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Abstract

This paper summarizeébe 10year experiences of the Program in Science, Technologyinaogation

Policy (STIPpt Georgia Institute of Technology (Georgia Teah)support of the Center for
Nanotechnology in Society at Arizona State University /€39 in understanding, characterizing, and
conveying the development of nanotechnology research and application. This work was labeled
GwSaSINOK YR LYy20ldiRIBApyCNSSUSYa ! aaSaavySyidse

RISA concentrates on identifying and documenting quantifiable aspects of nanotechniolciggding
academic, commercial/industrial, and government nanoscience and nanotechnology (nanotechnologies)
activity, research, and projectRISA at CNSSU engaged in the first systematic attempt of its kind to
define, characterize, and track a field of science and technoldgkey element to RISA was the creation
of a replicable approach to bibliometrically defining nanotechnology. Rdseardén STIPand beyond,
could then query theesulting datasetso address topical areas ranging from basic country and regional
concentrations of publications and patents findings about social science literature, environmental,
health, and safety mearch and usagdo study corporate entry into hanotechnologyndto explore
application areas as special interests arose. Key features of the success of the program include:

T 1 @Ay 3 HaiySsSadZR&M abstract datasets

1 Analytical software

1 A portfolio that balances innovative lofigrm projects, such as webscraping to understand

nanotechnology developments in small and medigimzed companies, with research
characterizing the emergence of nanotechnology that more readily produces articles

1 Relationships with diverse networks of scholansd companiesvorking in the nanotechnology
science and social science dongin
An influx of visiting researchers
Astrong core of students with social scienas well as some programming background
A wellequipped facility and management by the principals through weekly prokdeiving
meetings, minideadlines, and the production journal articles rather than thick final reports.
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Background

The 21st Century Nanotechnology Research and Development Act ofROBIE Law 10853,

U.S. Congress (Dec. 2003)) was the genesis of what behantenter for Nanotechnology in Society at
Arizona State UniversityCNSASU. The act provided a framework for nanotechnology research,
encouraged application of nanotechnolodpr industrial competitiveness, provided for education and
training, and required thaethical, legal, environmental, and other societal concerns to be addressed
The focus of the later waSection 2(b)(1Q)which called for the creation of societal implications
research programrequired that nanoscale science and engineering centers (N8E&¥jress societal
implications called for the integration afocietal concerns with namechnologyR&D sought to ensure
that advances in nanotecivlogy wouldlead to quality of life improvements for alind provided for
public input into the process.

The US National Science Foundation would administer these awards based on-sewient
process. After a competitive process, NSF funded two NSEG&ddo the examination of societal
issues:CNSASUand the Center for Nanotechnology in Society at the University of California at Santa
Barbara. In addition, there were Nanoscale Interdisciplinary Research Teams supported at the University
of South Caraha, Michigan State University, and Harvard/University of California at Los
Angeles/National Bureau of Economic Research, the latter afhwik charged to create a NaBank to
compile quantitative information about patents, publications, information dégal/ethical nature, and
other documents There also were individual project awards to social scientists. At its height, what
became the US National Nanotechnology Initiative allocated nearly 3% of its budget to societal
considerations.

The two societal RECs were fundedom 2005 to 2015a period comprised of an initial five
8SENEBEZ | NBySstt FAOBS &SI CNSASU regeRed 56.2¢mflidn irktBedist SE G S
five-year period and $6.5 million in the second peridhe program in Sciencelechnology, and
Innovation Policy (STIB) Georgia Institute of Technolog§eorgia Techh Atlanta, Georgia USAas a
key partnerin CNSASU. OthelCNSASU partner institutions were the University of Wisconsin at
Madison, Rutgers University, Univaysof Georgia, North Carolina State University, amg University
of Colorado Of this list, Georgia Tech and University of Wisconsin were the only two partners to
formally receive CNASU money throughout the 10 yeafhe STIP group at Georgia Teshich was
anchored by four senior researchers and students (undergraduate, masters, and doctoral students),
received $726,000 in the first five years and $650,000 in the second five years.

The Georgia Tech partnership with ASU was built around several dBdbegia Tech team
YSYOSNE KI@Ay3a 1y2e6y GKS | {! 0SS Y TFEhbldvinding/GNS & S| N&
ASU proposal was structured around a paper tlved of the ASU principalDave Guston and Dan
Sarewitz had published iffechnology and Sotyeli A 1t SR awSlFt ¢AYS 'OROGKYy2f 2 3¢
the methodologies proposed in this paper was grounded in the use of bibliometrics to understand the
trajectory of an emerging technology. This methodology formedctire role that the STIP team was to
play in the center through what eventually became known a&seRrch andinnovation Systems
Assessmen(RISA)RISAnvolves characterizing the nanotechnology enterprise and its dynamics through
RFGITTYAYAY3d (GSOKyAljdzSa &dzOK & 0A0fA23INI LIKAO RIGL
RFGlIorasS Fylrfteaira o6@AStRAY3A AyiSt inBg intdevicws, AaNR LIS NIi &
other research rathods.

