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CNT Carbon Nano Tubes

FFT Fast Fourier Transform

LAMMPS Large-scale Atomic/Molecular Massively Parallel Simulator
MD Molecular Dynamics

VMD Visual Molecular Dynamics
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mass = grams/mole

distance = Angstroms

time = picoseconds

energy = eV

velocity = Angstroms/picosecond
force = eV /Angstrom

torque = eV

temperature = Kelvin

1395 o0y 335 H5iwd bl oo Qs oS colail 5,90 (g 3lwad ol

dimension 3

109 oo Lyt 39 o 00lail ol 5l Lo 2iS ey (sdmle (gl a5 Lowily &b aslsl o
pair_style airebo 3.0 1 1
20,5 co ol il 00l usgs YY-Y galoles jo oS airebo Jowily b jsiws cpl o a8

Slop 5 4T WS o et cawlodal Aalol jo a5 ) sae g0 el by glad s ,eSB Y sue
O OYle o b el 3 b wisd aulbone YY-Y gddolee jo ior g g0 )l ity
geiie d)lo J1E T s Wglgil aS e 4 dias a5 Cewl sals (5,135 pg ST VYLE LYY
P £83 Sz Gyl ool 0 ablise pe S Y (el 0le ST 0 Jge [PV Sl
Cawloads Gl pg ST Y lade
il oo ool 1 G 10 a5 YY-Y saloles Joily jo aid, oy Culgh gadS 5 jetws (o

D9 50 O,lg e 05 4 fily ganlne >
pair_coeff ** CH.airebo C C

VPN dJsSJg.o 9 Goa‘ )LL‘;LA u.'):u -y-y-v
Sacms g9y 5 03l Bl Syl Ll Slaizs il laJsSUse 5 laesl yyo sl g, 5l S
A=YY B V=YY gladdolee 3l a5 aalglgil ooil JLoLe .ail oo Tead_data jsiws 5l eolazul b
BB pl 5o 09d ce o0ld aslp a4 o] o jlaslinl LB o e B SO o ‘q{lsﬁ Cewdds

Lyls g Cosl 3 a5 slaasl 50,5 plaie o Wil goman Slaise dagil p,> g sl
OF



350 B 4y 05510 5 Coli slaedl (9,5 nlete gz wadioe iy Wigh (5,8 Sl gl
ol 5 45 s oolitul wienl Llo 1) e sl bl o Sl yeas Ulss a8 ' lia J3dla s 5l ki

gl oo iy p) Ol b GG > b 0p)S

2 atom types

Masses
1 12
2 12

GO Sy g doli Lol Oloudass -Y-Y-Y

S £ dlg &S Aol p ol Gle ol o 4wl aseine baes! Slaee aSl 5l e
sloyiel polie fnd 4 lgior Dloras Jod (5l s09b 00 4110y ounl Egite Sl (5l
(sloy pl5 TlaJlaged (sdisn o blss i cuymi lo il wiile ol Ty (o
Slapiess Jlosl ool (Saabiosess Slsrsins Goess i Sgo 5 lagsl st
25 Shgiws b oyS o)Ll (2o, sla el peas 5 5k 050 sleyiel il (sanlxe (atie
09,5 ;o bl plu g fixed 05,5 o ol adriv Jd Ceond 0 Y oae L aS 05 slagl
(XS o0 )8 fTee

group fixed type 2
group free subtract all fixed

(g oo yo (g A y2 )0 fixed glaps! 4 o)l slog
fix  fixedBoundary fixed setforce 0 0 0
199550 (S 23 sgiwd L UNIL bansgs oaiscy o3 Gy aly ol Gloj o5 (g0l
timestep 0.001
adlios aslisSon +hr o) ke Sloj plS wogronds iy a5 aslisSey oy 92ly (92 Bk

G5l e cpinnn Jondls (65,80 aiile 3L 0,90 polae Q‘}f‘s‘o compute ;gawd oS

' Matlab
" Force_field
¥ Dihedral

AT



L:<\.'5J9414 g ;JA Slaibes 45).)) )9.7....05 ssbe 09.0..: O).A}Q 9 ML?M ‘) -9 P> ;)A ‘(5“"“}
compute cenofmass all com
polie i yeiws b ogd oo oold yioled i (Sesluoge i Sledbl 55 Hgmws 3l eolaiul b
Behon Sl (79> sahe ;0 Sloj 8 o 50 a8 e g Les wiiles LS 09
thermo 1
S5y y ol ool Sley slepls o Sl slacaS ccwond ! oled jeiwo bcolys o g
s lammps Sgn b LB G o o] SOlaisxe ) j5ws 10 00,5 00,3 b oz L S
30,5 00,33 gloy plS Ve yo

dump min all atom 100 min${numatom}. lammpstrj

S ilwals gl ! -F-v-v
g oo 03liul Hgiwd g9 90 3Bl go aslip 2l 4 bgrpe a5 (gilad SLL oo o
50 g oo Izl ol 5ls O jse j0 aF el piinw ($551 0,5 aeS gl minimize g
Ol aieS L el (3o Glag s o yho b Bol e &SmOl g al> e )
g oo Jol> Ejlade
Minimize 0.0 1.0e —12 10000 100000000
Al Ko S oo 1zl ol (65,50 ialS oo o 1S5 Ve e e v Slawd B 1) i jgiws ol 4
e VBT @ g B L ) @ 655 el
"o R e 0 e Gl bl Sigo 4 le (2,5 5 ed e Dl TUR jis b sasliy
1S
run 500000
Pl o978 g a3l 5l am lags] Slaite Gemes (el (295 Glled S

o ST 33l Sy VMD s o olizul VMDY 3o 5l aslis (sl2l Jsb )5 i

' Visual Molecular Dynamics

N4



R ey 5l Jolo gl (SB1S aled g plasn oS geonal (loy JBAI sl o575l
Dy 058 el

sy sl o a0 Jobs Sl @ i o] ol glgil il )| (g jlwancds 51y
L2 20 EVTans o il 095 Jol 390 S (59, ailslsT Lol 5 098 oo ools dolas sadsl
kol ealiial b g 99 oo b plp Gloy slapls b il )l (b dlglgil py> 5 50 Dlats
L laTicn sty glil Jgl (onmsde (uilS 53 ccdin 13810 5 30 "5 @ oo

Bl adosls mudes Jgl Jad jo 45 jommens ()8 (piSIlagie sladlglol cole Cux
WWigm Bi> g ol g a5 0550 @3l Sl b Jlsle 5 ol jo 3,8 18 soliial 590 Ty gaolos
- oo Dl il b SO l580e 5 ol 0 10,08 gy LTy Ol g el Llugil e e Sl
OBl e 098 o0 ol Jolas Sl 4y JliSlagil abaxd s )3 o Jloj pl S L g 350
OSos 1) Homepd (piSUlgie salglyils slml a7 3)ls 052y (aloia 5 alip ge ol

