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Abstract Converging technologies require intelli-
gent policy-making as they have significant capabili-
ties to develop disruptive innovations. In this regard,
future-oriented technology assessment is vital given
the great uncertainty about the consequences of
and barriers to accessing these technologies. How-
ever, few frameworks have been developed to evalu-
ate converging technologies, and most of those have
neglected the unique dimensions of these technolo-
gies. Therefore, this study aims to provide a policy-
making framework for converging technology devel-
opment. Accordingly, the proposed framework is
designed through a meta-synthesis of previous tech-
nology assessment frameworks by considering the
feasibility, challenges, and achievements of converg-
ing technologies development pathways (CTDPs) as
the key factors. Then, the framework is implemented
in a case study of Iran and an appropriate strategy for
each converging technologies development pathway
is proposed based on a quadruple matrix of achieve-
ments and challenges. The results show that in Iran,
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biotechnology and cognitive technologies have the
highest and lowest development horizons, respec-
tively; and surprisingly, the combined field of bio-
technology-cognitive is the most promising pair com-
bination of converging technologies.
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technology assessment - Converging technologies
development pathways (CTDP) - Iran

Introduction

Despite the movement of systems towards modular-
ity in the 1990s (for example, in computer and auto-
motive development), the convergence of technology
and services was introduced in scientific circles at
the beginning of the twenty-first century [1]. Follow-
ing the publication of Wilson’s [2] efficacious work,
NBIC (Nanotechnology, Biotechnology, Information
technology, and Cognitive science) convergence was
announced in 2002 in a World Technology Assessment
Center report [3]. This movement continued through
three annual conferences held on NBICs foresight in
the USA [4]. In that period, Roco emphasized the need
for policymaking and governance of these technologies
by publishing numerous reports and papers on vari-
ous aspects of converging technologies [5-10]. These
efforts gradually led to the publication of documents
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on NBICs by international organizations and institu-
tions such as the European Commission [11], Rand
Institute [12], OECD' [13], and UNIDO? [14].

NBIC converging technologies (further referred
to as converging technologies in the article) are the
technologies developed through the paired, triple, or
quadruple combination of nanotechnology, biotech-
nology, information technology, and cognitive sci-
ence. Integration and synergy are the two key features
of converging technologies; this means that these
technologies, by establishing a new platform and tak-
ing a holistic approach to technology development,
lead to the creation of new opportunities, products,
and capabilities that go beyond the separate appli-
cation of their capacities. Furthermore, during the
process of convergence, the components of converg-
ing technologies become integrated [15] as nano-
technology experts formulate the ideas of cognitive
scientists, and these constructs are used in the field
of applied biotechnology through the guidance and
empowerment of information technology [16].

Notwithstanding that the converging technologies
are in the early stage of their life cycle, these tech-
nologies have experienced tremendous growth dur-
ing this period; for instance, based on the study of
inventions from 1995 to 2011, the integrated use of
converging technologies led to the creation of added
value beyond the individual application of these tech-
nologies [17, 18]. Studies have also shown that the
economies of developed countries will see signifi-
cant development in the coming years due to inno-
vations based on converging technologies, and will
move towards the sixth long economic wave during
the 2018-2050 period [19]. The convergence of tech-
nologies even affects the decisions and expectations
of customers in terms of the integration of different
product features, so customers will expect multi-pur-
pose products in the long term [20].

In summary, the role of NBICs in economic devel-
opment in the coming decades, on the one hand, and
the need for intelligent support of their development
and dissemination, on the other hand, lead to the
development of policies that exploit the benefits of
converging technology development and also take
the necessary actions to tackle the probable risks of
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these technologies. Although various studies have
addressed the importance of future-oriented analysis
of converging technologies, especially through life
cycle assessment, only two governance models in the
field were found, one for the USA [7-9] and another
for the European Union [11], which were too specific
and context-dependent. Most scholars studied just one
of the NBICs, disregarding its convergence potential
with the others. The few studies regarding the con-
vergence of the NBICs either focused on a very par-
ticular converging field (nano biosensors in [21]) or
addressed the issue on a macroscale while neglecting
the Converging Technologies Development Pathways
(CTDP) [22]. Furthermore, these studies mostly focus
on the future achievements of converging technolo-
gies, while the possible consequences and risks of
these technologies are currently more or less unclear.
In other words, policymakers make their decisions in
a state of uncertainty about the conditions and con-
sequences of converging technologies, so the use of
future studies can be helpful. The lack of a future-
oriented framework for the analysis of the converg-
ing technologies at the national level has therefore
been identified as the literature gap. This framework
should address the unique characteristics of the con-
verging technologies based on previous experiences
regarding the future studies of various technologies.

Over the last century, different techniques have been
established and utilized for the anticipation and guid-
ance of forthcoming technologies [23]. Future-oriented
technology analysis (FTA), the term that was coined for
such studies, explores the effects of emerging technolo-
gies on the environment and vice versa [24]. As FTA
consists of various practices including technology fore-
sight, forecasting, and assessment [25], many scholars
refer to it as a toolbox rather than a uniform and proven
methodology [26]. Therefore, the differentiation of FTA
techniques is misleading as most studies apply a combi-
nation of them to achieve further insights.

