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Introduction of SHIAE

Mission of SHIAE

The MISSION of the Institute is to spearhead, conduct, promote and

co-ordinate re search in advanced engineering. There is no end to the list of

areas to be explored and the plan is to give priority to research topics that

are both exciting and innovative. The Institute also aspire s to transfer ring
its research results to industry for p ractical application and to put across to

the community at large the role of engineering as a driving force for human
development through educational activities.

As a pioneering institute exploring the forefront of the engineering science,
The Shun Hi ng Institute of Advanced Engineering will

spearhead state -of-the -art advanced engineering research
create and sustain synergy with world -class researchers
develop with and transfer to industries cutting edge technologies
promote appreciation of engineering in society through educational
programmes

The Shun Hing Education ar@@harity Fundwas founded byr. William Mong Man Waiwith the

aim of enhancing educatiah opportunites for the younger generatienThe Fund has already
sponsored numerous educatbmand research programmes in Hong Kong, the Mainland, and
overseas edutianal institutions. Himself an engineer aadfirm believer in advancinghe quality

of life throughthe development of science and technology, Dr. Mbag been there tsupport the
establishmenand growthof this Institutefrom the beginning

Centre & Excellence at CUHK

The Chinese University of Hong Kong is an internationally renowned institution of higher learning
devoted to quality teaching and both academic and applied research. The University has establisht
29 research institutes and a numbéresearch centres with a view to pursuingfigmt research
endeavours with focused goals and objectives. The Shun Hing Institute of Advanced Engineering
plays acrucial part inthe research infrastructure of the Chinese University which is committed to
exciting research programmes in advanced engineering areas.

As astrategiccentre of excellence dthe Chinese University of Hong Kong, the Institute support
greater regional and international research collaborations, and strives to attract talens framidh
over to achieve greater internationalization, a vision strongly advocatestdoy member of the
University.



Commitment othe Faculty of Engineering

The Faculty of Engineering was founded in 1991 and was built upon existing ssrentgtiadded

talent from all over the world. The Faculty has been able to attract some of the best minds. Many
received their training in leading universities in North America, Great Britain and Australia. Most of
them have extensive experience in industry and maeylemders in their fields. This team of
top-notch talent is gathered to nurture local talent through educational programmes, and break new
frontiersin research through innovative and exciting research endeavours.

The positioning of The Shun Hing Instieubf Advanced Engineering the William M.W. Mong
Engineering Building is deliberate as a key nucleating point to integrate research endeavours in the
Engineering Faculty and its neighlva Our members join hands with their counterparts from the
Faculties of Science and Medige in many interesting research collaborations. It is the ambitious
goal of the Faculty of Engineering that the Institute should become a lighthouse for the local
technology landscapéo herald the migration towards high valaded technology andan
information economy.

The mission of the Institute is to spearhead, conduct, promote asrdicate research in advanced
engineering. There is no end to the list of areas to be explored and the plan is to give priority to
research topicthat are both exciting and innovative. The Institute also asforéransfering its
research results to industry for practical application and to put across to the community at large the
role of engineering as a driving force for human developmentdghreducational activities.

Building on Strength and Th&ayAhead

Many of the Institutes research projectare built upon areas in which the Faculty has already
achieved outstanding performance. These are areas that have great potential for further
technological advancement and in line with industrial development in Hong Kong. The Institute
provides a vibrant R&D environment to spur new discoveries and speed up their translation into
applications Since2012,we have expanded our scope to cover newtiees inRenewable Energy
striving to answer tomorro® energy challenges.

Technology Transfer

Synergy with industry is the ultimate goail research and development in Hong Kong. External
expertshave been broughih to the Institute to lead researchofects that could benefit the
industrial sector.

The technology transfer arm of the Faculty of Engineeringspdayimportant rolen the traffic
betweenthe Institute and industryThe Institute houss an array of topotch research and
development aotities encompassing contract research, gfirtompanies, and consultancies.

Contribution to Society

The Institutehas been makingontributonsto the progress of Hong Kong through a wide range of
educational activities like training courses, sengsnaymposiumswvhich disseminate the latest
technologies to promote appreciation of engineering in society and arouse interest of the younger
generatiosin engineering.



Organization of SHIAE

International Advisory Board

SHIAE Management Committee

echnologies
Research
(MMT)
~ since 2005 —

—since 2012 -

We also provide support and sponsorship to the Faculty of
Engineering in organizing prestigious academic conference
in Hong Kong so as to raise our international profile.



Composition of International Advisory Board

Chairman:
Mr. David T.Y. MONG

Managing Director
Shun Hing Electronic Trading Co., Ltd.
Hong Kong

Members:

Professor Victor ZUE

Professor of Electrical Engineering and Computer Science
Massachusetts Institute of Technology,
US.A

Dr. Harry SHUM

Corporate Vice President
Microsoft Corporation,
U.S.A.

Professor Yongmin KIM

Hunter and Dorothy Simspon Endowed Chair in Bioengineering
Department of Bioengineering, University of Washington,
U.S.A.




Professor ChinMing HO

Ben Rid-Lockheed Martin Professor in School of Engineering
University of California, Los Angeles,
U.S.A.

Professor C.C. Jay KUO

Professor of Electrical Engineering and Computer Science
University of Southern Californja
U.S.A.

ProfessorTai Fai FOK

Pro-Vice-Chancellor
The Chinese University of Hong Kong
Hong Kong

ProfessorWing-shing WONG

Dean of the Graduate School
The Chinese University of Hong Kong
Hong Kong

Professor thing Ping WONG

Dean of Engineering
The Chines University of Hong Kong
Hong Kong

ProfessorPak Chung CHING

Director of Shun Hing Institute of Advanced Engineering
Pro-Vice-Chancellor and Professor of Electronic Engineering
The Chinese University of Hong Kong

Hong Kong




Composition d Management Committee

Director.

ProfessorPak Chung CHING
Pro-Vice-Chancellor
Professor of Electronic Engineering

Secretary
Professor John C.S. UI
Department oComputer Science and Engineering

Members
ProfessorChing Ping WONG (exofficio)
Dean of Faculty of Engineering

Mr. Terrence CHAN
Managing Director of Shun Hing Technology Cdd L
Hong Kong

Professor HENG Pheng Ann

Department of Computer Science and Engineering
(until July 31, 2014)

Professor LEUNG Kwongsak

Depatment of Computer Science and Engineering
(from Augustl, 2014)

Professor Dennis Y.M. LO
Associate Dean (Research) of Faculty of Medicine
Department of Gemical Pathology

Professor Helen M.L. MENG
Professor of Systems Engineering & EngiiregeManagement

ProfessorMax Qing Hu MENG
Department oElectronic Engineering

Professor WANG Yu, Michael

Department oMechanical and Automation Engineering
(until July 31, 2014)

ProfessorLIAO Wei-Hsin

Department oMechanical and AutomatioBngineering
(from August 1, 2014)

Professor WONG King-lap
Department oMechanical and Automation Engineering

Professor WONG Wing-shing
Department ofnformation Engineering
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Shun Hing Visiting Scholarg Fellows

The Institute haslaunched aShun HingDistinguished Scholar Programith an aimto attract
distinguishedscholars to pursue research collaboration with our faculty tanstrengthen our
research profileThe following scholarsvisited to work either on a short term or on a longemter

engagerant with the Institutdetween 203 and 204.

Shun Hing Fellowsand Research Associate
(in alphabetical order)

Dr CHENG Hui 20112013
The Sun Yasen University, China

Dr LI Jinming 20142015
Nanyang Technological University, Singapore

Dr LOU Yishan 20142015
The Chinese University of Hong Kong

Dr Lu LIU 2008
The Chinese University of Hong Kong 20122013
Dr LUO Yangjun 2013
Northwestern Polytechnical University, China

Dr WANG Feng 2013
The Chinese University of Hong Kong

Dr WANG Xiaoming 20122013
Dalian University of Technology, China

Dr XU Huihua 20122013
Chinese Academy of Science, China

Dr YANG Juekuan 20122013
Southeast University, China

Dr YANG Shih-Mo 20132014
National Chiao Tung University, Taiwan

Dr YAO Hong 20132014
The Chinese Universityf Hong Kong

Dr ZHOU Aijun 20132014

University of Electronic Science and Technology of Chitana
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Financial Statusof SHIAE

As at D June2014

HK$
INCOME
Start Up Seed Fund 34,500,000
Interest and investment iome(May 2014) 6,547,742
Subtotal: 41,047,742
EXPENDITURE
Research funding granted sir2@052014 @ 32,991,20(
Committed Research Budgat2015 @ 1,002,000
Unspent remaining fund from completed projects -2,734471
Operating cost 3,228,184
Subtotal: 34,486,91¢
BALANCE as at 30 June2014 6,560,82¢

(1) Annualized Research Fundingto each research areagranted since 2005

SHIAE Funding Granted since 2005
(in total of HKS 33,993,200)
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Funding Year (budgeted)

This figure showsghe distributionof the SHIAE funding granted taaeh trackof researclprojects,
namely Biomedical Engineering (BME), Multimedia Technology (MMT) and Renewable Energy
(RNE) annually.
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(2) Detail funding level on each batch of projecs(inHK$ 9§ 00 0

Funding
Year/ No. of
projects

2015
(budgeted

2014

2013

2012

2011 | 2010 | 2009

2008

2007

2006

2005

Year 2005
Batch
(6 Project}

60

2,58¢€

3,462

Year 2006
Batch
(5 Project}

1,48C

1,69¢

Year 2007
Batch
(7 Project}

- - 200

1,792

2,354

Year 2008
Batch
(4 Project}

- - 1,84¢€

1,92¢

Year 2009
Batch
(5 Project}

268 1,414 1,624

Year 2010
Batch
(5 Project}

1,334.€ 1454.¢ -

Year 2011
Batch
(4 Project}

1,28

1,24¢& - -

Year 2012
Batch
(5 Project}

1,52C

1,52C

Year 208
Batch
(4 Project$

1,474

1,474

Year 204
Batch
(3 Project$

1,00z

1,00z

WOSP2007,
Workshop

25

Annualized
total:

1,007

2,47¢

2,994

2,768

2,850.€ 2,868.€ 3,672

3,720

3,919

4,281

3,462

Accumulated
Total

HK$33,993200

This table shows the detail amountSHIAE funding granted to each batch relsearch projects.The
subtotalamountof 1.002million budgeed for 2015is committed tosupportresearch projestin July

2015.

FINANCIAL STATUS
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Research- Outstanding ResearcHighlights

ASEMANTIC ANALYSIS FOR IMAGE RESIZINGO

(Project funded in Year 20)

by Professor WONG Tien Tsin
Department of Computer Science & Engineering, CUHK

3D , , AiMan with a Visi on,ost 1&Apnl
, 2013 4 9 2013.

HEFHM 20135 48 108
South China Moming Post 10 Apr 2013
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http://www.youtube.com/watch?v=dYvAQhozYlA

AcademicPublications

So far36 projectshave bep sucessfully completed an@d82 articlesarising from the results of
these research projects have been published in international conferenceipgscaerd journals.
The other 11 on-going projects are also progressing welthwencouraging results producedAll
publications generated by each individual projects are kefite archive of SHIAE office. The
chart below shows the numb&racademic publications produced each year.

Publications arising from SHIAE supported projects

total: 282
70
60 +F
50
40 +F
Qty M RNE
30 ¥ o MMT
BME
20
10 +
o -~ L L L A A A A A '
2005 2006 2007 2008

2009 2010 2011 2012 2013

Batch

The list of publications can also be downloaded from the webpage of ESHAA
www.shiae.cuhk.edu.hk/research.htm
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Renewable Energyrack

Research Reports
In Renewable Enery

Continuing Projects

(2013-2019 | * EarthAbundant Metal/Metal Oxide Nanostructures for
Rechargeable LAir Batteries: Catalyst Desigmd Mechanistic
Investigation

* Graphenebased asymmetric supercapacitors with high enel
density for clean energy storage systems

(2012-20149 | * Vibration Energy Harvesting Utilizing Multifunctional
Phononic MetaMaterials and Structures

* Understanding Electron and Phonon Transport in Boron
Carbide Nanowires for Thermoelectric Energy Conversion

* Ternary Hybrid Polymer/Nanocrystal Bulk Heterojunction
Solar Cells with Cascade Energygvel Alignmen




EARTH-ABUNDANT METAL/MET AL OXIDE NANOSTRUCTURES FOR
RECHARGEABLE LI -AIR BATTERIES:
CATALYST DESIGN AND MECHANISTIC INVESTIGATION

Principal InvestigatorPraessorYi-Chun LU
Department oMechanical & Automation Engineering

CUHK

Research Team Membehulin CAO, Research Assistafit
Zhuojian UANG, Junior Research Assistdft

@ Dept. of Mechanical and Automation Engineering of CUHK

ABSTRACT

Electrical storage technologies are of vital importance to enable effective utilization of intermittent
renewable energy sources and the creation of sustainable electric transportation.-diithjoimLi-O,)
batteries have received extraordinary research attention owing to their potential to provide gravimetric
energy density -5 times that of the conventional -ldn batteries. However, the lack of fundamental
understanding of the reaction mechanisms araderials design strategies has led to numerous critical
challenges including poor roustdp efficiency, low rate capability, and poor cycle life. Here, we propose to
develop earttabundant metal/metal oxide nanostructures including nanoporous metak faach
mesoporous metal oxides as electrode materials to promote the rate capabilitytripoeffctiency and

cycle life of rechargeable {0, batteries. In addition, we will investigate the@j interfacial chemistry and
electrode reactivity via spectcopic characterization techniques coupled with in situ and ex situ
electrochemical characterizations. We seek to idenki& source of instability/irreversibility and apply
mechanistic insights to guide the design of efficient electedeletrolyte intefaces (e.g., electrode surface
chemistry, electrolyte solution chemistry). We intend to demonstrate rechargedbiebhiteries with
improved rounerip efficiency, rate capability, and cycle life with minimum capacity loss.

1. OBJECTIVE SAND SIGNIFICA NCE
We aim to (1) develop eartibundant nanostructured metal/metal oxide electrode materials to promote the
rate capability and roundip efficiency of rechargeable 10, batteries; (2) develop stable
electrodeelectrolyte interfaces to improve the cytdife of rechargeable EO, batteries; (3) unravel KD,
reaction mechanisms, identify key processes that limit battery performance and develop design guidelines fc
stable and efficient electrodgdectrolyte interfaces. These objectives will directly adslirine most critical
challenges of rechargeable -Q, batteries and are expected to enable transformative advances in
rechargeable Lair technology

3»%:{

2. RESEARCH METHODOL OGY E
To improve the roundrip efficiency, rate capability and cycle life céchargehle

Li-O, batteries, we proposdo (1) develop earthabundant nanostructured: e
metal/metal oxide electrodeaterialsand (2) investigatei-O, interfacial chemistry @i[ ; T
and identify battery degradation mechanisto guide the design of stable i ,
electrodeelectrolye interfaces The overview of the proposed research plens Fig.1. Overview of
summarized in Fig.1. the research plans

2.1 Synthesis of nanostructured indium tin oxide/chromium oxide

nanc-composite

Indium tin oxide (ITO)is one of the most promising conducting oxides for electrochemicéitafpn and
has been shown stable during@i cycling environment by Li et &lHowever, noble metal ruthenium (Ru)

e
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was used in the work of Li et ahs a catalyst to facilitate the-O, reactions due to the low catalytic activity

of ITO. A recent work of the Pl has revealed that chromtwmtaining oxide exhibit superior charging
activity compared to carbon and exhibit simitatalytic activity as noble metals. Therefore, we here exploit
chromium oxide (GO;)/ITO nanecomposite as cathode materials for rechargeab®, biatteries. Here we

use asurfactant assisting method followed by a {mmperature heat treatmer0 mg ITO is firstly
dispersed in 50 ml distilled water by ultrasonication for 15 min. Then 250 mg triblock copolymer
(HO(CH,CH,0)10(CH,CH(CH3)O)7o(CH,CH,0)106H) Pluroric® F127is added under vigorous stirring for

24 h. Then 2 ml of KCrO, (10 mg/ml HO) is addel to the above suspension under vigorous stirring for
another 24 h. The resulting mixtugeaged in air at 50C for 48 h in a Petri dish and then calcinated by heat
treated at 500C for 1.5 h under HAr atmosphere.

2.2 Synthesis of nanostructured tianium carbide

Titanium carbidg(TiC) has been recently reported to demonstrate superior cycling stability in rechargeable
Li-O, batteries. However, the TiC used in the reported literature only exhibits limited specific surface area
(~15m?/g),2 which significantly limit the specific capacity of the-O, batteries. Here we aim to synthesize
high surface area Ti@sing GN, as carbon sourceBulk C;N, can be synthesized using melamine as
precursof. We design a solidtate reaction assisted by carbothermal reduction process to synthesize fine TiC
nanoparticlesThe C3N, ads as a precursdo reactwith another oxide Ti@at 11001200°C. The GN, was

firstly prepared by reaction of melamine under air at-600 °C according to the literatufeFor the
fabrication of TiC, theassynthesized €N, and oxide TiQ aremixed together. The mixed powdarethen

put on an alumina boat and inserted into a tube furnace. The fusra@euatedo 10° mbar. And then the
furnaceis heated to 110Q200°C at the rate of 3C/min and kepat high temperature for2hours.Finally,

black powder sample is obtained ammbled down naturally to room temperature

2.3 Synthesis of prous silicon nanowires

Porous materials have been used as supports for catalysts because of their largeohpotaest large
surface area, and ease of recycling compared with other nanomaterials. Porous Si nanowires (Si NWs) have
high surface areas, good electrical conductivity and fine chestighility, which make Si NWs interesting
candidate as cathode ma#dsi for rechargeable 1@, batteries.We synthesizeSi NWs viaa method
involving the deposition of silver particles on the surface of bare Si substrates followed by wet chemical
etching® Briefly, pieces of commercially available highly dopedlype Si(100) wafersreused as starting
materials. The Sivafersare cleaned by sonication in DI water, acetone andrigmmol and dried by
nitrogen blowing. The cleaned ®afers arammersed on a buffered oxide etchant (BOE) for 2 minutes to
remove the native oxide layer and then immersed in a solution containin@.0OM AgNG and 5 M HF

for 1 minute at room tempertat. The colorful surface of Si wafer indicates that Ag nanoparticles have been
formed on Si surface. The Atgposited Si waferarecleaned with DI water to remove the extra’Agns

and then immersed on the solution containing 4.8 M HF and 0.3®4 fidr different time. Finally the Ag
particlesareremoved by immersing the Si wafers in the concentraitOsifor one hour.The asetched
producs areinspected with a scanning electnmicroscope (SEMat 10 kV of electron acceleratiaoltage.

