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Definition of Nanotechnology 2%

. Very small and well go down into
nanoscale (1~100 nanometer, nm)

. Working differently, and provide a variety
of surprising and interesting uses

. Benefiting a whole array of areas

. Nanoscale features can be incorporated
into bulk materials and present technology

Energy scale

Energy~Work oc Force x Distance £

at meter TNm=1J
1eV=1.602X10"°C-V =1.602X1019J
=0.1602X 10-'8 Nm
= 0.1602 nN-nm = 0.1602 aJ

1 nN-nm
nano X nano ~ atto
The energy 1 atto Joule
at nanometer 109X 109 = 1018 6.24 eV

A ~1eV LA

N-m Joule
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Spatial vs Temporal Scale
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& airplane
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Multi-field coupling at Nanoscale

Mecnical

Structure Spln
]

o~ -'o

Electricala > @Therm HWW nenr.nist.gov

E =z
Electron Orblt
Magnetic @Optical

5%

External Fields

Intelligent Nanomaterials

W Guo et al. Int. J. Nanoscience, 5,671-676 (2006)




Example: Carbon nanotubes can be 7 @ Force=

Temperature Sensor Nature (2002), \ H
Flow-voltage Sensor Science 299, 1042(2003) Free Energy Gradlent in Spac

Gas sensors Science 301,1501&1519(2003) = Universal Multi-body Schrodinger Equation

Nano Bio-sensor_Nano Lett. 4, 9(2004)
H l//(ri’ Ra) = Etotl/j(ri’ Ra)

Thin film actuator Science ) — :
Giant Electrostriction, PRL 91, 115501 (2003 nteratomic interaction ;

Opitoelectronic Memory Nano Lett. 4, 1587(2004)

Magnet tuning Quantum Transistor _Science 304
1132, (2004) et al. ,
o J
i ]
Multi-field coupling and intelligence Isaac Newton  Erwin
ﬁe Py & 3 (1643 ~1727) Schrédinger
are general at nanoscale. (1887 ~ 1961)

Theoretical

Mechanics Theor

M- - TR B0 R R A R A AR P
BAKA RIS A R B 5B
T4 F 1 F K BNZE A BRI 10 7
ET0THEMBNREF R T Rtk
E RIS R IR R G0 K B FH e
HR_EBRGUR SR BN B 5 v TV
RIS GE S RI N AR BRE RN . DFT
HE RS — R R ST R AR

Ab initio ’ > Constatutive
Equations
Nanoscale
Tight Bind | Physical
Green Func [Si7d Mechanics

Force Fields Molecular Finite Element
Mechanics Methods

Local Fields External Fields
Phys. Properties Mechanic action

1.
2.
3
4.
5.
6.
7.
8.

W Guo, Int. J. Multiscale Computational Engn, 4, 115-126(2006
T. Chana, W Guo. Advances in Mechanics, 33: 175-188(2002]

C60 in (18,0) CNT

Energy (kcal/mol)

+0.001e/atom
On housing tube

1 2

Displacement s (nm)

ZL 200410041085.4 Oy B Z1 200410041085.4
Nano Res. 2008, 1: 176-183 4 : Nano Res. 2008, 1: 176-183
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Nobel laureate Richard Smalley was a
leading advocate of the power of
nanotechnology. His cheeks were
gaunt and his hair was nearly gone
when he testified before the US House
of Representatives in June 1999.

EEZZ.5 3

I !1F
_ 2
cir vdw 2

“We are about to be (/A/$
able to build things that
work on the smallest
possible length scales,
atom by atom, with the
ultimate level of finesse”

“essentially cancer-
seeking missiles” able
to target mutant cells
with minimal side
effects.

‘I may not live to see it,”
he said, “but, with your
help, | am confident it
will happen. Cancer, at
least the type that |
have, will be a thing of
the past.”

B2

—HEGIRE . GIRERYE )%
ARELEMERY. HHEEA. REAE;
BRI AR BN,
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2000: US National Nanotechnology Initiative (NNI)

2001: 9 E+ IR — KA R
2001: Japan---major programs on nanomaterials
2001: FRMZEMRRFEGARBHL o0

PNER S gikPE 5 9Kk
2002: EU 6th Framework (2002-2006), 7th
2002: MR, G, EFKHMXPKEB)THR]
2006: . . ENJE gKitxl
2007: 50423 TR BA T WAL S B 7 RIRUSNANO
2010: US National Nanotechnology Re-Initiative

Nanomaterials vs Nanodevices

Carbon Nanotube
—e— Nanowire
—aA— Graphene

Paers per Year

1991, 92

—

1990 1995 2000 2005 2010
Year

Bending deformed ZnO
micro- and nanowires

CL spectra




Bending tunable band gaps of
ZnO nanowires

T ()

ZnO nanowires with diameter D=100~250 nm
Cathodoluminescence spectrum ~81 K, 300 K.

X. B. Han W. L. Guo, D. P. Yu, Adv. Mater. 2009, 21, 4937

Red shift of exciton energy in bent ZnO NWS

¥ 33 3.4 35 403020
Photon energy (eV) FWHM (meV)

© 20

£
Zis

=

Normalized c:
=)
O

e 0.0 :
327 330 333 31 32 33 34

Photon energy (eV) Photon energy (eV)

X. B. Han W. L. Guo, D. P. Yu, Adv. Mater. 2009, 21, 4937

Red shift of exciton energy in bent ZnO N

(b)' ©

Straight part : 3.364 eV ;

Normalized counts

3.30 3.35 3.40

R
322 3.29 3.36
Photon energy (eV)

Three-dimensional CL spectrum across the bent section D~250nm

X. B. Han W. L. Guo, D. P. Yu, Adv. Mater. 2009, 21, 4937.

Cadmium sulfide (CdS) nanowires

d(101)=0.3073nm

.

LOed _ L i *
strain-free d(101)=0.3148 nm

direct band gap of 2.42 eV

Q. Fu, W. Guo & D. Yu et al. Nano Res 2011

Normalized Intensity

- 003!
o
2om
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Strain Gradient/ jm-1

For Strained CNTs in Magnetic Fields:

E(K,e,7,0) = {7 + V3 + Vi +2V ¥, cos[Ks(r, -1,) + 2¢(r;, —15,)/ Do, 1+

Strains

21,V cos[Ke(r, - 1,) +2¢(7;,

Magnet field  2VV; cos[Ke(r; - 1) +2¢(r;,

—1.)/ Dgy ]+

—1.)/ De 1"

When the surface curvature effect is considered

V>V, [1 —wd? (sing+2-in3cos) /(2% [c, )}

(i=1,2,3)



Band gap odulation b ain & agne
(9, 5) tuliEan—; 1015 (9,5) tuBie .
strain=5% % ) stis® .
—v—strain=-3% 0.8 M -
strain=-5% 4
0.64 % o 5
% & i of degres)
o 0.4 s . 7
2! 23 g
0.24 e 3
g 3 —e—starque
0.0 i, H —— torue
0 / ¢0 O ‘_;; -y o -«en -
¢c ¢0
AL {4 7 5
Appl. Phys. Lett. 90, 053114 (2007). Appl. P ett. 90, O 4 (200

Strain tuning of Susceptibility ' Electrostrictive behavior of
unwrapped graphlte sheet

(3" 3)/42 nanotube
(e} By H-F ‘The initial (3,3)/42 CNT
By DFT
Axial Electrostriction ,/

unit of degree)
The strain-induced peaks of susceptibility change
shows paramagnetic- diamagnetic transition takes ‘ A
place at certain strains. . 02

Bond Elongation Ratio (%)

0.3 0.4
Zhuhua Zhang, Wan_lin Guo*, Magnetic Properties of Strength of external applied electric field (V/A) =
Strained Single-Walled Carbon Nanotubes, Graphite sheet has a electrostriction limit ~2.5%
PP AT 0 () Phys. Rev. Lett. 91, 115501 (2003)
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1200

(31,0} at 2000 K | A HighT=300K Annealed at 2000 K C
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Stean Energy (eV)
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Local Strain (%

&

-

Energy (eV)

Phys. Rev. Lett. 100, 175501 (2008)
Phys. Rev. B 79, 154436 (2009)
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Diamond against Diamond:
100GPa

Nature Materials 2004

Graphite: 1% in modulus & Hardness

sp? <4l

L1

_ _ NS
Super-Hard Graphite Cracks Diamond

Recently, a new phase hard enough to crack
diamond anvils is obtained from graphite
undergoing a transition of sp2 to sp3 bonding
at a pressure of about 17 GPa [

]
A Paradox:

Soft graphite can crack
hard diamond?

Ring crack




s A guenchable superhard carbon phase synthesized
by cold compression of carbon nanotubes

The second-
generation
reactive empirical
bond order
Tersoff-Brenner
Potential.

ongwu Wang™, Yushen: of, Kimberly Tait™s, Xiaozhou Liao®, chiferl’, Changsheng Zhal,
Ihongwu Wang™, Yusheng Zhao', Kimberly Tait™s, Xiaozhou Liac®, David Schifer’, Changsheng Zha'
obert T. Downeb, Jiang Qian®, Yuntian Zhu', and Tongde Shen' A S 2004

partment of Geoucences, Universty of Arizona, Tucon, AZ 85721; and Womell High Energy
ans3

12, At 11, 2004
120

L A quenchal
szed by cod

90

codl paramotors

nd Vo = 22.24(7)

in this nonhemeogenecs

rent stacking faults, In

acddition to the wamly axisting hous carbon, an aversge
demity was estimated to be 36

Nonlocal effects
have also been
incorporated

60

Hardness (GPa)

o b

slightly grastar than the
raportod valus for dismond of ~480-442 GFa, An indented mark,
atong with radial cracks on the dismond amls, demonstrates that
this hemagonal carbon is & superhard material atleast comparable
in hardness to cubic dismond.

-CNTlnDAC-75GPakwm
Indentation depth (A ) permanent hard phase

30

Nonbonding
interaction:
Lennard-Jones

PHYSICAL REVIEW LETTERS Diamond & Related Materials 16 (2007) 1250-1253

443
X-ray Raman scattering studies on C60 fullerehes
and multi-walled carbon nanotubes under
pressure

Ravhi S. Kumar, Michael G. Pravica, Andrew L. Cornelius, Malcolm F. Nicol,
Michael Y. Hu, Paul C. Chow

HiPSEC University of Nevada Las Vegas,USA
HPCAT, Argonne National Laboratory, USA

PHL 93, 245502 (20404)

Formation of sp* Bonding in Nanvindented Carbon N

0
Fe.6)(11,11)

wiialion in carbon nanotubes
and CNTs experie

N
o
T

ich permanent intedayer op'
phite can reach 109 GPa. and

Transforming to sp3 type bonding leading to diamond-
like phase have been observed in MWCNT at 16 GPa
indicating the formation of strong interlayer covalent
bonds. Our experiments are in excellent agreement
with recent theoretical simulations reported on the
mechanical behaviour of compressed nanotubes and
provide direct experimental evidence for bond
switching of these carbonaceous systems at high
pressures.

90

+2, 6250.4p, 4105 Uw, §1.07.De

60

Hardness (GPa)

30

Indentation depth (A)

Can we do without them?