Technology assessment (TA) is one of the major
fields of FTA that illuminates the effects of technol-
ogy and proposes appropriate policies for dealing
with it. New generations of technology assessment
are mostly policy studies about the social and envi-
ronmental impacts of the dissemination of emerging
technologies (such as NBICs) in society, guiding the
policymaking process in the form of public decision-
making and resource allocation through a set of alter-
native options and anticipated consequences [27, 28].
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It also implements a warning system to track, control,
and change the route of new technologies develop-
ment and dissemination by encouraging public partic-
ipation in the challenges and social issues of science
and technology, paving the way to better technology
governance [29, 30].

The purpose of this paper is to design a universal
framework for the future-oriented assessment of con-
verging technologies at the national level, providing
strategic suggestions for the planning and develop-
ment of these technologies based on future research
studies on various dimensions of NBICs technology
convergence. Future-oriented technology assessment
is defined as future-oriented technology analysis with
an emphasis on technology assessment as the key to
impact assessment. Thus, FTA studies of NBICs tech-
nologies are critically evaluated in the “Literature
Review” section, while in the “Research Method”
section, by using a meta-synthesis research method, a
framework is proposed based on a systematic review
of previous FTA frameworks (with an emphasis on
technology assessment). Then, in the “Case Study”
section, the framework is implemented for Iran (as
the case study), and at the end, in the “Conclusion”
section, the findings and results are discussed.

Literature Review
Future-Oriented Studies of NBICs

For a thorough analysis of the literature, the Scopus
articles regarding the “analysis, assessment, fore-
casting, and foresight” of “nanotechnology, biotech-
nology, information technology, cognitive science,
NBICs, and converging technologies” have been
reviewed. Accordingly, 9 out of 1964 articles have
been identified as relevant studies through the title-
abstract-full-text filtering (Table 1).

The literature review indicates that although many
scholars suggest that a new framework is vital for con-
verging technologies assessment, which departs from
technology-based, traditional, and exploratory fore-
casting to science-based, biology-based, normative,
rapid, and robust planning [40-47], few researchers
have assessed NBICs interdisciplinary aspects with
a solid methodology. While most national foresight
studies have studied each converging technology
separately, international reports (such as [48] and

[14]) have described technological applications of
interdisciplinary converging technologies and sug-
gested fruitful but proofless policy recommendations.
Therefore, the research contributes to the literature
by addressing the lack of NBICs technology assess-
ment with a focus on the interdisciplinary aspects of
the converging technologies. It should be noted that
although the previous studies have not explored the
aforementioned research question, their findings can
guide this research in two ways:

1. The possible achievements of and barriers to
the development of the converging technologies
are widely discussed (e.g., the role of converg-
ing technologies in a smarter health and well-
ness future [49]) which are later reviewed to bet-
ter understand the dimensions of the converging
technologies.

2. The innovation pathways of converging technolo-
gies are referred to both in forecasting literature
(e.g., nano biosensor technology applications
[50]) and technical articles (e.g., biosynthesis of
nanoparticles [51, 52] and quantum cryptography
[53]), which are further explored for the develop-
ment of CTDPs.

Iran’s Status Quo in NBICs Development

Since the framework is designed to propose policy
recommendations, it should be implemented at the
national level, which is why Iran was chosen for the
case study. There are two reasons for this choice; on
the one hand, Iran is one of the few countries which
have a relatively adequate knowledge base in each
of the NBICs’ research fields. On the other hand, the
publicly funded approach toward NBICs development
in Iran has not led to significant technological and
economic spillover yet and therefore a national strat-
egy for NBICs development is not only necessary but
also applicable. To validate these statements, a brief
overview of Iran’s status quo in NBICs development
is presented:

1. Biotechnology: While Iran’s development of
biological sciences dates back to the 1920s, the
establishment of the National Research Center
for Genetic Engineering and Biotechnology
(NRCGEB) brought Iran into the modern biotech-
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nology era in the mid-1980s, since which time the
scientific community has built up significant capa-
bilities in various related branches of biotechnol-
ogy under the supervision of the Biotechnology
Development Council (BIODC?) [54]. Accord-
ingly, in 2014, Iran ranked fifth in biotechnol-
ogy production among Asian countries and 14th
worldwide in published articles. The Pasteur Insti-
tute of Iran (IPI), the NRCGEB, and the Royan
Institute (established in 1920, 1989, and 1991,
respectively) are the key research institutions in
this field. The IPI produces biopharmaceuticals
and diagnostic kits related to infectious diseases
and vaccines. The NRCGEB undertakes state-of-
the-art research which has led to various achieve-
ments including the production of a recombinant
growth hormone and a recombinant DNA hepa-
titis B vaccine. The Royan Institute is a pioneer
research center focusing on stem cell biology and
reproductive biomedicine, with applicable accom-
plishments in infertility treatment [55]. The devel-
opment of recombinant proteins and medicines,
animal cloning, tissue engineering, and bacterial
diagnostic tools are considered the key advances
in Iranian biotechnology research [56]. Biophar-
maceuticals are the leading area of biotechno-
logical innovation, accounting for 172 of the total
377 new technology-based firms (NTBFs) in the
field. The most prominent biotechnological NTBF
in Iran is CinnaGen, which has already produced
various products (mostly biosimilar) including
Cinnovex, ReciGen (Interferon Beta-1a), Cinnal-
f (follitropin alfa), and CinnoPar (Teriparatide).
Iran has also diffused biotechnology in the envi-
ronmental crises, with the development of biofil-
ter technologies for water recycling/reusing and
dust stabilization using biological mulches. Iran
has planned to increase its share of the global
biotechnology market to 3% (0.62% in 2017)
to become the regional leader in biotechnology
development by 2025 [57].

