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Abstract. Given that Micro and Nano Technologies (MNTs) il san
emerging field, it is important to adopt a tool fevaluating the maturity of
MNT-based products and the production processdslingaheir manufacture.
In particular, as a risk assessment tool, it cob&dp both the pace of
technological adoption and the successful exploitadf these technologies. In
this context, the objective of the research presbnis to describe a
methodology for assessing the maturity of MNTs. Paper also demonstrates
the implementation of this methodology for a set mfcro and nano
manufacturing processes employed for tooling apdication. It could also be
easily implemented to evaluate the maturity of piw®duction processes for
MNT-based products such as micro assembly techiesoghe reported study
was conducted in collaboration with two networksided through the Sixth
Framework Programme (FP6) of the European Commiq&a), namely the
Multi-Material Micro Manufacture (4M) Network of Eellence (NoE) and the
MSAPIENT Coordination Action (CA). By analysing ddtam R&D projects
carried out in the field of MNTs by partner orgatiens in these two consortia,
the maturity phases targeted by each project doeldvaluated and as a result,
the maturity profiles for given technologies colld extracted. An important
output of this study is to help inform the industhe global research
community and policy makers about the current |lefeiaturity reached by
the MNTs which are developed in R&D projects carmoed at European level
and in particular, within the 4M NoE and the pSARTECA.
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1 Introduction

Despite the recognised benefits that result frochrielogy standardisation, whether
directed at products or production processes, \ihy attention has been paid to
propose methods for evaluating technological mtugonsistently between
organisations. Perhaps the most popular concepfpéoforming such a maturity
assessment is the Technology Readiness Level (TRhjs concept and the
associated TRL scale were developed in the 198ahdWational Aeronautics and
Space Administration (NASA) and further adoptedhia 1990s by the United States



Air Force [1]. It is a measure to assess the nigtofian evolving technology such as
materials, components or devices, prior to incapog it into a system or subsystem.

Although the TRL evaluation method is well suited the assessment of
proprietary technologies developed by a single mimgdion, it cannot be easily
applied for obtaining a global picture of the métunf technologies developed in
parallel by different organisations as it is theeaith MNTs. Thus, the objectives of
this paper are to present an alternative methogolibgt would simplify the
evaluation of technological maturity by differentganisations and to apply this
methodology in the context of MNTs. The motivatloehind this research was also to
obtain a picture at the European level of the ithigtion of the research efforts on
MNTs along a technology maturity scale. Thus, itsvemticipated that this study
would help inform European and national funding ibedthe research community
and the industry about the maturity of such techgiels.

The paper is organised as follows. The next secpoesents the proposed
methodology and describes its application in thatext of MNTs. Then, the
following section illustrates the maturity assesstaaesults when this method has
been applied to evaluate a set of micro and nanwfaaturing processes belonging
to the technological scope of the 4M NoE and thRIENT CA. Finally, the
generic findings of this study are presented tackate the paper.

2 Methodology

The methodology employed in this study is illustchtin Fig. 1. It relies on
identifying a portfolio of R&D projects in a givelechnological domain in order to
have access to a rich and validated knowledge itepps The attractive
characteristics of such an approach are that:

* The projects accessed are funded on a compelitise by regional, national and
EC programmes that reflect specific industrial iegments and also the outcomes of
roadmapping and foresight studies;

» The projects are also peer reviewed by expesatisdbncur with the current status
and targeted advances in key technology developmesds that are stated in the
project proposals;

» The projects involve consortia of industry and RQartners that are specialists
in their fields and have agreed a joint R&D prognaen

In this research, a portfolio of MNTs-based R&D jpats that involve partners in
the EC FP6 funded 4M NoE and WSAPIENT CA was usedpply the proposed
methodology. In total, these two networks bringethgr 40 R&D organisations
spread over 17 different European member statés.pbintfolio comprised more than
300 projects which have commenced or have been letedpover the last 5 years
with European, national or institutional fundinga€l study is an attempt to position
each of these research projects on a technologyrityascale in order to obtain a
picture of the distribution of the MNTs R&D efforéeross Europe. To carry out this
analysis, five consecutive steps illustrated in. Aigand described in the following
sub-sections were identified.



| Portfolio of R&D projects

@ Definition of a maturity scale describing each technology & application
development phases

@ Identification of maturity indicators with regard to each phase of the
technology maturity scale

Development of a gquestionnaire for obtaining information about R&D
projects with respect to their maturity indicators

@ Completion of an online questionnaire by researchers working on
different projects within the portfolio

@ Analysis of the results to obtain technology profile information about
the distribution of R&D efforts along the maturity scale

Fig. 1. Methodology for technology maturity assessment.