2.4. Lithi um-air cell designand assembly et
We have designed and fabricated an electrochenhic&, @

testing apparatus or 10, cells, as shown in Fig. Z'he cell ~ t
design ismodified uponon a model proposed by the Pl in a “”“‘””*"L('::“'”
previous worlé Basic function of the cell is to enclose battery — c - -
components and active material and protect thigom . -
exposing tothe ambient environment. The cell composes == o

mainly of stainless steel arublytetrafluoroethylend PTFE. el oty Co¥tdy footom

The cell is assembled Ipfacing alithium metal foil, apolymer ®

separatoCelgard 2325)a cathodeand a current collector in

the center of the bottom plate, between two of which 100uL of

electrolyte (0.1 M lithium perchlorate (LiClg) in dimethyl

sulfoxide (DMSO)) is added, fbowed by installing bolts that Fig. 2. (a) lllustration of the LD, cell; (b)
hold the top plate, spacer and bottom plate together(i@&as Assembling of LiO, cells

pure Q) is then purged through the valves and the gauge will
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be used to indicate quality of the hermetic seakig.have conducted a leakage test that sstdgsproved

that the cell can be wedlealed. Therefore the fabricated cell is suitable for our future work on battery
materials.

3. RESULTS ACHIEVED SO FAR

3.1 Materials characterization of assynthesized CyO4/ITO cathode material.

Cathode material consisting Cr,O; nanoparticles _ secsoymer
supported on ITO were synthesized by a soft temple;, o0— @
method followed by lovtemperature heat treatment. Fig l
3 shows the schematic of the synthesis proce&8/ and @ ——— g
energydispersive Xray spectroscopy (EDS) of thf_________,_.__ﬁ_ -
assyntresized GJO4/ITO. It is interesting to notéhat the || ™~
original color of ITOwasyellow and after the coating o}
Cr,0g, the final Cr,O4/ITO product is dark colerwhich | " or E
might indicate improved electronic conductivitfhe | . A _I____| Sy

EDS result shows the major compasiticonsists of In, : .

Sn, andCr. The atomic ratios of Cr and In elements a FI%n?a %’Sgﬁi’;ﬂﬁgf?ﬁgggﬂﬁ%i‘i’eEéV'
19.08% and 54.12%, respectively. Cr,0y/ITO

3.2. Materials characterization of assynthesized TiC cathode materlal
Fig. 4 shows the SEM imageand the =5,

Tic

XRD pattern of assynthesized black - JcPoF caro. 321383
product by the soligtate reaction assiste AL ;
by parbother_mal r_eductlon methoE W e
described earlierSEM images show tha &
the obtained product composed "2 Theta (dogroe)
irregular ranoparticles. The EDS ‘ :
spectrum(not shown here) showthat the |
assynthesized product contaithe Ti, O, o : . .

andC elements. And the atomic ratios ¢ Fi9- 4.SEM imagesaind XRD patterrn)f assynthe5|zed'|C

Ti and C elements are 17.07% and

14.93%, respectivelyThe atomic ratio of Ti/C is close to 1:1The XRD patterndemonstrate that the
assynthesized product was crystalline TiC. The index pattern bigsézakes with JCPDS card no-3383.

The XRD pattern of oxide precursor Li@as also shown for comparison. It means that the pi€cursor

can be transformed into TiC after reaction witthNgby present method in this cadde results suggest that

this route is effective in converting TgQo TiC. The reaction mechanism can be expected to include two
steps: Firstly, @N,decomposes into different carbon nitride species, suchMs,G:N,", and GN5*, at
temperature higher than 580. These species ahighly reactive and easily bonded to oxygen atoms and
reduce the titanium oxide into titanium metal. The subsequent carbonizing process between the titaniur
metal and the carbenich species will occur and finally lead to the formatiomahoparticles oTiC. We

will evaluate the specific surface area of theswysthesized TiC via thBrunauer, Emmett and Teller (BET)
method

J F

3.3. Materials characterization of assynthesized porous Si
NWs cathode material.
Fig. 5 shows the potograph(top left) and t@ view SEM image
(top right) of the assynthesized Si nanowires on highly doped
substrate. In order to clearly reveal theNSVs morphologies,
the crosssection view of the Si substrate shownin Fig. 5 |}/
(bottom). It is observed that surface of Si striage is etched and_
morphology of these etched Si is nanowire arrays. The
nanowire arrays have length of 4t and width of 8a120 nm.
The Si nanowire arrays have been successfully fabricated. THSE
nanowires have crystalline crystal structures andgela
lengthdiameter aspect ratio and porous propeftieshe
assynthesized porous Si nanowires have large surface g

H[IIHIHH]HU it

Fig. 5. Photograph and SEM images of
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which may be a good candidate as catalyst suppMferwill evaluate the specific surface area of the
assynthesized Si NWs via the BET method.
3.4. O,-cathode fabrication and electrochemical characterization of select cathode materials
Oxygencathodes ardabricated by firstmixing the cathode powder Q) el
with PTFE binder in the ratio 95:5 (m/m) in isopropaff€il. 6a) The o T — ﬁ
slurry is then drop casted onto a stainless stesh(0.6 mg/cnf). The
coated mesh is dried in vacuum for over 12 hatir$50°C. After this
the electrodes are transfer to the glove box without exposure #sair.
shown in Fig. 6bthe resulted electrode that the cathode material is
evenly distributed across the mesh, both on and between the
wires. To establish our testing apparatasd methodology, ®& first
selectcommercial available conductimgetal carbide asathodemodel
systens due to its superior reaction stability reported recentlye
systematically select five metal carbides includififc, vanadium
carbide ¥C), chromium CrsC,), molybdenum carbideMo,C), and =
tungsten cdride (WC). The galvanostatic electrochemicels
characterizations ohe five carbide nanoparticles ashown in Fig. 7. T,
The rats for discharge and charge were 50mAdgqs. and 10mA/g
cathode F€Spectively. We also limited the discharge process to a capi
of 100mAh/@amode t0 €xamine the discharge and charge behavior
Li-O, batteries without forming large/thick insulating,Q} particles. .
As shown in Fig. 7the VC exhibits low dischargé.e., poor discharge /_y
activity) but exceptionally low charge volage (i.e., high charge _ “°]
activity). The low discharge voltage may be explained by its relativ
small specific surface arganhich further suggests that thi€ exhibits
thebest catalytic activity focharging of the LIO, batteriesamong the
five carbides.In addition, TiC shows the highest charge potentii 25
suggest that TiC exhibit lower charging activity compared with ot |
four carbides To quantitatively evaluate and compare thetrinsic THAG A N R PR
catalytic activity of thdive select cathode materidisr discrarge and _ Capacity (mAh/g) _
charge reactios) we will perform comprehensive electrochemic: Fig. 7. First charge/discharg
characterizations includingyclic voltammety (CV), Potentiostatic Profile of Li-O; cellswith cathode

. N 4 ) . materials including TiC, GE,,
Intermittent Titration Techniqu@”ITT) and Galvanostatimtermittent WC, VC and MeC.
Titration TechniquéGITT) tests on these rtexials. Activity obtained
from these measurements will be normalized by the true surface area of each material to be measured by the
BET method.

cathode material

Ll S
Fig.6. (a) Cathode fabrication (k
SEM image of @-cathodes on
stainless steel.

3.5+

3.0+

Potential (V vs. Li)

3.5. Design and setting up orline electrochemical mass spectrometer

We designed and are developiag online electrochemical mass

spectrometer (OEMS, Fig. 8jo identify and quantify the gas or o -

volatile species formed in the cell during charljeonsists of an 1 nll—ﬁ ﬂ
electrochemical cell, a sampling system and a maastremeter. "

A pressure transducer will mnnected to the cell and measures

during discharge the change of oxygen pressure, from which the |

amount of oygen consumed can be determined. During charging,

the gas and volatile species yield during chavilebe sentto the

vacuum chamber by the sampling systdime mass spectrometer — pig g 4

can be used to analyze the composition of the gas. ) , )
References{1) Li et al.,Nano Lett.2013, 13, 4702. (2) Ottakam Thotiy F19- 8. Schematic of the OEMS desig
et al.,Nat. Mater.2013, 12, 1050. (3) Li et alJ. Alloys Compd2007,

430, 237. (4) Zhang et alJ, Am. Chem. So@013, 135, 18. (5) Qu et aNanoscale2011, 3, 4060. (6) Lu et al.,

Electrochem. Solid State Le®010, 13, A69. (7) Qu et alJ. Mater. Chem2010, 20, 3590. (8) Tsiouvaras et dl.,
Electrochem. So2013, 160, A471.

4, PUBLICATION AND AWAR DS
To date, there isapublicationarising from this funded project, but we expee® journal articleso be
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published upomhecompletion of the second year project period.

GRAPHENE-BASED ASYMMETRIC SUPERCAPACITORS WITH HIGH
ENERGY DENSITY FOR CLEAN ENERGY STORAGE SYSTEMS

Principal InvestigatorProfessoiZHANG Li™?

Depatment ofMechanical & Automation Engineering, CUHK

Research Team Members:
HAN Lijuan, Shun Hing Research Assist&r?
WANG Feng, Shun Hing Research Assistarit

@ Dept. of Mechanical and Automation Engineering
@ Shun Hing Institute of Advared Engineering

ABSTRACT

The objective of the proposed research is to fabricate, characterize and optimize gbagkdne
supercapacitors with high performance for clean energy storage systems.

Supercapacitors have attractive properties such as high dliachparge efficiency at high powdensities,
long cycling life, and pollutiofiree for clean energy storage; however, to date, gantial applications
are hurdled by the low energy degsiGraphene is recently considered asidmal electrode material for
supercapacitors due to thei2singleatomlayer structure and excellemmtrinsic physical properties such
as ultrahigh specific surface area (SSA), outstanding electdoatuctivty and excellent mechanical and
chemical stability. Though graphebasedsupercapacitors are promising for practical applications, their
energy and power densities are stédled to be adequately improved to reach their best performance.

Taking advantagef novel synergistic effect of graphene nanosheets (GNS) and aetn@structured

components, the Pl proposes to design and prepare asymmetric supercapacitor&GNSingsed

nanocomposites as electrodes, and to characterize and optimize the micrasteradelectrochemical

properties of prototype supercapacitor devices having high energy and genséties. The ultimate goal is
to develop higiperformance and lowost supercapacitors which che scaleeup for future commercial

applications.

This poposed research will result in fundamental understanding on the synergistic effect of the
nanocomposites consisting of GNS and metal oxide/hydroxide nanostructures for the epbdocednce

of the supercapacitors, thus, to pave the way for the develdmheextgeneratiorenergy storage devices

and systems.

1. OBJECTIVE SAND SIGNIFICA NCE

1. To synthesize graphemxide (GO) from expanded graphitesingHummers method. Since the surface
of GO containing rich oxygen functional groups, it is an advantagispersively anchor metal ions for
the nucleation of nanoscale metal oxides or hydroxides for the preparation of grbpbede
nanocomposites.

2. To fabricatemetaloxidereducedgrapheneoxide nanocomposites (MO/RGO, such as nanocomposite

consisting ofMn3;O4and RGO) and metal hyakide/grapheneg(MOH/RGO) nanocomposites using a
onestep solution method, a faciland lowcost process. Their microstructural aspects will be
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investigated by SEM, high resolution electron microscopy (HRTEMjyXdiffraction(XRD), infrared
spectrometer and thermogravimetric analysis (TG) to understand the formation mechanism of the
nanocomposites.

3. To design and prepaprototypeasymmetricsupercapacitorasingMO/RGO or MOH/RGO as positive
electrodes and activated carbonnagative electrodes. These kinds of asymmetric supercapacitors are
expected to have much higher working voltage and energy density than other type of supercapacitors.

4. To investigate the electrochemical properties thé asfabricated supercapacitorsusing cycle
voltammetry (CV) galvanostatic chargeischarge anelectrochemical impedance spectroscopy (EIS)
to determine theicapacitance properties

5. To conductsystematioptimizationfrom boththe composition of thdwybrid materialsand the design of
theasymmetric electrodes to enhance the capacitor performance

Long-term impact: Graphenéased nanocomposites are considered as one of the most suitable candidates
for preparingsupercapacitorshowever,severalcrucial problemgemainchallenging i.e., how to fabricate
massive and highuality graphendased nanocompositesh low-cost for the highperformance
supercapetors, andhow to effectively enhance their energy and power densities for future commercial
applications. In this research, a facile @tep method will be developed, where the reduction of graphene
oxide and formation of nanocompositesn be realized simultaneousBased on this strategshe high
specific surface area of graphene will be effectively utilized thrabglsandwichedandatructures and the
chemical structure of metakides/hydroxide nanostructures would be significantly stabilized upon their
rooting on the graphene substrat€hus, both the double layer capacitance of graphene and
pseudocapacitance of metalide/hydroxice can be gainetb significantly enhanceéhe performance of
supercapacitorsowing to the synerg of the hybrid materials Moreover, asymmetric prototype
supercapacitors wilbe designed, assembled, tested and then optimized, in order to reach the bigj work
voltage and the energy density of the devices. The proposed study will impact scientific and technological
development through providing higierformance supercapacitors for future dJowst and
environmentafriendly commercial energy storage systems.

2. RESEARCH METHODOL OGY

Supercapacitor is promising for energy storage applications, in particular for the systems which require high
power density, such as energy bagksystems and electrical/hybrid vehicles [1]. According to the different
energy storge mechanism there are two types of supercapacitors: electrochemicalldgableapacitors

(EDLC) and Faradic pseudocapacitors. Their performance can be quantified by the energy and power density
respectively, i.eE=1/2(CU? and P=E/t, whereC; is the specific capacitance,) is the working voltage
window andt is the time to discharge. Apparently, to enhanceBland P, large specific capacitance and
voltage window with high electrical conductivity are required. Graphene is a single layered carlrial mate
with ultralarge SSA (2675 m2/g), high electrical conductivity and mechanical strebti®a), showing
greatpotential applications in EDLGhowever, it remains a great challenge to fully utilize its SSA due to the
re-stacking and agglomeration diet graphene nanosheets. By contrast, roeddes/hydroxides such as

RuG, and Ni(OH)} show much higher pseudocapacitance than EDLCs, but their low electrical conductivity
and power density, poor structural stability are still the drawback for practicktamms. Therefore, to
improve the performance of supercapacitors, an effective strategy is to design, synthesize and optimize
advanced nanocomposites using the synergy between graphene and other active nanoscale structures.

Work done by usbefore the poject: The Pl was engaged #lectrochemical capacitor researches from
2006 (Tacet al, Carbon, Vol. 44, 142%428, 2006)and he has noticed that hyldndnocompositenaterials
have great potential for higherformance supercapacitors and other greerggrsystems.

The research was started from the fabrication of supercapacitors using-lsasednnanocomposites as

electrode materials. Initially,amocompositeof goethite nanorods and reduced graphene oxide (R@GO)
synthesized and investigated, aiishowed an electrochemical capacitance of 1655 Brpmising for
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electrochemical capacitors [7]; the electrode material we prepared iinorsitu construction of
potatastarchbased carbon nanofiber/AC hybrid structure also exhibited good performreme®EC [8].
Recently the Pl conducted some experiments of synthesizing grafifeeseel nanocomposites, such as
Co0/RGO (insertedfigure, upper ongand CoAl(OHYRGO, as electrode materials of supercapacitors, and
the preliminary results arestriking [9, 10]. The prototype asymmetric electrochemical capacitors we
assembled using CoAI(OHRGO nanocomposite as positive electrode and activated carbon as negative
electrode showing an improved electrochemical properties with higher energy density and waltkigeg

(1.75 Vin 6 M KOH aqueous electrolyte) in comparison to the traditional ones, which are capable of lighting
a red LEDwith 1.5 V onvoltage(inserted figurebelow ong. As the Pl proposed in this grasal,to further
developthe graphendased spercapacitors with higher performance for tewv cleanenergy storage
systemsgreat efforts on systematic investigation and optimization of the nanocomposites are still required.

/

Supercapacitorfg - %

e

Fig. 1: The left image shows the mlcrostructural properties oham)composne consisting of GNS and
Cao30;. The right photograph shows a LED connected with a supercapacitor.

3. RESULTS ACHIEVED SO FAR

In order todesign and prepare asymmetric supercapacititis optimized performance, nanocomposites
with varied matgals and architectures as well as thin graphene paper are investigated in parallel.

Hierarchical coreshellshell nanowire arrays based on metal oxddeductive polymemetal oxide were
successfully developed using hydrothermal synthesisetaadrale position (Fig. 2). The key to fabricate
onedimensional hierarchical architecture, ;:Og@PPy@MnQ i ¢ dshadis hel | 0 nanowi r e
introduce a PPy intermediate layer on the surface gdQwanowire, which could enhance the conductivity

of nanowire arys and act as a reactive template to induce a coating of amorphousTWer@evice based

on the ternary composite ¢€@PPy@MnQ nanowire arrays exhibited prominent electrochemical
performance with a high energy density of 34.3 WH kg a power densitgf 80.0 W kg* andit is notable

that he device exhibits a superior cycling behavior with 100.4% retentions of initial capacitance after 11,000
charge/discharge cycles because the elastic thin PPy shell can provide facile strain relaxation during lon

cycling, enhancing structural stability

Coy0, NWs

) ’ (i) Hydrothermal synthesis
/

Ni skeleton

v C0304 Core

e MO, outer layer

PPy inner layer

Co,O,(a PPy@MnO, NWs

Fig. 2: (left) Schematic illustration of the fabrication process @u:;0,@PPy@MnQ coresheltshel
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nanowire arrays. (right). SEM micrograph of tern@y0,@PPy@MnQ hybrid nanowire arrays

Fig. 3: ADC motor is powered by an AC//{h@PPy@MnQ aqueous supercapacitor device in 1.0 M
NaOH solution which was charged for 2@8ke minimotor was abléo rotate approximate 30 seconds by
the charged supercapacitor. The length and the width of the device is ca. 1cm x 1 cm.

The performance of amssembled asymmetrical supercapacitor was demonstrated using a DCHigot®y,

in which the device can drivea minimotor rotating robustly for approximately 30after charging at
17.4mAcm ? for 265s. The results were published iNano Energyin 2014 (see Section 4). In the second
year of this project, we plan to replace the conductive polymer layer, i.e. PPy, with graphene using chemical
vapor deposition (CVD) or chemical solution methotise goal is to achieve freestanding 3D networked
structures based on graphene materials as the electrode gfenighmance supercapacitors. It is also
notable that, inspired by the paper published by Ajataal, (Nano LettersVol. 11, 142327, 2011) we are

also developing planar graphepaperbased supercapacitors for ultrathin flexible electronic devices. In the
first year, FGO papers were successfully prepared with a varied thickness frontoamnicro-scale.

