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e Support
— Assessment of the maturity of a particular technology
— Comparison of maturity between different kinds of technology
* Origin
— NASA space technology planning
— Later adapted in multiple case studies by different organisations such as EU
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Communication

Set a target / Success criteria
Project planning development
Proposal development
Technology selection

Indicator for readiness of infusion

Communicate/establish integration
agreements

Portfolio management
Cost estimation
Risk indicator

https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20170005794.pdf
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Guide/measure for engineering
development prior to a preliminary design
review

Development tracking

Determining if the technology is ready for
infusion into projects

Evaluating proposals against the
target/success criteria

Assessing project risk based on
technology maturity

Project formulation
Technology portfolio management
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https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20170005794.pdf

« TRL 1 - basic observed

« TRL 2 —technology formulated
« TRL 3 — experimental

« TRL 4 — technology

« TRL5 —technology (industrially relevant environment
In the case of key enabling technologies)
« TRL 6 —technology (industrially relevant

environment in the case of key enabling technologies)
« TRL 7 — system prototype
e TRL 8 — system

 TRL 9 — actual system (competitive manufacturing in

the case of key enabling technologies; or in space)
http://ec.europa.eu/research/participants/data/ref/h2020/other/wp/2016-2017/annexes/h2020-wp1617-annex-ga_en.pdf
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http://ec.europa.eu/research/participants/data/ref/h2020/other/wp/2016-2017/annexes/h2020-wp1617-annex-ga_en.pdf
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In Cislunar Space On Mars

cial & Imternational A return to the mo R arch to inform future

partnerships iong-term exploration crewed missions

https://www.nasa.gov/feature/nasa-unveils-sustainable-campaign-to-return-to-moon-on-to-mars



https://www.nasa.gov/feature/nasa-unveils-sustainable-campaign-to-return-to-moon-on-to-mars

System Test, Launch
and Operations TRL 9
System/Subsystem TRL 8
Development

TRL7
Technology —
Demonstration TRL 6
Technology

Development

Research to Prove
Feasibility

Basic Technology
Research

Actual system “flight proven” through successful
mission operations

Actual system completed and “flight qualified”
through test and demonstration (Ground or Flight)

System prototype demonstration in a space
environment

System/subsystem model or prototype demonstration
in a relevant environment (Ground or Space)

Component and/or breadboard validation in
relevant environment

Component and/or breadboard validation in
laboratory environment

Analytical and experimental critical function and/or
characteristic proof-of-concept

Technology concept and/or application formulated

Basic principles observed and reported

https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.qov/20170005794.pdf
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https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20170005794.pdf

1. Clarify all used in the TRL descriptions

2. Formal gap analysis of

3. Formal assessment of the

4. Determine overall technology maturity using the ” " concept

5. Prepare a

6. Whatis to the desired TRL including
work breakdown structure (WBS)

7. Prepare a (cost,
schedule, tactics and risk associated)

8. Assess projects

https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.qov/20170005794.pdf -
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https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20170005794.pdf
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European Space Agency

\

/

1. Formal definition of the of reference for the assessment (including timing, how
technology data will be provided to the process, and the detailed criteria for the TRA).

2. ldentification of (e.g., operating environment and expected system
applications).

3. Identification of TRA (including appropriate involvement of technologists and/or
systems program participants).

4. to the TRA (often including preparatory
meetings and/or studies by members of the technology community involved).

5. itself (often involving meetings of a formal review committee).

6. Development of a

* X %
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https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20170005794.pdf

1. Establish and

2. Form subject matter expert (SME)

3. Identify

4. Collect

5. technology maturity:
a. SME team assessments
b. Prepare, coordinate, and submit TRA report
c. Assistant Secretary of Defense (Research & Evaluation) to review and evaluate

https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20170005794.pdf

TAMPEREEN EUlta '
- : TEKNILLINEN - Euroopan unioni
Jarkko Pakkanen, BioAly seminar, TUT 20.11.2018 YLIOPISTO 2014—2020  Euroopan !,?uekehmahasto


https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20170005794.pdf

Possibilities to combine
esthetics and functionality

Main technologies

— Nanocellulose (NCF)
— Carbon nanotubes (CNT)

(Siljander et al. 2018)

* X %
*
* .

*
*

TAMPEREEN 0]+ T
$TEKNILLINEN EUI-ta- Euroopan unioni

Jarkko Pakkanen, BioAly seminar, TUT 20.11.2018 YLIOPISTO 2014—2020 T S



TRL 1

TRL 2

TRL 3

TRL 4

TRL 5

TRL 6

TRL7

TRL 8

TRL 9

Basic principles
observed and reported.

Technology concept
and/or application
formulated.

Analytical and
experimental critical
function and/or
characteristic proof
of concept.

Component and/or
breadboard validation in

laboratory environment.

Component and/or
breadboard validation in
relevant environment.

System/sub-system model
or prototype demonstration
in an operational
environment.

System prototype
demonstration in an

operational environment.

Actual system completed and
qualified through test and
demonstration.

Actual system proven in
operational environment

Basic scientific research that can be
turned into an application or a concept
under a research and development
program is considerad.

An idea is proposed for the practical
application of current research, but there
are no experimental proofs or studies to
support the idea.

Active research and development begins,
including analytical laboratory-based
studies to validate the initial idea,
providing an initial "proof of concept.”