Duan, X.; Tang, C.; Zhang, J.; Guo, W.; Liu, Z.
Two Distinct Buckling Modes in Carbon Nanotube Bendmg,
Nano Letters; 7(1): 143 (2007)
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Duan, X; Tang, C.: Zhang, J.; Guo, W.; Liu, Z.
Two Distinct Buckling Modes in Carbon Nanotube Bending,
Nano Letters; 7(1): 143 (2007)

Into two-dimensional age Brief History of Graphene
' ---Breakthrough

+ Micromechanical cleavage of bulk graphite up to 100

micrometer in size via adhesive tapes |
ERBEHARE  » P
%iﬁ% H:W / Novoselov et al, Science 306, 666 (2004)

s

— o

8004 2006 2008 2010

A. K. Geim Group at Menchester P. Kim Group at Columbia
K. S. Novoselov ef al, Nature 438, 197 (2005) Y. Zhang ef ai, Nature 438, 201 (2005)

1990 1995 2000 2005 2010 02 "ﬂ
Year

Nature Physics
(12 June 2011)

LS ]

AR feger

. _ _ . HEME 05TPa ik 0.21TPa

W?Dr;ll[;ggzr\/glrtlr}nD,\r/.I;ggrgoGOS!m on APS spring meeting in BE%E 10 Qom @ 150X10°Qcm

On that 5 days meeting, totally 22 sections are specifically AFE S00WmTKT SRIAE 3300 W m K
design for Graphene, and each meeting room is full of WRMWA 2600 m* g JEHERR 1500-4000 m? gt
audiences . madness ?! o 5L B S P Tt

The same enthusiasm on 2010 APS March meeting in % i& f st i& Ballistic transport of electron and

Portlan, Oregon. spin up to ~2 um at 300K (Geim Nature 2007)
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numiber of layers

a 4 5
Trang
. 1

Baht transmittance (%)
light transmitlance (%)

600 700
wavelangth A (nm)

V)

The Ilqe scan profn]e show§ thg The red line is the transmittance T
intensity of transmitted white light = (1+ -2 expected for
along the yellow line. two-dimensional Dirac

(Inset) Our sample design: A fermions, whereas the green
20-mm-thick metal support curve takes into account an on

Energy gap [

linearity and triangul ' [ £ 3
structure has several apertures of ineart )éfaggprﬁiz%gsaél\év;:gﬂ% ) : : e = ===
20, 30, and 50 mm in diameter spectrum. E i -

d (\Vinm
with graphene crystallites placed The gray area indicates the ~ i i i
over them. standard error for our AB StaCkmg Bllayer graphene DFT in VASP, LDA

measurements Y.F Guo, W.L Guo, C.F. Chen, APL 92,243101,2008,June 16

-3F (a) —e—C-SiC
o —=—SiSiC
.-
N

~e
— g —n

? Eiéetric field (vinm) E'}:ﬁ% Eéé'l‘il—:jﬁéé Eﬁf)‘éﬁ@

(b) —e—csic
—&— Si-SiC

S S, .
-~ o

2 K] 0 1 2
Electric field (V/nm)

FECALEISICEM L, WERF HMRELNSICEGEE, 4
BRSNS T RAETn NESHEIBRAEEER 4
BB p AUy H R BRI R R

Physical Review B (80, 085424, 2009)

D eleE e | e
e onducto AllSI[P | S |Cl|Ar
Sc| Ti| V |Cr MnlFe Co|Ni|Cu Zn|GalGelAs|Se|Br |Kr
p= Y |Zr NbMo|Tc|RuRh|Pd/Ag Cd|In |Sn | [Xg
Motivation: " Nanowires = (. S Hf | Ta|W Re|Os| Ir [Pt/AuHg| TI|Pb|Bi [PojAt|Rn
8 Uun/Uuu Uub
1. Electronics to Spintronics Diluted R_T.Db.s Bhrjls MT,UH,UU u, ) A
2.Logic + Memory to Integrated Logic/nonvolatile o S S el 2 R, (el 818, Thened) (lietee
oeta P Re ett. 68 004 99
Need electric-Magnetic coupling Ohno et al., Appl. P ett. 69, 363 (1996
4. T. Dietl et a ence 287, 1019 (2000 90
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= Polarization and magnetization of a medium:

= Magneto-electric cross-correlation (~ @) in matter
1 1
P=g B +—a,H; M,=y'H +—a,E,
’ L

Publications on magnetoakectric

1960:

« Theoretically not well understood
» Small effect (10-5)

« Limited choice of compounds

2000:

» New theoretical concepts

« "Gigantic" effects: induction of phase transitions

» New materials: multiferroics, composites, "magnetoelectricity on de5|gn

1. J. Rondinelli, M.
M. Stengel, and
N. A. Spaldin,
Nature Nanotech.
3, 46 (2008)

Electronic structure of graphene
--- Magnetoelectric Effect on Silicon

Multiferroics: Raising Star?

800 -

'-"r.1agrel:-;e!ectr|c": . Ny . i ; '
ol e In static until early 2000

. Wang et al. Science 299,1719(2003):
BiFeO, 4 E A K K4k ra il AL

Kimura et al. Nature 426, 55(2003):
TbMnO, &L S

=l Hur et al. Nature 429, 392(2004):

. TOMN,O SRR HHE &

100}

&

Mumber of papers
&

"'-sea:ssa 15601585 19701674 19751979 1660-1984 19%1399 199&1934 133319?3 WOO-T004 D008
Year

Multiferroics have been formally defined as materials that exhibit more than
one order parameter simultaneously (i.e. in a single phase)

E T RT3

ae—D0—00—gy

Z. Zhang, .Guo,
arXiv: 0807.0883 (2008)

ang, et al., Phys. Rev. Lett. 103, 187204 (2009).

Z. Zhang W. Guo, Appl. Phys Lett. 95, 023107 (2009)

b, i
0.8 04 00 04 08 -08 -04 00 04 08 -08 04 00 04 08
Electric field (VIA)

5. L. Kounu/ AC no, 4, (2010).
5. L. Kou et al., ACS Nano, 5, 1012 (2011).
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A novel ME Effect in C-Si system of
practical importance

Zhuhua Zhang, Changfeng Chen and Wanlin Guo*,
Physics Review Letters 103, 187204 (2009)

Will be highlighted by Nature Group

3. Adsorbed GNR induced
Magnetism in Si(111) substrate
Density of Magnetization

""""" [N
Z Zhang, X Zeng and W Guo,Physics Review B 81, (2010)

4. Tunable magnetism in strained grapheng%"""

with topological line defect

Ground State—weak Ferromagnetic T
Lahiri et al.
Nature Nanotech.,
5, 236-239(2010)

—=— /= 1414 nm
—e—[= 2267 nm

- * /
0.03 u g/supercell

DA [Ty

Magnetic Mament ()

.
o, L
N

& 9 12 15 18
Strain along zigzag direction (%)

L. Kou, et al, ACS Nano, 5, 1012, 2011

Highlighted by NPG

= The results are especially
promising as they
demonstrate the compatibility
of graphene with silicon-

based technology for the
development of spintronic

devices.

Tuning the Magnetism in Si(111) substrate
induced by GNR

o

Z Zhang, X Zeng and W Guo,Physics Review B 81, (2010)

L.Kou, C.Li, Z.Zhang, W.Guo, ACS Nano (2010)
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5B1sZ—232—2p1
6C 182-2s2-2p2
/N 152-252-2p3

non-metal
sp hybrid

Layered graphitic structures:

Intralayer
Interlayer

-

-

forces

= Cubic BN is less stable: i'gg?.:

4.2 Finite element of BN bonds

A Rectangular Beam Model
83K
18+ 2Kb* (Cy +Cy)
Kb /[(Cy+Cy)-3
9+Kb* (Cy +Cy)

s =

23

ArmchairZ!
zZy 1755
77 25447 2

N

(SN
C

(cos& —cos K

sinﬁ'|:2ccos2 E+cos’ ' +ﬁ

Jiang & Guo J. Mech. Phys. Solids 59, 1204-1213 (2011)

)eos f'(cos & — cos B')

Y, = _“m

Ka® ;2
2cos’ & + cos ———————sin’
cos? & +cos’ B+ o™ Vi

sin” ﬁ}

Smallest nanotube (3,0)BN

Homogenous Nanocables

of
O (5,0) 1.38nm

The (4, 0} BNNT of 1.58 nm
E& 221.4190m

(5,0); |

g
o

(=
=]

Energy Gap (eV)
[ 5]
o

Small to semiconducting

0008 0012 0016
Extra electron (e/atom)

Appl. Phys. Lett. 93, 223108 (2008)

J. Appl.
Physical Review B 82. 035412

Phys. 105, 084312 ggﬁ)gg

Deformation ratic (%)

ke g
—{— $T03G

-
| o g—u

T
(4,0
il
] 3
Strengih of eleciric flekd (Vinm)

- Y=0.02157X+0.00375X*

=}

3\:\6:;
E k: ﬁBAI&

O

F— v=0002522

44“?2,21

Ceeo® |

A

ST 10 5

5 10 15

Strength of electric field(V/nm)

Dai Y.T., Guo W.L, Zhang Z.H., Zhou B. and Tang C.,
Electric-field-induced deformation in boron nitride nanotubes.
J. Phys. D: Appl. Phys. 42, 085403(2009)
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: . 5
ge spin coherent in F-B-ﬁ

Fluorinated BNNTs

exhibit surprising magnetic ordering,
with polarized electron spins
ferromagnetically aligned along the
tube axis

polarization [FE{EeremmEs
increases with
decreasing D

To half-metal

in Ordering in Boron
Nitride Nanotubes with Topological Fluorine Adsorption.
J. Am. Chem. Society. 131(19), 6874-6879(2009).

Boron-nitride nanotubes: Squeeze to magnatize

n sLodation with.
TOKYD INSTITUTE OF TEORNOLOGY

home QI EHTRGHTTT Y archive | about | editorial committee | advisory board | reg

Boron-nitride nanotubes: Squeeze to magnetize

+ Device applications based on control of the

. magnetic properties of matedals would benefit
from the use of light-element magners, in which
=+ magnetism ongnates from the properties of

" |awer atomic levels (s and p), in place of
conventional metalbc elements.

Interestingly, magnetism has been observed n
averal forms of carbon-based materials. Now,
o Zhuhua Zhang and Wanlin Gue at the Nanjing
" University of Asronsutics and Astronautics in
China' demonstrate that under specific

conditions of fluonne ad b ida
(BN} nanctbes exhibit long-range

<+ ferromagnetic order and high spin polarization

4.6 “Rise of White Graphene”

Boron Nitride |
Nanoribbons
via

Boron Nitride
Nanotube

Unwrapping

Nano Lett., 2010, 10 (12), 5049 - 5055.

Can even be strain tunable!

o
]

G

@

Spin pokarization| )
Adsorplion energy (eV)

Nanomechanical modulation can dramatically enhance
the magnetism up to a critical radial strain, with more
remarkable enhancement in larger F-BNNT.