In addition, mnocomposites afarbon nanotubes (CNT€pated with NiCo oxide nanopatrticles weedso
synthesized using electroless platinghe first year with the collaboration with Zhejiang Universithich

were then applied as the conductive agentaativated carbonAC) electrale for supercapacitor©ur

results showedhe specific surface, porosity, electrical conductivity, as well as electrochemical activity can
be tuned by adjusting the molar ratio of nickel and cobalt in the electroless plating process. More importantly,
the modification of the conductive agent for the electrode can improve the electrochemical performance of
supercapacitorsThe results indicate that the nanocomposite of cablased material/metal oxide have
potential to act as additive materials in AC foe improvement of performance of supercapacitors. This part

of results was published IfEEE Transactions orNanotechnologyin 2014 (see Section 4), and was
presented in the conference IEEE NANO 2013.

4. PUBLICATION AND A WARDS

[1] Q. Li, J. ChengandL. Zhang, Nickel-cobalt Oxide Coated CNTs as Additives of Activated Carbon
Electrode for Higkperformance SupercapacitordProc. of he 13th IEEE International Conference on
Nanotechnology (IEEE NANO 2018kijing, China pp.348351, 2013

[2] L. J. Han, P. Y. Tang, and.. Zhang, Tefinary Hierarchical G®,@PPy@MnQ@ CoreShellShell
Nanowire Arrays for Enhanced Electrochemical Energy Stordgno EnergyVol. 7, pp. 4251, 2014.

[3] Q. Li, J. ChengB. Wang,andL. Zhang, fActivated Carbon ModifiedypCNTs/NiCo Oxide as Hybrid

Electrode Materials for High Performance SupercapaditdEEE Transactions on Nanotechnologyol.
13, 3, pp. 555662, 2014.
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VIBRATION ENERGY HARVESTING UTILIZING MULTIFUNCTIONAL
PHONONIC META -MATERIALS
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ABSTRACT

Our project focuses on a class of multifunctional, microstructured materials-rfra&taals) and
structures for Wpration energy harvesting. The meteterials have superior mechanical wave handling
properties and energy conversion capabilities. These abilities ofmagtaials can inhibit elastic waves
from propagating within specific frequency ranges known as gfionbandgaps. By utilizing the
multi-functional metamaterials and structures, vibration energy can be localized (or trapped); the vibration
wave can be guided (or channeled) to a specific location; and-fregjtiency waves can be separated (or
filtered) into singlefrequency parts. Consequently, the vibration energy can be collected, filtered, and finally
channeled to and accumulated at converting locations, where it is converted into electrical power by
piezoelectric harvesters with tuned resonances.

1. OBJECTIVE SAND SIGNIFICA NCE

Energy harvesting has become the talk of the engineering world. Generating electrical energy fron
natural or environmental sources, such as ambient vibrations and heat, would giosveetfd capability to
a sea of portde electronic devices, wireless sensors and MEMS systems. Vibration energy harvesting holds
a great potential, as vibrations are omnipresent in machines and structures, scattering energy over wide spe
and in a wide frequency range. The challenge is lleatovibrations effectively and convert them efficiently
into electricity, allowing energy harvesting on a continuous basis and employed in hostile and inaccessible
environment.

The aim of this research project is to develogmultifunctional structuresvherebymetamaterials
with desired bandgap functions are integrated as building blocks to form the structures for efficient energy
harvesting. The proposed approach is hierarchical and is physically driven. The overall goal of the project i
to develop he hierarchical design method and to demonstrate the applicability of the proposed vibration
energy harvestingystem.The proposed systeia also scalabléor microscale applicationdt is expected
that this investigation would yield a novel vibat erergy harvesting techniquimat would significant
advance the statef-the-art.

The objectives of the project include

1. Development of an optimizatidrased approach that employs level set methods to provide
complex designs of bandgap mataterials of multiple frequencydependent dispersive dynamic
characteristics;

2. Systematic explorations of unit cell optimization of reterials to optimize the three desired
functional materials crucial to the proposed vibration energy harvesting structureapdipg, to localize
elastic waves of a specified frequency range, (2) channeling, to guide vibration waves to a specific location
and (3) filtering, to separate or select mirgiquency waves into singfeequency parts;

3. Hierarchical design for erggr harvesting structures: (1) synthesizing the topology of bandgap
structure with a layout of regions of the required multifunction medgerials, and (2) employing the
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designed materials to form a bounded structure with bandgap functions that corr#iateose of the
materials in the structure;

4. Demonstration of the proposed approach with design cases where ambient vibration energy of a
structure is filtered, accumulated and channeled for harvesting, showing the feasibility of the concept and the
efficiency of the proposed phononic structure.

2. RESEARCH METHODOL OGY

A key contribution of our approach stems from a complete understanding of the dynamics of
periodic bandgap materials and structures. We embark upon the difficulties of ambientrviboatioes
characterized by their spatial distribution (location) and time distribution (frequency), as they are often
generated from multiple sources, propagated throughout the structure and distributed over a large surface
area. Their energy might be semed over a range of frequency spectrum. Fortunately, phononic bandgaps
canhave multiple functionsA phononic naterialcan disperse different wavelengths, stopping or letting pass
a selected frequency and, thasting as a wave trapVe intend to utilkze these fundamental dynamical
properties and to construct bounded structures from bandgap materials such that they are to be used as basic
functional building blocks for our novel multiscale multifunctional system for vibration energy harvesting.

3. RESULTS ACHIEVED SO FAR

During this period of the project, we focus waibration energy harvesting with phononic bandgap
structures. First, we study benchmanolgems of bandgap materials aogtimization. The problems
include bandgamechanismgor broadland frequency wave attenuation in low frequency range. We studied
flexural beams with mukDOF resonators attached, which generate locally resonant wave trapping. With the
innovative use of different configurations 6DXXOF resonators, we have found vamieresting properties of
wave dispersion. Particularly, our preliminary results indicate that we can achievewalpdrequency
bandgaps at low frequency rangddis is a scenario suited for harvesting the energy of the vibration wave
with two piezoeletric harvesterswith tuned resonancefrequency. We willcontinue toinvestigatethe
properties to the full extend

4. PUBLICATION AND A WARDS

Our research findingarising from thefunded projectare to be published in the following
publications. All thee publications have directly acknowledged the SHIAE funding support

[1] Xiaoming Wang and Michael Y. Wang Bamd Gps in Periodic Flexural Beam$Vith
Multi-DOF/Continuum Local ResonatordHONONICS 2013: 2nd International Conference on Phononic
Crystds/Metamaterials, Phonon Transport and Optomechakice 27, 2013. http://phononics2013.org

[2] Michael Y. Wang and Xiaoming WangWide-Band Low Frequency Gaps in Periodic Flexural Beams
With Nonlinear Local ResonatgrsPHONONICS 2013: 2nd Internatial Conference on Phononic
Crystals/Metamaterials, Phonon Transport and Optomechdnies 27, 2013. http://phononics2013.org

[3] Michael Y. Wang and Xiaoming WangBréadband Wave Attenuatiom iLocally Resonant Periodic

Flexural Beams With Fore®oment Resonators @5th Conference on Mechanical Vibration and Npise
ASME IDETC/CIE 2013 August 58, 2013. http://www.asmeconferences.org/idetc2013
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ABSTRACT

The objective of the proposed researchoisstudy the structure and transport property relation of boron
carbide nanowires for thermoelectric energy conversion applicatidrieermoelectric devices show a great
potential for waste heat recovery by directly converting heat into electricity; hqgwe\date their practical
applications have been limited by their low efficiencies. Recently, several reports demonstrated
significantly improved thermoelectric efficiencies by engineering thermoelectric materials into
nanostructures, such as nanowireamarily through thermal conductivity reduction. Despite boron
carbides have been projected as a promising class otdnigherature thermoelectric materials, so far, no
one has studied thermoelectric transport properties eflitnensional boron carbidenowires yet. The Pl
proposes to study transport properties of boron carbide nanowires fotehigkrature thermoelectric
applications. The approach is to integrate systematic transport property measurement on individual boro
carbide nanowires and @dled structure and composition characterization for each measured wire. The
ultimate goal is to develop the structransport property relations for boron carbide nanowires.

1. OBJECTIVE SAND SIGNIFICA NCE

The objectives of the proposed research are

fiTo measurethermoelectricproperties (thermal conductivity, lectrical conductivity, andSeebeck
coefficient) of individual boron carbide nanowires in a wide temperature range8d@K). Since
these properties are determined on the same nanowirdesang can construct thermoelectric
figure-of-merit for each boron carbide nanowire.

iITo thoroughly characterize the structure and composition of each measured nanowire.

fITo construct the relations between composition, structure, and transport progeligesrocarbide
nanowires upothecompletion of the first two objectives.

ITo clarify the effects of many important factors, including nanowire diameter, carbon concentration,
planar defect, and doping level, on thermoelectric properties of boron caslbioeires.

Significance Boron carbides are promising hitgmperature thermoelectric materials whose transport
properties are not well understood yet esplcitor one-dimensional nanostructise The proposed
research will provide previously unavailabiata to answer the following two fundamental scientific
questions: (1) Can we correlate the structumasport property relation of boron carbide nanowires? (2) To
what extent boron carbide nanowires can enhance the thermoelectric performance compankd to
materials? Answering these questions will not only enhance our understanding on electron and phono
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transport in boron carbide nanowires but also lead to materials design rules to achieve better thermoelectric
performance. The proposed study wilipact technology development through providing better materials

for high-temperature thermoelectric energy conversipplications

2. RESEARCH METHODOL OGY

2.1. Microdevices for Properties Characterization

To characterize thermoelectric properties ofiraividual
nanowire, we designed and fabricated unique
microdeviceas shown in Figure 1. The devicensists of
two suspended25 mmx15 nm silicon nitride (SiN)
membranes separated by 2 tonfh. A 30 nm thick
Platinum (Pt) coil and two separate Ptctledes are
patterned on each membrane. Eadil is electrically -
connected to four contact padga metal lines on figure 1 SEM images of the microdevice u:
suspended beams, enabling fppobe measurement of to characterizethermoelectric properties of ¢

electrical resistancef the coil The Ptcoils serve as a jndividual nanowire.

heater to increasahe temperature of the suspended

membrane, as well as a resistance thermometer to measure the temperature of each suspended membrane.
An individual boron carbidenanowire can be placdaridging two membranesising a micromanipulator

The design of themicrodeviee enables us tdeterminethermal conductivity, electrical conductivity, and
Seebeck coefficient of an individual nanowire in one measurem@&hus,thermoelectric figuref-merit of

individual boron carbide nanowsean be calculated.

2.2. Thermal Condctivity Measurement

(a) DC+AC AC (b) DC+AC AC

Figure2 Schematis of traditionalmeasurementethod &) andcancellingbridge method p).

The measuremem¢chniquewe use in this projectwasinventedby Kim et alin 2001, anchas beenvidely

used to characterize thermabperties ofvariousnanowires, nanoribbons, carbon nanotubes,graphae

sheets. The schematic of raditional measurementmethod is shown in Figre 2(a). During the
measurement DC current isapplied toone Ptcoil andgenerate Joule heahg, and &cordingly increases

the temperature of the heating membrane. Part of the generated heat will flow through the nanowire to the
sensing membrane and raise its temperature. A smakuk@ntwill be appliedto the Ptcoil on each
membrango measurdghe ®il resistanceausinga four-probe methodindthen he temperatureise of each
membranean becalculatedrom the coil resistance changeThe thermal conductance of the natire can

be determinedby 0lving the heat transfer equatifor the whole system Thenthermal conductivityof the
nanowirecan be extractedfter itslength and cross sectional information are obtained.

Thetraditionalmethod has aensitivity of approximately 1 nW/K Therefore it is apptable for samples
with a therma conductance much higher than 1 nW/KOn the other handin the traditional method,
radiation between theeating membranand the sensing membrareso contribute to the total thermal
conductance, which may result in an overestimation on thermal conguat the nanowire The radiation
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conductances also on the order of AW/K at room temperature In order to measure thermal properties of
onedimensional nanostructures with thermal conductaless thanl nW/K, recently, Wingert et al
introducel a Wheatstone bridgento the sensing side circuit improve thesensitivity €ancelling bridge
method) as shown in Figre 2(b). In this methoda reference deviceithout the nanostructuris used to
cancel thecontribution ofradiationto the total therml conductance Their experiments showthat the
cancelling bridge method canachieve a measuement sensitivityof 10 pW/K. In this project, we
implemented bothtraditional measurement method andncelling bridge methodo measure thermal
properties of bron nanoribbons and the contribution of radiation to the measurement is evaluated by
comparing the measurement results from both methods

3. RESULTS ACHIEVED SO FAR
In the pasyear, we have mainly accomplished the following three parts:
3.1.Design and Fabrication of Microdevices

So far, we have designed and fabricated a series of suspended microdevices on silicon wafers throug
standard microfabricatioprocesses Devices with differenspacingbetween two suspended membranes
are obtained for differerdpplications. To prepare samples micromanipulator with aharp probe tigs

used to place individuadanowires or nanoribborsidgingtwo membranes undenapticalmicroscope.

3.2.Implementation of Traditional Measurement Method and Cancelling Bidge Method

We have built an experimentsystem for thermal conductivity
measurement of orm#imensional nanostructuress shown in
Figure 3. Both traditionaimeasuremennethodand cancelling
bridge methodhave beenimplemented and calibratednd
experimental resultsare given in next section. In order to
determine the temperature dependence of thermal conduct
the samplés mounted in a cryostat system, which is capable
change the environemtal temperature rapidly fron@ K to 800
K. Before tle measurement, the cryostat chamber will
pumped down to a pressure lower thaif fdr to minimize the
convective heat loss.

Figure 3 Experimental setup

3.3. Thermal Conductivity Measurements of Boron
Nanoribbons

Before characterizing boron carbide nanowires, we first caéibraur experimental system by measuring
thermal conductivities of boron nanoribbondgoron nanoribbos are chosefor calibration mainly for two
reasons: 1) Thickness otir boronnanaibbon samples is very uniformprmally within 20+2 nm and their
themal conductivites are found very repeatabl@) Prof. Deyu Li& group at Vanderbilt University has
measuredboron nanaibbon samples with traditionaheasuremenmethod Their results can serve as a
reference for our measurements. Moreogre-dimensiamal boronnanostructureare promisingmaterials
for nanoscaleelectronicdevicesdue totheir superiorphysical

properties However, thermal transport inthis complex ;0] i
materialhas not been well understood yeOn the other hand, £ ,,] oo :
thermal conductivity oboron nanoribbonat high temperature 3; ,nf',‘f.-.-a"""
(>500 K) has not beestudied so farwhich will be one of our £ 2 o

research focuses in this project E o o VU Average

Two boron nanoribbon samples have been measaretl % " E 2:2&212?;’;‘;‘.7%2
thermal conductivity results ashown in Figire4. Sample 1 5 °°] e
has bee measuredby using both traditional measurement = ©°1

method and cancelling bridge method. The thermal 0 50 100 150 200 250 300 350 400
conductivity result of traditional measuremenmethod (open Temperature ()

triangles) agrees well with the average ddi@pen squares) Figure 4 Thermal conductivity ofboron
obtained byProf. Deyu Li& group atVanderbilt University, nanoribbons.

which indicates that our traditionaheasurement systeworks

properly. In order b calibrate the cancelling bridgetup a DC current ispplied only tathe heating coil
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on the devicewith a nanoribbon but not to the counterpanttbe reference device Since the reference
deviceis not heatedup, the radiatiorconductanceannot becancelledn this caseand the cancelling bridge
methodis essentially degraded to theaditional measuremenmethod. As seen in Figure 4hé&rmal
conductivityresult d sample 2 measured wittegraded cancelling bridge method (Sample 2 No Cancelling)
agrees well withthe results of traditional measurement method, confirming thatangelling bridgesetup
also works well.

Thermal conductivity restd of these two boron nanoribbon samples measured with cancelling bridge
method are also shown in Figure 4. As we can see in this Figure, thermal conductivity results obtained by
cancelling bridge method overlap withe resultof traditional measurementmethodwhen temperature is

below 100 K, and are lower thathe results otraditional methodabove 100 K due to the contribution of
radiation conductance As temperature increasethe difference between two methodkso increass,
indicaing that the catribution of radiation to the measurement
error will be significant at high temperature, especially fc
samples with a low thermal conductanceSince we will
characterizethermal properties of boron carbide nanowir
from 10 K to 800 K in this project, evwill adoptcancelling
bridge method for thermal conductivity measurements.

0.8 4

0.7 4 & Bare Device a

OIan! 1 Subtraction nae
0.54
0.4 &
0.34

In order to study the temperature dependence of radiati 02]

conductance we also measude a bare devicewith no
nanoribbon bridgingwo membranedy using the degradec

Radiation Conductance (nW/K)

0.1

0.0 4

off
‘A..D

45999 I
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cancellingbridge method(no cancelling mode) and the result 0 50
shown in Figire5. We also calculated radiation conductan

by subtracting thermal conductance results of sample Figure5 Radiation conductance obtained
measured with naancelling and cancellinghodes and the measuring a bare device witlegradec
result is also given in Figure. 5As seen in Figure 5two cancelling bridge methodopen triangle)
resuls agree well with each othdurther confirming thatour and by subtracting thermal conductal
cancelling bridge setup works properly The radiation results of sample 2 measured with
conductance approximatelghanges with temperature as cancelling and cancelling modes (of
function of T. squares).

In the second yeawe will mainly focus on high temperature
measuremenfup to 800 K) which hasnot beenachieved for onelimensional nanostructures yet.
addition,boron carbide nanowire will bextensivelymeasured over a wide temperattarge

4. PUBLICATION AND A WARDS

To date, we hae submitted two conference abstracts based on the research outcomes from this project:

In

Conference Presentations

1. J. Yang, X . Wang, Y. Yang, Y.
Characterization of 2@Gmthick Boron Nanoi bbons at
Micro/Nanoscale Heat & Mass Transfer International Conferertteng Kong, China, December 2013.
(Abstract accepted)

2. J. Yang, X. Wang, Y. Yang, Y. Chen, Z. Ni |,
Charat er i zati on of I ndi vi dual B or 2003 ASME Internatiohab n s
Mechanical Engineering Congress and Expositi8an Diego, CA, USA, November 2013. (Abstract
accepted)

Chen, Z . Ni , T.