S5k o0

' Fast Fourier Transform (FFT)
" SAMSON

oy



OA



.
sl ol il il

oSSl g wd (N 5



doddo —V-F

o oslaiwl gt opl sl ileans G aS Lo 050 Sloj p8 ol ol fad ol o

Ol o eadplml (JsSse Sealus (gileand (i) samnlie 4 v S oo 18 o) 950
S oo wisls o aloul [F8] ) IKan 5 amy Sloyl awgs 45 sgame slyxl (g, b gl
33 35 oo JB (s )90 P95 99 eyl Slagsrmb (S B 50 35290 IS Jlo
5 SIS 53 JLail 1 45 S iSils i slaalylyl S| oy S s
oS LT goiiles salsleil 55 (slo il 3 L g gl o 4l conds LSE5 (Vo) v) o (Bd) yump)]
" i Bl 90 0 by (nl 08 (o0 1B oS 3)50 el ASSlzg e Jsbo L
5 Ll slaws a5 als can 5 alomy oo )...,L, aalal jo aiil co 10,0 ogd g Lo S
2 0590 y97etl g j9end SAglyili 90 (Gamlia g d9d oo Yl Hormana oSSl fa
Yoo onslazmys o)) slos 5o 5 (paSUlag i lialas )| anb (S O 5l om0 55 oo 518
Sl g i )0 GBSy jebas aS 0,8 Cae dlaw )...,L, Colgs )0 0gd oo duslde (pelS a0

D9 en (s b (S8 50 alond iy

ooy pl olasi i Y-
Sl jo ol e abad, Jdoar JsS0se Salns (gjlwacs jo0 Sley a8 slaws Gl
Gl 9,90 ilej plS Slaws el Jlo,95 50 oYL e Coenl 3l gilwans ey g 8o o Jobs
@l Sy slopls slass 5l Jols als I ojls  SKws 45598 a0y bows 5l o> bl o

00 9 XD i 0T eSS e Ll bW VYY e L 0DV ) piSileg e (gl

Hade wals gilwans Sl a8 Veeee L oas HV-F S wloads eols las V-F IS
A IR l.}.b 9z cg—\—f 6L® ‘iw )9 r:j,.u..& /'T 0,\°(V& Lald Li )J).Qlii (M",\‘\ u,».ulSJB
g Y0P YOV Cui g sleacels L AOYY LLl5,8 Jlade ( Sley p8 Voo eoe PR RERRE
D T R 5ol 8 ok 05l o sanlin a5 jghilen el Cewsds pg XSl 4 YO P
Oeoone boge Jade 3l iegh cpl 0 10 sl ooy i QT Gaiwld aad g alily s

ol 50 0 Al cla il 3 caldS a5 el 53 LB Celonds ooliiul (g lwdnd Sz



1

Ny
'

-
1
-,

—
et

W

-»

o 0q
IJX)

-

o

it

= = 9
L — 15 = —
8 + 4%

moad ool lias 8 Claize slajls p Slea V-F S0 o oS il o Y S 0 Lhogh

Frequency (GHz)

‘S;Lc)'ﬁlfvooooo(¢5aooooo(c ‘Ylooooo_g‘\ooooo

8o

w‘.
18
I3
|

{8

(v) epnudwy

(Gl G )15 58 oSy i VY o L BV + ) ) Silg i salgloil (gl dols gl ol logmi —V-F IS

Jooly sz jlas! -Y-F

<

osles lgleil ola pmmb LS wlils )] callie U Wi, oy 5 liebl cus

£y

(51 YYE L (P (B0 iSilog yim) (055,15 Slaizs (sl o Sloz -Y-F IS



g a8 [Ve] o Ken 5 Tes gl b wlosel covsdy Liagh ool jo a5 Galises slaob L (0:0)

31 as cwloas &l V=T S jo bl ol aslie oy (Jege Solino (gileads b,

Uas ol a5 ol Comsdds auo )0 V.Y s llas 1 SKlo Slado o] (s 0o y0 g Uas saulne
el Sl by & o @glas Jdoay

- - S kS 5QW5J

230

180

130

80

(5,2 K3 Jgl (ormle (W5,

30
5 6 7 8 9 10 11 12 13 14

(gl yhas 4 Jsbo)(s faie Cunns

sy 50 2 oS [Vl San 5 ()0 5 gyl 5o «(B) sWglsil (65loand S gamglio -¥-F S
b o (J9g0 Snlnd (g3lwancds

Sguxo 5132l g (Jogo Solas (g 99 (e o ~F-F
~aodgils olils )| [FR] ) 5o 5 amSy glasl s S5 iagh (gainin Jad ,0 a5 jghilen
ol =¥ S oy )8 ey 0 9590 Sgazme glizl (go0e by, 4 ) iSOl g e (05 e
el ol gladlslsil calizes gla 2l nlS b (iSTlrg o ()8 sloalglsil Syl slo onmlo
F55e Salind (g, 90 4ol wload ol ity Hh8 b el slasl &5 ez )T 5 ST 695
szl g Jolge Saalos by 90 (i sl sambne L dws oo (lid sgamme izl
ol ez cde o)ls Uas ws ) V.0 gojlailay wogaome sliml by, a5 098 oo donil wgione

B dewily mb [$8]ogame slyzl 3y, 0 ailioe Ubg,y 90 50 soliinl 8,50 Juily als

£y



sl Nazio @)l iy g Jsees G (o (S sl ey Sl egeme o5 4,
st alay ol o b 5 85 e JsSlge ot el 5] sty ol 55 45 oy
Golwas o Lo 8,8l o aile g, 90 ;0 sl uen Casloads solaiul

il Uas ol Jole iy JSpe Sooliys

45
40
35
30
25

20

B J5Sse Sliso

15
10 O s g sl3=!
5
0
A \Y
oA

N N O\ N S\ S\ N\

N Q @9 Q"\’Q '\,\\’\’ Q"Q '\')"Q \5"‘0 o
N S SRR N SN
\ N\ A\ @ﬂ” @?’ N3

(55,20 K3 Jgl (b 5 2

sl slo Alglil ol pls

5 4 iliee gla )l b o 18 1Sy i) Sl o gladlgdyil sl sloanmabs LuilS 3 F-F S
[F7]sg0me slizl 5 JsU5e Sl (giloands oo,

)lo).,,.s‘).m_ig. 6.;,:,5 Mbg,& LA gleib Wl | -0-F
-SS Gope bl b Sy e g Sliled )] (gileand g diged Glgrear bl o

~(Ob) (piSilrg o galglgil 0-F S5 09 o il ST3S5 5 mzesl Glasid S bl S e

S oaisle cloalglgil ans oo HLii ) Conl 0nds LS5 o3 OFA 5l a8 agli AVYA Jsb L (Fi)

' Improper (out-of-plane) torsion

A



sl a5 jelaie oy (el 1058 Sy wealaid S ks (50 lulpd g alies el g4
F-F S .l paseie 5,500 K5, L S 50 a8 wiloads (5,8 coli d(0B) s ] jghad (slecsl
iloads gy Dglite lasb ;0 oanb GuilS 8 ams o i 1) T sl slaornls uilS )
O g ilead plad o HaSilg e goaims LSl algdsil g0 Jsb a5 coll S LB
Jol> Jlail gt Jsb 5 Jsb 90 (ul gz 5l (Stilarg o S Jsb g 28bise s5bae (5155
ad,8 5l )0 gl Va0 oliin 585 5 sl + o0 eniile slaalglgl Job 0 i8S sS 090 o0

