 0.89 0.77 0.20 0.21 0.17 6.29 1.15 1.28 

(14, 15) 9.7 171.4 0.88 0.93 0.74 0.17 0.13 0.21  1.26 0.60 
(15, 14) 9.7 171.3 0.87 0.94 0.74 0.18 0.12 0.22 6.51 1.28 0.55 
(13, 16) 9.7 171.4 0.86 0.95 0.75 0.21 0.18 0.23  1.27 0.81 
(16, 13) 9.7 171.3 0.84 0.95 0.75 0.21 0.18 0.23 6.50 1.27 0.80 
(12, 17) 9.7 171.4 0.83 0.92 0.75 0.21 0.18 0.22  1.24 0.84 
(17, 12) 9.7 171.2 0.84 0.93 0.74 0.21 0.18 0.22 6.55 1.25 0.82 
(11, 18) 9.8 171.4 0.85 0.91 0.76 0.21 0.19 0.21  1.20 0.91 
(18, 11) 9.8 171.1 0.84 0.92 0.75 0.21 0.18 0.21 6.51 1.23 0.88 
(19, 10) 9.8 171 0.85 0.91 0.76 0.19 0.18 0.19 6.44 1.20 0.97 
(9, 20) 9.9 171.4 0.84 0.90 0.77 0.20 0.19 0.18  1.17 1.09 
(20, 9) 9.9 171 0.85 0.88 0.76 0.21 0.19 0.18 6.18 1.15 1.08 
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1 2 3 4 5 6 7 8 9 10 11 12 
(14, 16) 10 171.3 0.85 0.92 0.73 0.21 0.18 0.23  1.26 0.81 
(16, 14) 10 171.3 0.85 0.93 0.74 0.21 0.18 0.23 6.14 1.26 0.76 
(17, 13) 10 171.2 0.83 0.93 0.74 0.21 0.17 0.22 5.12 1.26 0.78 
(13, 17) 10 171.3 0.86 0.93 0.74 0.21 0.19 0.23  1.26 0.82 
(12, 18) 10 171.1 0.86 0.92 0.75 0.20 0.17 0.21  1.23 0.82 
(18, 12) 10 171 0.85 0.93 0.75 0.20 0.18 0.21 6.44 1.24 0.86 
(19, 11) 10 171.1 0.84 0.90 0.76 0.21 0.18 0.20 6.47 1.18 0.92 
(11, 19) 10 171.4 0.87 0.91 0.75 0.21 0.17 0.20  1.20 0.85 
(10, 20) 10 170.9 0.86 0.91 0.76 0.20 0.18 0.19  1.19 0.96 
(20, 10) 10 170.7 0.85 0.91 0.76 0.21 0.20 0.19 6.37 1.19 1.01 
(15, 16) 10 171.3 0.86 0.94 0.74 0.17 0.13 0.22  1.27 0.61 
(16, 15) 10 171.3 0.88 0.94 0.73 0.17 0.14 0.22 6.53 1.29 0.64 
(17, 14) 10 171.3 0.91 0.94 0.75 0.21 0.19 0.23 6.30 1.27 0.82 
(14, 17) 10 171.4 0.87 0.90 0.73 0.21 0.18 0.23  1.24 0.77 
(13, 18) 10 171.4 0.87 0.92 0.75 0.21 0.18 0.22  1.23 0.80 
(19, 12) 10 171.2 0.86 0.95 0.76 0.21 0.18 0.21 6.41 1.25 0.86 
(12, 19) 10 171.4 0.86 0.92 0.75 0.21 0.18 0.21  1.23 0.88 
(20, 11) 10 171.1 0.87 0.92 0.76 0.20 0.19 0.20  1.21 0.99 
(11, 20) 10 171.4 0.83 0.92 0.76 0.21 0.20 0.19  1.21 1.03 
(18, 14) 11 171.2 0.85 0.92 0.74 0.21 0.18 0.22 6.42 1.24 0.80 
(14, 18) 11 171.4 0.87 0.93 0.74 0.21 0.18 0.23  1.25 0.77 
(13, 19) 11 171.4 0.86 0.94 0.75 0.20 0.19 0.21  1.25 0.88 
(19, 13) 11 171.2 0.87 0.94 0.76 0.21 0.19 0.21 6.39 1.24 0.89 
(20, 12) 11 171 0.87 0.93 0.76 0.20 0.19 0.21 6.38 1.23 0.90 
(12, 20) 11 171.2 0.84 0.94 0.76 0.21 0.18 0.21  1.24 0.88 
(17, 16) 11 171.3 0.83 0.94 0.73 0.17 0.13 0.21 6.42 1.28 0.62 
(16, 17) 11 171.3 0.85 0.93 0.73 0.17 0.11 0.22  1.27 0.50 
(15, 18) 11 171.2 0.86 0.92 0.74 0.21 0.18 0.22  1.25 0.81 
(18, 15) 11 171.1 0.90 0.97 0.75 0.21 0.19 0.23 6.44 1.29 0.84 
(14, 19) 11 171.4 0.86 0.94 0.74 0.21 0.19 0.22  1.26 0.85 
(19, 14) 11 171.2 0.87 0.93 0.74 0.21 0.17 0.22 6.39 1.26 0.79 
(20, 13) 11 171.1 0.84 0.93 0.75 0.21 0.18 0.21 6.41 1.24 0.84 
(13, 20) 11 171.4 0.90 0.93 0.75 0.20 0.18 0.21  1.24 0.85 
(16, 18) 11 171.4 0.85 0.93 0.74 0.21 0.18 0.23  1.26 0.77 
(18, 16) 11 171.2 0.85 0.93 0.73 0.21 0.18 0.23 6.39 1.27 0.78 
(15, 19) 11 171.4 0.86 0.93 0.74 0.21 0.18 0.22  1.26 0.80 
(19, 15) 11 171.2 0.86 0.92 0.74 0.21 0.17 0.22 6.39 1.24 0.77 
(18, 17) 12 171.3 0.85 0.92 0.74 0.17 0.11 0.22 6.39 1.25 0.52 
(17, 18) 12 171.3 0.85 0.93 0.73 0.17 0.12 0.22  1.27 0.55 
(19, 16) 12 171.2 0.84 0.94 0.74 0.21 0.17 0.23 6.39 1.27 0.74 
(16, 19) 12 171.4 0.87 0.94 0.74 0.21 0.17 0.23  1.27 0.76 
(20, 15) 12 171.1 0.85 0.91 0.74 0.20 0.15 0.22 6.56 1.23 0.66 
(15, 20) 12 171.2 0.87 0.94 0.74 0.21 0.17 0.22  1.27 0.78 
(19, 17) 12 171.3 0.87 0.94 0.73 0.21 0.18 0.23 6.37 1.28 0.78 
(17, 19) 12 171.4 0.83 0.92 0.74 0.21 0.18 0.23  1.25 0.80 
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1 2 3 4 5 6 7 8 9 10 11 12 
(16, 20) 12 171.2 0.86 0.93 0.74 0.21 0.18 0.23  1.25 0.78 
(20, 16) 12 171.1 0.86 0.92 0.74 0.20 0.18 0.23 6.36 1.25 0.78 
(19, 18) 12 171.3 0.84 0.92 0.73 0.17 0.11 0.22 6.37 1.26 0.49 
(18, 19) 12 171.4 0.87 0.94 0.74 0.17 0.13 0.22  1.27 0.58 
(20, 17) 12 171.3 0.86 0.92 0.74 0.20 0.13 0.23 6.37 1.25 0.58 
(17, 20) 12 171.3 0.85 0.93 0.74 0.21 0.18 0.23  1.27 0.80 
(18, 20) 13 171.3 0.82 0.93 0.73 0.22 0.22 0.22  1.26 1.00 
(20, 18) 13 171.2 0.84 0.92 0.73 0.21 0.18 0.23 6.51 1.26 0.80 
(19, 20) 13 171.3 0.85 0.90 0.73 0.16 0.09 0.21  1.23 0.40 
(20, 19) 13 171.3 0.83 0.92 0.73 0.16 0.10 0.22 6.48 1.27 0.45 