The design of RISA, by the STIP principals, was straightforward in natureasRégAthe
questiors:a B K2 A& R2AYy3 6KI G A ¥re vrd Wigh iveaOiiplicatio®®RBMads KSy T ¢
two main parts: he first involved assessment of the research system and the second, of the enterprise

! Guston, D. H., & Sarewitz, D. (2002%aktime technology assessmeiiechnology in societ24(1), 93109.



system. In the sometimes jargéaden world of social science research, this structure was helpful,
communicating resultsincludingto the external review panel chged with evaluating the performance

ofthe center. ltals@ | & adzFFAOASYydGte& | OO02YY2RIGAy3a G2 3IAAGS
as they emerged.

Research Contributions

A foundational resourcand contributionof the STIP naneffort was tre creation of asearch
algorithm to operationally defin@anotechnology.The principals originally sought accesstie UCLA
NanoBanKor suchdata, but found that was unworkable in the timeframe needed, so the team b&gan
developa search strategyOne key feature ofthe searchwas first, the use of keywords linked by
Boolean operators that extended beyond the conventional (at the time) use of wildcard versions of
nano-prefixed terms only to include terms relating to nanoparticles, processes, micrgsoupgcular
level developments, journals, and (in the case of patents) designated-desses for the field. Second,
the searchinvolved a multistage process in which the second stage eliminatedofutomain terms
associated with size or neengineeredphenomena aloné.And third, unlike many definitions of an
emerging technology, the STIP group tested the terosed in the searclseveral years later to
determine the extent to which modifications to the initial search tool improved its precision amd tec
Table 1 presents the core search (not showing the routines to excludenamom items)These results
were validated with dozens of experts in the field through surveys aipetison interviewsAffiliation
with CNSASU gave the STIP group access pers that it would not have had on its own.

Table 1. The Core Georgia Tech Nano Search Strategy

Search Contingency Terms

1. Nano* No TS = (nano¥)

2. Quantum No TS = ((“quantum dot*” OR “quantum well*" OR “quantum wire*") NOT nano*)

3. Self-assembly Yes, MolEnv-1 TS = ((“self assembl*” OR “self organiz*” OR “directed assembl®*”) AND MolEnv-I)

4. Nano-related No TS = ((“molecul®* motor*” OR “molecul® ruler*” OR “molecul* wir*” OR “molecul* devic*” OR “molecular

engineering” OR “molecular electronic*” OR “single molecul*” OR fullerene* OR buckyball OR
buckminsterfullerene OR C60 OR “C-60" OR methanofullerene OR metallofullerene OR SWCNT OR
MWCNT OR “coulomb blockad*” OR bicnano* OR “langmuir-blodgett™ OR Coulombstaircase® OR “PDMS
stamp*" OR grapl OR “dy itized solar cell” OR DSSC OR ferrofluid* OR “core—shell”) NOT nano*)

. Microscopy and spectroscopy  Yes, MolEnv-R TS = ((((TEM or STM or EDX or AFM or HRTEM or SEM or EELS or SERS or MFM) OR “atom* force
microscop*” OR “tunnel® microscop*” OR “scanning probe microscop*” OR “transmission electron
microscop*” OR “scanning electron microscop*” OR “energy dispersive X-ray” OR “xray photoelectron*” OR
“x-ray photoelectron” OR “electron energy loss spectroscop®” OR “enhanced raman-scattering” OR
“surface enhanced raman scattering” OR “single molecule microscopy”™ OR “focused ion beam™ OR
“ellipsometry” OR “magnetic force microscopy™) AND MolEnv-R) NOT nano*)

wn

6. Nano-pertinent Yes, MolEnv-1 TS = (((NEMS OR Quasicrystal* OR “quasi-crystal*” OR “quantum size effect” OR “quantum device™) AND
MoleEnv-T) NOT nano*)
7. Nano-pertinent Yes, MolEnv-R TS = (({(biosensor® OR NEMS OR (“sol gel*” OR solgel*) OR dendrimer® OR CNT OR “soft lithograph*” OR

“electron beam lithography” OR “e-beam lithography™ OR “molecular simul*” OR “molecular machin®”
OR “molecular imprinting” OR “quantum effect*” OR “surface energy” OR “molecular sieve*” OR
“mesoporous material*” OR “mesoporous silica” OR “porous silicon” OR “zeta potential” OR “epitax®”)
AND MolEnv-R) NOT nano™)

. Nano journals No S0 = ((Fullerene* OR IEEE Transactions on Nano®* OR Journal of Nano* OR Nano* OR Materials Science
Engineering C* OR ACS Nano OR Current Nanoscience OR Digest Journal of Nanomaterials and
Biostructures OR IEE Proceedings Nanobiotechnology OR IET Nanobiotechnology OR International
Journal of Nanomedicine OR International Journal of Nanotechnology OR Journal of Biomedical
Nanotechnology OR Journal of Computational and Theoretical Nanoscience OR Journal of Experimental
Nanoscience OR Nature Nanotechnology OR Photonics and Nanostructures® OR Wiley Interdiseiplinary
Reviews Nano*) NOT nano*)