Sewlods

900

800

700

600

500

400

300

(55,2 K3 Jgl (el (5,8

200

100

0 2 4 6 8 10 12 14 16 18

asih) a3l Jsbo

Sglate o Job b 10,5 Sy (650 Ll b (YY)-(0d) piSSlrg 5o Jol sl cnnlo uilS )6 -5-F S

LS o5l APV 5l aS 1iegil APYR Job b (Ree )-(V Vo) iSSlog o (sadolail V-F IS
—aid )8 i o dal il g aiiie SIS g4 5l edile sladdglgil ams o lis |y Conl oals

Sloads (2,8 Coll d(\Yer) s o] Hekad slasl slas! 4 jehate oy el 10,15 1u G woals

#f



a3 i 1y Sglite slasb b () (V) 2y 20 gl slagnb lS 4 AF S8
(oSt 2o Slaalylsls e S o5 Sl Jatiie AF S5 5 PF S5 50 4 g |

b oo ialS (Job iulBl L g g 50 ez plua] (Koo aile

ST
‘.. h“’g """
i“?. o' :._ s 8 ‘?’

oI APY Slawi g el AFYR Job s 18 oSy (e (VY er ) (piSilg i sdlglgil -V-F S
1200

1000

800

600

Jsl sremb 5 3

400

200

0 2 4 6 8 10 12 14 16 18
(oglh) il Jok

Dolite slaob bl S Sy 650 Ll b (e )-(VVer) 2SSy 2o Sl la ornle (S 5 -A-F IS0

LT goujlw LAl glgil g i yS cpiaSile g it cLralglgili colinlss ) —#-¥

ol ladlglyl b ()5 iSilrg e Gladlgdgil Slils)]l & bype mls (o cnl 5o
Dol bl (V) 0) salglgl a5 i b U sl slopsl 45 tadb o 1o S Sy

Cawlodds dewlxe jub iSSlag o 2 (gonijle ladlgdgil Wils )8 umen (A-F SCh)aslonls

0



lie b cceuloas ools )13 oa LS )0 bl Vo-F S5 [0 ol oo yiegih 10 alglyl Jsb
oS 3 laie dosl s oy £8 0 a5 [FPlasSn slel mls O 5 0,8 &g e
Sl e S8 gty cal o s Wil sesisle sledlslsli S E (e p2SUlrg e
aS 03,5 so 0l sladdglgil il 3 Cglas 4 Lol S| .ol oaile slaalglail 5l iy
VLAY og, 90 l.e‘j o sl SOl cnloads ools Las g) g0 4 uils,8 VY-F S (o

-.\.«wl."sa M)b

A
g
1 20
SoLb dglgib

Wiy e

O g dglsib

SRl

5 Sl Jsb b Ll gouijls sladlglyili 5 (D)0 - ) +) iSilrg 2 Jsl sloneb (il 8 -1 - F IS
<ol elad sl 550 Ll

55



w b b WU
v O U»un O

W J5Sge Sl

] Sgaze sl

N
o

G5 Kol (o 35 58
- N w
[0, ] (V2] o

=
o

ﬂﬂ

I3z 5 SSn Saals g, 39 4 oadilie (sl iSilas s sosijlo sladlgdsls (uilS 5 -11-F IS

Qﬁm

Ol oL bl Glaps! a5 BV v o) +) aSilrg i Jol el wilS 3 VY- S jo
Sgd oo oddlie JSb 4 azxgi b Cawlodd g i Ll (s005 5l sloalglgil of pamas casloas ol
Sy S Jsb b a5 Ll goniile sloallpls ulS 5 5l (piSileg in ullS 5 oS

45
40

N W
Ul O

S,k Wglgil
10 [ IUSACESAAY

5 B e Jgdsib

b o2
[
vl O

SRl

5 sl Jsb b T oijlo sladlglsil 5 (B0)-(V o)) (paS0lrg 2 Jgl sl smnb (iS5 -VY-F S
o S el 550 Ll

Y



1S 75 y93 (55 p0 daal i b (fSliilr g i gladl gl il lislasyf -V-F

G (nl 5o igdoe Sl STl e Cew 90 50 Ll o] Glo S g DLl T s

sl VY-F USE B L8 ey pse (BDI(Ve)e) 5 (FF)-(Dd) oiSilrgyin 5
Fogil OVYA Jsbo ay 19,05 pusgd 5 10,5 5usSy (5550 a0y 1, (FY)-(0D) (SSlrg 2
UK 5 VEF S 0 Loyt i (sl o jltians ol guals amo o Linlas |, o3 TV sl
03,5 yige Gammlio gz (ob 0,15 LSS o iSilag e lo JSo cpl jo Casloads &l VO-F
Sy e 8 g S8 (Sl b 53 5 3 e M 45 jshilen oandont

3l oo 51055 e

1SS juwgd

- 0,5 S T g

3000
2500
2000
1500

1000

(5,2 K3 Jol s iS58

500

0 2 4 6 8 10 12 14 16 18
Goglh) dlsls Jsb

A



- 1,5 S k5 g

1200

1000

800

600

400

(52 E5)J3) (oreels lS 5

200

0 2 4 6 8 10 12 14 16 18
(gDl Jsbo

)L)).:.?)M:BQ 9 )‘Q)S)M:s_ix el 9o )0 (a‘a)—(\ c)) u-“S*‘L>5)'~‘° Js‘ 6&6!.»]9 u...;LT).e -\o-¥ JS.-.J

970D (S (pSleg i srdlgleil lhley )l -A-F

o) CSle G A5 0l a5 alools gl ¥ fad jo jeme p2 sl iSSlag e 090 40

Srsos 5iSing in 395 go ooliil (5 iy aliiain 5 oalogsy Hir wsee ol
I cwloads aBle (Ve id o) 9 (0d) sloadglgl 3l 0,5 o J13 oy 0j90 Liw ol o a8
VW-F S50 amo oo lias @3l £o e slawd ¢ 0 105 1S O jg0 a0 1) 0SSl g o g0 0] V2-F
Y Lﬂj y9k8 Sl &S emmanal 5 jgmepa Cll> 50 50 (BD)-(V ) +) ! sl ol (uilS 3
Sl a5 aSilg o ples (gileand LS VAT IS )0 g caslasd 57518 () 0550 e

Cawlods <ol o] S 4b

4



\

g J

6

|

'

C ol b1 E Sy 6550 dagl b jsmmenali 5 jymam (D)) o) +) (piSilrg e -1 $-F IS

ol Fe

700

]

1

L4

" 0O
o o o o o o o
o o o o o o
O N < o o~ —

e T S0 (s79 ¥ )

VeI e TN TN BN BN OB N ORI No)
T TIPS
NOONTONTN N NN
(raglallails Jsh

NN o TN BN RN o BN B\
ot ™ ™ ™ ot ™ ™
IS AN K R K.