Nanotechnology: The development of nanotech-
nology in Iran began in 2001 with technology-
monitoring reports from some expatriate Iranian
scientists in the USA directed to the Technol-
ogy Cooperation Office (TCO), which is super-
vised directly by the Office of the President and

3 https://en.biodc.isti.ir/

is responsible for technology development in
the country. TCO therefore created a commit-
tee to carry out studies related to nanotechnol-
ogy development policies which later led to the
establishment of the Iran Nanotechnology Inno-
vation Council (INIC* and the Iran Nanotech-
nology Laboratory Network (INLN) in 2003 and
2007, respectively [58]. As a result of such pro-
active strategies, nanotechnology has attracted
much more attention among Iranian research-
ers than other converging technologies, ranking
7" worldwide in publications as a result in 2015
[55]. However, nanotechnology research faces
two main challenges; the small number of inter-
national collaborations which are evident given
the small number of articles with both Iranian
and non-Iranian authors, and the slow pace of pat-
enting growth which is less than one-fifth of the
nanoparticle growth throughout 2007-2013. On
the other hand, nanotechnology is mostly diffused
in health care and upper stream nanomaterials
(with 27 and 23 firms out of the total 143 in 2013,
respectively) and the number of industry research-
ers as the main human resource index has grown
from 568 in 2003 to 20,966 a decade later [59]. It
should also be noted that future studies were more
welcomed in this field, which led to 2 strategy
plans; the first (2006-2015) focuses on infrastruc-
ture, public awareness, human resources, technol-
ogy development, and international collabora-
tion, and the second (2016 to 2025) is focused on
industrialization, commercialization, international
marketing, and again international collaboration
[60]. Such efforts had led to scientific outputs as
well, with Ghazinoory et al. [61] and Ghorshi
Nezhad et al. [62] as an example.

Information technology: Although the earliest
use of software in Iran dates back to 1962, IT
was in widespread use at universities and offices
in the 1970s. In the post-revolutionary period,
software development expanded, with the crea-
tion of word processing in Farsi as a major exam-
ple. In the 1980s, discussions led to the adoption
of definite plans for the export of software, and
later, with the adoption of the legislative mandate
for development in 2003, a solid demand (mostly
public) for software products was created [63].

4 https://en.nano.ir/
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Unlike other converging technologies, IT devel-
opment was directed mostly on the basis of the
market-pull innovation model agreed by both
policymakers (including information technology,
communication, and cybersecurity development
council (ICTC?)) and other actors, with the high-
est share of NTBFs (20.1%) in 2016 and the high-
est ratio of R&D investment to sales (7.5%) in
2012-2014. The financial analysis also approves
the aforementioned development model, as the
ICT and computer software has attracted signifi-
cant financial support with 201 INIF-approved
knowledge-based projects and a 12.5% share of
total INIF funding from 2012 to October 2016
(third field after biotechnology and electronics)
[55]. This market-oriented approach has also
affected the research realm given the decline of
published articles after 2011 (Fig. 1). Information
technology is also diffused in prominent indus-
tries, especially the automotive industry, natural
gas and petroleum industry, and banking sector.
The diffusion extent in the Iranian automotive
industry is similar to that in European automobile
firms. On the other hand, the insurance sector and
the agricultural industries lag behind in the appli-
cation of information technology [63]. All in all,
Iran’s digital economy share of GDP was 6.9% in
2020, which is less than one-third of the global
average (22.5%) [64].

4. Cognitive science: Iran has started to pioneer
brain and cognitive science studies in the region
(2nd in the Middle East in terms of publications
in the cognitive neuroscience field for instance)
following the establishment of the Cognitive Sci-
ence and Technologies Council (CSTC’) as a
governmental infrastructure supporting scientific
and technological efforts in this field [65]. How-
ever, considerable results have yet to be achieved.
Two main Iranian research institutes focus on
cognitive science; the Institute for Research in
Fundamental Sciences (IPM) mostly investigates
brain disorders, while the Institute for Cognitive
Science Studies (ICSS) studies the interrelation
of psychology and neuroscience [66].

3 http://en.ictc.isti.ir/
® Tran National Innovation Fund
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A bibliometric analysis of the NBICs research is
presented in Fig. 1.

The convergence of NBICs is not studied deeply
in the Iranian context, with Jamali et al. [22] being
an exception. That paper investigates the inter-
disciplinary relations (pairs and trios) of NBICs
using different bibliometric techniques for all
Iranian NBIC articles published in international
journals from 2001 to 2015. The results among
the pairs and trios showed that Nano-Bio, Nano-
Info, and Nano-Info-Bio had the highest level of
mutual interdisciplinary relations, while Info-Bio,
Cogno-Bio, and Cogno-Nano-Info had the weakest
[22]. Dominant convergence types are presented in
Table 2.