Total lor2or3ordorSor6or7or8

Source: Sefootnote 2.
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% Alan LPorter, Jan YoutigPhilip ShapiraDavid J. Schoeneck. 2008. Refining Search Terms for Nanotechnology.
Journal of Nanoparticle Researth:715728. doi: 10.1007/s1105007-9266y

*Sanjay AroraAlan L. PorterJan Youtie, Philip Shapir2013. Capturing Developments in an Emerging Techpolog
An Updated Search Strategy for Identifying Nanotechnology Research O@&pigistometric95(1):351370. doi:
10.1007/s1119012-09036



The search tooénabledmaintenance ofdatasets of 16 million publicationmetadatarecords
from the Web of SciencéVNoS; through2015) and 200,000 patent metadata records from PatStat.
Figure 1 presentshe distribution of WoS publication trends for the leading countries. We have
generated manyanalyses that addres§ § K2 X g KI (X ¢ K&ubsBohs aboyithanoRES ¥ K ¢
funding, ouputs (publications & patents), and impacts (citatiofiem the metadata records
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Figure 1. Nano Research Publication by Leading Countries (Georgia Tech search in Web of Science)
SourceSeefootnote 25

One finding that emerged frorhis process was thain the early stages of a fielthere was not
a standardized terminologgbout the field. However, we found that terms became more standardized
toward the end of the second decadetbe nanotechnologRd SY SNBSSy OS

In addition toanalyzing publications and patents, we alsorked with new data sources to
understand the larger scientific and commercial emergence of nanotechnology. We performed an
analysis of curriculum vita of leading scholars in nanotechnology and compared tijeutary with
those in human genetics in both the US and Europe. Data extracted from these curriculum vita showed

*SanjayK.Arora, JanYoutie,StephenCarley AlanL.Porter, PhilipShapira2014 (Jan.). Measuring the Development
of a Common Scientific Lexicon in Nanotechnoldgyrnal of Nanoparticle Researth:2194



that a more multisectoral, multidisciplinary approach worked better in the US, while a more focused
approach worked better in Europe.

In this same vein, we developed a process for gathering and analyzing data on small and
mediumsized company websitesébscrapiny Webscraping involved accessing, extracting, and coding
data not only from the current company websites but also from oldersiteb archived in the Wayback
Machine, which enabled us to track company changes over time and eventually to associate it with
changes in company performanaNebscraping is an important tool because companies involved with
an emerging technology do nailways publish and patent their work, but particularly small and
mediumsize companies do appear to maintain their websites to appeal to investors, government
grants, and customers.

The STIP grouplso advanced knowledge about nanotechnology commercidbpatin the
United States and internationally, through bibliometric and patent analysis methods, but also through
the creation of a nanotechnolggcorporate panel data set. A corporation was included in this panel by
virtue of its having had nanotechnologyublicatiors| dzi K2 NS R o6& 2NJ O2 mlindal K2 NBR
corporate enterprise, and/or by virtue of having a nanotechnology patent assigned to that corporate
entity.2 S OF f £ SR { KA awetused out patiNdatiorSandpgténNdatdséts, exteal articles
authored by private companies and patents assigned to private companies, grouped these, and
developed a corporate panel including only those companies having at least four publications or
patents. The panel itself grew by 34% from the 198@9 periodto the update period througi2014,
comprising nearly 24,000 corporations in that peridde corporate panelvasused in national reviews
of the US National Nanotechnology Initiati¢dBINI) It was also used to examine the growth of
companies invived in nanotechnology, especially small and medsined corporate enterprises, which
comprised an increasingly larger share of patents over tiinoen 30% in 1990 to 50% by 206@nother
outcome involved the ability to track different strategic approashfor small and mediursized
corporate entry into nanotechnology: one with a more research orientation and a second focused more
on product development and patenting.

We used this information about research and companies to delve into several spegific
enabled application areas:

1 An energy technology (Dy&ensitized Solar CelldDSSQs

1 A biomedical technology (Naftenabled Drug Delivery NEDD), reaching into study of its roles
in cancer treatment, and further into brain diseases
1 A general purpos&chnology (GP1Qgraphene

1 Applicationsof nanotechnology in the building construction sector.
Our analyses of these application aresagygesthat the path to adoption of hanenabled commercial
applications is not smooth. In graphene, the discouwergapplication cycle is accelerated and rapidly
globalized, but growth patterns vary in different application ar%a@rug delivery follows a pattern in

®Youtie, J., Rogers, J., Heinze, T., Shapira, P., & Tang, L.G204&based influences on scientific recognition in
the United States and Europe: Longitudinal evidence from curriculum vitae Research Policg2(8), 1341

1355.