2.1 Definition of a Technology Maturity Scale

The maturity scale used was inspired by the TRIesahich is composed of 9 levels
grouped into 6 transition phases [1]. However, #tdale had to be adapted to the
context of this study as it did not describe appetply the maturity levels of MNTSs.
For this reason, the TRL concept was presentedvtaadd uSAPIENT partners in
order to obtain their view on a maturity scale ttatld be applicable in the context of
MNTs. This was done during a workshop that souglet input of thirty 4M and
MSAPIENT experts. This workshop took place on td¢h1February 2008 at the
Fraunhofer Institut fir Zuverlaessigkeit und Mikrtggration (1ZM) in Munich. In
particular, the participants were split into thigreups, which were given the same
guestions throughout the workshop. However, eacdumrwas asked to provide
answers in the context of particular R&D projeditore specifically, the first group
had to give its input with respect to projects tdirg the development of micro and
nano manufacturing technologies. The second gramgentrated on R&D projects
that are focused on applying MNTSs in different aggiion areas. Finally, the remit of
the third group was to provide input in the cont@ft projects targeting both
manufacturing technologies and application develpsh
Each group was presented with the 6 transition gthad the TRL scale. Then,

after an initial discussion they were asked toneefihose phases taking into account
the scope of the R&D work targeted and/or condudatethe context of their MNT
projects. By combining the answers of the threeigspa common scale composed of
the following seven “maturity phases” of technolagvelopment was identified:

- Phase 1: Basic technology research

- Phase 2: Feasibility study

- Phase 3: Technology development

- Phase 4: Technology demonstration



- Phase 5: System development/integration
- Phase 6: Integration in a production environnaamt validation
- Phase 7: Mass production/Serial production

2.2 ldentification of Maturity Indicators

During this workshop, a Delphi-type study was atemducted in order to identify
key indicators for each maturity phase. Thus, genedicators in the form of project
motivations and activities typically associatedhngipecific technology development
phases were obtained. For example, a key indidd¢otified as a possible motivation
for setting up an R&D project was “new materiab® developed”. In particular, this
was considered by the workshop participants agankicator belonging to the phase
1 of technology development: “Basic technology aesk”. In addition, the
importance of these indicators for each maturitagghwas also weighted by the
workshop attendees.

2.3 Questionnaire Design

The identified indicators were then used to devedoguestionnaire the output of
which would allow R&D projects to be positioned etfively on the maturity scale,
without taking into account the application spe&cR&D issues addressed by them. In
particular, its purpose was to present simple juestto researchers with respect to
the motivations behind setting up an R&D projeatl &ime generic activities carried
out within the project. At the same time, the answe these questions were linked to
the maturity indicators and thus, the maturity gisaaddressed by a project could be
extracted automatically.

In order to collect the responses to the designeeky, a self-administered on-line
guestionnaire was preferred to other techniquels assemi-structured interviews for
the following reasons:

 The identification of the maturity indicators thg the workshop meant that the
use of open-ended questions would be limited;

« The size of the targeted respondents was rehatiagge and geographically
dispersed.

To design the questionnaire and come up with theessary questions, a data
requirement table was built as recommended in T2fis ensured that the data
collected would provide sufficient information tcest the aims of the survey.

2.4 Administration of the Questionnaire
For maximising the reliability of the responsesyés decided, whenever possible, to

get the questionnaire completed directly by theviddal researchers responsible for
carrying out the work for each project considenedhie survey. For this reason, the



name and contact details of researchers assoadithdeach project was obtained
from the organisations taking part in the study.

In order to validate the questionnaire, a pilotveyrwas carried out with five
researchers at the Cardiff University Manufacturiiiggineering Centre. This sample
was chosen because it represented a populatioravgitmilar profile to that expected
to take part in the survey. As a result of thiststudy, a number of questions were
modified in order to clarify their meaning and thesavoid any confusion in their
interpretation. Then, the final questionnaire wamkched online on 13th June 2008 at
the following address: http://www.surveys.cardif.uk/maturitymnt.

2.5 Analysisof the Results

In order to evaluate the maturity of the R&D pragefrom the data collected with the
guestionnaire, the use of maturity profiles wadered to the calculation of single
maturity value as it would be the case with the T&incept. More specifically, a
technology assessed with TRL is considered to haaehed one particular level
along the TRL scale. Instead, in the context o$ #tudy, a profile was chosen to
represent the results of the maturity assessmearaubke it provides a more realistic
“snap shot” of current status of MNTs than thataifetd with a single maturity value.
For example, the micro milling technology is cutigrbeing exploited commercially
by mould and watch making industries. At the samet the research community
recognises that further fundamental investigatiaresalso needed to understand and
especially to model the mechanics of mechanicahinaty at the micro scale [3]. In
this case, the output of the maturity assessmetttadeesmployed should result in a
profile capturing the fact that micro milling istachnology for which R&D efforts
span a broad spectrum of maturity phases.