T.
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Ternary Hybrid Polymer/Nanocrystal Bulk Heterojunction Solar Cells with
Cascade EnergylLevel Alignment

Principal InvestigatorProfessoMNi ZHAO
Department oElectronicEngineering, CUHK

Reseath Team Members:
Feng WANG (postdoc’, Haihua XU (research associat8)
Ting XIAO (PhD studenty, Mengyu GHEN (PhD studenty

(1) Dept. of Electronic Engineering, CUHK
(2) Institute of Functional Nano & Soft Materials, Soochow University

ABSTRACT

This proposal aims to develop ternary polymer/nanocrystal bulk heterojunction (BHJ) solar cells with
cascade energgvel alignment. Semiconductor nanocrystals and polymers are attractive photoactive
materials due to their solution processability, high absorption coefficient and wide spectral tunability. Hybrid
solar cells combine the mechanical flexibility of polymers with the morphological stability of hanocrystals
and therefore have the potentialdffer superior solar cell properties. In this project we propose to create a
cascade of energy levels in the photoactive layer of hybrid solar cells by utilizing a ternary BHJ structure.
We will develop solutiorbased methods to fabricate two ternary Bstductures, polymer/quantum
dot/nanorod and polymer/nanoshell/nanorod. Their properties will be investigated via morphological,
electrical and spectroscopic characterizations. The technological -hmewand the fundamental
understanding gained from thisopect will greatly benefit efforts to realize the next generation of solar cell
technology.

1. OBJECTIVE SAND SIGNIFICA NCE

1. To develop solutichased processes for scalable fabrication of ternary polymer/qualatiimanorod and
polymer/nanoshell/nanod bulk heterojunction solar cells with cascade endeygl alignment.

2. To establish a versatile testing platform, consisting of spectroscopic, optoelectronic and microscopic
characterization methods, with which the optimal condition for producingopbitdic effects can be
identified for various cascade hybrid systems.

3. To demonstrate higéfficiency ternary hybrid polymer/nanocrystal solar cells via a mputthged
approach consisting of material selection, processing optimization and device design

The technological knosmow and the fundamental understanding gained from this project will greatly benefit
efforts to realize the next generation of solar cell technology.

2. RESEARCH METHODOL OGY

Materials Polymer materialsvere purchased from Lumté€orp. ZnO nanorodsvereprepared according
to the methodreported in Ref$§l, 2]. In brief, potassium hydroxidsolution (inmethanoj wasadded drop
by dropinto zinc acetatesolution (in methanolmixed with water)under constant magnetic stirring. The
reation was then held &0 °C for severalhours until nanorods with desired dimension were produced.
Before use, the nanorods wevashed with ethanol for three timé&he nanoshell/nanorod structwevere
fabricated viaa surface iorexchange method we ddoped The reactions involved are briefly described
below:
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ZnO + S* (supplied by controlled amount of Na,§) —— Zn0O/ZnS

Zn0O/ZnS + Bi** (supplied by controlled amount of Bi(NO;), ) — Zn0/Bi,S,

Importantly, we placed the reaction apparatus imiager bath to achieve a slow reaction rate. In this way
the shell thickness can be well controll@tie QD/nanorod structure can be made byharing asprepared
QDs through molecular linkers on the nanorod surface.

Device fabricationSolar cellsverefabricated on patterned ITO substrates. The BHJ lagsfabricated via
spincoating; other interlayers and top electrodese deposited vigoin-coating andhermal evaporation.

CharacterizationThe nanoshell/nanorod structwevere examined usinfgansmission electron microscopy

(TEM). In the next stage,hé morphology of the BHJ structuredll be studied using atomic force
microscopy andTEM. The currenwoltage characteristicef the solar cells wereneasured usingn |-V

source meterTo achieve a fundamental understanding of the device performarerascopic methods,

such as steadstate and timeesolved photoluminescence spectrogcaiharge modulation spectroscopy

(CMS) and photoinduced absorptio(PIA) spectroscopy, will be used to probe the chargad
energytransfer processes in the cascade structure. Transient photovoltage and photocurrent measurement
will be used to probe theharge carrier lifetime in the hybrid solar cells.

3. RESULTS ACHIEVED SO FAR

(1) Achievements towards Objective 1: MatepedparationZnO, ZnO/Bi,S; and BpS; hanocrystals)

We have synthesized ZnO nanorods with controllable aspect ratio. Theefglatiiform size distribution
of the nanorods was confirmed by TE& shown in Figure 1a. Furthermore, we have developed-stépo
ion-exchange process to gra&mO/Bi,S; andZnO/PES coreshellnanorods This reaction process is simple
and well controlledfurthermore, the whole process is held in aqueous based solution, thus minimizing the
use of toxic solvents.

During synthesis oZnO/Bi,S; coreshell nanorodsve discovered that by introducirgxcess amount of
Bi** and $ ions we can completely trarsf
ZnO nanorods toBi,S; nanoparticles (as
confirmed by the Enegy-dispersive Xray
(EDX) spectrumshown in Figure 1b). This
new synthesis procesda sequential cation
and anion exchangeeaction offers a very
simple way of producing colloidal
nanopartioks without ligands. TEM images
showthat Bi»S; nanoparticlehave a diameter
of around5 nm andcan sekassemble to form
nanowiregFigure 1c), which may serve as the 5558 N
charge transport pathways in the hybrid solar 120

C
cell structures. 100

(2) Achievements towardsObjective 2:
Construction of the spectroscopic
characterization platform.

We have set up the CMS and PIA
spectroscopy to study the charge separation
and transport processes in the ternary BHJ
system. To test our setup, we first
characterized the properti of charge carriers Energy (kev)

gasa; dpg:]ethgo:();;?:gctgr 'cpggtrgeresyztr?;m Figure 1 (a)TEM images of ZnO nanorods(b) TEM
to identify thepcorrelati(?r; betwe\zl\é:nwchar e Image of assemble®i,S, nanoparticles. (c) EDX
9 spectrum taken at rem (b) confirms the complet

localization and molecular configuration . .
; ) transfer of ZnQto Bi,S;. The Cu and C signal come
(Figure 2a). The results, which have recently from the TEM grids.

been published onJournal of Physical
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Chemistry C[3], provide the fundamental knowledge that is required to understand the more complicated
polymer/nanocrystal hybrid systems.

Photoluminescencgpectpbscopywas used to investigate thapact of the shell passivation oretbptical
properties ofZnO nanorodslt is shown thathe defect emission of ZnO at ~530 mengreatly decreased
afterthe growth ofBi,S; nanoshell Figure ), suggesting that we have successfully passivilitedurface
defectstateson ZnO nanorods byBi,»S;. This is an important step towards reducing the charge recombination
loss in the BHJ solar cellsVe also note thahe intrinsic emissionof ZnO at ~440 nm is reduceafter shell
growth, due to thephotogeneratedholes partiallytransferred from ZnCio Bi,S;. The chargetransfer
properties betweena donor polymer, P3HT, and the ZnO nanorodsare also investigated by
photoluminescencspectoscopy As shown in Figure@ the fluorescence intensity of P3HT drops 34% after
mixing with ZnOand70%after mxing with ZnO/Bi,S;. Thisresultproves thatour proposed cascade energy
level alignmeni{P3HTBI,S:/Zn0O) indeed benefitthe chargeseparatiorbetweenP3HT and ZnO. Since the
photogenerated electroase funneledfrom P3HT to ZnO via BE;, the chance ofhargerecombinationis
greatly reducedThis has been confirmed by the low charge recombination rated constant measured via

4000
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< (©) Figure 2 (a) CMS spectra of a doremceptor
6000 —— P3HTZnO-Zns copolymer. The characteristic localized chairpguced
Ot absorption  features for  different  molecul
configuratons are revealed. (bPhotoluminescence
spectra of ZnO, ZnO/PbS and ZnO/Bi nanocrystal
solution (Excitation wavelength 380 nn). (c)
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transient photovoltage measurem@ata not shown here).
(3) Achievements towards Objective Babrication and characterizatiof hybrid solar cells

We have fabricated solar cell devices to evaluate the performance of the material systems we develope
The structure othe devicesand the corresponding energy level alignmentsti@vn in Figure3a and 3b
Our initial testingreaults (Table 9 showthatthe opercircuit voltage V.. of theternaryP3HTBi,S;/ZnO
solar cellsis up to 0.6V, significantly higher than 0.4/ for the binary BHT/ZnO solar cells The
shortcircuit current densityX,) andfill factor (FF) arestill low, mainly due to the low loading ratio of the
nanorods. This problem will be solved in the next stage when optimization of the fabrication process is
carried out. Also, thenorphologicaland electionic properties of the binary and ternary systems will be
studied and correlated with the device parameters

We also implemented Ri,S; nanocrystaP3HT BHJ into the testing solar cell structure. Our preliminary
results show that the cellBigure3c) exhibit a high shortircuit current densityJs) up to2.2 mA/cm?. This
value isabout 7 times higher than thosportedfor the same material system [4; BJoreover we expect
further improvement in the device performance throogtimization of the fabrication parametershel
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origin of thehigh photogeneratecurrentcould be related to thegandfree processiuring thesynthesis of
Bi,S; nanarystals To confirm this hypothesis, we will perform PIA spectroscopy on BigS;
nanocrystaP3HT blend system. In summargyur device characterizatioesultssugget thatBi,S; could act
as an n-type semiconductorwith suitable electronic propertiesfor hybrid BHJ solar cells Using
ion-exchange methodie can control the loading ratio &,S; in the BHJs The follow-up work will be
focused on the optimization ofsdar cell performanceas well as understandgjof the charge separation and
transport processes in the satall systems

Table 1 Device arameters of hybrid P3HT/nanorod solar cells (Tested using an 18 MWttt light
source)

Material combination Jsc (mA/em?) | Voc (V) | FF
P3HT/ZnO 0.54 0.39 0.34
P3HT/filtered ZnO 3.6%10* 0.47 0.28
P3HT/Bi,S:/Zn0 (3% Bi,S;) 0.06 0.6 0.23
P3HT/Bi,S:/Zn0 (3% Bi,S;, filtered) 0.05 0.55 0.31
(a) | (b)
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Biomedical Engineeringlrack

Newly FundedProjects
(2014-2019

Continuing Projects
(2013-201H

(20122014

Completed Projects
(20112)

* Development of Higkspeed Laser Scanning Microscope for Ir
Vivo Deep Brain Imaging

* Mechanism for the transcytosis of targeted nanoparticiess.
the bloodbrain barrier

* Development of the Next Generation Neurosurgical Assistan
System Based on Functional Brain Mapping

* Biomimetic scaffold for stem cell based cartilage regeneratiol
and drug devery

* Dielectrophoresis Nanseparator for Precision Manufacturing
Polymeric Nanoparticles for Tumdiargeted Drug Delivery

* Viewing Biomolecules at the Right Site by Plasmonic Tweeze
and Surface Bhanced Raman Scattering



The followingreports areenclosedn fiResearch Highlighésprinted in2013

Completed Projects
(2010)

(2009)

* An inexpensive functional finger prosthesis with rebounded t
progressive hinge lock

* Diffusion Tensor MRI Predictors of Cognitive Impairment in
Confluent White Matter Lesion

* Lanthanideimpregnated molecularly imprinted polymer
microspheres as antibody mimics on an optofluidic platform fo
the detection of disease biomarkers

* Terahertz probe for in vivo imaging

* Signal Processing Strategies on Cochlear Implant Devices ft
Effective Speech Perception of Tonal Languages

* Development of A Robotic Endoscope Holder for Nasal Surg

The followingreportsareenclosedn fiGeneral Report andesearchdighlights 200920116 printed in October 2011

Completed Projects
(2008)

(2007)

(2006)

* Development of highly sensitive and large throughput surfac
enhanced Raman scattering (SERS) substrates for molecular
diagnosis

* Research on Language and Brain Waves

* Development of an Efficient Locomotion Mechanism for
Wireless Active Capsule Endoscope

* Bio-electromagnetic Modeling and Experiment Setup for
Medical Electronics RF Safety Assessment

* Medical Applications of Terahertz Imaging
* Hybrid Assistive Knee Braces with Smart Actuators

* RF Radiation Effect and Efficiency of Wireless Medical Devic
on Human Body

* Photonic biosensor micrarrays for screeningf@ommon
cancers

The followingreports areenclosedn fiResearch Highlight2006-200706 printed inJanuary 2008

Completed Projects
(2005)
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* Cochlear Implants

* Virtual Anatomy and Dexterous Simulators for Minimal Acces
Cardiothoacic and Neureéndoscopic Surgeries

* Systematic Synthesis of Nai@ormatics Chips by
NancRobotics Manipulation
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Development of Highspeed Laser Scanning Microscope for In Vivo Deep Brain
Imaging

Pl ProfessorShinrChi CHEN
Department oMechancal and Automation Engineering,
CUHK

ABSTRACT

This proposal aims to develop new imaging techrsquecluding tunable frame rate (3@7,280

fps) and omnidirectional imaging, for a custal@signed laser scanning confocal and-photon
excitation (TPE) microscope. The new functions will be used for in vivo deep brain imaging on
mice.

Current microsgpes typically run at a fixed frame rate with a flat imaging plane. However, all
bi ol ogi cal -dimebsjomalc(d9 darie fMmMAture and various
flow or neuron signaling, occur at different time scales. Accordingly, atiersnicroscope with
capabilities of frameate tuning and a-B programmable imaging plane is highly desirable. The
framerate tuning function can be achieved by a new synchronization circuit and related software
development. It is worth to note thatrathigh frame rates, i.e. 1080L0,000 fps, are achieved by
trading off the i maging area, and thus at i
remains constant, keeping a low sigt@hoise ratio. 3 programmable imaging plane is achieved

by the introduction of a higlspeed piezoelectric objective scanner. During thglane raster scan
procedure, the objective lens can be moved to any arbitrary position in the Z axis, thus enabling th
Aomni directional scano.

These new functions will be ed to investigate deep regions in brain in vivo and enable many new
studies that cannot be realized in the past. Specifically, we will follow neuron axons (not in the
same plane) in a mouse brain and identify their related neural circuits and simultaobsesve

their signaling processes at 1000 fps. We will perform deep brain calcium imaging of visual and
motor cortical columns (~800em deep) and re
Lastly, we will study and image dendritic spines andkirdee formation and disappearance of
individual spines. These results will generate significant impact by elucidating the learning
processes involved in visuomotor tasks.

PROJECT OBJECTIVES:

1. Development of the following new functionalities for thefoeal and twephoton microscope:
(2) Tunable frame rate between BA7, 280 frames per second with a constant pixel dwell
time.
(b) A 3D programmable imaging plane (both flat and curved) that can follow different
biological structures in space in vive,g. blood vessels/neurons, and work with different
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frame rates.

(c) The microscope can be operated in both fluorescence and reflectance modes and in both
upright and inverted configurations.

(d) A microscope system suitable for deep brain {sigked imagig, i.e. 0.81.2mm (depth).

(e) The microscope should achieve 0.2/0.6 &tm

2. For in vivo deep brain imaging on mice, we like to achieve the following:
(a) Develop an adaptive algorithm to identify neurons and related neural circuits based on
calcium imaging.
(b) Perform deep brain calcium imaging of visual and motor cortical columns to depths of
0.8mm, and record from hypercolumns, 0.5mm across, in a single scan.
(c) Image dendritic spines and track the formation and disappearance of individual spines, as
well as overall spine density, as a measure of the plastic changes in neural connectivity.
(d) Correlate the circuit activity and dendritic spine morphological changes to elucidate the
learning processes involved in visuomotor tasks.

LONG TERM IMPACT

Most breakthroughs in biology and medicine are driven by the advancement of new diagnostic tools
and novel instrumentations. The successful completion of this work will enable scientists to image,
discover, and study new biological phenomena that have neeardsen before (therefore high
impact publications in Nature are expected.); for example, to image and follow neuron axons (not in
the same plane) in a mouse brain in vivo and observe their signaling processeshagtufiiame

rate, e.g. 1000 fps, or image cancer cell trafficking in vivo. We envision our microscope system
will be a popular and enabling tool at CUHK, serving university researchers to perform various
cuttingedge biological and medical research projects.

For the proposed brain imagirexperiments, visuomotor coordination is a central component of
human interaction with the environment. It enables an individual to manipulate objects, defend
against physical threat and is vital for survival. However, to date little is known about theém due
limited instrumentation performance. Our new microscope system enables an unprecedented ability
to identify and record neurons/circuits of interest over an arbitrary path/plane and large effective
volume, at high temporal and spatial resolution. Elatbdich of such circuits and the corresponding
neural computation may reveal strategies for visuomotor training, as well as rehabilitation or
compensatory therapies in disorders such as brain trauma or visuomotor ataxia. Successful
demonstration of this sy=i will have a wider impact in neuroscience research, in which many
other higher mammalian functions mediated by other areas of the neocortex can be investigated
beyond existing capabilities.
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Mechanism for the Transcytosis of Targeted Nanoparticles acrss the
Blood-brain Barrier

Pl: ProfessorCHOI Chung Hang, Jonathan
Department oElectronic Engineering and
Division of Biomedical Bgineering,CUHK

ABSTRACT

In vivo delivery of therapeutics to the brain represents a significant challenge. Unlike small
molecules such as nutrients or metabolic wastes, nanoparticles cannot easily penetgttetlier
blood-brain barrier (BBB), a layer of tightly packed endothelial cells that separates the brain from
circulating blood, and accumulate in the brain in clinically relevant amounts. Onmvasive
approach to directing intravenously administereghaparticles across the BBB involves the
attachment of ligands on the surface of nanopatrticles for engaging receptors on the surface of bra
endothelial cells. Such targeted nanoparticles are believed to enter, traverse, and exit the BBB by
process cadl d Ar encelptadred transcytosi so. Unf ortunse
limited delivery, typically amounting to less than 1% injected dose per gram of brain tissue (%ID/qg).
To shed light on this delivery bottleneck, in this proposal, we seaxadmine the fundamental
interactions between targeted nanoparticles and the iBBBvo at both cellular and subcellular
levels. Specifically, we will utilize an array of imaging techniques to elucidate how targeted
nanoparticles with different ligand tgp (e.g., transferrin, DNA oligonucleotides) cross the BBB.
Results from the proposed research will guide the design of more effective nancpadede
agents to nofnvasively treat and image diseases arisen from the central nervous system, such a
caner, stroke, and other neurodegenerative or psychiatric diseases.

PROJECT OBJECTIVES:

A. By applying targeted nanoparticles toa foamtact blooebrain barrier (BBB) model,
examine the mechanism fortheir transcytosis across brain endotheliah egils.
Determine how the choice of targeting 1|
transcytosis, including the intracellular compartments and specific proteins within brain
endothelial cells.

B. Using mice that received intravenous injections of targesdparticles, probethe
mechanism fortheir transcytosis across brain endotheliairceils. Deduce if
mechanistic details observedvitrocan be translated to animals. For nanoparticles that
can traverse across the BBB, identify their distribution m#n# brain at the tissue and
cellular levels.
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LONG TERM IMPACT

A. Intellectual merit: Usingnanoparticlestachieve targetedelivery to the brain via an
intravenous injection long suffefilom limited rates and amounts of delivery. Coause
of this deivery bottleneck is that the biological mechanism that governs how
nanoparticles cross the BBB remains poorly understood. The proposed research will
create underpinning knowledge that benefits the communities of pharmacology,
neuroscience, and nanomatesial

B. Technological relevanceResults will yield materials design principles of more potent
secondgeneration nanoparticleased agents fareating andmaging brain diseases.