Radially compressing the BNNTs can bias the F
chemisorption along the tube axis.
J. Am. Chem. Society. 131(19), 6874-6879(2009)

123

|

75 :;‘v;viv;r;r'gf:n
B T o
mY An

Energy gap{eV)

Theoretical prediction of tunable
bandgap in BN nanoribbons: Armchair

Energy gap(eV)

From Insulator to Metal? : it 4
Strength of Electric field (Vinm)

Phys. Rev. B 77, 075403(2008.2)

“White Graphenes”: Boron Nitride Nanoribbon_‘g'
via Boron Nitride Nanotube Unwrapping

Iz

The scale bars are 1 nm
Nano Lett. 10, 5049 (2010).
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The rise of
white graphene

~ NPG Asia Materials featured highlight | doi:10.1038/asiamat.2011.6

Boron nitride: Skimming off the top

Unwrapping hexagonal boron nitride nanotubes is a promising route for the
production of white graphene.

gt et . == B Hexagonal boron nitride (48N} has high
T, 5 2 thermal conductivity, is chemically inert and
S R T = v can be made magnetic by replacing boron or
- . il i nitrogen with other elements — an
zigzag BN NR with a B vacancy o G | interesting possibility for spintronics
Nano Lett., 2010, 10 (12), 5049 - 5055 At = * applications. The structure of A-BN is nearly
v ’ ’ . m—— e ines Identical to that of graphite, in which two-

Charging induced Magnetism and deformati

(a)08 (b)
’ : _— . . . L ; 2z}
Fluorinating Hexagonal Boron Nitride into Diamond-Like Nanofilms Fos ©- BN,-2 GGA N
with Tunable Band Gap and Ferromagnetism = 5 o
Zhuhua Zhang ™ Xizo Cheng Zeng ™ and Wanlin Guo™ g B
04 -
(a) .24 a) E E 18l
; s - ;R g5
. kad z 202 s m
£ 3 2 Bt e o
; 5 —=—BH,-1 LDA P
E : 00 -~ BN1 GGAJ & &&= 5N bond
3 = 1 n L n L N 14l L L L L
= 00 02 04 06 08 10 00 02 04 06 03 10
Extra electrons (efsupercell) Exira Electrons (a/supercell)

~

AN

Fluorinating Hexagonal Boron Nitride/Graphene 44 /¢

Charging induced Magnetism and deformati Multilayers into Hybrid Diamond-like Nanofilm

J. Phys. Chem. C 2011, In Press
J. Phys. Chem. Lett. 2011, 2, 2168-2173

sl —e—raNA ! ™ § ] with Tunable Energy Gap
£ —e—F-BN, 2 -
2 --p-- graphens ol i §
§ 4b ---CNT s '§ - H
s g 1.8 ;
E? 13 |E i
2 26t 4 g £
. a a==4 &
e 4 i oo & %5 Nbond
00 02 04 08 08 10 1£D0 02 04 06 08 10
Extra Electrons (e/supercell) Extra Electrons (eisupercell)
[} -] -
c) | ML ]
(c) /\V = _ “'l .
4 | <. 45 .
T e arsseie gEwE ST
.-_—. I J. Am. Chem. Soc. 2011, 133, 14831-14838




Fluorinating Hexagonal Boron Nitride/Graphene 4
Multilayers into Hybrid Diamond-like Nanofilms
with Tunable Energy Gap

J. Am. Chem. Soc. 2011, 133, 14831-14838
J. Phys. Chem. C 2011, In Press
J. Phys. Chem. Lett. 2011, 2, 2168-2173
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Gas-flow-induced Voltage in
Single layer Graphene

Graphite (HOPG]

r Flow Off Flow Off
[ Fiow on)

Graphene

o (0V)

Voltage V.

Intensity (a. u

0f L E L L L L L L
1250 1500 1750 2000 2250 2500 2750 50 100 150 200 250 300 350
Raman shift (cm”) Time (sec)

Twenty-fold enhanced over bulk graphite

Multilayers into Hybrid Diamond-like Nanofilms
with Tunable Energy Gap

Ee\.?: ks l(\"d"slas:v’lli
J. Am. Chem. Soc. 2011, 133, 14831-14838
J. Phys. Chem. C 2011, In Press
J. Phys. Chem. Lett. 2011, 2, 2168-2173

CVD grow Graphene on Cu: CH, + H, + Temp
Single Layer graphene

Transferred
onto SiO,/Si

Gas-flow-induced voltage:

Interplay of Bernoulli's principle and Seebeck
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Carrier density (n) dependence of
Seebeck coefficient S in graphene samples

Carrier density n (10" cm?) Effective-medium
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Intrinsic aqueduct orifices

facilitate K+ channels gating
P — SRAKSZIE B T AL

WY Zhong, WL Guo, SJ Ma, FEBS Letters, 582, 3320(2608)
Biophysical Journal, 96, 671-672 (2009)

Dynamic hydration valve g
controlled NaK channel

ZH P IE — 7K B B

R Shen, WL Guo, Nature Precedings
http://hdl.handle.net/10101/npre.2 2045.1 (2008)
Biochimica et Biophysica Acta 1 1024(2009)
Biophysical Journal, 96, 671(2009)

Nearly independent of substrates

PET Quartz 300nm SiO/Si In argon gas
A Mica
I I " flow at 68 m/s

. polytetrafluoroethylene
(PTFE),

. polymethylmethacrylate
(PMMA),

. polyethylene
terephthalate (PET),

. quartz,

. mica

Substrate . 300nm SiO2/Si

Voltage V (V)

JunYin et al., Appl. Phys. Lett. 99, 073103 (2011).

MEBTRAHRH L

19634 1952 They showed that
Alan L. Hodgkins  nerve impulses depend
Aldous L. Huxieyl"l — on currents of Na+ and
K+ through the nerve
" membrane

20034
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Roderick Mac-

% K* Channel '
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Distinct Permeation in water channe
aquaporin AQP1 & AQPO
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Biomimic water channel: unidirectional flow

XJ Gong et al. Nat. Nanotechnol. 2007, 2, 709-712.

correspendence

Static charges cannot drive a “the flow is an artefact
continuous flow of water molecules caused by the three
through a carbon nanotube charges being treated as
: a single charge group”

Jirasak Wong-ekkabut, Markus 5. Miettinen, C

Nature Nan ogy 5, 555-557 (2010) d 3 y

While revising this correspondence we became aware that Zuo et al.
had also reached the conclusion that “asymmetrically positioned

charges cannot generate robust unidirectional water flow” in
nanotubes13 based on simulations with the NAMD2 package14.

AIEAEYTHRE R A 5 9KREY
Water Channels: APO~AP9 £ ES T8 :
Tenraoiaeiaiai D EAREH-ShRENLFIK. NaK
: 2) TAIARFThRELE] NaK, Na
3) &H-Theg: B, 2. . .

i Al
LEYIK B IE |
C AR LIRS _
< LB PLBHEY? [ \

DTGE, DFHEAE| AKAEPHEER. 24, EY

We concluded
that
“asymmetrically
positioned
charges cannot

generate robust
unidirectional
water flow” in
such CNT
systems.

Charge-Water

\éVNa_tre_(/-vV;/taet?r Guangchao Zuo, et al. ACS Nano 4(1), 205-210(2010).

Design of Pumps

Qiu, Hu; Guo,v Wanlin; Water Pump from Vibrating Carbon Nanotube.
Nano Research 4 284-289(2011)
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Graphene hybrid structures 0~3D
Devices Design and Fabrication

Generate electricity by graphene |
in Water for Green Energy
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il AR I ey 2 TR S S5 R AR e P R SRR T N e 5 R S W] AR S5 3R T . EL3R
T =MORERARLNE R G LR PR RN, BN R4 E RS S HUAR G E T2 Z )
BERRN, WARGHLEREREZ ZTTER/D, KRGO X6 B R I [ A2 4k 2
I B A S

2 e I v i R A D R 22 ) AR RO S R SR 16 T RE IR

oH
dQ. =—dt
Q| apl
oH oH
dPi = (L4 M. Sydt+ o, dB, (t 32
(5Qi ij GPI.) oy dB, (t) (32)

i,j=12,---,n; k=12,---,m
LRI BENL R SR 1t6 FENLIR 7> 75 AR T 9 (12), "B 5 (32) AR IR] AW 5 1 R 5.5 R AL
Jil, AXBHE REAF. HERGSERRGELEN

oH . .
AI:(mIJ_MU)a_P ’ IvJ:llzl'..in (33)

]

ERRMAGH | NEBEZEEE 2 ZE,

4.1 ANATFRIEHE [53]
EAWEGRE H OIS RGCARATRL, SRl LR v R G (12) K B T N (14)
(ORI T AR, J7 2 (33) P2 my IS &2 7 FE(15). T2

oH obP

._[b("h(H) M] (34)
i apl
AN HEN 2
minE[AA ] (39)
BN h(H)FIRIER:
oH 6b” oH
[R(C C) (b /—)]dqd -dp,
h(H) = op, p, " op, op, (36)

5 OH L
[RIC " )(b.?a )/—)]dqdpz dp,
B ANEN A

m|n E[AA,]= m|n E[( A )( A Il (37)



EFECRA h(H))RIE A

“aH( oH b oH ) oH
Q

- ijapﬁ;;apé;(apiéi|ap'/6mlndqdpz - (39)
jQ[(apl ~°)apj)‘ap,b5)a )/ p1)]ol qdp, ---dp,
=AM
E[A.]=0 (39)
TRE T h(H) AR
o
h(H)zL[Z:( i 2: a;;;’j)/ZH]dqdlo2 dp, o

oH oH
Lﬂa.,a)%ﬂdwz dp,

7£(36). (38)5(40) 1,

Q={(0+, 0o Por-+ Py) [H (G050, Py, ) < HY (41)
P H(gy,++,,0, Py, py) FETE p, = ONS HUIS BRI HL, H S % WK A M . H4(36)-
(38)H(40) 2 h(H)FRA(16), SRIGAN(14), AT RISERARLNE R G (12) MRS IV Aa i 5 4
TE RGA(I2MIL AR . IR PERY G van der pol HR7E 137 1 5 SR i el P
Faf it 2 FIX — 71543 20 1[53]. 5 Monte Carlo 25 R LLIER B, AR MR G Bk

SRR BRI, RSy B A R, BUATEIZEAE T T AN AR

4.2 AIRRIAEIEIRETE[54]

LI HWREN H e R g T BRI, HAESARLIE RS (1% AFRAN (17)
(RORS I PR, (33)rr my LI 2 261 (18) . BEI, =AMMENIK IR FECT UM E 041 oH, 115

T

I (o Hs 22y oH _obP

b dg =0 42
" op, oH, M; Y —)(b; a ‘)] q (42)
yOH, 04 oH b’ oH ) oH, . |oH
N [ o i~ ——)(——b{" —=)/|=—)]dq =0 (43)
op, op; oH, ap, op; " op; 6pj op
OH. 64 oH by
— (b dg=0 44
jQ[ﬂO(.Japj(,3H Vo @J‘ bq (44)

R |oHIOPIEM P A8 45 H ) Jacobi %% BI4T 7 S 48558 . T

0 ={al(1H(@0) < H) (45)



AT N(42) (43)Ek(44) TG 041 oH, » R EAHEIESAF(19), W4 5E 2 48 (32) I Ll Fafigt
JhHrK 041 oH, RN QRO)FHFARNATRE]. AR n MERZSR, WA S BLL AR H, 1
FAUTTRE
4.3 ATBEEHRIE[55]
O EA R EURE H FRET ARG ATRIR, HAESCRLIE RSi(12) K BA T 8(21)
(RSP R, (33) my SETHi A2 (22). LI, =ANHEN 35 S8R FUH5E 04101, « 04l dy, I