According to the results of this literature
review, Iran has a significant number of research-
ers with international publications in each of the
four areas of converging technologies. However, it
is difficult to find scholars who specialize in dual
and/or triple combinations of converging technolo-
gies, and therefore are qualified to be referred to
as experts.

Research Method

The framework of the research method is based on
the three-stage meta-synthesis research method [67],
which integrates the interpretations of the findings of
previous studies on technology assessment in three
stages: (1) selection of studies, (2) synthesis of inter-
pretations, and (3) provision of combinations. Scopus
was chosen as the database in the search phase of
the meta-synthesis and the period of the search was
until the end of 2019. The search query is presented
in Table 3. (Related words to each keyword were also
included in the search.)

The initial sources were further filtered through
title, abstract, and full-text review. Reference back-
tracking [68, 69] was then used to finalize the
accepted sources (Fig. 2).

Based on the review, interpretation, and synthesis
of the final 19 sources, the “Proposed model” (last
column of Table 4) was extracted. Also, the most
similar frameworks are presented in Table 4 for fur-
ther comparison.

Since contextual dynamics of the environ-
ment affects the potential CTDPs, attention to


http://en.ictc.isti.ir/
https://cogc.ir/?lang=2
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Fig. 1 Number of Iranian NBICs articles in Scopus throughout 2001 to 2020 (title, keywords, and abstract search)

socio-technical systems in the form of social achieve-
ments and barriers and challenges to the development
of these technologies is essential; this is an important
subject that has not been emphasized in any of the
previous frameworks. On the other hand, all frame-
works have a retrospective or present nature, while
in the assessment of converging technologies, the
emphasis is on the use of futuristic and exploratory
methods. Thus the research framework, presented in
the last column of Table 4 and Fig. 3, is designed to
address the aforementioned gaps.

Case Study

In this section, the proposed framework for the
future-oriented assessment of converging technolo-
gies (Fig. 2), which is the result of applying the meta-
synthesis research method, has been implemented for
the case study of converging technologies in Iran:

Defining the Problem of Converging Technologies
Assessment

The purpose of this case study is to extract policy
proposals for the development of converging tech-
nologies in Iran through future-oriented technology
assessment. The geographical scope of this case study
is Iran (national/ macro level), and the time scope is
short-term, medium-term, and long-term. The possi-
ble beneficiaries of the future-oriented assessment are
all actors in the field of science and technology pol-
icy-making in Iran, and the whole society at a higher
level. The assessment dimensions will be social, eco-
nomic, and environmental factors.

Understanding the Dimensions of Converging
Technologies

After defining the problem, the dimensions of con-
verging technologies are studied in the form of

Table 2 Dominant
convergence types

Pairs and Trios

Dominant conver-

Examples

ence type

according to the 8 P
bibliometric study of Nano-Bio Materials Graphene, fullerene, porphyrin, and dopamine
Iranian publications [22] .

Nano—Cogno-Bio

Nano-Info Tools Sensors and lasers

Techniques Neural networks and free vibration analysis
Info—Cogno Retrieval and suppression
Info-Bio NBO analysis, decision tree, and DFT calculation

@ Springer
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Table 3 Search query for meta-synthesis of the future-oriented technology assessment framework

Keyword type 1 Keyword type 2 Keyword type 3 Journals (top journals in the technology
and innovation policy field)
Technology AND Analysis AND Framework OR IN  Futures OR Foresight OR International
OR OR Model OR Journal of Forecasting OR Journal of
Innovation Assessment Guidebook OR Foresight and Innovation Policy OR Tech-
OR Guidance OR nological Forecasting and Social Change
Forecast Method OR OR Technology in Society OR Technol-
OR Methodology OR Pathway ogy Analysis and Strategic Management
Foresight OR Toolkit OR International Journal of Technol-
OR Decision-making ogy Management OR Technovation OR

International Journal of Innovation and
Technology Management OR Journal of
Technology Management and Innovation
OR International Journal of Innova-
tion Management OR Asian Journal of
Technology Innovation OR The Journal
of Technology Transfer OR The Journal
of Product Innovation Management OR R
and D Management OR Research Policy
OR Journal of Cleaner Production OR
Science and Public Policy

‘ No. of initial sources: 242 ‘

% Eliminated sources according to title review: 168 ‘

‘ Accepted sources according to title review: 74 ‘

J

r‘ Eliminated sources according to abstract review: 41 ‘

\ 4

‘ Accepted sources according to abstract review: 33

¢ { Eliminated sources according to full-text review: 17 ‘

( Accepted sources according to text review: 16

} Added sources according to reference backtracking: 3 ]

A 4

[ Final accepted sources: 19 ‘

Fig. 2 Article selection process in meta-synthesis of the future-oriented technology assessment framework

achievements and challenges. For this purpose, in step and the practical goals of converging technologies are
2-1 (Fig. 3), to identify the achievements of converg- classified in Table 5.

ing technologies in the context of society, various sci- Then, in step 2-2 (Fig. 3), the challenges are
entific databases are explored with related keywords, extracted with the same approach as in Table 6.