Societal impact: Brain disorders,neurodegenerativgamychiatric, poséuge ecaomicburden to
society, including the cost of therapy and declmébor productivity. Finding more effective and
clinically feasible approaches to delivering therapeutic agents to the brainvasively represents
high-priority research with profounidenefits to society.
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DEVELOPMENT OF THE NEXT GENERATION NERUOSURGICAL
ASSISTANT SYSTEM BASED ON FUNCTIONAL BRAIN MAPPING

Principle Investigator ProfessoDefeng WANG ¢4
Departmenbf Imagirg and Interventional RadiologgUHK

Co-Investigator Winnie Chiuwing CHU @, Kwok Chu WONG @, Lin SHI &2
Research Team MembetdU Kai, PhD Studert ?, SUN Xiaofei, MPhil Student®?

@ Department of Imaging and Interventional Radiology, CUHK

@ Department of Neurosurgery, CUHK

© Department of Medicine and Therapeutics, CUHK

® Department of Biomedical Engineering and Shun Hing Institute of Advanced Engineering, CUHK

ABSTRACT

Functional magnetic resonance imaging (fMRI) has become a promising approach to accurate functior
mapping for neurosurgery plan. However, children and patisatiering from developmental brain
disorders have difficulties in performing high demand tdsksan alternative approaatf resting state fMRI
(rsfMRI) without any taskrequired Several research efforts were dedicated to develop assistant systems
based on rsfMRI, which however, stillrm@ot achieve the clinically acceptable efficiency and reliability.
Besides, existed methods are developed for adults, which are not suitable for children with the changes ¢
functional connectivity across the developmental age. Our objective is to dexelmw generation
neurosurgical assistant system based on functional brain mapping. We will propose an efficient and robus
approach to determine the correlated functional regions with the advanced sparse representation mod
Functional network templatesilixbe constructed for several functions in multiple age stages. The functional
mapping result will be integrated to build an efficient navigation system with the electromagnetic tracking
device for neurosurgery plan. The developed technology will helprdgide optimal plan and precise
navigation to improve the efficiency and safety of the clinical neurosurgery, which decrease the risk of
functional deficits after neurosurgery.

1. OBJECTIVE SAND SIGNIFICA NCE

1 To identify the functional areas before nesurgical removal of brain lesion to prevent the risk of
functional deficits but the current gold standard approach is in a way of invasive cortical mapping.
rsfMRI would be an alternative approach to gather functional information of brain areas;

1 The purpse of this proposal is to develop a computational system based on functional brain mapping tc
guide neurosurgical planning and provide a precise navigation in clinical neurosurgery

1 The proposed navigation system would determine the correlated funcegiais with the advanced

sparse representation model

A functional network templatesill be constructedor several functions in multiple age stages

The system will be able to perform data acquisition and preprocessing procedure for young children.

Detdled data sampling parameters and scanning time will be tested to obtain proper data acquisition

procedure

The functional correlated regions will be detered from the high dimensionafMRI

The navigation system would provide information for bettegisal planning and navigation during

the surgery.

1 The navigation system would increase the accuracy in removing brain lesion and avoid unnecessary
removal to retain the maximum brain function as much as possible.

=a =

E |
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2. RESEARCH METHODOL OGY

The technology tde developed in this project will enable precise localization of functional areas to aid
practical uses in clinical neurosurgical planning and surgical navigation. This novel technology includes data
acquisition and preprocessing, detection of correladgibns, network templates construction, automatic
identification of functional networks, development of navigation system, system validation and testing.

2.1 Data acquisition and preprocessing

The resting state functional magnetic imaging (rsfMRI) Wwél acquired at the Shanghai Huashan Hospital

and the Prince of Wales Hospital. The optimal parameters will be obtained after several tests of scanning.
An effective method will be adopted to preprocess the acquired data for subsequent analysis 8Bk the

tool. Considering the fact that head motion during long acquisition time may cause misalignment across the
scans at the different time, images alignment is important for subsequent analysis. In order to enable the
subsequent voxalise data analysishe aligned images will be registered to a standard template. Besides,
due to the low signab-noise ratio of the rsfMRI data, image smoothing will be leveraged to remove the
random noises. The strategy of data acquisition and preprocessing will betednplée first 2 months.

2.2 Detection of functional correlated regions

We will introduce an efficient and robust approach for detection of functional correlated regions from the
high dimensional rsfMRI dataset by incorporating the prior knowledgthefbrain function of young
children. Several detection models have been proposed to identify the correlated regions. Commonly used
methods are independent component analysis (ICA) method and seed ROI base approach. The ICA method is
time consuming and depds on the number of orders. Therefore, the seed ROl model will be utilized as the
basic model.

2.3 Network templates construction

We will construct multiple functional network templates to guide the precise selection of functional areas. To
enable admatic identification of functional networks, templates of each function should be first constructed.
An effective template construction algorithm will be first advanced to generate templates. Since there are
changes of functional connectivity of the youwtgldren across the developmental ages, multiple templates
will be computed at different ages. The default mode, visual, auditory, language and motor will be
investigated for young children in six age stage&, @4, 56, 7-8, 910 and 1112 years of ag. Initial
templates will be chosen with the prior knowledge from the neuroscience research.

2.4 |dentification of functional networks

An automatic method will be developed to identify the corresponding functional networks from extracted
multiple netwoks. With a given individual subject, templates will be chosen considering the age and type of
function. A similarity measurement method will be developed to compute the similarity values between all
the components and the templates. The components wittighest similarity values will be chosen as the
function network. This algorithm and its implementation will be accomplished within the 12 months.

2.5 Development of navigation system

The developed components will be integrated to build an efficiengait#gon system. The electromagnetic
tracking device will be utilized to measure the +ii@e position of surgical tools and fiducials attached to

the patient's anatomy. The functional mapping results will be coded with different color and then visualized
by overlaying on the highesolution anatomical T1 MRI data. The diffusion tensor images and magnetic
resonance angiography will also be integrated to make more precise location. The key modules of location,
tracking, and registering processing will bmpiemented using the Imag&uided Surgery Toolkit
(IGSTK).All the developed modules will be integrated into the framework of the Medical Imaging
Interaction Toolkit (MITK) to establish a system with a high degree of interaction. The software will be
compaitble with commonly used OS of Windows, Macintosh, and Linthe system will be validatedn

200 subjects, including 100 normal and 100 patients.
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3. RESULTS ACHIEVED SO FAR

We have published 5 pemviewed journal articles arficonference articlen these publications, we have
developed a new techniqueg¢nhanceMR image quality using featwgreserving denoising method new
technique to perform DTI segmentation, a brain atlas based on Chinese pediatric population and a fraction.
anisotropy and meatiffusivity analysis oradolescents

Magnetic resonance imaging (MRI) is an outstanding medical imaging modalitynprove the signal to

noise ratio is always a great challenge due to imagéfer from noise pollution during image acquisition

and tranmission. Our publication presents a new technigue enhance image quality using
featurepreserving denoising metholost existing MRI denoising methodisive notsimultaneously take

the global image prior and local image features into account. The denaigithodin this publicationis
implemented based on an assumption of spatially varying Rician noisdtneages fulladvantage of the
global MR image prior and local image features. Numerous experiments have been conducted on bot
synthetic and real MRlata sets to compare our model with some sthtee-art denoising methods. The
experimental results have demonstrated the superior performance of our proposed model in terms
guantitative and qualitative image quality evaluatifitis This technique hances the image quality and
completed the task on section 2.1.

DTI scanning is one of the most reliable scanning to reveal the white matter fiber tracks and spinal cord
Results from previous studies demonstrated that some kind of diseases such azrdaddiepathic
scoliosis (AIS) affects the spinal cord, and the connectivity and morphology of the brain included cerebellum
To further study the physiology, morphology, and connectivity of the fiber track in human brain and spinal
cord, we have develodea new technique to improve the performance of DTI segmentation. To overcome
the disadvantages of requiring adequate prior knowledge and tuning parameters in other techniques, our ne
method automatically learns an adaptive distance metric by a graph dmEmsesupervised learning model

[2]. Besides DTl segmentation, we have also developed a new techniqGddacceleratedimage
registration based dhe FLIRT Algorithm[10].

An accurate and representative brain atlas could help in neurosiigetyavedeveloped a high quality
representative brain atlas based on Chinese pediatric populationlnsingity and sulci landmarkt is
important on medical image analysis and could also be usefumfage guide surgeries. The newly
constructeditlascan better represent the size and shape of brai@hinésepediatricpopulation [3].We
have constructed probabilistic atlas oflefault modenetwork (DMN) fromrestingstate fMRI[5]. We have
also deeloped a brain template based ©hinesechildren and adolescen{7] and measured the structural
network onChinese Children witibevelopmental Dyslexi§]. These works have partially completed
tasks in section 2.2 and 2.3.

From our previous studies, vik@ow that the tonsil level in AIS was more negative than that in normal and
the somatosensory evoked potentials (SSEP) was disturbed in AIS at above the vertéblaval5We
postulated that the integrity of the spinal cord would have been affectedoatttibe demonstrated by
measuring the mean diffusivity (MD) or fractional anisotropy (FA) using DTI. Our recent publication has
verified our hypothesis, which we found significantly decreased FA values and increased MD values at the
medulla oblongata an@1i 2, C2 3, C3 4, and C45 segments in patients with AIS compared with healthy
subjects [4]We have also predicted the occurrenceerkebral hyperperfusion syndrome (CHB8)ng pe-

and posbperative chage in cerebral blood flow (CBF) on patients willoyamoya diseasafter surgery [6,

11], and have mapped tiwesual functionsof dorsal andventral Streanf8]. These works have partially
completed section 2.4.

For section 2.5, we have started to bulichavigation system using neigid registration to ransform
preoperative images into intraoperatsacdor functional data visualizatiom ImageGuidedneurosurgery

[12]. We have submitted our preliminary work and it be continued in the next few months to finalize the
navigation system.
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ABSTRACT

Osteoarthritis (OA) isymptomized aprogressivedegeneratiorof articular cartilage in human diathrodial
joints. A recent study in Hong Kong found that ab©0% of the Hong Kong population aged 50 years and
older can be diagnosed with knee osteoarthritis [1]. This showeddteahrthritis is one of the major causes

of disability among the Hong Kong population just as in the rest of the world. Currenteérgatincluding
arthroplasty and mosaicplasty have various major limitations such as limited life span, lack of donor tissue
etc.

hMSCs(human mesenchymal stem cells) have gained increasing popalaragell source for cartilage
repair, due to their mitipotency and easy availability. However, after firstly differentiating (chondrogenesis)
into chondrocytes (cartilage cells) like cells, hMSCs continue to differentiate toward a hypertrophic
phenotype, resulting in extensive mineralization of the netaget formed, which should be free of
mineralization. This problem, which motivates this proposed work, is now being recognized as a major
obstacle to the widespread adoption of hMSCs as a clinically viable cell source for cartilage repair.

Glycosaminogican (GAG) is a key component of the cartilage extracellular matrix (ECM). Sulfated
glycosaminoglycans have been shown to maintain the activity of growth factors. Sulfated
glycosaminoglycans also attract cations including calcium ions with their neghadikges, thereby changing

the calcium concentration in the intercellular tissue environnardt potentially influencing tissue
mineralization The project proposdo chemically incorporate the sulfate group® iniomaterial scaffold to
emulate the biocheigal properties of the native cartilage cellular microenvironment. This will allow us to
investigate the role of sulfation in regulating hMSC chondrogenesis and subsequent hypertrophic tissu
mineralization.

The results of the project will not only helpetdevelopment of new stem cell therapies for cartilage repair,

but will also guide the design of novel scaffold materials for repairing defects in interfacial regions including
ligament/tendon to bone insertions and cartilage to bone interfaces.

1. OBJECTIVE SAND SIGNIFICA NCE

Objective 1: synthesize crosslinkable sulfated glycosaminoglycan biopolymers for the fabrication of
hydrogel scaffold.

Objective 2: investigate the effect of sulfated hydrogel scaffolds made of sulfated glycosaminoglycan on the
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retention of chondrogenic growth factors.

Objective 3: examine the effect of sulfated hydrogel scaffolds made of sulfated glycosaminoglycan on
chondrogenic differentiation of hMSCs.

Objective 4: examine the effect of sulfated hydrogel scaffolds nohdsulfated glycosaminoglycan on
hypertrophic differentiation of h(MSCs and resulting matrix mineralization.

Impact and novelty

The findings from this study will shed light on the influence of scaffold sulfation on drug delivery from
biomaterial scaffoldFurthermore, it will also provide guidance on the design of biomaterial scaffold to
better control hMSC differentiation and cartilage mineralization. Moreover, mineralization is found in many
other connective tissues including bone, menisci and intebvaltdiscs either as a required developmental
process or as a pathological condition. Therefore, the findings from this study will not only enhance
hMSCbased cartilage repair but will also be instrumental in developing stem cell based therapies to
regeneate or repair other musculoskeletal tissues including bone, menisci and intervertebral discs.

The novelty of this work lies in three aspects. Firstly, the retention and stability of chondrogenic growth
factors in sulfated hydrogels has not been thoroughigstigated before; secondly, few previous studies
have examined the effects of sulfation of hyaluronic acid on chondrogenesis. Lastly, no prior studies have
studied the effect of hydrogel sulfation on hMSC hypertrophy and matrix mineralization following
chondrogenesis.

2. RESEARCH METHODOL OGY

Methacrylation of hyaluronic acid (HA)

Methacrylated hyaluronic acid (molecular weight 70kD) (MeHA) will be synthesized as previously reported
[23, 3436] (Figure 1). Briefly, methacrylic anhydride (methacrylic anhydride, Sigma) is added to a solution
of 1 wt% HA or CS in deionized water, adjusted to a pH of 8 with NaOH, and left to react on ice for 24 hours.
The macromer solution will be purified via dialysis (MW cut6if8kD) against deionized water for a
minimum of 48 hours with repeated changes of water. The final product will be obtained by lyophilization
an? stored at20 °C prior to use. The degree of methacrylation of final macromer products will be evaluated
by *H NMR.

Preparation of MeHA Sulfates (SMeHA)

Since chondroitin sulfate is a sulfated glycosaminoglycan, no additional sulfation of CS is needed. The
sulfation of MeHA (HA is a nonsulfated glycosaminoglycan) will be carried out based on an adapted
protocd describe previously. Briefly, MeHA will be dissolved in deionized water to produce 1% w/v solution.
The solution will be stirred with 3 gram of Dow&®0 ion exchanger added for each gram of MeHA
(tetrabutylammoniurform) for 8 hours. After filtrationthe polymer solution will be lyophilized and
dissolved in DMF at 1% wi/v under,NSulfur trioxide/dimethylformamide complex (OMF) dissolved in

DMF will be added to the TBMeHA solution in DMF (molar polymer/SQatio 1:20) under Nat room
temperature The reaction solution will stirred for 60 min. The sulfated products will be purified by
precipitation into acetone and neutralized using ethanolic NaOH solution. The foriMeti/A will be
washed several times with acetone and purified by dialysis aghstified water, followed by lyophilization.

The degree of sulfation of theNbeHA will be determined using an automatic elemental analyzer.
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Figure 1. Synthesis of MeHA andMeHA

Objective 2

Quantification of the release of encapsulated moleculesrfn hydrogels

Acellular hydrogels will be fabricated by photopolymerization of precursor solutions comprised of MeHA,
S-MeHA dissolved in phosphate buffered saline (PBS) containing 0.05 wt% of the photoinitiator 12959
(2-methyt1-[4-(hydroxyethoxy) phenyiR-methytl-propanone, Ciba) to allow for Uwediated
polymerization Figure 2 A without cells). The precursor solutions will be exposed to wli@et light (UV

time: 12 minutes, wavelength: 360nm; intensity: 1.2mW)cfor gelation. Gelation will be asssed by
monitoring the storage (G6) and |l oss (G0) modul v
protein molecules used in release studies including bovine serum albumin (BSA, FITC tagged) will be mixed
with the precursor solutions andibsequently encapsulated in the hydrogel upon gelation. The hydrogels
samples will be incubated in PBS at 37 ° C. The release of the fluorescently tagged BSA will be quantified
by a fluorescence microplate reader.
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Figure 2. (A) Fabrication of sulfadeECM hydrogels via photocrosslinking. (B)vitro culture of
hMSGC-seeded hydrogels for chondrogenic and hypertrophic differentiation.

Objective 3 & 4

hMSC encapsulation in hydrogels and chondrogenic and hypertrophic induction

Human MSCs (Lonza) wilb e

expanded

to passage

3 -MEM wigh 1@7%0 wt h

FBS (fetal bovine serum). MSCs (20 million/ml) will be encapsulated in hydrogel disk constructs as

described above (@5mm, 2.6 mm thickne$syufe 2 A).

Formed constructs will beultured in

chondrogenic medidDMEM, 1% ITS+Premix, 50ug/ml L-proline, 0.1 uM dexamethasone, B@/mi

ascorbate, antibioticsjupplemented with transforming growth factor (TGF-b 3 ,

1 QRiggrée il )

B)[37]. To evaluate hypertrophy and resulting mineralization by hMSC,a previously establishedin
vitro culture model will be employed. Briefly, constructs will be first cultured in chondrogenic media

for 2 weeks. Media will be then switched to hypertrophidnduction media (1nM dexamethasone, 1nM
triiodothyronine/T3 and 10mM-g | y ¢ e r o p {gly) frgmwaek3ahrobigh week 4Rigure 2 B)[38] .

Gene expression analysis

Gene expression of chondrogenic (type Il collagen, Aggrecan, Sox9) and hypertrophic markers (type X
collagen, MMP13, ALP/alkaline phosphatase) at selected time points will be analyzed by reaCBme P
Sequences of the primers and probes are listed in a previous publj@afionhe relative gene expression

wi || be cal

2°®< Each sample will be internally normalized to GAPDH and the expression levels of MSCs at the time of

encapsulation.

Biochemical analysis

The PicoGreen assay (Invitrogen) will be used to quantify thé Bdhtent of the constructs. The GAG

cul ated

us

ing

t rénee widh eCdliculatedtuging the exprelseom e

content will be measured using the dimethylmethylene blue (DMMB}bayting assay. The overall

collagen content will

be assessed by measuring

the orthohydroxyproline content

via

the

dimethylaminobenzaldehyde and chloiae T assay. Calcium content will be quantified using a commercial

kit (BioVision).

Histological analysis

Constructs will be fixed in 4% formalin, embedded in paraffin, and processed using standard histological
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procedures. Immunohistochemical stainingl Wwe performed on histological sections (8 um thick) for
targets of interest using the Vectastain ABC kit and the DAB Substrate kit for peroxidase (Vector Labs).