Fik
[ 2”5 9% 4o, =0 (46)
[ O 5 oH 55' do, =0 47)
0 ap, ap, 69,
[” s 540, -0 (48)
0 ap
2z Oy,
[ =sde, =0 (48b)
0 ap

A0S =12,0m p=12 N4 u=12a, 6,=[6,0,.0, T [ [oJ0, #% (n-a)k
%D/\

ANTT s

oA oy, 04 oH ob

5 =0 (s -M, 49
_Jealely . p=s=12-n (50)
“ \oAlowy, , u=n+u=n+l--n+a

AN (46). (47)BL(48)FfAE1F 04101, « 04l oy, » FFiHEFMIT (LO)MARZ M, W4 &
ARG E)MEELF R dIR 04101, 0410w, FAN(23), RIGMRAQDAH], &AM
BIAR L BEL & A5 9 A AR (] 10 R A1 7 i 207 1 e 75 /MBSO R AP R

4.4 #5 AT RAEHIRIFIL[56]
WA EETRE H SSRGS TTAERIR, WA R (24 A 4
(A)HVREHTRaME, (33)F my 4 L (25). BEIN, = PR RN i Uk 3 50T B 5E 041 oM, (1)

JikE:

oH, 84 ., oH b . oH
p® I Ty (p® Y I | H, dad ...dp. =0 51
j [( ij apj 8H Ij ap ap )( ij a ) ( eI v )] q pr+l pn ( )
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H oo 0H, 04\ oH b7 oH ) oH,
[0 -M, b Xy /([ T2

M G (] vV)]dqdpM ~dp, =0  (52)
[ 02y M 115 V)]dqdpm dp, =0 (53)
Q" 0p; op; aH ap] op;
A, j=1,2, --n;s=1,2, -,
Qz={<q,pm,---,pn)ﬁ(H#(qﬂ,msH;,mH,(q,,---qn,o,p,ﬂ,-'-pn)sri,} (54)

NERRITAAZERFRBE L. 7 A (51). (52)8(53)F i#15 641 oH, I L R T (19) I AH
BUERAE, WS E RGBT R HR 041 0H AN (26), PRI (24)15 5], FH 15
FUEAEREA, AR ACH, FISEUTE . 8 HZES 2 A e AR & A 2 kIR 7
5T 7 BT E R ARZR IR T AR SR G T RS ST R T AR, AR
SEC ARG R ECAYI A

4.5 o RILIREE[56]
FEAWMET R H ST RGN TTRIHE, & B AR IRS R, W%

RARZ A 22 G (12) IR AT A2 AT T2 J9(27), 15 (33)H my K /2. (28) LI, = NA5 Rtk s

WKIRSECRFIE 0Al0l,  0A18H, v 0Aloy, IITTHE:

IZ”I (6 — % aH’ )dqr -dq,dp, ,, ---dp,de, =0 (55)
I Zﬂfgs[ 53 ZH +-+dg,dp,., -+ dp,de, =0 (56)
J Z”IQ (G 5,00, -t 0,40, =0 572)
N IQ3( +--dg,dp,.,-+-dp,de, =0 (57b)
I hfg o --dq,dp,., -+-dp,d0, =0 (57c)

i:1|21'“|n;/'l:1!21'“|r+ﬂ; 77:1121'“!r_1; V:112|“'|ﬁ

ﬁqj 02 :[917027”'9r—1—ﬁ]T

5o 0d My 01 oy, 04, | oH ob)
u ap. a| apJ OoH, ap] oy, ij 8pj op;

]




|, u=n=12,-r-1

9,=H,, wu=r (58)
W, MEr+v=r+l,-.-r+g

Q z{(qr’”"qn’ pr+1"”’ pn)l Hr(qrf”’qnlol pr+1"“’ pn)S Hr}

Z R AN(55)\ (56)E(57)f#fF oAl al, « oAloH, Jeodldy, , His 2 Tun(19)MAHZ 51
45 78 RGBT AR K 04 /01, « 0A16H, « 04l dy, fRN(29), SAIERN(Q27)EE.

BHZEAE 4.4 PRI RGAELN T RGP PR A RS T R E R, N
Monte Carlo BE48L45 FAF 55

IAE TG, (42)-(44), (46)-(48), (51)-(53), (55)-(57), FESEMARY G, FERAIE o4/ 0H, %
MAIERBOTHE, RES KM SEBEIEMR, A DIEAKRME, V2 HEE e K
PR R R T RE e T H, T4 E RG0S5 R G0 R A R v 2% 00 ek 2 S5 BE AL
WU, FESEROLRE PR o AR ARV E R IF AR, DRI L Ab 25 H B S5 5T 4 2R G2 RE T I
e T

e 3T 3 M P IR R RE IR I R R G AR AR M R GEVE AT B v i R S R T
FERLH) ORI RSE, 153 AT, ATAEER, WTRUSR, S nI AR R, Eor AT
LR TS IR BT AL A2 AR [46] -

5 FENLPI9EE

TEVE 2 5 TR RPN R G, 46 TR [ R RE AT B 51
AR I, 7E— AU BELRGE (R — MM SRR VR R G2/ 5 () A 2
LR % B HLAN S () B, (s SRR AR, TR0 (5 A £ R AR A
o RO, MR RSB R, [l 12 E RS K s . P
Hi R BT 40, ST B RE LR, & ETRRL. AR, — i,
BENLT S F A AL P SR T4, B SRR . BEHLP R T BB LA
R PRI RS, T B A BEHLR AN 2 DL R A . T, A R
P2 AR SO AR, HPETT A FPK J7AReE . 55—/, e e A T AT LA
e 275 2 o TGRS b 0 OBz LA — 25 7 7 R I I R 5
SR, BENLT RO KA L BENLED J225 B, LA BT . R st b B B UK S



A THE . BHE 1990 AR, FEARZMEBENLE) 2 Tz SR BP0k R B A
— MR bR HERENL T 343%, B Stratonovich BEHLFI43%, B Stratonovich [57]F 1960 “EAX4]
TR, 15 Khasminskii [58], Papanicolaou 5 Kohler [59] % Blankenship 5
Papanicolaou [60]%k 2% - hn AUERH , 1& H 52 56 5 BE A LU B0E A5 5 v SL FIBUR I 2 3 R
WA RS . —RREEBLENT AR T4, Ei Landa 5 Stratonovich [61]5
Khasminskii [62] 7>, & T8 5 B EOR ST RG02 mi B A BUi. o —FEPL-1 1492
CAHE) T FE AT BE L EUih[63-66]. A1 e S IL R BUR[67]. A e S ah[68]. fik, X
HA rpol- P47 R 5 R B R 0 52 /N LB 5 s T 1 e 7 SRl ) AL U B B AL~ 25072
BEAT TR EE[69], R T A S B E i RS B WUR SR AE/NBE e 5 e i R R Ul
NHIBENLF A EEIR[70,71]). EE—1EE, LMEREEDY B, AR RO R A B R TS A A
SAT o RTBEALP- 309 (R e 5 8 IR 58 2 STRR AT 7E % 2 [2,3,5,8] 23t [16-20] S 1Tk 18 3¢
[23,72-741 P48 5. KRG E TR G S0 B WUR SR %0 H 2K B2
AR T 2 B R AR R S

ZRIEEm, Blu =0 RE(1). HBAJE/ N, BEVLEUSSN, sl BENLBUMA REEH
AEE SPHEHM ARG REE X Z R G A S KA RERE /N, (LA WRSE . N2
ARG R AR FEARS B R G b A AR A A, T T R AR A . 1K LS AR
REREX IR R G ACIN (A VERS SO B . DL 0 2R G B LT 2005 A o PR AR I R 25 4
FHRTERL T 16 7. T, P39 1t6 77 F2 1T 25 HEH P T AH B G 25 1 5%
G AR S IR .

5.1 AAIARIER[75]
R iR A2)H
m, =em, , o, =&"%0;, (59)

Km0y NHEIRE, MISEBREOY H KNS ZHRGA TR I, R A2)

hE— IR AR R, SC TR 1t6 77 R R (12) FH 16 Ak o R U 45 3]

OHOH 1 . . &°H

dH = e(-m, -+ 20, 0~
oP, oP, ' 2 R oP,

Ydt +&2 %a;kdBk (t) (60)

%8 Khasminskii & #[76],7F & — 0, (60)+ H()TE & B [a] [X 8] b 5508 —4Ey 8t
o ZY BUI RN 16 TR N



dH = m(H)dt + &(H)dB(t) (61)
K m. & J7E H AR BT HXS (60)H ISR S5 BUR BUERT A 3545 3. B TAHM
W Sl R A AR R T s )y, B RSP R LS RSP . TR, PSR SRS
N

oHoH 1 o°H |, oH

m(H) = —m.. ~o0,0, —)/—]dqg, ---dq.dp, ---d 62a
m(H) T(H)jﬂ[( ™ ) 200 aloialoj) alol] ¢y -~ dq,dp, ---dp, (62a)
52 oH oH |, oH
= dg,---dg.dp, ---d 62b
(H)= T(H)j[(.k  opy op, ) ap, 120 APy (62b)
o Q M@ X
T(H) =], (1/ )dq1 -dg,dp, ---dp, (63)

V35 RGBS T RS AR B SRS P2 166 7 AR (61) A S A itk FPK 7R 153, B2

do- (u)

p(H) = Cexp{J [——=-2m(u)]/ & (u)]du} (64)

MR R S8 (12)I P Ny
P@.p) =[P(H)/T(H)li-np) (65)

ZE N T3 BIPAN R LR RS G 1 van der Pol 4k 51 H B EE IR BNl RS0 7E 5
7 e A AN (B Z BT REE B RR MR B L 5 401, JF 09 Monte Carlo £y Bl 45

WFsE[41] .