W-F S

) aSilrg e Jol slagamb (ul5 3 -
OO JCOW ' P N

15 (BD)»-() -

Skl & jgomenal 9 j9omopa Sl 99



250

200
)
g
i 150
=
[ [ ] G
Q: 100 Jrpe
5 B 5o o
'.\'1)
50 ﬂ
0 ﬂ ﬂ ﬂ I_| I ee -
O 9O O O O OO OO OO DO H O
o QT P oY o o o) o) o o o b o oF

Gagl)agyls Job

sl 0l LT L

s9edl 5l jgzmens (piSTlrg e uilS )8 0lse 25T 0 il atie ajlogai jo 8o L
WSS jemaeal 5 jemens SloaSilrg e 3550 13 S Jad o a5 johales el i
Ol &5 wyle i jemmepal I alocawn - slomy cue Cax T jsomps (1Sl e

moud gl GuilS 3 Gl el T ag e (pizman g coges GraliEl ol &S 285 Az

b S 3 2 (paSlr gy oo 59 Jgb ek 36 AT

-So e ks L 0> ) GiSilgse Gl S gagh 5l Gise ol o

3 8590 Col piie K53 Ceow Job g Sl o] o S Job a5 (Sl jekad slogh) jlo 5 e
gl Jsb o5 > jo 1) GiSilrg e cpl Jgl slo b (iS58 VA-F S 0,5 0 18
il gl V0 b yiegil <00 3l eijle jelad (salgleil Jsb 9wl oo <ol (T sousle SGL

S o 3 1y iSlrsyin ol sl slagmenb ool YooF S8 5 aas e ol |y adboo

A



V05 el -8 3ozl Ko b eyl oo 5 il ol o] gonisher slad (salalils Job
Ol sskd Cond ol i 955 00 odmlive a5 jebilan amd e (Lt 1) wlie a3l yegil
35 95k S Jsb G VAF S8 & amg sl o) e oS8 ke s 5 il
o S 5 2l 5,01K,8 BB ke gl V (gl 4 sl ol el sl o5 o
PRI V08 1, uils )8 (SOL Ceod jo ok il en a5 oo cclasils o o

(Y-F JSo)cwleols yuals

65
60
55
50

45

40

35

G S5l el 155

30

25

20

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5

7.5 7.5 7.5 7.5 7.5 7.5 7575|755, 75|75, 75|75 |75 |75
(hosil) el sla Jglsis Jsbo

el 2 o (goijls S 55l Jsb 45 BN (111 +) iSilrg i S5l slagmarbs ilS -V 8-F S5
ol i sl y5ka8 salslals Jsb

\Al



40

38

36

34

32

30

28

(5 ,2I5) J3f sl S 3

26

24

22

20

75,7575 75,7575 75,75 |75 |75 |75 |75 |75 75|75

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 55 6 6.5 7 7.5
(o5i) ol slo Jglsis Jsbo

ol 2ol )] ol y5h8 calglgil Jsbo 4 (D)) + ) +) piSilagyip ol slo rpe il 3 -V - IS
i 05 S sl Jsbo 5

B e

“So i bl b opze)l g5 5l lapaSilag e 5l dges wiz il Gise ol o

SloiSilrg i 0,8 so )18 (cwyp 990 Wb oo Sl G jboas Ll yad 457 s S
e OBY(YY) (> LT Il 5 ezl g5 5l sodijlo slaalglsil b )i o )90
5y 5o (YY) g (O (T codlons oolisis] Caond ol 4o 45 slonislo slaalylgils sy
il 5 alEl g, S sl Ll b a8 bl ) aiibie < AT 5 - SVA o ¥V
b s oSy b OS] s LSy b S Gl o ead 53 (glayaSileg e
e 1 a8l LSy T gm0 e Ll sals Jobo 45 59 co el el sdod (109 ez
eload ools i VA-F USS 5 gl ool dls Loy dSileg o el comr o6 i sdumlin ol
Sl gl S 5 el il b ol sloalglyil b il b 45 g ce sanliv

-AeLe.‘_;A

\Al



(3,3)-(5,5) —4&—(5,5)-(7,7)
1000
900
800
700
600
500
400

300

(52 )3 oners S 3

200

100

0 2 4 6 8 10 12 14 16 18
(asih) Ayl Jobo

LT mae lS 3 3 (il i (soaiiles oyl a8 sl —Y-F s

(o il g i s wilS )8 50 Los 256 -1 )-F

Iy ol &5 JsSge Sealind (siloannd oy, slaSig 5l (o b 4 W3 oS shailen

Sl JyuS Cqm wbl o piews oo el S 0 pleie @3l wlide jo sla by, ple
ol 5o s o 1y olgmds sles i gojlal AT gl oo ool Lles I Syl s e
9 ISy Sy G50 hlpl g aliZe sla s L (OB ) ) iSOl e wlils )l Gise
Slod (S0l 5 BBl Gled 99 50 (gim ol (gildnrds (nglS +0) 9 Vo (glos 95 50 108 g0
el 3 18 el e 00,005 052 S S (55, blod oalssS (ISl ) OF (51,2 35250
S lwands ol ls ail Hao Wl o Ll (slod Lms cdrnibaiils ylug asbyp gl b bags]
modd a3 YY-F S8 5 cilond ol 1 j9kad sloil slapsl a5 1018 S (5500 bl b
Sl dsb 10 piSilrs e ol smeb (WS, a5 sed e sdlie YY-F IS5 5 cds b el

wilge a8 +,) slos o by mes LS5 len 5l ity CpslS Tee sles o walie

(Al



600

(9]
o
o

N
o
o

B osls ) sles
200 .V‘@HYI élﬂ\)

“““""ﬂﬂﬂﬂmn

O K O O O H DO OO »
™ %7 o L SO SN SN S CRRPN WP NN ISP LS S
,\"b ,’;’o bfb (?% (ocb ,\‘b q:b o}‘b ch \:\/‘b \,}% \,,))‘b > b '\f)cb \/b%

Uglyils Jolo

Jsl (smle 5 3
w
o
o

59 (Sl 98 Sl )1 1S e Se (5550 Ll b (BD)-(V e ) +) (2SSl i ol (ol (iS5 -VY-F SCS
Ol Y g ) sl 9o

Ol Sl ol slagsl a5 51055 10 (65,0 Ll b (il i ol sloabe (uilS 5

azgi b Lloadools yioled YY-F ISCh o )10 18 1wgd (g0 dasl p o YY-F S o cailoniss ol

Dgd sod odlive (nglS Yo g0 sles g0 o o uilS 3 o cols il g (KD g0 (il 4

250
200
0
3, 150
1100 DQ{}IS’.\RSLQQ
3
W ols Yo leo
50 |_I
IR IR IR IR IR I I I IR I R IR R S
7 X ¥ o o of oF <b“‘ %“ %V X ¥ o o
WY % w67 o7 AT P o SRR AR S AICEARS