Statistical and power analysis

Statistica (Statsoft) will be used to perform statista@lyses usingtwowvay ANOVA, f ol |l owe
HSD post hoc testing to allow for comparison between groups. Statistical significance will be set at p < 0.05
A statistical power analysis indicates that n=8 samples per group should be sufficienaiftingla study

power of 0.85 with significance set at p<0.05.

3. RESULTS ACHIEVED SO FAR

Objective 1: we have successfully synthesized sulfated methacrylated hyaluronic acid (HA) with varying
degree of sulfation. The synthesis protocols have beenlisis&ab for modifying hyaluronic with both
methacrylate groups and sulfate groups sequentially. The synthesis products were evaluated using NMR
confirm and quantify these two modifications on hyaluronic acid. The results show that both methacrylate
and sllfate groups were successfully conjugated to hyaluronic acid backbone (Figure 1). For the sulfation,
low and high level of sulfation was successfully achieved by controlling the reaction parameters during
synthesis (Figure 2).

Ton exchange
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X y
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ow sulfated McHA

X
Sulfated MeHA
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Figure 1. NMR result®f the methacrylated HA (MeHA), lowulfated and higisulfated MeHA, indicate
successful conjugation of methacrylate and sulfate groups to the HA backbone.
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Figure 2. EDS results of the methacrylated HA (MeHA), -kifated and higisulfated MeHA, cofirms
successful conjugation of different amount of sulfate groups to the HA backbone.

71,00

Objective 2: hydrogels have been fabricated using sulfated methacrylated HA (both low and high sulfation
MeHA). This demonstrated that the methacrylate groups comidigaie capable of being crosslinked to form
hydrogels. DMMB dye staining of the hydrogels confirmed that the different levels of sulfation on the HA

molecules are retained in the hydrogels (Figure 3).

Dimethylmethylene blue (DMMB) dye

Non-sulfated Low-sulfated High-sulfated

Before

Figure 3. DMMB staining of the fabricated MeHAwesulfated and higisulfated MeHA hydrogels shows
more purplish staining in the sulfated hydrogels confirming the presence of sulfate groups.
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Objective 3&4: norsulfated MeHA hydrogels have been evaluated for human mesenchymal stem cells
(hMSCs) encapsgation and chondrogenic differentiation. Results show that MeHA hydrogels support
chondrogenesis leading to extensive cartilage matrix synthesis by the differentiated stem cells. An in vitrc
culture model for inducing hypertrophy of the chondrogenicaffemntiated hMSCs in HA hydrogels has
been established (Figure 4). Calcification resulted from stem cell hypertrophy are detected by histology
staining. These evaluation and culture protocols will be used to evaluate hMSC differentiation and
hypertrophyin the sulfated MeHA hydrogels in the second year.

TGF-B3 B-gly+T3
1
I 1 >
Day 0 14 28
A B
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0.4 - ONormoxia - 1.5%-15m f\ ~
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Figure 4. In vitro stem cell hypertrophy protocol has been established and will be used in the next step t
investigate the effect of scaffold sulfation on stem cell hypertrophy [1]. Dark stamitig ifigure shows
calcification of the scaffold due to stem cell hypertrophy.

4. PUBLICATION AND A WARDS

(*corresponding author)

[1] Feng, Q.Zhu, M.; Wei, K.; *Bian, L. Cellmediated degradation regulates human mesenchymal
stem Cell chondrogenesisdanypertrophy in MMPsensitive hyaluronic acid hydroge.OS ONE
accepted for publication, 2014 Ma{iF=3.73)

[2] Zhu, M.; Feng, Q.; *Bian, L. Differential effect of hypoxia on human mesenchymal stem cell
chondrogenesis and hypertrophy in hyaluromic dnydrogels. Acta Biomaterialia 10(3):133340.
2014Mar. (IF=5.09
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2. RESEARCH METHODOL OGY
1. Model, design and fabricate higiroughput DEP nanseparatorgptimized for nanoparticle separation.

2. Develop, &bricateand characterizpolymer nanoparticlevith DEP naneseparatar

fPrepare the polyplexes of H1/pDNA including H1 synthesis, plasexplansionand polyplexes
formation.

DEP separation method: Mix NDA and H1, N(H1) /P(pcDNA)= 20/1 in 2.5% glucose solution,
standing for 10 min. Let polyplexes pass through DEP chip under four voltage and frequency
conditionsfor nanoparticle collectionVash DEP chip without electric fielmhd ollect the blocked
polyplexes from theoutlet.

fiCharacterization of the quantity, particle size and zeta potentidlothf the passed and blocked
polyplexes.

fiDetermire transfection efficiency of the polyplexes on 293T cells by observing the quantity of EGFP
positive esult in cels after 24 hours

3. Perform in vivo mice study to investigate the efficacy of the separated polymeric nanopatrticles.

4. Develop new generations of ab-a-chip microfluidic devices that integrate various drug fabrication
processes into one device and ioye overall drug fabrication precision and efficiency.

3. RESULTS ACHIEVED SO FAR

The project has been progressing well and hitting all the milestBoldswing, we describe the major results
in three suksections: (Section 3.2i 3.4 contain unpublishedresults.)

3.1. Progress on nanomedicine development

We have been optimizing and characterizingRE# CyD-FA mediated polymeric nanoparticles treating
tumors. Our recent experiments have protleat coating the adenovirus vector (Adv) with H1 (H1~Ad
could significantly improve both the efficaeynd biosafety of Adv. Enhanced transfection efficiency as well
as prolonged duration of gene expression waearly demonstrated either by intratumoral or systemic
injection of a single dose of H1l/rAdv itTmmunocompetent micdmportantly, repeated injections of
H1/rAdv did not reduce the transfection efficiency in immunocompetent mice. Furtheiionensformed
the surface charge of the adenovirus capsomers from negative to positive in physiologidah, solut
suggesting that H1 coated the capsid protein of the adeno¥imste 1 shows the TEM images of
polymeric nanoparticles coated with H1. These promising results were submitted to the JoGuraémaif
Medicinal Chemistryand were accepted for publian in March 2013 [1].

100 nm

Figure 1: The morphologies of adenovirus and H1l/adv particles. Photos were representative photos
Transmission Electronic Microscope (TEM). (A) Adenovirus stained by 2% Phosphotungstic Acid (PT.
H1/Adv particlesat H1/Adv ratio=4, not stained. (C) Particles at H1/Adv ratio=1. (D) Particles at H1
ratio=2. (GD) showed aggregation of H1/Adv particles. H1/Adv ratio denotes nmol of agnoup of H1 per
106 rAdv. Standard bar: 100nm.

3.2. Progress on DEP nanosegrator development

We have developed a mufthysics parametric DEP model using COMSO. Important design parameters
includingflow rate, drag force, flow channsizes electrode locatiorsuppliedvoltage, and frequenayere
included in this model for dese optimization Figure 2A shows the simulated electric field of the
micro-channel which later was used to calculate the DEP force for a given particl88assa onthe
parametric model, we designed and fabricated several DEP-seaacators optimized rfopolymer
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nanoparticle (H1/pDNA polyplexes) separatiéigure 2B shows the fabricated DEP electrodes with optimal
dimensions; the transparent miabannels are indicated by the ddisles, where flows contain
nanoparticles come from the right. After gagsthe electrodes, most particles are trapped by the electrodes,
and only particles of desired dimensions are collected.

F Electrode
Electric Field [V/m]
4.5 x 101t
3.5x 101 ---é--_--____.;
Microchannel . eparatlon
2.5x 101 region
1.5x 101 -~ - B e——
0.5x 101 T
Electrode R
A B

Figure 2: (A) A parametric DEP model developed via COMSOB) Optical image of electrodes ar
microchannel.

Figure 3A presents the microfabrication processes developed at CUHK for fabricating DEP nanoseparator
devices. For steps (a) to (dyetmetal electrodg800nm titanium) werepatternedn a microscope slide by
standardphotolithographyprocedure For steps (d) to (f)PDMS (Sylgard 184,Dow Corning, USA)
micro-channet ofheight of 8Qum weredefined by using S8 negative photoresisto combine the top and
bottom layer of the device, as shown in step (g), surfacbstbftheelectrodesubstrate and the PDMS top
cove were treated withxygen plasmathe two parts wersubsequentlgligned and bonded togeth&igure

3B shows an optical image of the completed DEP nanoseparator device.
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Figure 3: (A) micrefabrication process of the DEP device; (B) Opticag® of the fabricated DEP device.

3.3 Nanoparticle separation experiments

The DEP devices were used to separate H1 coated polymeric nanoparticles (fabricated in Sectien 3.1). A
shown in Fig.4A, the results of our nanoparticle separation experimemnticate that the size of the
separated particles was well controlled with a nar
physical model is correct and the fabricated DEP devices can effectively block both particles of smaller and
larger sies; this is attributed to the combined effects of the nonuniform electric field distribution on the
H1/pDNA polyplexes and its interaction with the nonuniform AC electric field generated by the DEP device.
Before the animal experiments, we used the segmhgatlyplexes to treat the cells in vitro in order to verify

their effectiveness is not affected by the DEP separation procedure (Transfection dose: 40 pL/well on 293T
cells for 24 hours). The results from the cells, shown in48gindicate our H1/pDNA plyplexes have
bettertransfection efficiency after passing through the DEP +smparatorWe also expect theeparated
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polyplexes to have reduced toxicity.i$ hypothess will be verified inthecoming yeawhenin vivo studies
are performedisingthe orthotropic hepatocellular carcinoma (HCC) mouse model.
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Figure 4: (A) Patrticle size distribution characterized for both collected and blocked solution; (B) fluore
image of cells treated with DEP filtered nanopatrticle, indicating good tdimsfefficiency.

3.4. Progress on the development nanomedicine ladm-a-chip platform

To enhance overall nanomedicine fabrication precision and throughput, we have developed a nov
microfluidic device that integrates the nanomedicine preparation ggogih particle separation
procedures. This new device integrates manual operation of DNA and H1 mixing, shaker mixing,
particle conjugation, and DEP particle separation into a single device driven by three programme
syringe pumps. The design details aexperimental results are shown in Figure 5A and 5B
respectivel y. In Figure 5A, (1) smal | porti
separated by oil; (3) the droplets then travel through winding flow channels for mixing and
conjugation; (¥the oil and H1/DNA solution are separated in the comb section via surface tension;
and (4) lastly passed to the DEP section for particle separation and collection. The images in Figur
5B demonstrate how different sections function. This new device migtgoeatly simplifies the
nanomedicine fabrication process, but also simultaneously improves the precision, quality, anc
throughput of the drug production.

Electrode Droplet i :>

microchannel

H1 DNA 3. H1/DNA 4. Oil/water
inlet inlet conjugation separation

Oil
inlet
1. Droplet 2. H1/DNA 5. DEP drug

formation mixing separation

Droplet

formation
00000

Electrode

A B
Figure 5: (A) Schematics of the nanomedicine fabrication and separation microfluitiicrmpja(B)
Fabricated microfluidic device and preliminary experimental results.

4. PUBLICATION AND A WARDS

[1] H. Yao, S. Chen, Z. Shen, Y.C. Huang, X. Zhu, X.M. Wang, W. Jiang, Z.F. Wang, X.W. Bian, E.A. Ling,
H. F. Kung, M. C. L i mzation dffa PECYD-FAcoai@d Adébdviaus as Delieery iVector
for G e n e CurréneMedigingl CliemistpyMarch 15, 2013 PMID: 23531212.

RESEARCHREPORT INBME -55-



VIEWING BIOMOLECULES AT THE RIGHT SITE BY PLASMONIC
TWEEZERS AND SURFACE ENHANCED RAMAN SCATT ERING

Principal InvestigatorProfessorlianbin xU @
Departmenbf ElectronicEngineering CUHK

Co-Investigatos: H.C. ONG @ and Aaron H.PHO®
Resarch Team Memberst.X. ZHANG®

W Dept. of Electronic Engineerinff) Dept. of Physics, CUHK

ABSTRACT

This project aims at developingigh sensitiveplasmonic nanmptical tweeers (PNOT)
systemsfor the fields of microfluidics and lab-on-a-chip bio-detection We haveexplored new
concepts fomore efficientand robust multifunctional PNOWe haveanalytically investigated the
feasibility using two-dimensional metallic arraysf nanerings or nanodisks for making active
PNOT (A-PNOT). In thesestructurs, multiple trapping locations angery large plasmonic
trapping volumeare possibldy usingdiffractive coupling resonances.We also have developed
approach to maximize the fige-ourmerit if nanehole arrays for surface plasmon resonance
sensing. In addition, by incorporating gain medium to these periodic structurdemeastrat a
serious of highquality factorplasmonic resonances with strong electric figlicength Then we
propose by grading the nastructures, largéocalized plasmonic fieldyradientcan be created,
rendeing more efficient PNOT. For example, n the graded nandalisks structure,the optical
manipulation of target in nanoscale regisachievedoy sequentially switching the wavelength and
polarization of the excitation sourd¢e enabé manipulatingPNOT (M-PNOT), transporting the
target molecules in a stdyy-step manner to the destination where the sensing is performed.
Finally, we also haveproposé three multifunctional sensing®NOT (S-PNOT) platforns for
simultaneouslyerformingPNOT andsen#ng. The first isa coupled plasmonic systebased on
doublelayered metal nanestrip arraysand the second ia hybrid PNOTmicrocavity system In
particulay for the second typ&angarticle (NP) can concurrentlyacts asa nanoscale sensor aad
trap. In fact, we find both the sensing ability and the trapping behavior are improved considerably
For the third platformwe exploreow-costPNOT (L-PNOT) by using gold naneisland substrate
for reproduciby trapping andietecting biemolecules

1. OBJECTIVE SAND SIGNIFICA NCE

With surface plasmons, optical trapping and manipulatem go beyond the diffraction limits
and down to subwavelength level. In thisjpod, we aim at developing several types of PNOTSs.
Firstly, we developgainassisted or activd-PNOT. Our goal is to efficiently raisethe PNOTGs
active volume and field intensifpr trappingthe nancobjects withinits near field.Secondly, the
nanemanipulation issue is very challenging and significant because it not only breaks through the
diffraction limit of light, but also realizes a nanoscale controllable domain by using light operation.
Up to now not much has been reported in the literature Bnnmanipulation using the plasmonic
effect All-optical nanemanipulation of target objects in a predefined pathway still remains very
challengingWe expect to propose and realize afPMOT for optical manipulations of target really
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in nanoscale regiorthirdly, aiming at combining the use of PNOT and surfanskanced Raman
scattering (SERS) or dafield extinction spectroscopy and demonstrated the possibility for
reproducible sensing asENOT. Furthermore, we hope poovidea feasible solutiomf low-caost
PONT, we devoted ourselves to realize the gold saslaod substrate (AMNIS) that acts as
L-PNOT experimentally. All these branches of PNOT provide the advantages of efficiency, fast
detection, multifunctional applications, lewvost fabrication and eggor microfluidic lab on a chip
integrations.

2. RESEARCH METHODOL OGY

1. Theoretical methods: 2D and 3D finddference timedomain (FDTD) modeling arased to
achieve theelectrodynamicsimulations field patterns, etdMany initial calculations wi be needed
to give guidance to the following experiments. Optical force calculation: Maxwell stress tensor
(MST) method.

2. Devices fabricatiorelectron beam lithographgpanoimprint technique, physicahwor deposition
(PVD). The superflat gaktloped sbstrate is realized by dopirigiorophoreinto PMMA, SolGel
process and lifoff treatment

3. Characterization: AFM, SEM, TEMHitachi U-3501U\,visible/NIR spectrophotomete®nce all
factors have been optimizdry analytical method and simulatigmmolecular species (CV, R6G,
DNA, other biemolecules, etc) that exhibits distinct Raman spectrum will be attachedoNPs
for the PNOT trapping an8ERS characterizationBeltanu Examindk modular systerandNikon
confocalmicroscopewill be used for mesurements.

3. RESULTS ACHIEVED
We list out our achievements as follows:

1. A-PNOTwith large activevolumeand high field

(i) Until now, PNOTs based on metal dipadetenna, thin film, sharp tipcavity, holes, and
hybrid waveguidénave been realizettheoretically and/or experimentally. However, to the best of
our knowledge, there is no report on optical trapping using metal -mmag® and its
two-dimensional arraysMVe figured outa designbased omanarings which provides an effective
approachwith large activevolumefor manipulating nanmbjects in very low concentration into the
high-field region

Si02 == Di=40 nm 3
(a) Au 0.4 (b) D>=100nm |U|=ksT E;%"‘
AuéNP inwvater = t=35nm Z
7 ) ~ 0.3 | L=525nm 35
v ¥ Lrappihg force -t H - ar k
€] S : 55
NP S
V}t | S l
D? = 15
v A
(m ( ) Substrate
L € 5
-100  -50 0 50 100
I Wavelength (nm) X (nm)

Fig. 1. (a) Schematic of one unit cell of the gold namg arrays. (b) Extinction (solid line) of the naring
arrays and thee2spectrum (dotted line) of the naning edge as indicated by tdack dot in Fig. 1(a).
Dimensions of nanoing: D;=40 nm, D=100 nm, t=35 nm, and L=525 nife) Electric field distribution in

the XZ plane and the trapping boundary (white } [U|=k;T . Excitation wavelength and powaensityare
respectively 785 nm and 1 mW/Am

We found that at r esonant-ringg@odecésea mgximam teapping- = 7
potential of ~32kT on Au-NPs. Theexistence of multiple potential wells results in a very large
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active volume of ~10Onm? for trapping the target particleBigure 1 (a) showthe structure of the
proposed gold nanong. Figure 1(b) shows typical extinction (solid line) and electric figiensity

(E?, dotted line) spectra at the nariog edge asappropriatestructural parameters are chosen.
Figure 1(c) shows the electric field distribution in the XZ plane, and the calculated trapping
boundary (whiteb o b The trapping volume, which takes a symmetric shape for the structure
considered, is of the order .@m®. This is 10 and 18 times larger than those of the silver
nanoaggregates (~100 Arand dipole antensg~10" nm°) respectively

In our calculéion, we useél Maxwell stress tensor (MST) to calculate the trapping forces
experienced by the NP due to enhanced local figélgure 2(a) shows the spectra of vertical forces
Fz acting on a Au-NP and a polystyrene sphere (PS, n=1.6) as a function demciavelength.
PS provides a reference case for quantifying the contribution of plasmonic effeetAuNP
experiences a maximum vertical force Fz as high as 236 pN/%vipich is ~15 times larger than
that seen by the PS because of higher polarigabfl gold. We study the trapping force distribution
along several directions around the surface of the -meugpto find the locations wherthe AuNP
will undergo the strongest trapping potentibthe first path is along the axis of (X, 0, 50) nm as
indicated by a thick solid arrow iRig. 2(c). We foundthat any free AtNP in the vicinity of the top
surface of the nanong, the combined effect of Fx and Fz will produce a stable trapping site near
the outer corner on the top surface, as indicated Hgck lolot in the crossection shown in Fig.
2(c). The other two paths are along the axes of (65, 0, Z) nm and (5, 0, Z) nm as indidated
2(d) by thethick solid apd dotted arrows.
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Fig. 2. (a) Fz acting on the ANP (solid line) and the PS (dottéde, magnified 10 times) as a function of
incident wavelength. Both NPs have a diameter of 20 nm, and are located at coordinate of (0, 0, 35) nm as
indicated bya dark dot in crossection schemati¢b) Spectra of Fonthe AuUNP (b 0 band the PSH T b
magnified 10 times) as a function of position along thaxis (X=Y=0), and theelectric field intensity
gradient along this axis (dotted line), respectively. (c) Spectra obFx)}and Fz 6 I bas a function of
location along the ax of (X, 0, 50) nmifdicated by thickarrowin crosssection schematic(d) Spectra of
Fx and Fz as a function of position along the axes of (65, 0, Z)ndcgted by thicksolid arrow) G o Hor
Fx andb I Hor Fz), and (5, 0, Z) nmir(dicated by thicldotted arrow) (dottetb o #or Fx and dotted | b
for Fz), respectively.