@ Springer
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Forecasting the Future of Converging Technologies

After realizing the different dimensions of converg-
ing technologies (achievements and challenges),
the future CTDPs with a similar approach are first
extracted from the literature to identify the poten-
tial applications of converging technologies, in step
1-1 (Fig. 3). Then, the pathways were completed in
the form of 85 CTDPs and categorized based on the
paired and triple combinations of converging tech-
nologies via exploratory interviews with eight experts
(selected using a purposeful sampling method and
considering maximum heterogeneity from the statisti-
cal population of experts with experience in at least
three areas of converging technologies). Later, the
combinations are verified by experts which resulted
in 77 final CTDPs (presented in the Appendix and
summarized in Table 7).

The viewpoints of a wider range of experts (45
persons) about the importance of each of the CTDPs
at the national level are then gathered with a Likert
questionnaire. The respondents are selected with the
snowball sampling method from the experts special-
ized in at least one field of converging technologies,
and experts from policymaking institutions in the
field of converging technologies in the country (the
demographic information is presented in Table 8).
It should be mentioned that in the next steps and
stages, the opinions of these experts (45 persons)
were used to gather further information.

To ensure the normality of the data collected
through the questionnaires, the Kolmogorov—Smirnov
test was used, and the result confirmed the normality of
the data with a confidence level of 95%. The responses
were then analyzed by the #-test (population means val-
ues test). For this purpose, a test is designed as follows:

HO:pu=3
Hl :u#3

Based on the test results, the null hypothesis for
77 CTDPs was rejected at a 95% confidence level
(Sig.<0.05). Considering that the lower and the
upper ends of the confidence interval of the difference
are positive for all 77 CTDPs with 95% confidence,
it can be claimed that the population of experts has
recognized these 77 CTDPs as being of great impor-
tance. Thus, the possibility of achieving 77 CDTPs
by Iranian scientists (out of a total of 88 CDTPs

extracted from the literature in step 3—1) is confirmed
by the experts. An example of the results of this pro-
cess in the NI field is presented in Table 8, where the
possibility of the attainment of all CDTPs was con-
firmed except for “computer simulations for modeling
through the behavior of nanostructures” (row 9 of
Table 9).

At the end of step 3—1 (according to Fig. 3), the
required period of the emergence and implementa-
tion of CTDPs in Iran was determined based on the
opinions of experts and in the form of three periods:
short-term, medium-term, and long-term periods. The
results of this process in the field of NI have been pre-
sented as an example in Table 10, where out of the
13 confirmed CTDPs in Table 8, it is predicted that 2
in the short term, 9 in the medium term, and 2 in the
long term can be developed in Iran.

In steps 3-2 and 3-3 (Fig. 3), the experts’ view-
points on the impacts of different dimensions of
converging technologies (8 achievements and 7 chal-
lenges identified in the previous step) on each CTDP
have been evaluated with a Boolean (0/1) question-
naire to determine the number of effective achieve-
ments and challenges for each CTDP separately.
Table 11 shows an example of this process for “Nano-
capsules to generate portable energy source for sol-
diers” as one of the pathways to develop converging
technologies in the field of NB.

Evaluating the Prospects of Converging Technologies

After examining the various dimensions of the devel-
opment of converging technologies, in this stage, the
graphic image of the future perspective assessment
of the CTDP is presented. For this purpose, in step
4-1 (according to Fig. 3), the intensity of achieve-
ments and the intensity of challenges (extracted from
the expert opinions in steps 3—2 and 3-3) respectively
are shown on the horizontal and vertical axis. At the
end of this stage and in step 4-2 (Fig. 3), the matrix
of achievements-challenges is divided into four areas
according to the high/low intensity of achievements
and challenges of Fig. 4. As a result, for instance, the
CTDP presented in Table 10 is located in area No.
2. Inspired by Vernet and Arasti [89], Morin (1985)
[90], UNIDO [91], and Ghazinoory et al. [61], the
clustering will further aid the development of the
strategies in the next stage.

@ Springer
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1-1- Identifying and defining the problem, scope, and methods
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Defining the problem of converging technology assessment
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Fig. 3 Proposed framework for future-oriented assessment of converging technologies

Table 5 Achievements of converging technologies develop-
ment

Achievements References
Improving the quality of human life [16, 78]
Improving and developing positive social out- [79, 80]
comes
Increasing economic growth [12]
Increasing security and defense power [10, 66]
Rapid scientific progress [66, 80]
Achieving sustainable development [5,12]
Improving the country’s innovation ranking [10, 81]
Better environmental protection [12, 82]

Analysis and Dissemination of Converging
Technologies Development Policies

In the final stage, four scenarios for the develop-
ment of converging technologies are proposed. For