® Arora, S. K., Li, Y., Youtie, J., & Shapira, P. (20£i6Y the wayback machine toine websites in the social
sciences: A methodological resourdeurnal of the Association for Information Science and Technology
"Youtie, J., & Kay, L. (2014). Acquiring nanotechnology capabilities: role of mergers and acquisitlomslogy
Analysis& Strategic Managemer26(5), 547563.

®Kay, L., Youtie, J., & Shapira, P. (2014). Signs of things to come? What patent submissions by small and medium
sized enterprises say about corporate strategies in emerging technoldgieknological Forecasting@ Social
Change85, 17-25.

° Shapira, P., Youtie, J., & Arora, S. (2012). Early patterns of commercial activity in grdpheve.of
Nanoparticle Research4(4), :15. doi:10.1007/s11054012-081 1y
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which nanagenabled delivery platforms are grafted onto current pharmaceutjcalter than leading to
cordevelopment or multifunctional approacheéc.) Likewise, dyesensitized solar cells offer unique
advantagesbut compare less favorably with incumbent technologies on energy conversion efficiency
and longterm stability.ll’lz’13 The building construction seor could benefit greatly from manufactured
nanotechnology products, but although awareness of these products is higher than expected, adoption
of these products is limited by issues around the applicability of these products to phzset
outcomes™*

We offer a selection of illustrations from these nahased application areago show the
synergistic advance of methodological capabilities via interesting applicatidfigure 2 offers a
schematic of the analysiprocess used to extract kégpics from the set of NEDD patentsFigure3
shows those 13 topics advancing across technology system maturation stages and time PaNeds.
have also recognized that siglystem level analyses are vital to understand technological development.
Figure 1c shows a bakout of NEDD into sufystems for further analysé&lt can be informative to plot
R&D activity trends for component technologies in each-sygiem (not shown here see appendix*’

Figure4 illustrates a means to probe for technology opportunities. Herehaege arrayed a
subset of the NEDf2chnologies identified from our literature aech against a subset of tlieugs being
delivered for brain canceto illustrate the principle of using eoccurrence of terms in records to
AYRAOIFIGS tA1Ste aaz20AldAzyo 28§ SELX 2NB &3 LA
opportunities (e.g., to consider trying a given delivery agent for a drug not reported in the literature).
We also examied literature crosgitation to examine how research on brain cancer connects with
NEaSIHNDOK 2y 'fT KSAYSNRaE 5AaS8SlasSo ¢KS LIN®Brdin aS Aa
barrier, there could be opportunities to enrich awareness of NEDBhikies across those fieldS.

%Xiao zZhou, Alan L. Rer, Douglas K. R. Robinson, Min Suk Shim, YingNano.enabled Drug Delivery: A
Research ProfildNanomedicine2014 Jul;10(5):8896. doi: 10.1016/j.nan0.2014.03.001

1 Ying Guo, Chen Xu, Lu Huaiign L. Porter2012. Empirically Informing a Technology Delivery System Model for
an Emerging Technology: lllustrated for Bymsitized Solar CelR.& D Managemem2(2):133149. doi:
10.1111/j.14679310.2012.00674.x

12 Xia0 Zhou, Alan L. Porter, Douglas K. R. Robinson, Min S. Shim, Ying Guo. 208itdigabled Drug

Delivery: A Research Profidanomedicine10(5):88996. doi: 10.1016/j.nan0.2014.03.001

13Tingting Ma, Alan L. Porter, Ying Guo, Jud Ready, Chen Xu, Lidan Gad.T2&hhology Opportunities Analysis
Model: Applied to Dyssensitised Solar Cells for Chifi@chnology Analysis & Stratefl@anagement26(1):8%7104.

1 Sanjay Arora, Rider W. Foldgan YoutigPhilip Shapiradrnim Wiek 2014. Drivers of Technology Adoption: The
Case of Nanomaterials in Buiidi ConstructionTechnological Forecasting and Social Ch&vg&). doi:
http://dx.doi.org/10.1016/j.techfore.2013.12.017

®*Ma, J., & Porter, A. L. (2018)nalyzing patent topical information to identify technology pathways and potential
opportunities.Scientometrics, 142), 811827, doi:10.1007/s1119214-13926.

'® Zhou, X., Porter, A.L., Robinson, D.K.R., Shim, M.S., and Guo, Y. (2014n atded drug delivery: A research
profile, Nanomedicine:Nanotechnology, Biology and Medicii®. (5),889-896.
http://dx.doi.org/10.1016/j.nan0.2014.03.001

"Ma, T., Porter, A. L., Guo, Y., Ready, J., Xu, C., & Gao, L.A26&Bhology opportunities analysis model:
applied to dyesensitised slar cells for chinaTechnology Analysis & Strategic Manageme(1), 87104.