 
 
The torsional vibration frequency, f, was determined 

from the system cohesion energy changes, the other 
variables are: L – sample length, ρ – density. To obtain 
correct results, the initial sample torsion had to be large 
enough for the system energy change to be clearly larger 
than the changes resulting from thermal vibrations. 

All the obtained results are listed in Table 1. Extensive 
discussion of the results and their comparison with 
available experimental and theoretical data will be present-
ed in a forthcoming paper. 
 
 
References 
 
  [1]  R.H. Baughman, A.A. Zakhidov, W.A. de Heer, Carbon 

Nanotubes – the Route Toward Applications. Science 297 
(5582), 787-792 (2002). 

  [2]  Y.I. Prylutskyy, S.S. Durov, O.V. Ogloblya, E.V. Buzane-

va, P. Scharff, Molecular dynamics simulation of mecha-
nical, vibrational and electronic properties of carbon nano-
tubes. Computational Materials Science 17, 352-355 (2000). 

  [3]  H.J. Qi, K.B.K. Teo, K.K.S. Lau, M.C. Boyce, W.I. Milne, 
J. Robertson, K.K. Gleason, Determination of mechanical 
properties of carbon nanotubes and vertically aligned car-
bon nanotube forests using nanoindentation. Journal of the 
Mechanics and Physics of Solids 51, 2213-2237 (2003). 

  [4]  A. Krishnan, E. Dujardin, T.W. Ebbesen, P.N. Yianilos, 
M.M.J. Treacy, Young's modulus of single-walled nano-
tubes. Physical Review B 58, 1413-1419 (1998). 

  [5]  S.J. Stuart, A.B. Tutein, J.A. Harrison, A reactive potential 
for hydrocarbons with intermolecular interactions. Journal 
of Chemical Physics 112, 6472-6486 (2000). 

  [6]  S. Nosé, A molecular dynamics method for simulations in the 
canonical ensemble. Molecular Physics 52, 255-268 (1984). 

  [7]  M. Bialoskorski, J. Rybicki, Mechanical properties of the 
carbon nanotubes: simulation program and exemplary 
results. Proc. of the 8th Workshop of PTSK Gdańsk-
Sobieszewo, p. 8 (2001). 

  

 

MICHAL BIAŁOSKÓRSKI was born in 1977 in Gdynia, Poland. In 2001 he received his M.Sc. degree and in 
2011 his PhD degree in Physics at the Gdansk University of Technology. Presently, his field of interest include 
mechanical properties of nanostructures and computational simulations of nanomechanical systems. 

 

JAROSŁAW RYBICKI is a professor in theoretical and computational physics at the Faculty of Applied Physics 
and Mathematics of the Gdansk University of Technology, Gdansk, Poland. His field of interest covers 
structure of disordered systems (oxide glasses and liquid metals and alloys), phase transitions (condensation 
from gas phase, premelting phenomena), mechanical properties of nanostructures (mechanisms of plastic 
deformation, formation and motion of dislocations, molecular mechanisms of friction). Research tools: 
classical and quatnum-classical simulations with particles, stochastic geometry methods.   

                                                 
 
COMPUTATIONAL METHODS IN SCIENCE AND TECHNOLOGY 18(2), 67-77  (2012) 



M. Białoskórski, J. Rybicki 78

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