5.2 AIARAESLARIEIE[77]

AR RGBSR, (12)H n AMEREBL n ML A OB R 18
AR . R, AAESRI SRS n IR LI, AT AL LT n AN AR
B2 AT . SEARIRHE S48 R F0F 2 1t6 A

di, =m_ (I)dt+&, (1)dB, (t) (66)
r=12,---njk=12,---m

X

— 2 oHal, 1 o’l,
0=y €T " op, op; 2le “opop, "
L ["oy0, 20
@y o KT, ap,
i,j=12,---,n

(67)

Eik;jk(|0=



R R GERIRS R TA2 A p(1) AT 4% 3.2 Hhmiad BB BRMSR A 51 12 1t6 77 F2(66) A1 S [ i b FPK
TR ARG AR AR ANy

(68)

Q)

L N T 52 s e S S 0K AR L MRS 5 (1 van der Pol 5 Duffing 91, T3k
LA A 5 B E R R BCE BRI RAESE . VR, BT n MMOL. W&
RGP 6 TR, 38 KAV R G RS T A2 A5 2 R 48 1 I oL PR fide

5.3 WRILREHL[77]

FAHRL IS 2 ARG AT IR, A o ME K e =0(e) g IR &R, W (12)H n A

EMES a MIERRHAG v, =k'0, ARAERE, FAARHET L 0T 11 1t6 J5 7

di, =m, (IP1¥t+5, (, )dB,(t)
dw, =m,. (IWI¥t+5,,, (, )dB, (1) (69)

n+u

r=12,---,n; u=12,---,a; k=12,---,m
HA-FER /KSR

1 2z @H a 1 azl

. =T

r( W) (Zﬂ)nia .[0 ( i ap] apl 2 H ap,ap ] '

oH oy, 1 oy,

i —

n+u( W) (2 )ﬂ a .I. ( ( ) ” a apl 2 K aplapJJd
o 1 2z al 5
OOy ([,‘//) = (27z_)n*ll J.O k7 ik ap 5[3] 01
L B 1 27 al//u d
o-ran+u,k(I W)= (27)" J.O %w apl 6pj 01
5 5 ) 1 J-Zzzo_ oy, 0 o (70)

n+uk@navk L (27)" Jo d apl 5p] '

i,j=12n
ATEN, SVE U7 FE A HERSE T AR R B R BT WA AR B n I E R R S o . T
BIRGRIRETA A2 o (1, w)PliE 3.3 Fiid (120 IR MR AE 5135 116 77 F2(69) AH B 1 fiff 4L,
FPK 2R 2. (12) i el F @ Ay

p@.p)=———p(l, v) (71)

o
5.4 4> AIRAEILIR[78]
FRIR RS TTRUEIER, A ¢ AVME, WA B, A2 L A
RO T AR VISR, JAOHE 4 T 145 106 s



di, =m, (I H,)dt +&,, (I H,)dB, (t)
dH, =, (1", H,)dt+ &, (', H,)dB, (t) (72)
n=12r-1 k=12--m

Horpo P2y iE R 51 AR ECY

m(IH)< oH a1, ! o, >

'”aP aP 5 ”kaPaP

OHOH, 1 0*H
m, (1 H,) = < "’6P oP, +2 O, Pkapap>

— — ' al” alﬁ
T O (1 H ) ={ 0000 a P,

— = al,
7ol ’Hr):<a"k G >
s = oH, oH,
Urko-rk(l H) < pk pk 8P 8P > (73)
5177':77" :1, 2, I’—l , p,p = r,r+1’...,n
EaveE

1 2z aH
)= Ty /% |dgrdg, ---da, dp. . ---d
<> (Zﬂ)rilT(H )J.Qaj‘o |:/ apr:| qf qn pr+1 pn

(74)

o055

O HTEE)E L, [l FRKT 0 =10,6, 6,1 1 -1 B, TRIREMMGHT

jdqf dqndprﬂ“'dpn

R p(l' H,) WIH% 3.4 15 HA 1025 BRMORAR 5122 1t6 TR (T2) M R (i fei Ak FPK T RE 15 21,
JE R G (12) 3 b~ TR fide i

p(I' H,)

p(,p) = m ||':|'(q,p, ).H =H,(a,.p,)

(75)

5.5 ERRILHRIB[78]
RS RN B R G 4y PT R AEAR, A r AL, KA B 5 g AN IR A

Kiw, =0(e),p =12+, r=Lu=12--,8, WA r-1 MEFAE, 2 r MERRG LB A A

el

LW, =Ko, WIBAEITR. SUHE D4 T o1 1t 75



di, =m, (I H, ¥)dt+5, (' H, ¥")dB, (1)

dH, =m (I''H,,¥"dt+o, (I''H,,¥")dB,(t)

== ' r — ' r (76)
4w, =, (I H, #)dt+3,,,, (I H,, 2)dB, ()
n=12,---,r-Lu=12--,6;, k=12,---,m

Pt 59 iRy
— . oHal, 1 ol
m, (1%, )= <_m'i’i a_ﬂﬁz,JrEaﬂ’ko'v"k W>
: oH oH, 1 O°H
m, (IPH,, )=<—m i— r+—0'k0',k—’>
PIoP P, 2 ™77 oP oP,
_ : oH oyy 1 o°
m. (¥4, )=(0,(e)-m ", 2o &, <
r+u( THr ) < (8) n'j 6PJ ap]f 20-77 ko-;yk 6P06P”>
o . a, ol
O-tyko-ﬁk (I‘H_L ’ ) = O-n’ko-q”k a?’]’ 8P]7”
- . al, oH,
O-r]kark (I‘PH r? ) = <O-r7'k O-pk aT:’E>
— — Oy 0
O-r+u,k0r+v,k (ItPHrl ) = <G 'k K AR - >
"R, P,
— _ - ol, oy,
GkGHu,k(ITHr' ):<O' %O, "k_n u>
" AFTIEY
_ . OH. oy
O-rkGHu,k(ITHr' ):<O- KOk — u> (77)
PP,
ﬁln’in":llzl'.‘ir_l ; pipI:r|r+1i'”|n
FavE s
1 2z [OH
. S /e 1dg"dq, ---dg,dp, , ---d 78
<> (Zﬂ)r_ﬁ_lT(Hr)J.QBJ'O |:/ apr:| qr qn pr+l pn ( )

[C[olE KT 0'210,0,,+,6,_,.,T M0~ B -DTBY . T4 16 A HE TSI
BURGS . KHE BB r LSRR RR B . P RGIORT TR p(yH,, )

A% 3.5 T R B SR A SK A 551 247 116 T7 AR (T6)AH LA T AL FPK J7 1245 31 R R 4i(12) 1Y
AT A A I oy
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5.4 5 55 PR TE O T 4.4 TrhRBIH T, GREAFIHR S IRIE Y, Ha
HEHE Monte Carlo Hrr 4Pl 45 FIESE .

5.6 #ES 5N

5.1-5.5 Al () V2 ey BT 1 R 7 Ul Y UM S AR G R BEATL P 280925 RHBUR] AR I 5§t
ARG, 525 5.3 AR BENLF A% CRHET T AR A U, B4 B R HLISURI[79,80],
TR 0 e A 3R RN [81,82], A F Mk A (A g i 5 B LA AR AR F) 148 A1 65 )
Wb [83], A AI[84]. fEALEM ., HEEME AME R LA R BRI, &1 %
& 5.3, 5.5 PR AN ILIRAN, EE AT BERIAMER . TR SO R RIA
BWE, WA THIH . MUY RS, ISR SR 0E o BEE NP 3507 . X
L AR M R G, FUNA B R SEBE AL 9 P RO GR S BE AL 357 5 R L 2R B AL
P

bR v i R S R S R R B R A S R G R ik R T 2
IS S e ) 4D R AR P 0 R 42 [85,86]

e T A R P Yl T UL AR S B AL 20 T BT RS SR S, AL T s A
M AU T ANRTRR, FTRARIR, ATARSLR, A I AARILR, B TR R LR
HRG BN, g A RER 5 HUR B0 A 87,

iR R4 e TR i W — KA RSt WiR I RMEGMIELMIRE 15 e
71, BZMER R . XERGH ZRH AR, B, RE2 AL BELE R4 .
O R G R . AU LA VEE 70 I X At (7 A 5 28 4) . Bouc-Wen,
Duhem, Preisach fiiii8 RGO . | BEE ORIV, 45 LGt EALiE S — B p L1
PSR 0 1) 24 R [88-91] .

P B BE AP B03R K — A BTl B 2 B2 SR S A it ik iz sl A AR — A
TR RN, EERANINRIGER, ARG EAANEETIEE, & 3 A I R (A
FH— & ARG . fl LR K3 S BT Ebeling 45 % B 510t . Deng 5 Zhu
FHAOME B R GEREAL-T Bk an th VIR a5 R, 5 B itk gl AR 5[92,93] .

RT3 B Ay e 0 9 M P Sl AR Stk 2R G S TN, R A v 9 A Rl B anvE s B
MR BAE MR LS, TR X FPK AR S I, 124 T RS ik,
1M 32 BAR SR I R VA BEUA 773, 4 807%:[94,95] | UKL [96]5%, (H 2 HIEkE

p,p) =



MBEERENHIL), BARILES T T HHERS. B, K503 e 21 3E = L%
A FRImESE TR, AN AR T 1A

JSE5E I AT, S TR SRV BREA V20 A P18 2 58 A 44055 T e 35 &
GUHOL . XA BTE AR B0 E A AR REL B SN TIRAG Y. T RS
Hgteagd e, MR ARZGFEN S ERERE SRS R. BRdRERE - MREY B,
FiaER T8Ol B NE ST Z . P FPK 758 R S M A MmO R . o i
IR SRl LB/ S5 R 48, 3 RO FRE 2 5 1, P2 R G BOR FE — O R T
S, AT RGNS A R R B AT SR T AR R . B DL, SR S WUR SEREAL T 1Y
PR AW 2 B R RARRVERE LR G ROMA R RRSE TR 72 E L K P R )
ML H

6. BEbREEMSS#

BEHLAS E PR B IR AL BRI S B8 T 3h& R G-V LR HORS E M o BEALIE )5 I B F —
AN BRSO S SIS E e 2 T BEHLAR B e A1 RO WA AT U 7 Uk, BRI
VFZ BN E M E X [97]. Horb, MER N 1lyapunov B e ME(J L1 & e e M s BE A Ra e 1),
MERFGEVE S p BYAE RS E MO B H o %A A RGN (LM sl AR 2 ith) S ML S V5T (F
M AR R ) R T BEHLES E MRS . AR M R ORI 2t R R AR E
P, RA3| -2t CRGELEBIT. Wbl E v, £ H Lyapunov K%L
8, Lyapunov 5 —VA[10]. RTINS 45 € RS0 Totlid Laypunov BREUH— O, WA —Legd
W[98]. 1M H., FIZiEAG 2 M AEAE R AR E PE 78 70 26 F - B 1980 424K, B9 Al 5K Laypunov
BT 78 26 1 B AR 2R ME RGBT AR e . Lyapunov FEEUE SURZR M 2R G LA IR i e
HIEK R, $% Oseledec ek [ 2 BE[99], i K Lyapunov F8HUE MM FEA R E MR 78
FAF . Khasminskii[100]45 H T —ANR k4 1t6 7 FE Ik Lyapunov F8 80— b 3%, %
ABRWIEN T BAF - RER ST BEARBRARZ RN R S [101]. %0 B O R AN
TR T YERMERENL RS N T T T 4ERBENL RS, BB Khasminskii 22 BRAN KT,
F BRI M AR AT i 24 2 8] oA R TR b9 Bl R A AR I B CP AR 2 2% ) o A — ol
JPE IR — . — i BN L v S S R AR Bl K Lyapunov $R41[102], —
Xof /INEROR B W 75 i B A B P 3 BEAL B AT R DA B TS U K Lyapunov #5#4[103], =&
SeEBEHLT, FEXPFE 16 RN Khasminskii 25 ¥8[104,105]. 3L 5] A— M0, X



G E A R ITARAERE, SIS B ERE L T35 5 Khasminskii 2238, ASUE#H 5 H
EEE S TR E RS R K Lyapunov F580RiA 30, #AE 6.1 hegth .

MEZR N 1 1 Lyapunov £ s M2 i @ M R 4eH Laypunov A& @ PEXTBENL R St —A B AR 3
7o SR, WTETEREATSE KRG, AT /IMEZR R, X EE X 2% K p,p B
R EATER . B, X RGsISREEA — MBI, FRF AR E 55
EMEREZER . N, I TH Lyapunov 848, FFE T 5K Lyapunov $5%1 5% Lyapunov
TRE (B 5% 2 [106]. %5 Lyapunov fREHARAER, 1245 R A& 45 R [107-109].