®Ma, J., Porter, A. L., Aminabhavi, T. M., & Zhu, D. (2R&aB)penabled drug delivery systems for brain cancer
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Medicine, 117), 17631771, doi:10.1016/j.nan0.2015.06.006.
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information, and cognitive technologies. Another direction we are pursuing is to devise indicators of
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We also experimented with new visualization method$is work on visualization was aided by
a separate but related grant we ceived from NSF to develogisualizations, including science overlay
maps and patent overlay map$o understand crosslisciplinary research knowledge interchanges

Figure6 shows a recent science overlay m#i3 # # for nano. An earlier nano science oveylanap was
complemented with one showing the fields upon which nano WoS papers draw most Héavibe
citation map sharpened understanding of the social science domains contributing toFigoioe7).*

19 Leydesdorff, L. and Rafols, I. (2009) A Global Map of Science Based on the ISI Subject Cidaguaias. the

American Society for Informati@cience and Technolqd30(2), 34862.

*Rafols, I. and Meyer, M. (2009) Diversity and Network Coherence as indicators of interdisciptiaseitstudies

in bionanoscienceScientometric81(2) in print. DOI 10.1007/s1119209-0041-y.

' Rafols, I., erter, A.L., and Leydesdorff, L., Science overlay maps: A new tool for research policy and library
management,Journal of the American Society for Information Science & Technélbg$), 18711887, 2010. DOI:

10.1002/asi.21368.

2 For the latest versionf the science overlay map process, deip://www.leydesdorff.net/overlaytoolkit/.
“porter, A.L., and Youtie, J., Where Does Nanotechnology Belong in the Map of StletweNanotechnology

Vol. 4, 534536, 2009.

' Shapira, P., Youtie, J., and Porter, A.L., The emergence of social science research in nanotechnology,

Scientometrics85(2): 595611, 2009.
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Figure6. Distribution of Nano Research Publication across Fields for 2015

[Background (black) nodes indicate the Web of Science Categories; map location and connections
reflect journal crossitation patterns for all 2010 science and social science citatidoexipapers. The
larger, colored nodes reflect concentrations of nano papers.]

Source: sedootnotes19, 20, 21, 22

% Kwon, S. (2016) Bibiometramalysis of nanotechnology field developmerftom 1990 to 2015presentation to
the Southeastern Nanotechnology Infrastructue Corridor (SENIC) meeting, Atlanta.
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Figure?. Cocitation Map of Authors Most Cited by Nanotechnology Social Science Articles
Source: seéootnote 24.

In addition, wedeveloped methods, in conjunction with colleaguas other universities for
mapping topical areas of publication andtgat portfolios using nanotechnology datdJsing these
methods, we found that graphene applications had a more focused disciplinary ati@mtout broader
commercialization, while Narenabled Drug DeliveryNEDD)displayed the reverse patterfi. We

% Kwon, S., Porter, A., & Youtie, J. (2016). Navigating the innovation trajectories asltephby combining
specialization score analyses for publications and patents: graphene aneenabted drug

delivery ScientometricsScientometricd 06 (3), 10571071. http://link.springer.com/article/10.1007%2Fs11192
01518269#pagel.
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created measures of interdisciplinarity and specialization to complement our visualization eTialts.

H O2YLJ NBa

overlay and patent overlay maps, as appearedn@dt f I OS &

2 dAD BRBIBOAF 2 NI b 6 BiguEs cyripares Ndaphiiad stinde

| tyarRling dcdenGeSdapping

exhibit.
Table 2. Relative Specialization of NarBnabled Drug Delivery and Graphene Haohtions and
Patents
Technology NEDD Graphene
Statistics\ Type of Records Publication | Patents Publication | Patents
Number of Records 59,798 7,796 24,381 4,340
Aggregated Specialization Score 0.12 0.51 0.30 0.15
Max (Specialization Score) 1 1 1 1
Min (specialization Score) 0.21 0.15 0.27 0.15
Number of SCs (TIPCs) / record 1.85 7.27 1.99 2.74
Publication Year 20002012 | 2000-2012 |2004-2012 2004-2012
Analysis Coverage* 97.3% 99.8% 99.9% 99.7%

* No. of records that have valid Transformed IPC scores or WoS Subject Categories/(total population of

publications or patents population of publication or patents)

Sourceseefootnote 26.

Kay, L., Porter, A. L., Youtie, J., Rafols, I., & Newman, N. (2015). Mapping graphene science and development:
Focused research with multiple application areslletin of theAmerican Society for Information Science and

Technology41(2), 2225.