Jglgib Jsbo

(Sl Sk e o 25 joSs 5550 Ll 25 L (Bb)-(V 2 ) ) aSilrg 28 ol slooaml (ulS 3 -VY-F JSCS
OalS Ve g 0) lod 90 0

Yo



1200

1000

o,
3

—l 600

o O psls ) sleo
3

W ls v sles
200

i “““ﬂﬂﬂﬂﬂu

O O O O KOO OO S
™ ™ ™ ™ ™ ™ ™ ™ S ™ ™ ™ ™ ™ ™
,1,% ,b°o bfb o;b (o°o ,\‘b Cb‘b %‘b N °o 'Q’(b \,})‘b \/ e 'f?% \io%

st Jgb

9 05) lod 93 50 055 pwsd (650 Ll L BBV ) +) HaSilarg i Sl slaorml (5 8 -VY-F IS
U"ﬁls Yoo

LT (gonijlu laalglgili ol ) a8 s b il g i bl ) -V Y-

Syl YY) (@D (YY) 5 (VY )-(0d) sl Siilsg i soule slaalgdgil s (oM
Olabs )| gilwad gamt wsu opl o ol &l abg e o pilS 3 -V -F s jo aS Wl
- ooyl OFY T sousjle salglgil g0 a8 ST aS (Y )-(VeY) aSSlg,m0 salglgil
0d S5 (slaiSilg i yo (ol Jlade plpgs b BBl 00 o JE wyp 390 il
it Sl 85 0355 m 0,51 riSy Sl 5 a2 5l sl onr olS 3 14 080 o
Calodds a5 YP-F S5 30 (g5l ol o YO-F S0 0 badlgleil Jlisle 058y &g
dslons Wide Gla sk ;o o puilS )8 5 ool azd S i )0 10,550 O g0 550 bl
reeb ol 3 51 Sy (F(VY) aSirg i presb ol (S5 4 4255 b Cnloas
il ge BB (YY) 5 (FF)-(0:D) (slopiSilag o

\id



Lyl g yiegils VYA LSy Jsb b (FF)- (YY) 5 (Bd)-(YY) (V) (0d) sl yiilos i ~VO-F IS

FA g VOF O+ F o s lapsl slaws 4 )10 18 1SS (55,0

350

m(5,5)-(7,7)
W (3,3)-(7,7)
@(3,3)-(5,5)

o o o o o o
o LN o LN n
on (o] [o\] —

(nm) sl Jsb

B) b piSlrg e b (Wl5 3 -V S

Hokad (Lol 1o 18 1S (FX)-(YeY) 5 (BD)-(VeY) (Y F)-(0

(b

\Yof

QL&L&’)‘ ‘sw))g—

> 9 R

.

.

0o e b

D) Sl e Slols )l (gilwad & isu ol yo

A SI(A

o).op-;a.».cl.;(v

g o sl

Yy



-8 G bl csloads 1S o3I FF e sl as iegil FVYA cw) 0 50 iSOl gt sk
Ol dsb 8 0, caecSs 3b lal load (5,8 ol sk slenl slges] a5 Cal 3 8
ol Al a5 0y st uilS 3 sainls Ladd 5 aid caslie ool WSS )8 50 s AS Ol vy
CHlgSs Hebdy 0,85 Cus (g0gumme dlaad 4 85l o gy 2 Sl o Sl | I el Lol
s 9 @Yl Cwend o aS U g o boyas pl 092y wdledd Sy iSSleg e Jeb o
adloads eols las YA-F S g YY-F ISG 0 cod b 0 ol g ool gy aill iSiog i
gl ! Jlods] sl uilS )3 000 co i oh> Lgue olaad bl 5 1) ilS )5 IS oyl
yobar e dlass Joli8l aS 090 o cdaline (S0 @ az g b all e 3,085 VY,FA o>

Dgdion (x5 Ghals el IS

73
72
71
70
69

68

Jsl b 0558

67
66
65

64
0 2 4 6 8 10 12 14

0y s Slasd

(Al o piSilog i Vb Coond 0,i> gae) oruab WilS 3 0,0 e slaws 5T -YV-F s

YA



73

725 @ ® @ ®

72

Jsl b 5,8
~
=
(0]

71

70.5

70
0 2 4 6 8 10 12 14

o,é; \_AA.C\)‘\A—U
(il go paSElrg i (05 Comnad 0yi ou0) riabs il 3 1 0ya> ne Slaws L5l -VA-F S
5 Jlasl amli 1o 0ji> e shls 45 BBI(V e +) HiSilrgim il YA-F S

oo oo lid |y abl co 0aile (salglgil

41

w
~

(5,28 Jsl x5 3
w
o]

w
[e)]

35
34

0 5 10 15 20 25

JLAJ‘&A.:}L\‘)J o)bg.',‘.:.cobﬂ

SUdsl 90 Jlasl samb ;0 00 Cgne L (OB)-(V e o) +) (piSilog i ol sl s (uilS 15 -YA-F s
oolw

va






-0t

Lolgww 9 S 0>



‘SMéo’ -\-5

AL gl le (S o ok sl sSolse slavign )0 a5 cage 18 LB 4 (S
oz ) plete Cannls (nl 028 oo J13 Ax g 390 Sl (2)5- (0,5 Wam 9 yazie Canb
Olg b a5 (20,8 saalgdyil alax 5l (ol sl b 6 S5 o3l T a0 yS- 05
8y 9 (Slfe olgz amsso 1) )by (g i (69 )l Jemsily (6,500 JLSlugib jo 5l a5 caS
T0 39 Saew ) Sl (pudige amalr 938l ) i el (05 sladlglgil (L Sleass
O g
slodob 5 dide (5550 Ll b i ie 05 Gladdslgl Slals )| aslipbly ol o
5 MRS oSy ady JBay g5pe lulyd wad gy SIS 5 eze)] Gl Il Lol
yokd Ll el LSS aS Cglaie Sl g0 j0 5 0 15 G (650 sl pl a0 g 0 1S g
m s Il a8 )5 18 ) )50 ol (5,8 Cull dalail SO L slel slaes! LSS g Aglsil
Pl sl B sl plonil gliie Gloj 5 slans g (lasy Ll b (Silarg o S sl (2ol
S b ol pl8 Qe el e Slass S gl dcwlre (uilS 3 580 s S el Sl
5 0l @i b Gheghy (nl 50 00) osles salgdgill (aml (w3 b ol (i lel
e s 5eSils 5 0 aglie 35 (J5Sse Sealiys (siloed by, 4 oS V] Ken
o0y b Josse Seslins (luand (hg) 4 GiSilrg e bl G b dsle ao 0 1,1
Ao, VFO sqamme slizl ig,y e oo Sl a5 0l duglis [f?]osm szl goae
5 Od) Gosimo St yuze,l (Sea Gladlgdyll b (il i olals )] giluans b oy
Ol 0 S Sy S0 Lalpd g yegil VONTA B VVYA (o5l jo i slaJob b (YViT)
B e oreb ilS )3 (coogiome 09 oo oxmb uils 3 ials el Jobo tal38l 45 0 ool
Slaalglgils b (Sl o (sl gl ol o osls Lis B-F S 5 a5 gy juitie 35,5 AN -
g 5oyl VO Job L (Q)»-(V v o) ¢) iSSlag o Slilas )| -F-F ise 10 0l Coo 55 S35
DA duolie Koo Lgas 5 18wy n a0 (Vo) o) 5 (OD) s o] sosjle slaalglgils
il (sla uils 3 ogis ol 5k (sloil b slecl 3l (riSilarg i slaalglgil ST a5 ols (Lt gl
Skesl b oslesl ST g 0sd o0 gl 10 Jsb ploa b plionijle (Koo slaalglsill 51 yiie
¥ s 50 g e lbediile sladlgdgill slapuils )8 5l ieS Ll (sla mils B gl ol S
AY