(i) Meanwhile, ve proposd and analyzeé the diffraction coupling of BPthroughactivesurface
plasmonpolariton (SP) which would potentially give rise to device realization of gagn-assisted
A-PNOT with high field We demonstratka significantly strong enhancement of electromagnetic
(EM) power for LSPs in the event of diffraction resonance through incorporation of experimentally
feasible optical gain to SBFBased on such phemenon, we propose a hybrid plasmonic structure
which would potentially give rise to device realizationagjain-assisted®NOT. To the best of our
knowledge, there is no report gainassisted®NOT. In addition,it is alsoa promising platform for
applicdions such aSERS nonlinear optics etc.

A schematic of the proposed hybrid plasmonic structure is showAngir3 (a). The structure
(from bottom to top) consists of an active PMMA substrate in which optical gain is made possible
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through doped with dye ofecules, a 20 nm silver film and a-BB nm SiQ spacer. A
two-dimensional square lattice of gold nanopillars with periodwitfp=865 nm is deposited on top
of the spacer layer. The diameter of the gold nanopillars is 150 nm and their thickness iSM® nm
usal FDTD simulation to calculate the nefald spectral intensity with the monitor placed at the
edge of the nanopillaras shown inFig. 3 (b). At certain wavelengths, the B® can form
constructive interference whiahk just thecondition for diffaction resonance. These wavelengths

are given by the extended Rayleigh cutoff wavelengthi)m arpse=© /M) N, oee ¢ i3, where
D is the grating constantm is an integer,N,; psp IS either the refractive index of air onet

effective refractive index of PSP medium, and the intedefs denote the grating diffraction order.
This process gives rise to the resonance peaks indicated by thielieartensity enhancement
(|[*) spectraof the monitoras shown irFig. 3 (b).
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Fig. 3. (a) Schematic of the proposed structuaad (b) the monitor positiofic) Nearfield response spectra
at the monitor for different Sigspacer thicknesses. Upper inset: ffadd response spectrum of agolated
nanopillar with spacer thickness=20 nm. Lower inset: enlarged view ofialehspectra for the range of
13001350 nm.

The neaffield spectra of the monitor fax 20 nmthick spacerandfor different gain levels are
shown inFig. 4 (a). Without gotical gain, strong resonance is barely observable. As optical gain is
introduced into the system, the ndiaid intensity at 980 nm increases dramatically. The inset in
Fig. 4 (a) reveals moreletailswhen the optical gain isej 5§ 0.025, a level thatapproaches bus
still below the lasing threshold at 980 nm. This value corresponds to a gain coefficl&@3d 7
cm! and the nearfield intensity has increased t@.38 13 VV /nf in this case. The lasing
threstold is determined as such because the system will no longer decay but diverge in the time
domain if the absolute value o&i is bigger than 0.027Consequently,a SPASERIike
phenomenon occurs with the emergenca wéry sharp LPR k. InFig. 4 (a), the plot produced
with e 5 0.027 (i.e. the lasering threshold) is a manifestation of the SPABERrocessFigure
4 (b) shows the electric field intensity pattern whensg 0.025 and / =980 nm, for a unit
element of the grating in a XY plane at the nanops{aacer interfaceln this case, e EM
enhancement factor @n the order of 10 It is observed that the maximum field intensity focuses
on the circumference of the nanopillaather tlan somenarrow gaps orsmall spots. Such
distribution patternncreases thelasmonic trappingzolume which in turn makes th&-PNOT
devicemorefeasible.Figure4 (c) shows the directional pattern of the Poynting vector at the lower
surface of the silvefilm, which clearly reveals the underlying mechanism of the PSP induced
diffraction resonance. Ikig. 4 (c), the diagonal in a quaternary unit of the grating contains two
entire wave profilegm=2) that areassociated with the (1, dyder diffraction resonance generated
through PSP coupling with (i.&(L1), s, = 980NN with Nn.5x=1.6). We also schematically show in
Fig. 4 (d) the charge distributioraround a crosssection covering two nanopillars. The laser
threstold in terms of gain coefficient in our design ig0~m*, which is within the limits of
semiconductor polymei@ndlaser dyes (highly concentrated).
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Fig. 4. () Nearfield spectra for different gain levels. Inset shows an enlargetbrens response spectrum

when the optical gain approaches a levelapfy 0.025. (b) The localfield distribution pattern for a unit
element of the grating when we usge= 9.025 and resonant wavelength of 980 nm. It comes fapnXY

plane located at the nanopilispacer interfacec) Directional pattern of the Poynting vector at the lower
surface of the silver film. The dash box represents the two nearest nanopillar (highlighted by dash circle) in a
diagonal direction.d) Schematic of the charge distribution for highlighted region show)in (

For the realization of this gaiassistedA-PNOT system, a keyomponents the supeflat
substrate that offers optical gait this stage, we have figured out a route to achieve suiz$trate
and we are currently in the process of demonstratingstitestrateexperimentally.The specific
process is stated as follows: firghld film coatedsilicon wafer is preparedsecond, fluorophere
doped PMMA solution is deposited uniformly byirsgoating onto thegold film; third, after a
sokgel technology, an atomically flat substrate will come into being after lift off, sincepihesite
surface of the peeled PMMA film is atomic flat sili¢dp to now, after gppe foroptimalconditions
we have successfully fabricated this sufar gaindoped substrateas massproduction with
desirable reproducibility and very large area. We plan to utilize the
Kretschmanrprismconfigurationto test the performance of its gd&vel as what ischematicail
illuminated inFig. 5 (). Thesurfacetopographyfrom AFM of our gaindoped substrate is shavin
Fig. 5 (b), in which one can see that a quitelarge area thplanenesss very good.Actually, the
RMS roughnessis just 0.406 nm, which is quite ideal for the nestep nanofabricatiorOur
theoretical calculations [ifig. 5 (c) (d)] show thatwith 50 nm gold film, 632 nm incidence and a
modestgain level ~400 cm, asizableangle shift (about four degrees) already can been observed
comparing between passive system and active-agsisted systemMe will usereverse educing
methodto estimate the gain level from the angle shift.

Water A~ SPP Reflection vs angle Reflection vs angle
(a) : N Ksee___Gold film (C)n b (d) 1
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Fig. 5. (a) A typical SHP setupto educethe gain level of our propodesubstrate. (bBurfacetopography
obtained from AFM of the supiat gaindopedsubstrate The plasmonic resonance dips for (c) without
optical gainand (d) with gain.

o 67 73 18
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2. M-PNOT for optical manipulations of target in nanoscale region:

We explorel an all-optical M-PNOT scheme based on plasmonic naligks (NDs) with graded
diametergFig. 6(a) and (b)] Our results indicate that the target experieneetrapping potential
strengthof 5000 kBT/W/umMi, maxi mum opti cal t o7% anditee totafactive3 36 p
volume reachs~1C° nnr. By switching the wavelength and polarization of the excitation source,
target naneparticles trapped by the deviman be manipulated from one ND to anotlose
arbitrarily [Fig. 6(a) and (c)].
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Figure7(a) presents the optical gradient force Fx (blue line) experienced by the PS along the X
axis (Y=0) at a distance of 5 nm above tHDs fora-= 7 7 5Thaforce components Fxr(e e n 3 )
and Fz (e d Ticylated By MST are also shown. One can see that the force Fx obtained from the
gradient of [Ef (blue line) and the MST methogj ¢ e e n 3 )  atragreeinent withkemah | |
other aparfrom small discrepancies due to the influence of scattering forces. This result implies
that the optical trap generated in the curreste is dominated by gradient fordéoreover, the
normal force componerffz remains negative and reaches a maximum4af pN/W/um at the
edges Therefore, the resultant force vectors will all point to the edge of ND1Fige&(b)]. The
gradient forces Fx when the incident wavelengths are switched#2 nm and 495 nm are plotted
in Fig. 7(c) and7(d). Comparing with the results fig. 7(a), one can find that the optical force
becomes significant around the resonant ND. Therasonant NDs only contribute to the force
disturbance, which are represed as the fluctuations in the force curves above those NDs.
Therefore,if we sequentially excite the NDs by varying wavelength and polarization direction of
the incident beam, the overall effecttbé optical forcewill always bring the PS to a desiredge
of ND where the optical field is most enhanced (i.e.;dpmit).
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Fig. 7. (Color online) Optical gradient force Fx (blue line) on a PS locating above the NDs with a 5 nm gap
as a function of position along the X axis (Y=0) &= 7 7 Ha), 28 nm (c), and 495 nm (d), respectively.
The MST calculated force components Fx égre 3 ) a n d, anB the 2Drtrapging ffojce vectors for

2= 7 7 fare alsn shown in (a) and (b), respectivélye incidences have-golarization.The thee NDs are
schematically indicated by grey bars at the bottom. The gap between adjacent NDs is 120 nm.

3. SPNOT platform for simultaneously trapping and sensing:
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(i) An S-PNOT structure which based aoublelayeredmetal nanestrip arraysandSERSbasel
sensing is also studied by means of mode analysis anditmensional FDTD simulations.hE
nanastrips actas optical antennashrough constructive interference of short ran§&m, thus
increasingtheir scattering crossection andoptical field enhanement Nearfield modulation by
optical trapped metal NPs is demonstrafHte proposed device shows reasonable figimerit
(FoM) and is ready for integration with common optofluidic biosendots. results reveal thahe
device exhibitsa refractive index sensitivity of~200 nm/RIY and a maximum SER&ctor of
10°-10" from metal NPstrapped in the nedfeld region Figure 8 shows the shematic of the
coupledsystem calculated normalized scattering crassction as a function of wavelength for the
region of interestand éectric field amplitude distributions for excitation of wavelength 514
nm and 633 nm.
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Fig. 8. (a) Schematic of theoupled systemincluding structural parameter symbols. (b) Calculated
normalized scattering csesection as a function of wavelength for the region of interest, denotdtl,as

enclosed by the white dashedrveshown in the inset (i). The blue line shows the caseWer50 nm; green
line for W=70 nm; and red line foWW=90 nm respectivelyMetal nanestrip asan antennés schematically
illustrated in the inset (ii)(c) Electric field amplitude distributions fagxcitation of / =514 nmand (d)
/ =633 nm. Thewidth of the strip isW=70 nm. The white scale barri¢es a length &0 nm.

Figures9 (a) and (b) present the profiles @f? (red line) and the coesponding gradients oOf?
(green line) along the transverddd. 9 (a)] andlongitudinal [Fig. 9 (b)] lines as the blue arrows
denote in the insets respectively.
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Fig. 9. (a ) Profiles of electric field intensity £2) (red line) and the corresponding gradseoit E2 (green
line) along the transverse (a) and longitudinal (b) lines as denotét tjue arrows in the insetSlectric
field amplitude distributionsvith an optical traped 20 nm AgNPs at two different sites (c) and (d) tbe
case of W=70 nm and/ =514 nm. The white scale barri¢es a length &0 nm.

The negative gradients in the figures imgytrapping forcein a drection opposite to that
indicated byblue arrows. We demonstrated that stable trapping exissat locationswhere E?
are strongly localized and the gradients equal to zero, whimdnsstentvith the previous results.
Otherwse, for the case of x>35 nas showrnn Fig. 8 (b), the fluctuation of the gradient is resulted
from coupling between L1 and L2. The gradieantinues itgositivevalue,indicating that the NP
will be trappedhearthe upper surface of L2. Accordingly, wanfind the trapping positionfr the
Ag-NP, as shown in Figres 9(c) and9(d), using the simulated electric amplitude distributions,
respectively. It isclearthat the neafield is modulated significantly by the optibaltrapped NP,
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which leads to frther field enhanaaentwith the highestlevel of 128 times.This means thaa
SERSEF of 10° (1284=2.68x10) is achievable.

(i) We also proposed a newFINOT scheme based aarkfield extinction spectroscopyur
design comprising a plasmoniP placedinside a microcavity. Simultaneously act as nanoscale
sensor andPNOT, theNP6s sensing ability is improved i
behavior can become robust.schematic of the device is illustrated in Fig. An sensing and
trapping 6T-NP, silver NP with radius of 25 nm) is placed at the center of a-semea detection
volume, around which, a dressing ring (with a refractive index e2Yis constructed to serve as
cavity. The darKield spectroscopy of the structure is calculatechgi&iDTD method. A linearly
polarized totafield/scatteredfield plane wave illuminates the SNP and the detection volume
from top at normal incidence.

Incident light: y-polarized
dark field illumination

Fig. 10. Schematic of the hybrid SNYP configuration. The micrdng has a height of 18@m, a gap vdth of
120nm and an outer and inner radius b##/m and 1.0/ respectively. The silver SNIP has a radius of
25 nm. The incident light locally illuminating the detection volume stands for that used irfieldrk
spedroscopy.

Figure 11 shows sensing responses from the two configurations: (i) baMPSand (i) STNP
with dressing ring cavity (where the ring can be fabricated wiiN,Svith a refractive index of 2.0).
In both cases, the sensing event involves tiéygping of a gold NP with a diameter of 10 rfor
simplicity, we abbreviate (i) the bare -8IP sensor with a trapped NP as the-NH+NP" and (ii)
the STNP in dressing ring cavity caseas the "C4#8", so that "C+S'NP+NP" represents the
ultimate case oNP being trapped and sensed by a C-NgTsystemFigure 11 () shows that when
a NP is trapped by a simple 8IP system, the extinction peak increases slightly. However, F
11(@ shows that the C+SNP configuration exhibits much larger extinction irdent y chang
caused by the trapped NRBalculation reveals a FoM of 7.30 for the CHSFP+NP system
comparing with the bare &SNP case at the wavelength of 410

in Fig. 11b). For singlebeam operation inthe C+NPsy st em, @&l i s much | a
the case of bare SNP (i ntensity c¢hangNP offee 6.83ttiemes higher el
sensitivity (i.e. el e&l"').

RESEARCHREPORT INBME -63-



(C) C#ST-NP| C+ST-NP+NP

|
8 12

@ ol (b)

== C+ST-NP+NP |

?)
3

== C+ST-NP

=
.
T
Extinction difference (nm
=]
©

o
S
T

w— ST-NP
e ST-NP+NP
0.0

3 _
L L L
360 380 400 420 440 460 360 330 400 420 440 460

wavelength (nm) wavelength (nm) 4 6

Extinction difference (nm

Fig. 11. (a) Extinction spectra of the C+$IP+NP and C+SNP systems with the dressing ring

index n=2. (b) Extinction spectra of the -8[P and SINP+NP systems; inset shows its ngae | d
distribution of STNP in the equatorial plane parallel with the substr@elocaty el d di st r i bu
pattern at the middle section of C+8P and C+SINP+NP systms.

In our proposed scheme, we amplify-8P's sensitivity of far field detection, meanwhile weaken
its correlation with SINP's near field. This means a trapped NP almost will not affedtFB3
nearfield distribution but can give much impact to C+8P+NP's far field extinction. During
trap-andsense operation, spectral shift can be no longer a required parameter for the proposed
C+STNP systemWith the neaffield LPR wavelength almost remains constant, trapping force can
be always kept at its strongedevel. Inset in k. 11 (b) and Fg. 11 (c) show the neafield
distributions of the bare SYP, C+STNP and C+STNP+NP systems at the same resonance
wavelength (410 nm)lo our best knowledge, this proposed®SOT is a unique solutioso as to
avoid unrecessary seihduced baclaction effectand to ensure a stabblnd robust trapping.
Besides performing the dual function efficiently, the dreddel is also a good candidate for only
sensing applications.

4. Low-costPNOT (L-PNOT) scheme:
We demonstratd the use of PNOT and SERS for reproducible and low concentration of
bio-detection.
(@) (b)

1-Attenuator (‘T}Tihf":,ﬁ;ﬁ-— i .. Coverslide

2-Polarizer

“~ a (;,_7.// - A =
3-Samll aperture \\ 24 4 3 ; Au Nl..S
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\ -
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Fig. 12. (a) Schematic othe reproducible bialetection platform(b) AFM image of AuNIS, TEM image of
Ag-NDs, andextinctions ofthem (c) Temporal Raman spectra sting the trapping and releasing processes.
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Theeffortlessgold naneisland substrate (ANIS, ,=632.8 nm) acts ds-PNOT. The targets are
silver nandecahedros (Ag-NDs, ax=475 nm) that has been bound with-biolecules [Fig12(a)
(b)]. As the HeNe laser is on, the ANIS becomes active, thus trap the targets into thedgion,
which can be chracterized through the enhanced Raman signals. Turning of thie leser will
lead to the release of target [Fit(c)]. Therefore another round of detection can be conducted
when rinse the sample andaat another batch of targéfleanwhile, this EPNOT with Au-NIS can
also trap dielectric NPs. Figure 13 shows the results obtained from trapping experiihertsget
is polystyrene sphere (PS) with diameter of 500 nm, which is diluted into DI water. The trapping
phenomenon is monitored through a higeolution CCD.The Au-NIS is random distributed after
thermal annealing processing of gold thin film (4@0and 12 minutes)he incident power density
is estimated to be ~0.03 mW/anThe 500 nm PS is trapped and form close pack structure when
the trapiing laser is on.

(a) ®)

Solution with polystyrene nanospheres

(d) (e) (
= -

Fig. 13. (a) Setup for plasmonic optical trapping on random distributed gold-iskamal substrate. The
trapping laser has a wavelength of 785 nm, which is condensed onto the substrate through an oil objecti
(60x; NA: 1.49). (b) SEM iorograph of substrate. -f¢ Successive images of plasmonic optical trap and
release by turning on and off the laser beam respectively.