Graphene Science Overlay Graphene Patent Overlay

@ Biomedical Sciences O Engineering © Catalysis & Separation @ Heating & Cooling @ Phrotoiithography

© Chemistry © Physics @© Drugs, Medicine & Chemistry © Bectric Power © optis

@ Material Sciences © Computer Sciences @ Biologics Semiconductors O Metals
© Chemicats &Polymers @ computing © Information Transmission
@ Lsboratory Equipment

About the Basemaps How to Read the Overlay Maps

The science basemnap was created using publication citation index data for 2009. It features 222 Web of Science category nodes that are  The data overlays show the number and placement of publications and patents

grouped into 18 color-coded macro-science discip! e patent basemap was computed by mining patents for the time period 2000-2006.  that match “graphene” on the respective basemap. Node size indicates the num-
1t consists of 464 IPC technology nodes grouped into 35 color-coded macro-patent categories. In each network map, edges are drawn between  ber of matching publications or patents per node. Labels and colors of the six

nodes that have a threshold abowe the median similarity value. The Kamada & Kawai layout algorithm in Pajek was used to layout the networks macro-science disciplines and the 13 macro-patent categories that contain match-

in a two-dimensional space~the closer two nodes are the higher the similarity between them. The basemaps show the structure of science and  ing publications and patents are given below the network maps. There exists no

technology landscape respectively and serve 25 a reference system for data overlays, relation between the colors in the two maps.

X.8 sﬁx y 5
Mapping Graphene Science and Development: Focused Research with Multiple Application Areas, = %)PIA%:CETSS&
by Luciano Kay, Alan L. Porter, Ismael Rafols, Nils Newman, and Jan L. Youtie

NTA BARBARA, CA, ATLANTA, GA & VALENCIA, SPAL
Tagenis (CSIC-UPY)

Figure8. Graphene Science Overlay and Patent Overlay Maps
Sourcehttp://scimaps.org/mapdetail/mapping_graphene_sci_1&tcessed June 28, 2016.

Not only did we examine visualizations from a topical standpoint. We also used them to
understand3 S2 AN LIKAO LI GGSNYya 27 PheoltlieS@jerfidingd affisQa RSO
work was the rise of China. Our analgseevealed that China, which first surpassed the United States in
total number of research publications by 2010 and in the nuntaitations to these papers by 20%3.

[See Figure 1y SElF YAYAy3a (GKS FIFO02NB 06SKAYR (KA& 3INRSI(K
Chinese nanotechnologgitations, in which the Chinese scholars with the highest citations were more

likely to gte other top Chinese scholars. In contrast, their U.S. counterparts were much less likely to cite

other top U.S. scholafs.

Other geographi@ NA SY G SR 62NJ] F2dzy R GKIF (G ¢ idlugedl Rdst G NR O ¢
of the leading nanodistrictsare n locations that were prominent in the emengee of earlier
technologies.New geographic concentrations of nanotechnology research have also surfémsever,
cluster analysis showed thamany of the new regions with research strength were found to lack the

Tt NBAARSY(Qa [/ 2dzyOAf 2F | REA (D& )REporetythe{P@4idBnf 4hd CohgyeBs ot S OK y 2 f
the Fifth Assessment of the National Nanotechnology Initiativashingpn, DC: Office of Science and Technology

Policy. [Content contributorsYin Li, Sanjay Arora, Jan Youtie, Philip Shapira.]

?8Li Tang, Philip Shapira, Jan Youtie. 2G15here a Clubbing Effect Underlying Chinese Research Citation
Increasesdournal of the Association for Information Science and Techn66{8y.19231932. doi:

10.1002/asi.23302
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diversity of corporate and other institutional players to likely be able to substantially convert their

research into applicationSee Figur@.].29
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Figure9. Leading Nanodistrictby Publications and Cluster Type, United States and Europe
Notes. *Node is at the centroid of the largest city in the area and represents the number of nanotechnology
publications in Science Citation Index 1990 to mid-year 2007, based on nanotechnology definition in note 2. Cluster
assignments: TLEAD=traditional technology leading clusters; UNIV=university-led areas; GOV=government
laboratory/institution led areas; GEOG: geographically-focused cluster; DIV=cluster with some organizational
diversity; LENT=late entry clusters; ONEOFF=outlying clusters with distinctive characteristics.

Source: sefootnote 29.

# philip Shapira, Jan Youtie, Stephen Carley. 2014 (Peatdtypes of Emerging Metropolitan Nanodistricts in the
United States and EuropAnnals of Economics and StatistiBpécial issue on knowledge capital in
nanotechnology and other high technology industries) ¢115):81104.



While much of these analyses describe the current and past nanotechnology research and
commercialization system, we have also pursde@ 2 NBE Qlyay/(RAf 31 A 2 Y undeistindihge &4 ¢ T 2
future trajectories ofemerging technologiesForecasting Innovation Pathwagstails a combination of
analyses of historical trends and patterns, plus efforts to anticipate future trajectorfemecasting
Innovaton Pathwaydinksinto Technology Roadmapping (TRM). For example, Fl§itracks potential
solutions to DSSC problems to be overcome, sorting topical prevalence by type (materials, methods,
devices) over time. [Ignore details; our intent is to convey general approach4s part of this effort to
dzy RSNARGI YR GKS (GNIX2SOi2NR 2F SYSNHAYy3I (SOKy2ft2
LYRAOFG2NBR®E Ly 2yS FLIWX AOFGA2YY ¢S Ay@Sadiadalr aSR
02LR0a o¢

S1: To absorb more light
~ enlarge the surface, add
““““ more layers, etc.