@ Springer

the development of the scenarios, similar technology
selection matrices are reviewed. Inspired by BCG’s
model, Vernet and Arasti (1999) proposed an attrac-
tiveness-competencies matrix with star, cash, ques-
tion mark, and cross zones [89]. Similarly, Morin
[90] designed an ability—attractiveness matrix for
technology planning, including 4 zones (position pro-
tection/development, replace/sale, selected improve-
ment, and ignorance). Given the firm level of the pre-
vious frameworks, UNIDO (2004; 2005) developed a
critical technology selection model for national pol-
icy-making, with attractiveness (social benefits and
technological opportunities) and feasibility (research
potential and societal absorption possibility) as the
key parameters [91]. Finally, Ghazinoory et al. [61]
proposed four scenarios for national technological
strategy (replace/transmission, scanning, inception
and development, and position protection) accord-
ing to the capability-attractiveness matrix and then
applied the framework in the case of nanotechnology
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Table 6 Challenges of

. Challenges References
converging technology
development Lack of culture in technology application (83, 84]
Limitation of financial resources [16, 85]
Lack of proper rules for technology application [10, 86]
Ignoring stakeholders’ opinions in the design and development of converging tech- ~ [12, 81]
nologies
Low social perception and acceptance of converging technologies [80, 86]
Weakness in commercialization [87, 88]
Excessive emphasis on the widespread use of the title converging technologies [10, 81]
211))1%7 Number of final Row Combination of converg- Number of initial develop- Number of approved
s ing technologies ment pathways development path-
ways
1 NB 16 16
2 NI 14 13
3 NC 5 3
4 BI 9 8
5 BC 18 15
6 IC 13 13
7 NBI 3
8 NBC 2
9 NIC 4
10 BIC 1
Total 85 77
Table 8 Demographic information of experts
Gender Male: 22 Female: 17 Unknown: 6
Education level Ph.D.: 9 Ph.D. student: 10 M.Sc.: 20 Below M.Sc.: 6
Number of special- Single specialty: 18 Multiple specialties: 27
ized areas of each
expert
Number of answered  Biotechnology: 42 Nanotechnology: 34 Information technology: 33 Cognitive sciences: 36
specialized areas
(overlapping)

in Iran. Given the wide use of the capability-attrac-
tiveness matrix in the context [92-94], it inspired the
scenario development in this stage. Thus, four sce- 2-
narios correspond to the achievements-challenges

matrix in the fourth stage (Fig. 5):

1- Disregard scenario: The high-risk and limited
achievements of technology lead to low market

attraction. Thus, ignoring along with planning to
exit the market is suggested.

Thought-provoking opportunity scenario: Due to
the limitations of achievements and challenges
facing technology development, experts can—
without the need for high investment or the allo-
cation of research funds—keep up with the latest
knowledge by following worldwide scientific and

@ Springer
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Table 9 T-test for the development probability of NI CTDPs in Iran
Row NI CTDPs Test value=3
t df Sig. (2-tailed) Mean difference 95% confi-
dence interval
of the differ-
ence
Lower Upper
1 Big data storage, management, and retrieving 7.000 3 .006 1.7500 954 2.546
2 Ultra-thin electronic chips 7.000 3 .006 1.7500 954 2546
3 Ultrasensitive nanosensors for the detection of explosives 7.000 3 .006 1.7500 954 2546
4 Quantum cryptography 7.000 3 .006 1.7500 954 2546
5 Nanoelectronics 5.196 3 .014 1.5000 581 2.419
6 Nanophotonics 7.000 3 .006 1.7500 954 2546
7 Detection of chemical agents based on photonic fibers or infra- 5.196 3 .014 1.5000 581 2.419
red nanoparticle quantum dot systems
8 Internet-based distance analysis for modeling and simulation 5.196 3 .014 1.5000 581 2419
9 Computer simulation for modeling through nanostructure  2.611 3 .080 1.2500 —-.273 2.773
behavior
10 Faster data traffic in data centers with photonics technology 5.196 3 .014 1.5000 581 2.419
11 Improvement of image quality and nanosensor systems 7.000 3 .006 1.7500 954 2546
12 Decoding with a complicated quantum computer simulator 7.000 3 .006 1.7500 954 2546
13 Network enhancement through the application of nanophotonics 7.000 3 .006 1.7500 954 2546
technologies in the construction of communication devices
14 SERS, RERS, and SORS in Forensics 7.000 3 .006 1.7500 954 2546

Significance level is higher than 0.05, thus the achievement of the CTDP is not approved by the experts

commercial papers and easily enter a new field
that looks promising.

Lucky Benefit scenario: The multiplicity of
achievements and risks is one of the character-
istics of a well-known existing technology. Thus
conditional exploitation is recommended due to
the appropriate market volume on the one hand
and the instability of the current situation on the
other.

Pioneering scenario: The existence of environ-
mental opportunities, the positive status of macro
indicators of technology, and the limitation of
risks for the technology provide a unique oppor-
tunity for investors to pioneer the technology.

For instance, based on the challenges-achieve-
ments matrix, the required scenarios and related strat-
egies for implementing the future development path-
ways of the paired/triple combination of a selected
set of converging technologies (shown in Fig. 4) are
determined in Table 12.

@ Springer

To summarize the results of the case study, the
number of CDTPs with similar suggested scenarios
is provided based on the required time duration for
development in Tables 13 and 14.