daglio 1,08 pw Sy Sl b g Wl (a2 505 pugd (S50 Ll b (p2S0lrg e Slale )l 7
=SSl i 0,8 s Gl o b uilS 3 A al eaus 8, e Hlanl a5 jshailen 5 S0l
SHIRE L jemmenal 5 jemeps lagpiSilrg pa SLalG )l V-F isu jo adlice 1008
s9ba8 Ll )19 58 oSy (50 Ly g (Sglite (Jsbo (503l ,0) LSy slasl 5 (B)-(Y - ) +)
33 gg7eed (srmb 52 a5 ol Gl S g Wad alie [0S0 bl SGL sl 5 <l
o pe Syl Jh3 L slapiSilarg e (gum A 5o S jemeeal i 3)lge w0 ys AT
sanlive 5 2idgs (BD)I (YY) 5 (FF)>-(Dd) sl il oIS b il gl iSilorg i aizd 5 |3
§ sl iSilog i )0 45 b S dms olgice 1) (idgr i (BB (VLY) (glauils 5 a5 u
2 los 3B Y i 0 09dice milS 3 Gl el 8 Gl ezl bkl 00es S
b STl e jshd Ll a5 (e po Les (Bl ol ons g b gy p omb 3
Olo S pm90 5 <l Sob Glesih S 6500 Lulpd 5o (Jg w090 (Wil 8 (Bl el e
i 5 s aolS T g o) ialesl 050 slales 4 sl S5 B ks ssalie ols ol
~OD) SlopriSilrg e Ay (pl ;0 WA (gw)p obj HhE BT lapiSilrg e ) - -F
5 (P (OD) o b YS! axd 8 15 5lotand 5,90 (FE)I(VY) 5 (DD (VY) «(FoY)
CedlS 3 45 0 00l Lt bl e yiegil DY ((FTN(VY) 45 g cyiesl - YV (Bb)-(VLY)
g 3] Gidu 0 g dilise BB(YY) 5 (V¥ (D) sl il 3 5 iy (FF-(VY) sl
Jsb yo CBeiSs jsbay a5 oo o slasd (iul381 b o ols (iSilrg e S 0 B0l (cy 00
2l Jlasl gab 0 ogae ST uimmen 0gd oo o (uilS 3 ralS cel wiloas isy ]

b o ialS mel (uilS 8 o sl Gl L

AY



Lol -Y-0

bol,d b jemenal 5 jsmeee gocdle o o0)S GloiSilrg e Dlilss )| Giegsy onl o
95 2 05> s 5 Lo 3 4 izmen (85 I s 3500 Oglitte ool g cilise ()50
g Sleidy 25 3)l90 00t ] slataghy (lp b wisley b LWlS
Dolite slalad b SIS g9 ol a5 olazgs Gla il pe DLl o) -
OB (VLYY 5 (K- (BB) 3l o LSt g0 g (piSilog i aiile sailonss LSt
5 Jsb slly 55 sionrtS b s oares ol s boiSilrsyie wlils)l wyy -
Jsb by ;o oaloduzmy & )jsods (rizren
oy oS > 0 Lo (piSTlg e il 3 (gamle -
SFSIL panbline Glase S5 5o b ol baore G o 2SSl g 0 o il 2wy -

(ST s okl gl sledgl ow,» -

AY



[1]
[2]
[3]
[4]
[5]
[6]

[7]

[8]

[9]

[10]
[11]
[12]

[13]

[14]
[15]

[16]

[17]

[18]
[19]

[20]

G. M. Whitesides, "Nanoscience, nanotechnology, and chemistry,” Small, vol. 1,
no. 2, pp. 172-179, 2005.

M. S. Dresselhaus, G. Dresselhaus, and P. C. Eklund, Science of fullerenes and
carbon nanotubes: their properties and applications. Elsevier, 1996.

P. J. F. Harris, Carbon nanotube science: synthesis, properties and applications.
Cambridge University Press, 20009.

M. Monthioux and V. L. Kuznetsov, "Who should be given the credit for the
discovery of carbon nanotubes?,” Carbon, vol. 44, no. 9, pp. 1621-1623, 2006.
S. lijima, "Helical microtubules of graphitic carbon,” nature, vol. 354, no. 6348,
p. 56, 1991.

L. Radushkevich and V. Lukyanovich, "O strukture ugleroda, obrazujucegosja
pri termiceskom razlozenii okisi ugleroda na zeleznom kontakte,” Zurn Fisic
Chim, vol. 26, no. 1, pp. 88-95, 1952.

W. Li, J. Wen, M. Sennett, and Z. Ren, "Clean double-walled carbon nanotubes
synthesized by CVD," Chemical Physics Letters, vol. 368, no. 3-4, pp. 299-306,
2003.

A. Oberlin, M. Endo, and T. Koyama, "Filamentous growth of carbon through
benzene decomposition,” Journal of crystal growth, vol. 32, no. 3, pp. 335-349,
1976.

J. Hector, Introduction to microelectromechanical (MEM) microwave systems.
Artech House on Demand, 1999.

C. Liand T.-W. Chou, "Single-walled carbon nanotubes as ultrahigh frequency
nanomechanical resonators,” Physical review B, vol. 68, no. 7, p. 073405, 2003.
P. M. Ajayan and O. Z. Zhou, "Applications of carbon nanotubes,” in Carbon
nanotubes: Springer, 2001, pp. 391-425.

R. H. Baughman, A. A. Zakhidov, and W. A. De Heer, "Carbon nanotubes--the
route toward applications,” science, vol. 297, no. 5582, pp. 787-792, 2002.

K. Narasimhamurthy and R. Paily, "High-performance local back gate thin-film
field-effect transistors using sorted carbon nanotubes on an amino-silane treated
hafnium oxide surface,” Semiconductor Science and Technology, vol. 26, no. 7,
p. 075002, 2011.

M. Meyyappan, Carbon nanotubes: science and applications. CRC press, 2004.
J. Han, A. Globus, R. Jaffe, and G. Deardorff, "Molecular dynamics simulations
of carbon nanotube-based gears,” Nanotechnology, vol. 8, no. 3, p. 95, 1997.