Based on the responses received from the quesiienamaturity profile was
constructed for each project. For example, ond@fjuestions asked the respondents
to select the main motivations/triggers to start R&D project from the list of
identified maturity indicators. If a given survegrficipant selected “new material to
be developed”, which was classified as a phaseditator (see section 2.2), then
based on the weight of this indicator, a particslzore would be assigned for phase 1
for this project. Any other phase 1 indicators sidd by this survey respondent
would increase the score for this phase. Anothestipn consisted in asking what
were the essential tasks required to achieve thiegrobjectives, again from the list
of identified indicators. In this case, the samarisg procedure was applied to extract
the scores for each maturity phase. Finally, dutimganalysis of the survey results
for a particular project, the total score achief®deach phase was divided by the
sum of the scores for all phases. This allowed esging the score obtained for each
phase as a percentage of that for all phases.

Thus, the maturity associated with each projeciccdae presented as a profile
displaying percentages of R&D efforts along themedd maturity scale. In particular,
the x axis of a graph displaying such a maturitgfifg represents the considered
seven phases while its y axis indicates the pemgenbdf R&D efforts in terms of
technological motivations and research activitieg ire associated with each phase.



3 Maturity Assessment Results for Selected Micro Tooling and
Replication Processes

The questionnaire was designed to differentiate tidrea given manufacturing
technology could be categorised as “developed”iwighproject or simply “used as a
supporting technology”. In the first case, a projeeuld typically focus on
overcoming one or several limitations of a manufang process in order to improve
or broaden its capabilities. In the second casprogect would be more likely to
develop a product incorporating micro and nanouiest and utilise one or a set of
micro/nano manufacturing processes to produce rdiffe components of the
developed product.

The maturity profile for a given manufacturing teofogy was calculated by
grouping together all the projects which categaris@as “developed”. The projects in
which it was simply “used as a supporting technglogere not taken into account in
this assessment because the maturity profiles afsethprojects would be
representative of the particular application depetb and thus less meaningful for
evaluating the maturity of the associated manufaautechnologies. Based on the
grouping of projects targeting the development ofjimen technology and the
assessment of their respective maturity profile, alierage percentage corresponding
to each maturity phase was calculated. For exampléhe case of two projects
aiming at developing Nano Imprint Lithography (NJLj the maturity profile for
phase 1 had reached 30% for project A and 50% ffojegt B, then the average
percentage corresponding to phase 1 would be 40%hifotechnology.

As it was mentioned earlier, the use of maturityfites was preferred in this study
as a means to increase the information contenhefntaturity assessment results.
However, in order to provide a maturity ranking aaccompare one technology with
another, it is also useful to complement the infation given by the maturity profiles
by deriving from them a single maturity value fach technology. To achieve this,
the sum of the percentages for phases 5, 6 andstaraputed for each technology.
This sum is called the “maturity indicator” as ives the percentage of R&D efforts
that are targeted at the most mature phases afttile and as a result, it provides an
indication of the suitability of a technology to erploited commercially.

Fig. 2 and Fig. 3 show the maturity profiles obgairfor a restricted number of
micro tooling and replication processes. Theseilpofare compared against each
other by mapping them on a graph for which the is agpresents the value of the
maturity indicator for a given technology while tlyeaxis shows the number of
projects surveyed that developed a particular telckyy. The processes shown in Fig.
2 and 3 correspond to those that were considereantbst important for the future
according to the results of a roadmapping studyieghrout in 2006 by the 4M
community [4]. When considering micro tooling preses only, Fig. 2 shows that the
maturity of micro milling and micro EDM is rankedigher than that for laser
ablation. This fact tends to support the real impécthese technologies in the context
of the micro tool making industry. Also it is natrprising to observe from Fig. 3 that,
among the polymer replication processes, the mgtindicator of injection moulding
is higher than that of NIL and nano imprinting.
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Fig. 2. Comparison of maturity profiles for micro toolipgocesses
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Fig. 3. Comparison of maturity profiles for replicatioropesses.



4 Conclusions

The paper presented a methodology for assessidmdigy maturity which is
inspired by the TRL concept. However, it is desifjie overcome some of the
limitations of this concept. In particular, the posed methodology was developed to
simplify the maturity evaluation procedure in ordercombine a large number of
inputs from a rich and validated knowledge repagiio the form of an R&D project
portfolio. In addition, the method results in a midy assessment output containing
an increased information content and it also alldhe identification of a broad
picture of technology maturity that is not specitfica particular organisation.

The methodology was demonstrated for a set of méer@d nano manufacturing
processes employed for tooling and replication. Elav, it could also be easily
applied to evaluate the maturity of a range of miassembly technologies. The
generic finding resulting from implementing this thedology on selected micro and
nano fabrication processes is that R&D efforts tetassupport the integration into
production environments of the most important feataranufacturing technologies, as
identified by the 4M community. However, the projam of these R&D activities is
lower compared with those focused on the less raagthases of their development.

In addition to being a risk assessment tool foustd;, the proposed methodology
should be valuable for funding bodies and policykena to monitor the impact of
sponsored R&D projects and to identify funding gajmsg the maturity scale.
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