Conclusion

The undeniable presence of converging technolo-
gies and their consequent effects on societies make
strategic planning and futuristic thinking about tech-
nologies essential. Therefore, governments and poli-
cymakers, especially in developing countries, cannot
remain indifferent to them. The complex interaction
of life and new industries with advanced technolo-
gies has led and forced both scientists and managers
to engage in the process of technology policy-mak-
ing that paved the way for the emergence of inter-
disciplinary fields. Since decision-makers are not
expected to be aware of the various aspects of each
technology and its future development paths, there
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Table 11 Intensity of social achievements and challenges in a CDTP of NB: “Nanocapsules to generate portable energy source for
soldiers”

Social achievements Challenges
Description No. of Description No. of
confirming confirming
experts experts
Improving the quality of human life 10 Lack of culture in technology application 6
Improving and developing positive social outcomes 6 Limitation of financial resources 4
Increasing economic growth 6 Lack of proper rules for technology application 5
Increasing security and defense power 13 Ignoring public/stakeholders’ opinions in the 2
design and development of converging technolo-
gies
Rapid scientific progress 4 Low social perception and acceptance of converg- 1
ing technologies
Achieving sustainable development 3 Weakness in commercialization 2
Improving the country’s innovation ranking 5 Excessive emphasis on the widespread use of the 2
Better environmental protection 5 title converging technologies
Total votes of achievements 52 Total votes of challenges 22
Average for achievements (No. of Questionnaires: 2 Average for challenges (No. of Questionnaires: 26) .85
26)
2.40
Area 1 Area 3
@2 22
= Improvement of
g Maghlne intelligence learning capabilities
g 2.00 with MEMS and through artificial neural
2 NEMS (NC) Flexible Sensors for network (IC)
'fj 1.80 Body Control (BI)
<
Yt
(=]
b 1.60 . ‘
= Detection of chemical
= agents based on Bio-camouflage in
et 1.40 photonic fibers or biomimetic (BC)
E Infrared nanoparticle
quantum dot systems
1.20 NI
(NI) Nanocapsules to
generate portable
1.00 energy source for
Area 2 soldiers (NB) Area 4
0.80

100 120 140 1.60 1.80 2.00 220 240 2.60 280 3.00 3.20 340 3.60 3.80 4.00 4.20
Intensity of Challenges

Fig. 4 Matrix of achievements-challenges for selected CTDPs
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Scenario 3:
Lucky Benefit
Corresponding
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3
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Intensity of Achievements .
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Fig. 5 Quadruple scenarios of converging technology development

is a need for systematic methods and tools that pro-
vide the required information. Accordingly, technol-
ogy assessment provides this information to managers
and policymakers. Technology assessment leads to
the provision of the necessary resources for the com-
prehensive analysis of social, economic, and environ-
mental capacities and for the development of new and
creative options that were not possible before.
Accordingly, the main objective of this paper is
to design a policy-making framework for develop-
ing converging technologies concerning their social
challenges and achievements. Therefore, a model
based on the future-oriented technology assessment
was designed that evaluates future development
pathways for paired/triple combinations of converg-
ing technologies and proposed appropriate strategies
according to the level of achievements and challenges
that each of the future CTDPs entails. To validate
the proposed policymaking framework, the model
was implemented for a case study (converging tech-
nology development policymaking in Iran), and the
results were confirmed by experts. To implement
the proposed framework (Fig. 3) for the case study,
the achievements and challenges of the development
of these technologies were first identified and clas-
sified into eight achievements and seven challenges.

Then, 85 potential applications of future CTDPs for
the paired and triple combinations of converging
technologies were identified. In the next step, the fea-
sibility of 77 CTDPs in Iran was confirmed and the
timeframe for the accomplishment of the selected 77
CTDPs was determined by experts. Finally, a suit-
able national strategy for the implementation of each
future CTDP was proposed based on the level of
achievements and challenges of the technology devel-
opment in future paths.
This research has three theoretical innovations:

1. The first innovation is to provide a specific
future-oriented assessment model for converging
technologies. Previous studies (Table 4) have pro-
vided general frameworks for technology assess-
ment, but none of these studies has examined the
future-oriented assessment of emerging or con-
verging technologies. In the field of future-ori-
ented assessment, Scapolo [95] has not provided
a clear framework, although he has highlighted
the role of the triple components of context, con-
tent, and process and emphasized the importance
of context in foresight. Schaper-Rinkel [96] has
only introduced a wide range of different tools
for technology foresight, assessment, and fore-
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casting, including scientometrics, scenario plan-
ning, and focus groups. Porter [75] and Kalbar
et al. [77], although considered to have given a
forward-looking assessment of new technolo-
gies, have provided a very general framework and
neglected the positive and negative dimensions
of new technologies (including the achievements
and challenges). Koivisto et al. [76], despite sys-
tematic attention to risk assessment in the future-
oriented assessment of converging technologies,
have ignored the social and economic challenges
and achievements of these technologies. The
future-oriented assessment framework proposed
by Robinson et al. [50] focuses only on innova-
tion pathways in the specific field of nanobiosen-
sors and ignores the challenges of acquiring these
technologies. Thus in the field of converging
technologies foresight, all studies (except Jamali
et al. [22]) have examined converging technolo-
gies separately and also neglected the foresight
of cognitive science technology. Accordingly,
in this study, a stepwise future-oriented assess-
ment framework was proposed for the first time
that considers the achievements and challenges of
development pathways of paired and triple con-
verging technologies. Therefore, the research gap
of previous frameworks, including the disregard
for achievements and challenges, and the neglect
of the paired and triple combinations of converg-
ing technologies, has been resolved.