Device

Method

82: To improve the dye
- Organic or Metal

Material

e, $4: To transfer the state of
electrolyte from liquid to
gel and solid

Electrolyte Leaking
1 Relate [
Comversion Efficiency - —— Stabitity

Basic Problem 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 Main Solution

FigurelO. A ProblemSolution Technology RoadMap for DSSCs
Source: seéootnote 0.

We have used the knowledge gained throughout our studies of nanotechnology to analyze other
emerging technoloigs. We received a grant from NSF to study the emergehde ¢ o6 A3 RI GF F yI
and conducted other assessments focused on synthetic biology. In apphgittqpdswe developed to
study the rise of social science subfields in nanotechnofoigythe emerging field of synthetic biology
we found that synthetic biobgy social science research is growing and exhibits connections to its
bioethical roots. However, compared with nanotechnology, social science research in synthetic biology
gives less consideration to public engagement, bibliometrics and economics, a@haw
perspectives”

¥ porter, A.L., and Huang, (2016), Forecasting future innovation pathways with big data anal@ié4sS

Innovation Management Repoi®;13 (July/August), Poole College of Management, NC State University, Raleigh.
%L Shapira, P., Youtie, J., & Porter, A. L. (200.emergence afocial science research on
nanotechnologyScientometrics85(2), 595611.]

82 Philip Shapira, Jan Youtie, Yin Li. 2015. Social science contributions compared in synthetic biology and
nanotechnologyJournal of Responsible Innovati®fi):143148, doi:10.1080/23299460.2014.1002123



As noted, this family of studies has utilized desktop text analysis software [VantagePoint
www.theVantagePoint.coff] developed especially to help glean useful intelligence from ield
structured science, technology &innovation information resources. Th#oftware has facilitated
development ofseveral novel analytical tools as highlightbdough this report* Severalof the tools
addressmeasuement ofinterdisciplinarity and crosdisciplinary knowledge transfé&ron the one hand
andtechnological emergencen the other

The STIP group had an extensive production of resedohe than 70peer reviewed journal
articles were produced by STIP researchdisis output representa high productivity level afiearly 20
publications per active senior research&everal of these works were highly cited, including itfigal
journal article operationalizing our nanotechnology search stratdgyrty undergraduate and graduate
researtiers have been involveith STIP research, five of whawceived their doctorates. Twenfpur
students and faculty from China, Germany, England, and Spain visited and contshbtdntiallyto
{¢LtQa yIy2GS0OKy2f238 NBEASHNOK RdNAyYy3I (KA& LISNRA2R

Lessond earned

Thispaper has discussethe types of strategic information and analysdbat a program of a
multidisciplinary social science center can produce to enha@neeainderstandingof developmentof a
sciencedriven technology. The progragielded a number of innovative methods for understanding the
emergence of nanotechnology, including webscraping of small and meslzed company websites,
visualizations of patent and publication portfolios and geographic clusters, and methods for
undersianding innovation pathways.

Fivemain lessongan be identifiedthat could beuseful to other longerm efforts to conduct
bibliometric analyses of emerging technologies. These are: (1) the importance of being part of a social
science center oriented spdicially toward the technology; (2) taking an agile approach to development
and maintenance of the bibliometric datasets; (3) having nydtr participation froma core set of
graduate students along with visitors from other countries, and multiple tearmbes with diverse
networks and collaboration(4) dedicated space in a natademic campus building coupled with
performancedriven agile management by the STIP principist 6) stable longerm funding.

Over this 16year (plus a no cost extension y@dristory, we have found that being part of a
social science centefocused specifically on nanotechnologyve us aspecial grounding in the
technology and its relevare to social science questions. hal perspectivewas less available to
investigators weking on individual projects in that same domain being I Y f s@ciAlSstentist
embeddedin a science or engineering cent&@ne example of this concerns our search strategy and
datasets. When the center began, many bibliometric researchers were asisigple search term
(nano*), which resulted in the exclusiomf many scholarly publications thatid not yet use this
terminology in their workMoreover, we discovered that the straightforward use of nano* led to the
inclusion of papers and patents relag to the compounds NaNO2 and NaNO3 (e.g., papers and patents
about fire extinguishers)Another set of bibliometric researchers used overly broad approaches that

Brbylil3St2Aayl RSGSt2LIVSyld 61 a AYAGALFIGSR G DS2NAAL ¢SOF
information resources. Search Technology, Inc. and Georgia Tech continued development supported mainly by the
Defense Advanced Research Projects Agency (DARPA), the U.S. Araytdandtive and Armaments Command,

and the U.S. Army Aviation and Missile Command under Contract DAFHBR169. The software is also

available from Thomson Reuters as Thomson Data Aeralyz

% Robinson, D.K.R., Huang, L., Guo, Y., and Porter, A.L. (2013), Forecasting Innovation Pathways for New and

Emerging Science & Technologieschnological Forecasting & Social Cha®ge(2), 267285.