A. Bianco, K. Kostarelos, and M. Prato, "Applications of carbon nanotubes in
drug delivery,” Current opinion in chemical biology, vol. 9, no. 6, pp. 674-679,
2005.

B. Bourlon, D. C. Glattli, C. Miko, L. Forrd, and A. Bachtold, "Carbon nanotube
based bearing for rotational motions,” Nano Letters, vol. 4, no. 4, pp. 709-712,
2004.

S. Frank, P. Poncharal, Z. Wang, and W. A. De Heer, "Carbon nanotube
quantum resistors," Science, vol. 280, no. 5370, pp. 1744-1746, 1998.

J.-C. Charlier, "Defects in carbon nanotubes,” Accounts of chemical research,
vol. 35, no. 12, pp. 1063-1069, 2002.

E. Saether, "Transverse mechanical properties of carbon nanotube crystals. Part
I1: sensitivity to lattice distortions,” Composites science and technology, vol. 63,
no. 11, pp. 1551-1559, 2003.

AD



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

M. Ouyang, J.-L. Huang, C. L. Cheung, and C. M. Lieber, "Atomically resolved
single-walled carbon nanotube intramolecular junctions,” Science, vol. 291, no.
5501, pp. 97-100, 2001.

K. Tserpes and P. Papanikos, "The effect of Stone—Wales defect on the tensile
behavior and fracture of single-walled carbon nanotubes,” Composite Structures,
vol. 79, no. 4, pp. 581-589, 2007.

M. M. S. Fakhrabadi, A. Amini, and A. Rastgoo, "Vibrational properties of two
and three junctioned carbon nanotubes,” Computational Materials Science, vol.
65, pp. 411-425, 2012.

R. Chowdhury, S. Adhikari, and J. Mitchell, "Vibrating carbon nanotube based
bio-sensors," Physica E: Low-dimensional Systems and Nanostructures, vol. 42,
no. 2, pp. 104-109, 2009.

T. Natsuki, Q.-Q. Ni, and M. Endo, "Analysis of the vibration characteristics of
double-walled carbon nanotubes,” Carbon, vol. 46, no. 12, pp. 1570-1573, 2008.
J. Yoon, C. Ru, and A. Mioduchowski, "Terahertz vibration of short carbon
nanotubes modeled as Timoshenko beams," Transactions of the ASME-E-
Journal of Applied Mechanics, vol. 72, no. 1, pp. 10-17, 2005.

C. Wang, V. Tan, and Y. Zhang, "Timoshenko beam model for vibration
analysis of multi-walled carbon nanotubes,” Journal of Sound and Vibration,
vol. 294, no. 4, pp. 1060-1072, 2006.

B. Liu, Y. Huang, H. Jiang, S. Qu, and K. Hwang, "The atomic-scale finite
element method,” Computer methods in applied mechanics and engineering,
vol. 193, no. 17, pp. 1849-1864, 2004.

W. L. Jorgensen, D. S. Maxwell, and J. Tirado-Rives, "Development and testing
of the OPLS all-atom force field on conformational energetics and properties of
organic liquids,” J. Am. Chem. Soc, vol. 118, no. 45, pp. 11225-11236, 1996.

S. Tracey, A. Palermo, J. P. H. Vazquez, and R. M. Lambert, "In
SituElectrochemical Promotion by Sodium of the Selective Hydrogenation of
Acetylene over Platinum,” Journal of Catalysis, vol. 179, no. 1, pp. 231-240,
1998.

R. S. Ruoff and D. C. Lorents, "Mechanical and thermal properties of carbon
nanotubes,"” carbon, vol. 33, no. 7, pp. 925-930, 1995.

J. Heéctor, Introduction to microelectromechanical microwave systems. Artech
House, 2004.

S. Legoas, V. Coluci, S. Braga, P. Coura, S. Dantas, and D. Galvao, "Molecular-
dynamics simulations of carbon nanotubes as gigahertz oscillators,” Physical
review letters, vol. 90, no. 5, p. 055504, 2003.

W. Guo, Y. Guo, H. Gao, Q. Zheng, and W. Zhong, "Energy dissipation in
gigahertz oscillators from multiwalled carbon nanotubes,” Physical Review
Letters, vol. 91, no. 12, p. 125501, 2003.

Y. Zhao, C.-C. Ma, G. Chen, and Q. Jiang, "Energy dissipation mechanisms in
carbon nanotube oscillators,” Physical review letters, vol. 91, no. 17, p. 175504,
2003.

P. Liu, Y. Zhang, and C. Lu, "Oscillatory behavior of gigahertz oscillators based
on multiwalled carbon nanotubes," Journal of applied physics, vol. 98, no. 1, p.
014301, 2005.

S. Legoas, V. Coluci, S. Braga, P. Coura, S. Dantas, and D. Galvao, "Gigahertz
nanomechanical oscillators based on carbon nanotubes,” Nanotechnology, vol.
15, no. 4, p. S184, 2004.

AF



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

J. W. Kang and H. J. Hwang, "Operating frequency in a triple-ealled carbon-
nanotube oscillator,” Journal of the Korean Physical Society, vol. 49, no. 4, pp.
1488-1492, 2006.

J. L. Rivera, C. McCabe, and P. T. Cummings, "The oscillatory damped
behaviour ~ of  incommensurate  double-walled  carbon  nanotubes,”
Nanotechnology, vol. 16, no. 2, p. 186, 2004.

Y. Zhang, C. Wang, and V. Tan, "Assessment of Timoshenko beam models for
vibrational behavior of single-walled carbon nanotubes using molecular
dynamics,"” Adv. Appl. Math. Mech, vol. 1, no. 1, pp. 89-106, 2009.

G. Cao, X. Chen, and J. W. Kysar, "Strain sensing of carbon nanotubes:
Numerical analysis of the vibrational frequency of deformed single-wall carbon
nanotubes,"” Physical Review B, vol. 72, no. 19, p. 195412, 2005.

S. Ajori, R. Ansari, and M. Darvizeh, "On the vibrational behavior of single-and
double-walled carbon nanotubes under the physical adsorption of biomolecules
in the aqueous environment: a molecular dynamics study,” Journal of molecular
modeling, vol. 22, no. 3, p. 62, 2016.

S. I. Yengejeh, M. A. Zadeh, and A. Ochsner, "On the buckling behavior of
connected carbon nanotubes with parallel longitudinal axes," Applied Physics A,
vol. 115, no. 4, pp. 1335-1344, 2014.

S. Filiz and M. Aydogdu, "Axial vibration of carbon nanotube heterojunctions
using nonlocal elasticity,” Computational Materials Science, vol. 49, no. 3, pp.
619-627, 2010.

S. 1. Yengejeh, M. Akbarzade, and A. Ochsner, "Numerical charaterization of
the shear behavior of hetero-junction carbon nanotubes,” in Journal of Nano
Research, 2014, vol. 26, pp. 143-151: Trans Tech Publ.