— YA EOE R B AR E S L AR A B VI SC . X H AR B R R, W]
FABEALF- 390545 B — 43 8o B2, W0 B 2R A5 08 1t S5 10 T P39 O R i 793 2K e
[8], ZiECHHE THA TS Z i R G 6.2).

BEAL 73 72 BRI ST BEATLBNAS 28 G0 H 8 i 1 75 Bl R S 500 A8 A T e A e AR Ak . Bl AL
G NANEST T (D-78) HWER S (P-5r%), D-4r %5 Lyapunov F5 £ (1) IE 5128 40 5%
WA, MR, ERTRENES . P-r S RGN BT AR 2R 5 B E YA AR O,
WG G 2 Bl e 2 o 3 - F 2k, BN 7 OV 280 5 TR S B 2 A
Foik, ZHWE TR B S % [12,110) 53R 18 S0 [111,112) . R Ik, BENLS 25 ELi
P T013, RADE= e B 5N, VF2 IR R E S BT RAUSENESS, KT
TP B 2R 42 (R BE AL 70 20 () T3 5 SR E7 R AE 6.2-6.4 H1

6.1 WEWRLHIHBRK Lyapunov FEE 5N 1 #iE Lyapunov F %€ 4

ZR— N ZHI ST EB R %, ®ETOg=p=0 L H=0, HZq. piH

PURR . ANEE R LR, € LR E S Lyapunov FREUE IR
IZII=H"* (Q/P) (80)

T35 116 T FE(B1)E H=0 AbZettAl, RH—A2RML Khasminskii [100]H #2288, AT a0
TR AT AR S S5 0 2R G5 ok Lyapunov FEE KB :0[113]

b= (0 (@ O (61)
FUrpr 7 2RIRRT H 380 X 2 1 R 7 39T 32 13 7 1 e 75 21 Duffing-van der Pol k1, H1(81)
75 )8k Lyapunov 5% [H Pardoux 5 Wihstutz [114] #1204 i — Vel — 2. (81)
o T e AL S BT s AE 2 4R T [66].

TR, MU ARG RS, ARG B R G R NER . BRI, 4%(80) 8 SCHIAR
ANFE T RO LR ABEL, XIHUIR/SE RS, WE% IR RN RGURE R, WA 2 bR £ ) ~F 7 AR



FH R EE A 2 A RGUIRES 57 FUREZ A BE RS o BbAh, 727 FUARARIR, i 2 i ok £l od
WRIE RS, G, sE L(80)EADWEE PR RN A, Ft— Bt LMEERCE
UEB(BO)FE Jutsi e U IE 1 5 8K Lyapunov 45802 20(81) Y IE A

FEILIRAF AN AT RS B AR SE 0728 116 7 2T A (66) . BT 5 ROy 1,
55—k, BN, 7R 1=0 A MEAZTT . € LBEHLER EME S Lyapunov $8 %€ S
N

I2I= (31" (52
F— A4 T Khasminskii [100]() 258, 73 1T 5K Lyapunov f5 8 () Rk
A =5Lrg% J, Qaigapdz = [Q( )p( d (83)
B
0Z=[ay, 0y, 0, ) e, =11 |F,r=12--n-1,
a, =l—nziiazr (84)
Qoo > F.( -7 3 36, 164 ( )

Fov Gy /P2 1t6 T RE(66) L MEALIER 59 A EL  p(a) & n-1 e B2 o HI-PARHE
FEPL . 2k O TOHF i AR A ST i A I S ARV IR 7 [115] S /R BE L 3 B
SCARGZ N PR ARHE[116] (L P8 e Fa s e . X[104] R B STt (K SE R BENLS IR T 2 B R
PEAEFEIR R, MIATTIAMR SR ECR Lyapunov fEE5[104] FGBIMIARIE . ATTVACHE
T B IR S A ) R UL P AR B R SR [117] S IR T R S [118]

S AR AF 1 P00 AT R B R S (S 3 16 7 FE K N (69) . RAL M HE T 3 Bl R sk
Lyapunov FE5 )i ik

2 = [Qalyaypgy’, )d 'd (85)

RFAFHL R S IR T ARR B R 4, B C15 212540 T(83) 5(85) 1R K Lyapunov 5%
REEARIEA[78]. ME—HIZN R e’ 5 ¢ MBS N 158, M1 a . 25N
CBN T3 2 i F A 2R ) 3 F d ERLER 2 vl BN 3 AR S K Lyapunov 545

XN AR LN 1t6 7772, AT Lyapunov FE80O T-85E SLIAAEYE, $2H1 T — DAt
HIK Lyapunov FEEUE £ E HMER N 1 #iL Lyapunov fa & 31 5 [119]. %k E i T
H 4 455 6 4ELRIERENL R G e e

AL CHET T R TR SO SR Gy 1 it e vE[46]. S &



37 1 M P U T AN AT R UG R G OB AL T 240925, SR T ST 2 R ST AL T 2

RGECK Lyapunov FE 80 FEH L € B A e 1k .

6.2 WA TG B R SRR ETL AR € T 5 BNl Hopf 2+ &

TN T AR A B 2R G0 135 166 75 R (61) T3k F i 2 i — 4 U F2 . 0 — 4k K
AR ML FORM O T MR 2 AIE 2E[8], A PI REAE T3 s il Rl F 1 43 S i AN AT AR
W B IR G AL RS MR 5 BEHL Hopf 73 22« SERENLS 0T A AT ARG 55 B R 48157 1t6 T
SCHC P e B iU R i) O a5 5 10, — 2 HIOS PR B0 A S R T 1l B, IR TR AL
FORFERMA S 2K[8] ©UE, & —4Ed WO FE AT FLiL TR BT 5] B4R, W% — 4881k
AR PR AT A s A —4E BUd R B F L S e 5] B AR, TS — i A it
NECHERR E AR, Wi — 485 HOS F2 107 U R 2 R M A e « TR, AN ARG 25 1 R
G5 001 PUAPE 4 0 30 B8 4 R W A M T 3 e SR P B e e R A L S AL BRAE R AN I B
ERY RS R R B R EE A E [120]

PN T AR G 25 0 2R G0~ R 4 2 P55 (1 . PR AR 5 LT3 R G 11 R % 2 2 R AR AL AR
Ky FHATHE NG LY B E o, ERIRE B SAHERME ¢ #iE . CIE, HIBEHL Hopf
Gr T BN o - B =10 ZAZSFATWE R, B2 (D-73 7, RIPRAMESR % BN 5 BR
BUR AL JUR AL AT — NI B M BIAE ¢ - o =-1, SR8, (P-23 7%, RISFRaME A
2 FEIE T FURR AL B FF) R BIAE ¢, — oy =0, IXPHIR ST 25K i — AN BEAL Hopf 4320 3X—J7 i
O T & e 75 290K Rayleigh-van der Pol #87[121], JF O T FUIG 25 00 R 4
[46]-5 i3 e 45t 7 Al F) 40 AR e it 22 58 [122]

6.3 Duffing $iz ¥ I BEHLBEER B Ho o3 &

[ Lyon 25 AT 1961 B H A Bl 5 (1) Duffing 45 775 42 BEHLIUR F 9 BEER I 5 [123]
DUAXHZIN R CE VLTI . ST G R LM 5L, BENUBRER SR i i
SERIITTEZ R . JRTT, X5 FPK J7FE TR ME— VAT & . 56+ 87 s
FRIRRS 530 B VR MR, AR J LA 1R X AN B AL BRI 5 LA 437 1) A
[124]. F92 b, BEWLBEER 5 BENUMER B B AR BR 2 W 5, AF AT LT — AN B T il
B, BEHUBRERSZR bR M — MK T B2 3 P 5 — MK T B IZ 38R 2 - Duffing
35T LW RV T B0 5 R X e AL i A0 I 2 == LA s BB P i, 9 L — Ay



[ BRER - A 4G I MKW LI 1P /N AR, T A /N I /N BB ) KW B SR, B AL
BIRER AT HE B M A0 Lt 2 =B AR T AR — AR b, BT A D5 T BRER . T IR AL
SR BRI E S AR A PR G MR B B, COIEBA7E VS AN S 107 1 4 P BG4 FH R [67,82]
B S 75 /5 T [68,83]Duffing 4%+ S #5451 Duffing-van der Pol #iz ¥ tH58 & 2L Bk ER .

BEE B (P . ARZR SR . WU . dUe REEE) AL, RGN BEHLBEER
REEEITCRENIBEER B 2, X SR B e — R ) P-3 8, FRONBENLIBEER 123 27 o

6.4 WRFETRLGER ARF B THFRRE L& 58

T 20 24K, A VF 2 N 7 SR e e 36 ) ViR Ve P T Y SRR R . SV AN e i
I 7S LRI Y Duffing §k 115 B8 TE IR Se B 70 2 MU I AR ERVE R G, BB SR
FPK 75 F& LLRIF 47 7 T 75 f YR ol AR ME 22 85 5 [125]« 11 X Melnikov B % (Melnikov 5% 30 I
I P AZ IETA) [126] SBEAL Melnikov i F2[1271 45 F R AFF 77 55 0 75 X6t ) 7 (L RS2l o A Mg i
TR RS — M R 2 I EM R .

BRI, WHFC T 40 Duffing 4k 5 5 FRLERIX LEFDUG S 0UR G40 A F7 MR A Uil T iRl fe 0 & 5
1R31[128,129]. HHBEAL Melnikov IR 134 77 #E N 5 2 FE 1 1 i K Lyapunov 850N ZE )
IIEI E Z2 G5 DLTRT PR 57 7S W AEL PR e 50, 985 H Poincare RIS ik —35IE SIIX 2611 7t
W e, 3R B AR 9 B BE A LE S ) TR E BB LIR T E B B . OO, 78— MROKKIBEHLR
SREZVE RPN, L3R =R A AT B e SR o X875 A N T TR A A R
15 R T A SR AU T B[RS 2 & SR TE[130] .