2. Another theoretical innovation of this research
is the consideration of the contextual dynamics
of social challenges and achievements, poten-
tial applications, and innovation pathways for
the future-oriented assessment of converging
technologies. The review of the literature in this
field shows their neglect of the social achieve-
ments and challenges of the CTDPs. The social
achievements and challenges of acquiring these
technologies are studied in the different articles
on a case-by-case basis. Also, the potential appli-
cations are only explored slightly in two studies
(Roco et al. [10] and Song et al. [97]), where sep-
arate branches of NBICs are taken into account.

3. The last innovation of this research is to propose
a matrix for evaluating and deciding on policies
to deal with converging technologies by identify-
ing four scenarios, which will be a guide in deter-
mining the strategies to deal with the CTDPs.

Very few references pointed out the subject of
converging technologies, and none of them sug-
gested a framework for strategic planning. Roco
[8, 9] discussed the governance of converging
technologies but failed to provide any framework
for dealing with them and only stated general
concerns such as the need to consider the possi-
ble risks. Kaiser et al. [98] also outlined general
concepts for the governance of future technolo-
gies. Regarding the aforementioned research gap,
and inspired by the attractiveness-empowerment
matrix as a well-known tool for evaluating and
designing technology development strategy
[61, 92, 93], two variables (social achievements
and challenges) as two key uncertainty factors
were considered for the first time in this paper.
According to the clusters of different CTDPs,
four scenarios were designed: (1) disregard (high
challenges and low achievements), (2) thought-
provoking opportunity (low achievements and
challenges), (3) lucky benefit (high achievements
and challenges), and (4) pioneering (low chal-
lenges and high achievements), and an appropri-
ate strategy corresponding to each scenario was
developed, respectively: (1) planning for market
exit, (2) conditional effort, (3) conditional exploi-
tation, and (4) investment.

According to the results of implementing the
model for the case study of converging technologies
development in Iran, the frequency number of pro-
posed strategies for CTDPs in different periods is pre-
sented in Table 15. Based on the results, the highest
frequency belongs to the conditional effort strategy,
with market exit and investment strategies being the
other suggested strategies.

Table 15 Frequency number of proposed strategies for
CTDPs in Iran according to their predicted development peri-
ods

Period of Strategy

develop- - - -

ment Pioneering Lucky Thought- Disregard

benefit provoking
opportunity
Short-term 0 1 1 0
Medium- 10 8 30 19
term
Long-term 2 0 4 2

@ Springer



8 Page 24 of 28

Nanoethics (2023) 17:8

Also, the frequency number of proposed strate-
gies for CTDPs in Iran according to their general
field of technology is presented in Table 16; accord-
ingly, it seems that in Iran, biotechnology is the most
promising technology in combination with the other
converging technologies. Also, the strategy of con-
ditional effort should be applied in the fields of bio-
technology and nanotechnology, and the market exit
strategy is proposed in many CTDPs in the fields of
cognitive sciences and information technology.

To provide a more detailed analysis of the results
of the implemented case study in Iran, the pair com-
binations of biotechnology (as the most promising
converging technology in Iran) with other converg-
ing technologies in the medium term are discussed
here. In the field of biotechnology-information tech-
nology (BI), none of the CTDPs has been selected
for implementing the investment strategy, which
means that experts do not currently consider any
application of this combination as being ready for
investment. Also, the most common proposed strat-
egy in this field is the market exit strategy. There-
fore, it seems that experts are relatively disappointed
by the applications of technology development in
this field. In the field of biotechnology-nanotech-
nology (BN), the disregard scenario has not been
proposed for any of the CTDPs, which means that
experts consider all CTDPs fruitful in this field.
Also, the highest frequency of the proposed strat-
egies in this field is to be found in the conditional
effort and investment strategies, which indicates the
promising status of technology development path-
ways in this field. Finally, in the field of biotechnol-
ogy-cognitive sciences (BC), the investment strategy
is proposed for four pathways of technology devel-
opment (the highest frequency among the three sub-
fields of biotechnology), which means that experts

consider this field to be the main development lever
of the country.

Like other matrices designed to assist decision-
making, the suggested strategies for technologies
located in the margins of the four areas could be chal-
lenged. Thus, the improvement of the framework with
complementary fuzzy approaches is recommended to
tackle this limitation in future research. Also, the usage
of similar criteria could be misleading for some tech-
nologies (although vital for the comparison), and this
can be referred to as another limitation of this research.
The implementation of the framework in other coun-
tries is also suggested for further research as it aids the
comparison of the results in different contexts.
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Table 16 Frequency

Technology Strategy

number of proposed

strategies for CTDPs in Iran Pioneering Lucky Thought-provoking Disregard

according to their general Benefit Opportunity

field of technology
Biotechnology (B) 5 24 9
Nanotechnology (N) 3 24 10
Information technology (I) 6 14 14
Cognitive science (C) 10 4 11 13
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