5. High performingsurface plasmon resonan&PR sensos

Other than PNOT, & haveimproved the performance of SPRnsers. We have developed a
general scheme to maximize the figlwfemerit (FOM), which is a key performance indicator, of
spectral and phasd#dased SPR sensors. The FOM is defined as the ratio between sensitivity and
linewidth. By using coupled mode thgoand Rayleigh scattering formalism, we show for
spectralbased SPR, the linewidth can be significantly narrowed by reducing the hole size in
periodic nanohole arrays. As a result, FOM higher than 100/RIU has been demonstrated and it |
comparable with tht of the commercial available prisdpased SPR unit. As an example, Fig. 14
shows two 2D Au nanoarrays with different geometrigsth their sensitivitiesand FOM are
determined to be 754.7 nm/RIU and 105.57/RIU foe first oneand 751.18 nm/RIU and
91.05/RIU forthe second.

On the other hand, for phabased SPR, FOM larger thd®00/RIU can be achieved if the
radiative decay rate of the resonance matches well the absorption rates. This impedance matchi
produces a very sharp phase jump at thenasce, enabling a much narrow differential phase
profile. As a result, we expect the phdissed SPRs eventually can reach the sensitivity down to
single molecular level. As a demonstration, Fig. 15 shows the sensing performance of a 2D Al
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nanohole arrayith period = 750 nm, hole depth and radius = 100 and 80noorporatedn a
homebuilt two-channel flow cell. Its absorption and radiative decay ratasge been matched
with each to yield the sharpest phase jufig. 15(a) showsghe differential phasprofile %‘

of (-1,0) SPP mode taken at incident angle = Bi7®NaCl solutions (from 0 to 8 % by mass) with
refractive index n varying from 1.333 to 1.3424. All the peaks are narrow and they show good
signalto-noise ratio. As epected, theygradually red shift to longer wavelength when refractive
index increases. The resonance wavelengths are then plotted as a function of refractiveFigdex in
15(b), giving a linear relationship with sensitivity deduced to be 753.06 nm/RI€.dEnivative
linewidths for different refractive indices are shown in Fi§(c) and they are found to vary
between 0.36 and 0.73 nm, resulting in the lowest and highest spectral FOM to be 1043 and
2061/RIU, respectively (Figure 5d), and the average FOM@&01420/RIU at~98990 nm.
Remarkably, these values surpass the performance of not only the commercial available
Kretschmann setup (FOM~63/RIU &t-900 nm) and the nanoparticles (FOM < 7/RIU at

| ~600800 nm) but also the recently reported SPR sensorsd basenanorod metamaterials
(FOM~330/RIU atl ~1200 nm), Fano resonance from plasmonic crystals (FOM=162/RIU~at

800 nm) and single slit (FOM = 234/RIU at ~782 nm), and plasmonic iabhder interferometer

(FOM = 224/RIU at 734 nm).
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Fig.10. Thecrosspolarizedreflectivity spectra of (1,0) SPP mode taken from two Au arrays with P
=760 nm, d =70 nm, and (a) r = 35 and (b) 135 nm=abo in different refractive index media (n

= 1, 1.33 and 1.37). The correspondmgolarizedreflectivity spectraare given in the insets for
reference. (c) & (d) The corresponding plots of resonance wavelength against refractive index. The
back solid squares are determined fromsspolarizedreflectivity spectra while the red solid
circles are determined from-golarized reflectivity spectra. The dash lines are linear fits. The
sensitivity and FOM are determined to be 754.7 nm/RIU and 105.57/RIU for r = 35 nm and 751.18
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nm/RIU and 91.05/RIU for r = 135 nm.
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Multimedia Technologies Trek

ResearchReports
In Multimedia Technologies

Newly FundedProjects
(2014 - 2016 | * Managing and Analyzing Big Graph Data

Continuing Projects
(2012- 2014 | * Face Recognition Across Ages Through Binary Tree Learning

Completed Projects
(2011)| * Semantic Analysis for Image Resizing

* Time Critical Applications over a Shared Network

* Amplify -andforward Schemes for Wireless Communications



The followingreports areenclosedn fiResearch Highlilgtsd printed in2013

Completed Projects
(2010)

(2009)

* FADE: Secure Cloud Storage with File Assured Deletion

* Security and Detection Protocols for PRiRe Streaming
Systems

* An Opportunistic Approach to Capacity Enhancement in
WirelessMultimedia Networks

* ComputerAided Second Language Learning through
Speeckbased HumaiComputer Interaction

The following reports arenclosedn fiGeneral Report andesearchdighlights 200920116 printed in October 2011

Completed Projects
(2008)

(2007)

(2006)

* Pattern Computation for Compression and Performance Gar

* Realtime Transmission of High Definition (HD) 3D Video and
HD Audio in GigabitLAN

* High Dynamic Range Image Compression and Display

* Multimedia Content Distribution over Hybrid Satelkferrestrial
Communication Networks

* Automatic Video Segmentation and Tracking for Real Time
Multimedia Services

* Information Retrieval from Mixed.anguage Spoken Documen

* Wireless Networks and Its Potential for Multimedia Applicatio

The followingreports arenclosedn fiResearch Highlight2006-20070 printed inJanuary 2008

Completed Projects
(2005)
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* Mobile Wireless Multimedia Communication

* An Automatic Mult-layer Video Content Classification
Framework

* Automatic Multimedia Fission, Categorization and Fusion for
Personalized Visualization in Multimedia Information Retrieval
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Managing and Analyzing Big Graph Data

Principal InvestigatorProfessorJames CHENG
Department ofnformationEngineering CUHK

Project start date: 1 July 2014

ABSTRACT

This research prases to develop effective and scalable techniques for managing and analyzing big
graph data, and to apply them for searching and analyzing multimedia data, especially data in onlin
social networks (e.g., Facebook, Twitter, Google+, LinkedIn) and onliogpsig platforms (e.g.,
eBay, Amazon, Taobao). Graph is widely used to model online social network structures, as well a
many complicated data types such as images and pictures, videos, and other interactivity conten
etc. We propose to study fundameérissues of big graph data research, including the study of
elementary substructures and important properties of massive graphs, the modeling of these grap
for prediction and extrapolation studies, and the applications of big graph data in areas that ma
create impacts in both industry and academia. Currently, we have some initial contacts with
engineers from the Alibaba Group, who have shown great interests in our research. In fact, the
have already agreed that they would apply our techniques to mamagealyze massive data from
their TaoBao online shopping platform, as many of the techniques we propose are exactly the
solutions they are looking for. We have planned to visit each other regularly in order to establish &
long-term collaboration relatichip.

PROJET OBJECTIVES

1. Keyissues: The project proposes to develop an efficient and scalable system for managing ar
analyzing big graph data, with applications in multimedia data in-srgke online social networks
and online shopping platforms.

2. Impacts on academia:

a. The proposed research is a timely study on one of the most important topics in the area
of database and data mining research.

b. The success of this project can significantly advance research in the field of graph date
managenent and graph mining, and open new directions in effectively and efficiently
managing and analyzing rich information embedded in social networks.

c. Techniques developed in this research will benefit edissplinary research including
sociology, physis, biology, ecology, economics, finance, etc., because of the prevalence
of graph and network data in their respective domains.

3. Impacts on industry:
a. The results obtained in this project will provide deeper insights about the patterns of
realworld networks and the behaviors of their users including the communications and
relationships among them. Such knowledge can be used by industry such as online socie

RESEARCHREPORT INMMT -71-



networking companies (e.g., Facebook, Twitter) and telecom operators to better
understand usebehaviors and their interaction patterns, online auction and shopping
platforms (e.g., eBay, Amazon, Taobao) to analyze shopping trends, airlines and other
transportation companies for better logistic and itinerary planning, to name but a few.

b. We will actively seek industry collaborators (our current connections include Alibaba,
China Mobile, IBM China, MSRA, Huawei) and explore the opportunities of applying
our techniques for efficient and effective management and analysis of their data, hence
bringing values to their business.

RESEARCHREPORT INMMT -72-



Face Recognition Across Ages Through Binary Tree Learning

Principal InvestigatorProfessor. Xiacou TANG®Y
Department ofnformationEngineering CUHK

Research Team Member: Zhifeny Bssociate Prof?

@ Dept. of Information Engineering, CUHK
@ shenzhen Institute of Advanced Technology

Progress Reporting Period:1 July 20121 30 April 2013

ABSTRACT

Children faces change much faster over time than adult faces, making it much more difficult to process b
traditional face recognition algorithms. Unfortunately, researches on age invariant face recognition has
been sparse and even the stdt¢he art results are poor on children face recognition across different ages.

In this project, we focus on this fundamental research problem. We propose a cross modality invariant face
recognition approach that reduces age variation degiween two age gups The algorithms developed

here can be gplied to a wide range of real world applications, includiiage verification using ID photo

with age gapsdigital family photealbum management with photos rangirigom childhood until adult

years More impotantly, the algorithms developed in this project are critical in meesingcent urgent

need of finding missing children on the internet.

1. OBJECTIVES AND SIGNI FICAN CE

In this project, we focus on a fundamental resledopic: age invariarface recogition. It has been shown

that the recognition tasks for children faces are much harder than for adult faces. This is mainly becaus
children face profiles undergo larger variations over even a short period of time. The state of the art ag
invariant recogition algorithms achieve only 40% equal error rate on the FGNET database. To address these
challenges, we propose a nientity-preservingace recognition algorithm.

The algorithms developed here can be applied to a wide range of tasks. For exanfiate Yerification
using ID photo, usually théD photo is taken longgo (national ID card in China is valid for 20 years),
therefore age variation is a significant factor. For digital family platham management application, photos
may range from childbod until adult years, thus requires age invariant face recognition algorithms. This
project is also inspired by a recent urgent need of finding missing children on the interadtiré@ss this
challenge we try to apply face recognition technology. Hoeewve found that children faces change
rapidly over time and there are few existing algorithms that achieve satisfactooyn@er€e oncross
modality invariant face recognition for children faces. In this projeat, propose a new cross modality
invariart face recognition algorithebased omew machine learning approaches

2. RESEARCH METHODOL OGY

Traditional cross modalitynvariant recognition approaches can t¢segorized into two groups, cross
modality modeling based methods and discriative learing methods. Thenodeling methods try to reduce
cross modalityvariation at the preprocessing stage. The discriminatiseniley methods try to reduce
modality gap after the face features are already extracted. Neither approaches work welhgbitanork,
unlike the previous workfor cross modality face recognitipwe propose a novel face representation, the
face identitypreservedFIP) feature which is directly learned from thiace images with differerages,
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posesand illuminations. Thisiew representation cangsificantly remove the cross modalitsariations of
the face images intdd@entity, while maintaining the discriminativeness across identities

Furthermore, unlike the traditiondce descriptors, e.g. LBP, Gabor, and, khere the dginal image
cannot be recovered from tlieatures, FIP features can be used to reconstruct the ffaotalmage with
frontal (natual) illumination of an identityWith this attractive property, theonventional descriptors and
learning algorithms cantilize our reconstructed frontal face images as input so abminate the negative
effects coming from cross modality variatior&pecifically, we proposa new deep network to leatime FIP
features, which utilizes both the face images Watige posesnd illuminations of an identity as input, and
reconstructs its frontal face as target

We also proposea novel approach to address tepresentation issue and matching issue in age invariant
face recognition. In this framework, we first develop a nesal descriptor called learning based local
binary pattern (LLBP)}o encode the micrstructure of the facial images into a sdtdiscrete codes by
incorporating a learning based encodimgthod. The code histogram of the LLBP descriptomizre
uniformly distributed than the original LBP descriptarthich means more informative and discriminative.
By densely sampling the LLBP descriptor over the entire faciabge, sufficient discriminant information
can be extractefibr further analysis. Since LLBBasel local features spantigh-dimensional feature space,

to avoid the oveffitting problem and improve the recognition performance, we further devalopew
subspace learning algorithm called cascade discrimaralysis to refine this feature space.

3.RESULTS ACHIEVED SO FAR
We have developed a new deep learning algorithm to learn the FIP features for cross modality face

recognition.Experimentalresults clearly show the effectivenasfsour approach over the staiéthe-art.
The paper has been subimit to ICCV and is currently under review.

4. PUBLICATION AND A WARDS

[1] Z. Zhu, P. Luo, X. Wang, and X. ,Tandegreview fore e p
IEEE Conf. on Computer Visiog013.
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ABSTRACT

With the wide popularity of portable display devices, images are often visualized through small
displays of various resolutions and aspect ratios. On the other hand, images are typicakyg capt
for large display. Naive image resizing results in eagueezing of prominent content and loss of
details. However, the definition of saliency is usually vague and based on tHevllwmage
features that may not be related to the semantics.

Although highlevel semantics analysis (such as automatic recognition of arbitrary objects)
is infeasible in the near future, analysis of certain mitlellel semantics, such as symmetry and
foreshortening, is feasible. In this project, we propose a semani#g retargeting framework.
Based on the detected semantics, the image can then be retargeted in a more sensible way t
preserves the detected semantics. Knowing the semantics not only allows us to resize images a
videos more intelligently, but also eps up a new space for retargeting. This new space of
cell-by-cell processing provides much flexibility to avoid owgueezing, ovestretching, and
undesirable bending of prominent symmetric structure.

Understanding cells is probably only the first stépwards higHevel semantic
understanding. To further understand the structure these cells form, we plan to approach thi
challenging semantic analysis problem based on the Gestalt principles of human visual perceptior
By solving these challenges, we legk the outcome (the knowledge, publications, and algorithms)
from the proposed project should motivate further study along the direction of seraavdres
resizing by the community. Besides the developed algorithm should be directly applicable in mobile
computing and movie production.

1. OBJECTIVE SAND SIGNIFICA NCE

The wide availability and popularity of small portable display devices leads to an important display problem,
as movies are normally produced in specific resolutions and aspect ratios 18:9)oAdaptation is needed

for the transition from thégacy4:3 television to 16:9 HDTV broadcasting, as most legacy videos are not
produced for HDTV. Simple scaling for small display may lead to-egeeezing of prominent content and
poor visualizatio. The major challenge of resizing is on how to define the importance. Existing importance
metrics rely on lowevel image features, which may not correspond to the true semantics.

While computational understanding of general image semantigsfdasiblein the near future,
detection of middldevel semantics, such as symmetry and foreshortening, is feaRhglg.candrastically
improve the retargeting. For instance, by identifying the symmetry pattern in an image of architectural
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buildings, image can beetargeted to a smaller display by removing the repeated windows (cells) of the
buildings. This means we can Asummari zeoO0 the repea
image down sampling We believe by understanding one more piece ofastios, we can open an extra

space for image resizinghe longterm significances and impacts of this project are:

Significancel: The developed method should be directly applicable to mobile computing and movie
production. Legacy images can be automéiagtargeted to small display on portable devices as well as

HDTV.

Significance2: As semantics analysis is a novel direction in retargeting, we believe the research publication

and algorithms produced will motivate the graphics community and inspine farork.

2. RESEARCH METHODOL OGY

We first tackle one commotype of symmetry, the translational symmetry. Existing symmetry analysis
methods unfortunately are usually slow for interactive retargeting applications. Instead, we shall propose a
reattime ard automatic method to detect the symmetry over content with more respect to the semantics. In
addition, we can smooth the transformation and intensity of cells across the lattice. So that we can maintain
the visual seamlessnessver the retargeted latticesn terms of both geometry (imagpace) and
illumination.

The first step is tdocate the potential cells that form the lattice. Note that we try not to make any
assumption on cells and the number of lattiCag. plan is to evaluatheregionbased fature detection and
identify the most stable one. We may propose a novel rdgisad feature detection method if none of them
is stable enoughl'he notion of Gestalt (form in German) is very walbwn and widely used in various
fields. The wellknown Gegalt laws by Wertheimer reflect strategies of the human visual system to group
objects into forms and create internal representations for them. In this project, we plan to analyze the
semantics in the given image by explicitly applying Gestalt grouping tammputationally. We plan to use a
subset of these Gestalt laws for grouping subtle image details and hence summarize the image content. We
thenevaluate the correctness of the proposed mellyaapplying the proposed algorithm on multiple test
cases andneasuring its correctness comparing to the ground truthappropriate evaluation is the user
study The user study shall be conducted in comparing to various-attlie-art retargeting methods.
Another important evaluation is the system throughput.

3. RESULTS ACHIEVED

So far, our work and related algorithms have been publishdutée ACM SIGGRAPHoapers (the most
prestigious graphics conference, and the venue is so prestigious that all papers are simultaneously published
as journal articles iACM Transactions on Graphig¢sone IEEE Transactionpaperand two other papers
(Section 5)In addition, we have filed a US patent for one of our works (Section 4). Some wbkg have
alsobeenpublicized to the general public via news media (Section 6).

We first developed a prototype image retargeting system. It first extracts the potential cells
using MSER, and then constructs the potential lattices. Once lattices are estimated, the system can
resize the images using cbl-cell deletion or insertion. Gure 1 compares our result (e) to
existing image retargeting methods. It shows that our method can better preserve the overall
structure (of the building in this case) in (a) while achieving the goal of resizing without clipping
the building as in (b). T result confirms that understanding more semantics can better (and
meaningfully) solve the retargeting problem.

In order to effectively analyze the semantics, the first step is to identify elements/cells.
However, a basic element may not be just a simijptde or square, it can be composed of complex
components. To help the analysis, we studied the findings in gestalt psychology. Psychologists have
theories (some are conflicting) on how humans recognize forms (gestalts) instead of uncorrelated
fragments. But these theories are mostly qualitative. We proposed the first computational
framework to allow multiple gestalt laws interact with each other in a complex manndio[3].
achieve this goal, we formulatiee gestalt formation as a graphcut problem.
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Figure 1: Comparison of our result to thakafsting image resizing.

As the first attempt, we only applied the semantic analysis on vector graphics. Once the
content is analyzed, we can perform abstraction and summarization to reduce the visual content |
order to achieve the retargeting goal. Promising results are obtained and published in the prestigiot
conferenceACM SIGGRAPH Asia 2014nd journalACM Transactions on Graphid8]. Figure 2
shows our grouping results based on the gestalt laws of regudad proximity, as well as the
shape similarity. With the gestalts (groups), we can perform retargeting by abstraction and
summarization.

Figure 2: Reducing the size of Taj Mahal.

However, this is still preliminary if we want to extend to raster esagr videos. Real images or
videos are noiseontaminated and illuminatieimterfered, and hence much harder to analyze. For
real images, complex texture and details complicate the semantic analysis. Hence, we extend o
study to the visual attention stdn particular, the change blindness phenomenon. We believe the
human inability to recognize the change of content in two instances of the same view can help us t
relieve the image resizing constraint, particularly those visually busy images. We prapose
computational model of change blindness and demonstrated its effectiveness in mimicking huma
visual perception. The work is published IBEE Transactions on Visualization and Computer
Graphics[4]. Figure 3 shows our preliminary results of applyifgrge blindness model to image
resizing.
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