T BIRFE

BEALAS E P — IR GERI AR 25 1 - TC RN 8] X 5 5% B 7 P 4 i B 5P Az i
A8k ] B P oL B B RS S MR B G . M RGEARER, R AR A ]
BN B B IR S BRI (]2 5 G0 1 RS PR 25 7 18] rh 5 — X 3 (22 A3 s A0 Vi) IO BB AT LA
6], B5 2SI RS KRB RS R GAERENUER T AT SEvEAR e . BRI,
SR G R (B R S (B Gt AR B 71, IR G RR A R) RS 7 2 b iR
HERD IR B2 —, 324 WA 2 BTt FL B LI BT R A Y RO R AL BRI T AT e A 80 b
Rstfi . X FFRY HOLAR, ST Sk R B GRGUWIIG 1L & 4 X A DR 157 B A 2e A3 O
)% J5 1A Kolmogorov J7 #2101 VR &5 s (8] (9 FE 52 X Pontryagin 5 #2 X Ft. AR,



XTI C AR SR T 50— 4E S [5,8] . — M, XU RE W RE F AU vk g, a0
AT R ZI0E22]. TS 1A 5 77 i R R 4E B s G, BE M — BRI
Y v L BT A v 24 2R G0 A B IR 2 R ) L) — A R 0 R 2R R BT i IR R
O AR R Ak . X — Ik O VF 2 AT T3 N T 5 B R R 46 ([5,8,131,132] K 3
Fr5I SCHR), AP R e BN LV VA S B O T B R 5 i A AT S TR T 2
H EH R E 2R PEBEATL 2 4 1 i IR 2k ) R [133-135]

FEWA TS B R SE, AP 16 718 9(61), Hoh Rt (62)fiE « BRI Hng %
ARG FE H(t) TEXEI[H,, 00 ) B, ZABON[H, H, ) > Hy 5 H, 20 3R b
Bt /AME S IR SE . ST EETE R 5

R (tIHo)=P{H(s) e[Hyn, He) s € (0t] [ Hy e[Hyy, He)} (86)

HH T~ %1 J5 17 Kolmogorov 77 %
R 1 R

%zm(H")aHo +552(H0)W (87)
R HIaR 2% A
R(O|H,) =1, H,e[H,;.H,) (88)
ySeulis Sis
R(t|H,)=0 (89)
R(t|H,, )= finite (90)

SRS, A Hy=H(0)o 7 FE(87)-(90) K BRAYAN T AR e 25 W A 8 15 K 5 ok In) R ) 4 ik . R
MR TR, B G TR ) S A R R ol T A5

plr ) =~ TC )| (o)
T A PR A 4
#.(Hy) = [ " p(z | H,)dr (92)

AR TT UL, D95 31 1 05 ] R 5 A R, A IR — N B 0 O R RO AR 7]
o — N By 0 1) SR U5 R TR 26 AR e (H,) » 'E R A1) X Pontryagin J5 2

1, azﬂk = Oty _ _
EO’ (H0)6T5+m(HO)E— k/,lk& y k—1,2, (93)
CAEBURS Jix
:uk(Hc):O (94)

s (H,,) = finite <o (95)



SCBC. J7HE(93)-(95) & — M1 2 U5 T Ay A 1) R

R, WFKAH(90) 5 (95) 2 e TE . FIHITTHE(87) 5(93) M7E H, = H,,,, LIER 5 HR
A, EATAT 430 A i BT T4k [133], (87)-(90) FT A BR 22 A3 VA BB SRR, i T R
(93)-(95) B Z 73 [136]. LR & TVEMN — AR EI 2T FE(87) 5 (93)2 —4ER), T
ARG 2n 4E0), THEERZFRD.

XL TR S AR o AT AR S S AR S8, T SR AL H Tk e . 32 AR 2 AR AE T (87) AL
5(93) il i o> 1 AR BV 2 16 5 R B3 52 5°[134,135]. AR, EXLENEIE T,
JiFE(87) 5 (93) I 4E R E vm — 1, ALK TE N M. SR, AR LR O RREEUIK . R
IR T AR R L B A, TR (87) 5 (93) T YT B R R AR R SR, TR T
FERIY B B2 A1 5 B, SR8 17 A5(87) 5 (93) BB AR A R e HRAL, 40N 25 T &R i bt
WL R332 5 0 VR o ey B AR A 4 38 T o - R e 7 i I R 40 [137, 138], AU
Iy HUE AP S 2R B[ 139] S I i S A ] 400 T AR B I R 48 [140,141]

FEAUIIE 2 U0 22 G AL~ 350 77 R Rt b v B 1- 38 (R BRI TR] 1 D7 v R Bl S Tt
N R [142,143], FAEHE LN A EL Kramers 45 T [1441 58 K5/, 36 T 58—
T o WHFT Fermi JLHR A H6F e B Z IR 520 [145], A 785 T K0T 1) 2840 18 #2 [146] S DNA 1)
AR AR [147], A it 4 R S Ber B a5 A A 4 & .

8 FERMERENL BRI

2 20 AR, WEEMIRSFER CAE T ORETFT, Housner ZE45 i T —AN T2 HIVFIA
[148]. HI T AR ARG AR 52 B A an R TR S M R M THT 32 2 A5 A2 BEAILIK, 25 R 7K
SR BAT I SAEAE 2P ARZRNE, 5 ARLRPEREA LR ] T & B N ok . 2R, K24
L H P4 ) SR 2 A P 5 (B0 R M 1A [13,148-150], RAEI JLAE A, AEZR P BB AL St 4% ol
AW 5B 2 W e # [151-153] . AAFE LA FH S S 0 R S BT ik 5 AL 3h 2SR )
[14,15]HFEAM 32 1 IF A e 7 — AR AR RE AL AL ) g, T o] SR 8 ) 40l
PR GAEZ W SR/ FEsEA . AT SRR R KA BT 3 O B TR KAk . [60,154,155] 45
TR BENL-F 3995 S AL ] BRI o PR, AT B e B BB AL TS
XFBRGEME, WIRRG, € Es], E R R, A ).

8.1 MiRIE/ ML



FIEFZ B EW AL, WEA/NLE. SR SEHINRSEQ), HRMEK
VORISR U, =y, (Q.P)SEMARN /o NRILAUR, B & () Nmlr FmEr, XHFA LR
PR, BB, RRETE N Wong-Zakai fE1EIT. i 47 i SR R — MR s 2 R

T35 BRARSF 8  u® SREHE 7 u® o ul FH DASSCRE AR R e AR SR AR S 3R, AT
WA RE R S WINAE RGN A 184, HMERRM u® K— BV K. K u® 5 Wong-Zakai

BT RSy 5 R R GRS 1690, RIERGIBBN TR
oH

dQ, =—-dt
Q| aF)I
oH oH
dP = —(—+m, —-u®)dt+o,dB, (t 96
i (aQI ij GPJ i ) alk k() ( )

i,j=12,nk=12-m
XFBRE u® AN FR S8 (96) S FH IS B I R G REN LT 390k, 193] —DNER-FI4 106 7R . ansh
5 AR HI, P47 RIS TR T 15 2R G5 (96) AF I FA I 35045 R 6 ) FT AL 15 30
Yo B, ARTBUER, #0-FI77 8 N[156-157]

dH =[rﬁ(H)+<ui‘z)Z—|;>]dt+E(H)dB(t) (97)

Xhm. & HE2)HE, (o) R THHET.
2 H AR — N EREAR AR I R MR IR e R T RO IR 18] X 8] 5 P 205K . 7EAT PR
PRI 8] DX (A TR B2 AU T, #8201 240 B RS b T 9 [156,157]

) =Ef[" F(H(s).<u® (s) >)ds+ g(H(t, )] (98)

Ktp U@ =[u® U@ O . BB RN

oV : oV yOH _ oV

= —m!p{%az(H)aH S +[(M(H)+<u® : 1o+ f(H<u®>)) (99)
HAm 2%
V(H.t)=g(H(t) (100)
A
V(H,t)=min EL[ f(H(s),<u®(s) >)ds+g(H t,))] (101)

FRIVIE R B4 u®” T RE(99) A3 X u® K/ N E o #5 u® RN (99) 13 I 24 Bh 2

MRNTTRE . WRETTRE, FRR TRV (H ) AR u® G i A8 s u® (Q,P) « # f Xfu® 2



Fr R, W R E 71, H R BRI R L u@” B u@ AN (97), T
B uPT I, FERS 58 AT 166 T AR R FPK J7 R, A4S ) de AR ] 2R G AR e S PR A

B
=

Xof 2 o BRI 1] DX T) b I i 20 SR A2, 08 201 20 (R 1tk BE 48 ol 5 i B N ) - F~F- 3
A [156,157]

3,(u®) = lim ti [O f,(H(s),< u®(s) >)ds (102)
% f

i INASE RS SP A el B i N i OSSR R S

1, O, oH oV,
min{=&2(H)—2 +[M(H)+ < u® —>]—+ f,(H,< u® >)}= 103
TNy 7 (H) S+ [m(H ) <u 0210+ B=r (103)
A
y = lim tij; £.(H(s), < u® (s) >)ds (104)
§ >0 f

ST RA . BRI u®” TR (103) 2230 u® SRR R, #(103)H 2 f, 5(98)

T f A, P L E AR (], T e i) 77 15 SR DL ) 2R G i B T R ABL B i 45

A5 ZR G (96) FH LA I T 2R e v AR BAR > W AR, B E ST 0 S iR A ] AR G
125 BRIEAN[156,157] . ME— Y IX B T-4Y 1t6 J7 FE S ah SR R 4Es, 4%, RXLEffHE
ENAIRITTHES FPK J7 12 H1 T 2% i e — L5

VR PR S, SINPINEN . — R4 ] 2R

u C
_On ~ Oy

K, (105)

o,
Kb o AR, TR h=h(QPYEFEI IR, LARu. ¢ A BRFAR ST, 5
) AR

Kh

Hy = (106)

Xt o, ROARTEPWISEEH IR EZE . BR, K, o BOK, EHIRIGRE . To iz
SR T N FH T v 7 e 7S AMNUBH T 1Y) Duffing 4R 7B R40[158,159], HiNIEL MR8
A RLNER 7o BUEZIRRY], PR A2 S 0 T 3k R A 2tk — IR i (LQG) %

il KA P B L A SRS ) ik 2 R A

8.2 RBFEE
—ANENA RGO T S HBEHLE T R B AR MZ R G — N RUIMNE R R



Wzl BARBEHURE L REARE S HATTIER O T 1960 £AMA 1, RKEEINIE
LSS R Rt — ksl . REFGEHRED, LI FRRZ TR, O
HI% 1 Lyapunov B#45 3] 7 —Le45IR[160]. i, AMREIR SR L 1 & ] 5
K Lyapunov 45 %) S8 (F BEA LS € 10 SN [161-163], I N H T RKGURD R AR A R 1
AL -

ZISAFEN S T IS BRSO R R G HIF FU R AR E B (L BCR Lyapunov
RECNIE), HAmg Bt sz hfe Rgifae e, RIEH K Lyapunov e 808 t. HTl
K Lyapunov $5 £ AN BE I AR G B 5 4% 11 77 (1 8 203R0R UK Lyapunov 15 £/ 1 fE
fobr. S5, BENURGE 17 B4 JO PR I 18] DX 1] b B S szl T g 42 1) e e X — 22
R, Tt BEHUARE AT 5209 BA 5 5 RS B i)l B 2 1) R, LR A R B oK

}
SE

Lyapunov fi5 £ i /N X — ER A E -
SHUAR TR W 2 48, VEREFEAREIN(102), i £ oAf5 . mALIEH RS
¥ 1t6 77 FE % [161]

dH = m(H) + 5dB(t) (107)

A

SH) —m(Hye <o
m(H)=m(H)+ <y, P > (108)

Hrh <eo> RIRWTTREO2) MM % TFEBL), mMBHIMNSREBM ARG &K
Lyapunov f5#<z 2K
d .oH

1_ 1
¢ _ 2V Zm(0) == (0) = — < U — 109
b 2 © 2 © dH<u'aF’.>IH:0 (109)

RIE, AR BRGS0 AR LA BEH LA E AL AR ST R FEE N H 5 u IR f, (845 47

N B AERHER ATRER (TR Lyapunov F8 LB P NRS E ML — M R) . X —
it SR AR N F T v T 1 e RS 2 ) Duffing 48 & PN SRR S ¥ van der pol 4RF,
GORRYIE AR E L H 1