* carley, S., Porter, A.L., and Youtie, J. (2013), Toward a more precise definitioitdtemtf Scientometrics94

(2), 777780. DOI 10.1007/s111972-07452.
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resulted in a large proportion of records being published prior to the discovery and diffagikey
nanotechnology instrumentsthe scanning tunneling microscope and atomic force microscoget
another set relied on existing nanotechnology publication categories or patent-classes, even
though it took a whileespecially in the case ofdhpatent classedor these classes to backfill such that
they fully represented nanotechnology patentm independent analysis by Huang and colleaguigsh
compared si nanotechnology search strategipsovided further validation ofhe STIP approachThey
found that the results of the STIP search were shown to ifalthe middlein size and coverage
distribution among these six search strategies

Concerning theargescale datasets we used, the STIP team recognizedtthauld beeasy to
get boggeddown inthe storage and maintenancef these datasetsWe decided on an agile approach to
organizing the datasets which prioritized updating and cleaning through analysis for a given research
LI LISNJ 2 dSNJ ONBFdAy3a (KS & LIS NgFcdrapitérs aRd rietwerkS dather 2 S dza
than any specific high capacity computer, with the help of a donation of monitors and a workstation
from our corporate partnerlISC.Having an overlapping set of doctoral students who were aware of the
structure of thesedatasets was helpfulAlithough the studentsrotated in and out, they tended to be
with the STIP grougior anywhere from thredo-six years, which provided continuity &howledge
about the datasets.

Humanand socialcapital was very important to the sucge of STIPWe also learned that
AN) Rdzr 0SS addzRSyda Ay a20Alf aOASYyOS O6&ALISOATAOLT @
RFEGlIé¢ AyGaSNBada FyR OFLIOAfAGASE 6SNB YdzOK Y2NB
and other textmining tools to understand the development of emerging technolodiemn were
students in the computer science collegk.is important to underscore that these students had access
to VantagePoint softwaré which enabled them to perform high level cleagi merging,and
visualizationof the R&D publication and patent abstract record sets without regdan extensive
computer science background.

This cadre of ongoing expertise was supplemented with an influx of visiting researchers,
including graduate stushts and faculty. These visitors came with new ideas and directions that led the
STIP team t@ursue hot topics and investigate various application areas. Collaborations with&WS
colleagues working with other methods and on other topical areas alsaltegs in significant
publications in the methodology area (e.g., merging medagale survey anthrgescalebibliometric
information), application area (e.g., studying building construction commercialization), and the social
science area (e.g., investigag equity and equality issues from a geographic viewpoint). Importantly,
the three STIP principals had different networks which enabled relatively rapid and flexible pursuit of
new topics relevant to nanotechnology.

This work benefitted from being located a facility in a new part of campus that was dedicated
to commercial transfer of knowledge. The facility had a large dedicated area for student work and a
sizable conference room to support regular weekly group meetings. The weekly meetings were an
important tool of the three active principaléand coeauthors of this paperjo encourage productive
work and address any problenis the research team. These principakst and maintained brisk mini
deadlinesoriented aroundthe productionof peer reviewed journal articles. The principals recognized
the importance of having journal articles as thoeus instead of thick final reportdp serve as driver
for movingthe analysis of the emergence of nanotechnoldgsward.

Sable funding &0 allowedthe STIP groupp be more creative in developing a search tool and
maintaining datasets which might be applied to multiple important policy and management questions.

*® Huang, C., Notten, A., & Rasters, N. (2011). Nanoscience and technology publicatipateats] a review of
social science studies and search strategiée Journal of Technology Transg&§6(2), 145172,
87 thevantagepoint.com



The CNS support for 10 years provided a reliable base for recruiting grastudents and such. Th
core fundingfacilitated the acquisition ofadditional research grants, leveraging those capabilities, to
advance methods or pursue particular emerging technology analyis&swise, it enabled the group to
pursue innovative resech areas which would take a length of time to produce resuits example,
the webscraping work while at the same time having other streams of research reablg toyield
publications.Maybe this lesson is to be expected, but it is not always easgnpbement, especially
when, as in the case of the STIP group, the locus of control is at another university. The STIP group spent
a great deal of effort making sure that production of journal articles occurred apamoe that
government officials and othdtey stakeholders knew of their work and capabilitieer example, his
effort led to the inclusion of STIP information and analyses in two refosNJ G KS t NBaA RSy (i Q2
Advisors on Science and Technology (PCASTheir review of the US Nationh Nanotechnology
Initiative.®®

The methods we developed and findings we reported are now available for testing relative to
other emerging technologie€f course every situation is unique® there likely will be limitations in
efforts to generalize these pproaches to other emerging technology areaBor example,
nanotechnology had less of an entrenched legacy of social science research than do emerging
technologies in, for example, the biological sciesiteNevertheless, we hope these methodsd
lessongcan beuseful in assessing the bibliometric trajectory of future emerging technologies
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