S. 1. Yengejeh, M. A. Zadeh, and A. Ochsner, "Numerical modeling of
eigenmodes and eigenfrequencies of hetero-junction carbon nanotubes with
pentagon-heptagon pair defects,” Computational Materials Science, vol. 92, pp.
76-83, 2014.

W.-J. Lee and W.-S. Su, "Investigation into the mechanical properties of single-
walled carbon nanotube heterojunctions,” Physical Chemistry Chemical Physics,
vol. 15, no. 27, pp. 11579-11585, 2013.

V. Parvaneh, M. Shariati, and H. Torabi, "Frequency analysis of perfect and
defective SWCNTs," Computational Materials Science, vol. 50, no. 7, pp. 2051-
2056, 2011.

Z. Yao, H. W. C. Postma, L. Balents, and C. Dekker, "Carbon nanotube
intramolecular junctions," Nature, vol. 402, no. 6759, pp. 273-276, 1999.

G. Arora and S. I. Sandler, "Nanoporous carbon membranes for separation of
nitrogen and oxygen: Insight from molecular simulations,” Fluid Phase
Equilibria, vol. 259, no. 1, pp. 3-8, 2007.

J. Li and H. Shen, "Analysis of longitudinal vibration band gaps in periodic
carbon nanotube intramolecular junctions using finite element method," AIP
Advances, vol. 5, no. 12, p. 127107, 2015.

M. Mohammadian, M. H. Abolbashari, and S. M. Hosseini, "The effects of
connecting region length on the natural frequencies of straight and non-straight
hetero-junction carbon nanotubes,” Computational Materials Science, vol. 122,
pp. 11-21, 2016.

J. Yoon, C. Ru, and A. Mioduchowski, "Flow-induced flutter instability of
cantilever carbon nanotubes," International Journal of Solids and Structures,

AY



[54]

[55]

[56]
[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

vol. 43, no. 11, pp. 3337-3349, 2006.

L. Wang and Q. Ni, "A reappraisal of the computational modelling of carbon
nanotubes conveying viscous fluid,” Mechanics Research Communications, vol.
36, no. 7, pp. 833-837, 2009.

T.-P. Chang and M.-F. Liu, "Flow-induced instability of double-walled carbon
nanotubes based on nonlocal elasticity theory,” Physica E: Low-dimensional
Systems and Nanostructures, vol. 43, no. 8, pp. 1419-1426, 2011.

M. Dresselhaus, G. Dresselhaus, and R. Saito, "Physics of carbon nanotubes,”
Carbon, vol. 33, no. 7, pp. 883-891, 1995.

C. White, D. Robertson, and J. Mintmire, "Helical and rotational symmetries of
nanoscale graphitic tubules,” Physical Review B, vol. 47, no. 9, p. 5485, 1993.

H. Rafii-Tabar, Computational physics of carbon nanotubes. Cambridge
University Press, 2008.

W. K. Liu, E. Karpov, S. Zhang, and H. Park, "An introduction to computational
nanomechanics and materials,” Computer Methods in Applied Mechanics and
Engineering, vol. 193, no. 17, pp. 1529-1578, 2004.

F. H. Stillinger and T. A. Weber, "Computer simulation of local order in
condensed phases of silicon,” Physical review B, vol. 31, no. 8, p. 5262, 1985.

S. J. Stuart, A. B. Tutein, and J. A. Harrison, "A reactive potential for
hydrocarbons with intermolecular interactions,” The Journal of chemical
physics, vol. 112, no. 14, pp. 6472-6486, 2000.

D. W. Brenner, "Empirical potential for hydrocarbons for use in simulating the
chemical vapor deposition of diamond films,” Physical Review B, vol. 42, no.
15, p. 9458, 1990.

A. K. Rappé, C. J. Casewit, K. Colwell, W. Goddard lii, and W. Skiff, "UFF, a
full periodic table force field for molecular mechanics and molecular dynamics
simulations,” Journal of the American chemical society, vol. 114, no. 25, pp.
10024-10035, 1992.

S. Arghavan, "Vibration of carbon nano-structures,” Ph.D. dissertation, Dept. of
Mechanical and Materials Engineering, University of Western Ontario, 2012.

S. PLIMPTON, "LAMMPS: molecular dynamics simulator. h ttp,” lammps.
sandia. gov, 2011.

J. H. Walther, R. Jaffe, T. Halicioglu, and P. Koumoutsakos, "Carbon nanotubes
in water: structural characteristics and energetics,” The Journal of Physical
Chemistry B, vol. 105, no. 41, pp. 9980-9987, 2001.

M. Sammalkorpi, A. Krasheninnikov, A. Kuronen, K. Nordlund, and K. Kaski,
"Mechanical properties of carbon nanotubes with vacancies and related defects,"
Physical Review B, vol. 70, no. 24, p. 245416, 2004.

S. Ajori and R. Ansari, "Vibrational characteristics of diethyltoluenediamines
(DETDA) functionalized carbon nanotubes using molecular dynamics
simulations,” Physica B: Condensed Matter, vol. 459, pp. 58-61, 2015.

S. Ajori, R. Ansari, and M. Darvizeh, "Vibration characteristics of single-and
double-walled carbon nanotubes functionalized with amide and amine groups,"
Physica B: Condensed Matter, vol. 462, pp. 8-14, 2015.

W. Duan, C. Wang, and Y. Zhang, "Calibration of nonlocal scaling effect
parameter for free vibration of carbon nanotubes by molecular dynamics,”
Journal of applied physics, vol. 101, no. 2, p. 024305, 2007.

AA



Abstract

In This study, free vibrations of hetero-junction CNTs were investigated
under various boundary conditions at different lengths. This was
accomplished by use of molecular dynamics simulations, based on the
Lennard-Jones potential energy functions. Hetero-junction CNTs are
constructed of two different tubes where pentagon—heptagon pair defects
play a significant role in the transition region. These particular CNTs are
considerably important based on their outstanding characteristics. In this
study, natural frequencies of these hetero-junction CNTs were obtained and
compared with the corresponding ones which were calculated from a finite
element model. In addition, the computational results of hetero-junctions
were obtained and also compared with their constituent homogeneous
CNTs. It has been shown that the natural frequency of straight hetero-
junction CNTSs was greater the one of their constituent CNTs with the same
length where the wider tube had a clamped boundary condition. But, for the
case where thinner tube was clamped, the natural frequency was lower than
their constructive nanotubes with the same length. The frequency of
Hetero-junction CNTs was decreased as the length was increased.
Furthermore, increasing the nanotube diameters was caused increasing the
frequency of hetero-junction CNTSs.

In this research, the coaxial junctions were also examined and compared
with their common type. It was seen that this configuration would lead to
increasing their natural frequency. Also, for a typical joint, the effect of
temperature on the natural frequency was studied and it was observed that
increasing temperature resulted in increasing the natural frequency, only
where the wider tube was clamped. Finally, in this study, the effect of the
cavity defect in the region of junction on the natural frequency was
investigated and some important results were obtained.

Keywords: Carbon nanotubes, Hetero-junction (Intramolecular), Molecular
Dynamics (MD) simulation, Free vibration, Natural frequency.
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