XHUAT AR SR 7> P ARNS B R Gt, BEHLAS AL D SRR ABA[162,163] o Z2 )£ T~ LI 1
BRI AR e — 2, I HIRA &K Lyapunov Fa 8 . BT 5% 5 R AT 7] 58 A
A SN T AN SRS AR S A B — NIRRT 5 MR T,
e M A ST B = B B TR R G . K Lyapunov fa 80 @ AL HIDE R
7 LU 1% 1 Lyapunov bR AR E AL fRT 5, 10 HL 32 4% R Gt IO RS i P W] JEE o



BEAh, GEHR T BETE OGS AT (0 e R ST MR AR e AL P TR [164]
T th 5 R B AR5 S PR R Pl 4% AU BROK Lyapunov 455K, AR 51 1 e 2
RERRAE I P S B IREAERS AR 552 0 5 AR pR B A1 P s i R 11 ML S
s 5| B IR (RER R EAL), B PLIA A AR s 5 AR, 15— FONRE N BEHE R B AR (4
IEE WSV AR

8.3 HRFBIIAK R BtER/ML
FENU G50 AR, SOmids ) K2l TR/ Nm R, AT RgREm. FRLiEREL
BRDCAZE ) SR B — A %0 7 1 s e A 40 e 5 0 G ) 1 R o AR I e /1M [80,135,165] « IX TT
& 9 AT HE P BRI i R A BT 38 O 2 T [A] P e KA o BB, of B2 A HUAS AT RIS I AR 4
B> F1 106 T AR AN(97), W2 AIBON[0, H, ), AT EE IR R AR i ) R 38 7~ S R P e
fabroe
J(u)=P{H(t,u)e[0,H,),0<t<t,} (110)

AT FER N

o H .o 1_, . & ~

m&x{a+[m(H)+<ui6—m>]a+EG (H) =1V (t H) =0 (111)

2SN S LS|
V(H,t,)=1H e[0,H,) (112)

RN
V(H,,t)=0 (113)
V(0,t) = finite (114)

Hor

V(H.1) = max P[H (s,u) [0, H,), t < s <t;] (115)

FAEREL

T35 16 72 2 (97) I FULAN P A NG 51 2 490~ 350 7 K %5 P 1] g K A 2 1 ) R ) 14
REFEbR N
Jy(u) =E[z(H,u)] (116)

2 7 R A2 T RE(97) K H () [ 5 I 1] . 5 S BRACN



Vi(H) =max E[z(H, u)] (117)

M h AT RN

m&x{%EZ(H);jZ +[rﬁ(H)+<uiZ—:>]%}Vl(H)=—l (118)

DR
V,(H,)=0 (119)
V, (0) = finite (120)

AR, WA (14) 5 (120) 2 2 T AR E B, R0 ShA R U7 FE(111) 2(118) A ik
FtH=0 LSR5 AR BT 2l A

B HI IR S0, B sh AR5 R (111) 8(118) A2 Xt u SRR T I R f s i
TR, B

U =-bsgn(Q,), i=12-n (121)
SHEME R, $(121)F o AAN(111)55(118), IR Zsh B RMRITTRE, Reds iz il

BRG] SE I B H T 24 k5 I 1]

XA AT AR BRAUER 73 R RIS S AR ¢, ) AL L R e 1 o s KA 551 2 I e ()
AL 1) [80,135] . L ZEHITE T- MBS SRR PR e B — 2k, iR —2b . %
PR e AR TR 5 v 27 e e s S R il (0 s AR 2R IR 1 [166]

8.4 HR AT LI R SR B L F 1)

£ BRSNS, Y EGE RGNPIRS R S e ORI . MskbriEd, RERRES 2
I A e 1 B DR A TS R . BRI, RGHRES 2 v I o 3 ] B
T B WA R Bk g 38 73 R RIN 22 GE A4 1] o D9 1 R 1 di DIE 42 1 SR es I Y 28] Sz P TR 45
P rR A7 b BORE B3 e DU ) SR 3 2125 18 AR GUIRASHE 20w (5 7
8.4.1 SMRERAELRENN T

X EPESZ 1% R ST S LA T /e, AT 20 88 I #E[167, 168145 #4873 rT WL & S i) e e 4%
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Deflection and stresses in the rectangular laminate (A = 3a)

=3[ 0°/90°/0°

E; =25 % 10°psi,
Gr = 0.5 % 10°psi,

= 0.25,

Er = 10%psi
Grr = 0.2 % 10°psi
ppr = 0.25.

ah Girid wila/2, b2, 0) Golaf2, b2, h)2) ay (a2, bj2, hj/6) To(0, B/2,0)
4 4 43 2.8205 0.9792 0.1029 03440
B B3 2.8301 1.0027 0.1054 00,3490
12 = 12 = 3 2.8302 1.0071 0.1059 0.3499
16 = 16 = 3 2.8303 1.0086 0.1060 0.3502
Exact [23] 2.82 1.14 0,109 0.351
10 4% 4 =3 0.8951 06669 0.03910 0.3986
B8 =3 0.9128 06957 0.04072 04144
12 = 12 = 3 09162 0. 7012 004104 0.4175
16 = 16 = 3 0.9174 0.7032 0.04115 0.4186
Exact [23] 0.919 0.726 0.0418 0.420
20 4 d w3 0.5517 0.5683 0.02579 0.3656
Bx8 =3 0.5937 06244 0.02831 0.4154
12 % 12 = 3 06023 0.6358 0.02883 0.4258
16 = 16 = 3 06053 06390 0.02902 0.4295
Exact [23] 0610 0,650 0.0294 0.434
S0 4 d =3 0.3203 0.3762 0.01542 0.1594
B8 w3 0.4494 0.5383 0.02207 0.3382
12 = 12 = 3 04862 0. 5544 0.02396 0.3901
16 = 16 = 3 0.5005 06024 0.02470 0.4105
Exact [23] 0.520 0628 0.0259 0.439

* The values indicated for &, occur in the central layer.
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vim & Hee s F e Table 3 Numerical results of (fax by
250 < NHI11 elementmethod for coal face 9108 M Pa
210 . HEVERE /m
FFs
90 100 110 120 130 140
1 27 38 2674 26 55 26 41 26 37 26 36
2 2929 2790 2763 2749 2741 27 37
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4 2127 20110 2097 2087 2087 2087
20 5 19 86 19 74 19 69 19 64 19 64 19 64
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Table 5 Numerical results of (maz for coal face

Table 7 Numerical results of Omaxz for 9108 by ISﬁ elem en tm ethod v Pa
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_ RS s
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PR IEFECREEIAR

SUBROUTINE k_matx{coord,props,eload,lnods,matno,ielem)

computation subroutines

K

U]

I

$if Is_Double Precision.EQ.1
I IHPLIGIT REAL*8 (a-h,o-z
Sendif

COMHON/a/npoin,nelem,ndi
ntype,nevab,nmat
inn,model,nbeta

DIMENSION coord{ndime,np

1nods{1),eload

CHARACTER msg=80

msg="You have chosen an

CALL characteristic{coor

IF{(issame .NE.B)YRETURHN

SELECT CASE{model)

CASE {1,2,3)

CALL stiffp{props{1,lpro

CASE (5,6)

CALL k_hyb{props{1,lprop

EHD SELECT

RETURH

EHD

I SUBROUTINE fi_m{s,t

I SUBROUTINE pppp{ielem)

$if Is _Double Precision.|

Sendif

Calculate the 'pp"' of incompalible element

PPPP

IMPLICIT REAL=8

COMMOH/element/
dmatx{6,6)
modelf

COMMON/pp/ pp(3,

DIMENSION ab{3,7

CALL aibici{elco

do 1084 i=1,3

j=1i+1

if(j.gt.8) j=1
k=j+1

if{k.gt.3) k=1
a1@8{1,i)=ab{j,2)=al
a1e8{2,i)=ab{j,2)=al

c Calculate stress interpolation matrix

$if Is_Double_Precision.EQ-1

I IMPLICIT REAL#*8 {(a-h,o-2}

DIMEHSION fmatxz{6,mbeta),abc{32),xjab(3,3),hp(18,3),xjaci(3,3)

Sendif

DO 188 i=1,6

DO 1688 j=1,mbeta
188 fmatx{i,jy=0.

Do 28 i=1,6
28 fmatx{i,i)=1.8

I SUBROUTINE k_hyb{props,ielem)

$if Is_Double Precision.§

c

c

C

C

Cmmm e
|
1

Sendif

Evaluate stiffness matrices of hybrid plane elements or axisymmetry

hybrid elements

K HYB

PARAMETER { mmbe
IMPLICIT REAL*8

COMHON/ a/npoin,ne
ntype,ne
inn,mode]

COMHON/b/posgp (4

COMHOM/element/

dmatx{6,06)
modelf

DIMEHSION props(

COMHON/ fhyb /g { mnj
gh{mmnon
xjaci(3,

CHARACTER cnelemd

WRITE(cnelem, ' {i}

CALL outt('Elemei

%jal{1,1)=abc{18)*abc{19)-abc{11)=abc{18)

C¥®*®

26

188

G

222

e

Calculate G matrix

DO 188 i=1,nbeta

DO 188 j=1,nes

DO 188 k=1,nstre
gi{i,j)=g(i,jy+Fi(k,i)=bmatx({k,j)*darea

Calculate H matrix

DO 118 i=1,nstre

DO 118 j=1,nbeta

h1(i,j)=0.

DO 118 k=1,nstre
h1{i,jy=h1{i,jy+dmatx({i, k)y=Fifk,j)
DO 111 i=1,nbeta

DO 111 j=1,nbeta

DO 111 k=1,nstre
h{i,jy=h{i,j)+Fi(k,i)=h1(k,j)*darea
IF{model .EQ.6)THEH

po 222 i=1,18

Do 222 j=1,18

DD 222 k=1,3
hm{i,jy=hm{i,jy+hp{i,k)=*hp{]j,k)=darea
EHDIF

CONTIHUE
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topology and (b) tetrahedral topology (absent the top face sheet)
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m Lok and Cheng (2000) derived the equivalent stiffness of a 2D orthotropic
sandwich panel.

m Rabczuk et al. (2004) proposed a homogenization method for sandwich
structures with 2D coresto study the dynamic response when subjected to
Impulse or blast loading.

m  Xue, Vaziri and Hutchinson (2005) proposed a constitutive model to study
the elastic-plastic behavior of compressible square honeycomb sandwich
plates.

m Liu, Deng and Lu (2007) proposed an equivalent single layered FE
computational model to predict the structural behavior of prismatic and
truss-core sandwich panels.
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Table 1: The geometric parameters of the two sandwich plates
Plate | t/(m) | A (m) | £ (m) | d(m) | a(m) | b (m)
A 0.0025 | 0.0300 0.003 0.0424 1.06 1.06
B 0.0035 | 0.0612 0.004 0.0750 1.20 1.30




Table 2: The first eight natural frequencies of the two plates

Mode Plate A (Pyramidal) Plate B (Tetrahedral)

m n TET Present 3D FE TPT Present 3D FE
1 1 228.20 204.93 203.72 340.71 227.30 226.07
1 2 811.32 407.24 403.93

57051 451.02 445.10

2 1 892.21 432.03 427.91
2 2 912.82 652.01 640.37 1362.8 556.94 549.40
1 3 15957 610.16 600.46

1141.0 769.27 152 5}%

3 1 1811.4 655.82 643.37

2 3 2147.2 T21.47 705.58
1483.3 927.07 903.89
3 2 2282.0 746.26 728.66
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