Basic examples of the proposed
technology are built and put together for
testing to offer an initial vote of
confidence for continued development.

More realistic versions of the proposed
technology are tested in real-world or near
real-world conditions, which includes initial
integration at some lavel with other

A near final version of the technology in
hich additional design changes are
Bikely is tested in reaHife conditions.

The final prototype of the technology that
is as close to the operational version as
possible at this stage is tested in reallife
conditions.

he technology is thoroughly tested and
o further major development of the
chnology is required. Its operation as
tended is demonstrated without

The final operational version of the
technology is thoroughly demaonstrated
through normal operations, with only
miner problems needing to be fixed. Any

Definition operational systems. ignificant design problems. further improvements to the technology
at this point, whether planned or not, will
be treated as a TRL 1.

Hardware Scientific knowledge generated Invention begins. practical application is [Analytical studies place the technology  |A low fidelity system/component A medium fidelity system/component | 9 high fidelity system/component A high fidelity engineering unit that he final product in its final configuration | The final product is successfully

Description

underpinning hardware technology
concepts/applications.

identified but is speculative, no
experimental proof or detailed analysis is
available to support the conjecture.

in an appropriate context and laboratory
demonstrations, modeling and simulation
validate analytical prediction.

breadboard is built and operated to
demonstrate basic functionality and
critical test environments, and
associated performance predictions are
defined relative to the final operating
emvironment.

brassboard is built and operated to
demonstrate overall performance in a
simulated operational environment with
realistic support elements that
demonstrates overall performance in
critical areas. Performance predictions are
made for subsequent development
phases.

prototype that adequately addresses all
ritical scaling issues is built and
perated in a relevant environment to

Jlemonstrate operations under critical

nvironmental conditions.

adequately addresses all critical scaling
issues is built and operated in a relevant
environment to demonstrate performance
in the actual operational ervironment and
platform.

successfully demonstrated through test
nd analysis for its intended operational
nvironment and platform.

operated in an actual mission.

Software
Description

Scientific knowledge generated
underpinning basic properties of software
architecture and mathematical
formulation.

Practical application is identified but is
speculative, no experimental proof or
detailed analysis is available to support
the conjecture. Basic properties of
algorithms, representations and
concepts defined. Basic principles
coded. Experiments performed with
synthetic data.

Development of limited functionality to
validate critical properties and predictions
using non-integrated software
components.

Key, functionally critical, software
components are integrated. and
functionally validated, to establish
interoperability and begin architecture
development. Relevant Environments
defined and performance in this
environment predicted.

End-to-end software elements
implemented and interfaced with existing
systems/simulations conforming to target
emvironment. End-to-end software system,
tested in relevant environment, meeting
predicted performance. Operational
environment performance predicted.
Prototype implementations developed.

T
software demonstrated on full-scale
realistic problems. Partially integrate with
existing hardware/software systems.
Limited documentation available.
Engineering feasibility fully
demonstrated.

T T e
functionality available for demonstration
and test. Well integrated with

operational hardware/software systems
demonstrating operational feasibility.
Mast software bugs removed. Limited
documentation available.

Al software has been thoroughly
debugged and fully integrated with all
operational hardware and software
systems. All user documentation, training
documentation,

and maintenance documentation
completed. All functionality successfully
demonstrated in simulated operational
scenarios. Verification and Validation
(V&V) completed.

All software has been thoroughly
debugged and fully integrated with all
operational hardware/software systems.
All documentation has been completed.
Sustaining software engineering support
is in place. System has been
successfully operated in the operational
environment.

Exit Criteria

Peer reviewed publication of research
underlying the proposed
concept/application.

Documented description of
the application/concept that
addresses feasibility and
benefit.

Documented analytical/experi-mental
results validating predictions of key
parameters.

Documented test performance
demonstrating agreement with analytical
predictions. Documented definition of
relevant environment.

Documented test performance
demonstrating agreement with analytical
predictions. Documented definition of
scaling requirements.

Documented test performance
demonstrating agreement with analytical
predictions.

Documented test
performance demonstrating
agreement with analytical
predictions.

Documented test performance verifying
analytical predictions.

Documented mission operational results.
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Salmiakki TRL level 6-7

TRL 3

TRL 4

TRL 5

TRL 6

TRLT

TRL 8

TRL 9

Analytical and
experimental critical
function and/or
characteristic proof

of concept.

Component and/or
breadboard validation in
laboratory environment.

Component and/or
breadboard validation in
relevant environment.

System/sub-system model
or prototype demonstration
in an operational
environment.

System prototype
demonstration in an
operational environment.

Actual system completed and
qualified through test and
demonstration.

Actual system proven in
operational environment

Active research and development begins
including analytical laboratory-based
studies to validate the initial idea
providing an initial "proof of concept.”

Basic examples of the proposed
technology are built and put together for
testing to offer an initial vote of
confidence for continued development

More realistic versions of the proposed
technology are tested in real-world or near
real-world conditions, which includes initial
integration at some level with other
operational systems

A near final version of the technology in
which additional design changes are
likely is tested in real-life conditions.

The final prototype of the technology that
is as close to the operational version as
possible at this stage is tested in real-life
conditions.

[The technology is thoroughly tested and
no further major development of the
technology is required. Its operation as
intended is demonstrated without
significant design problems

The final operational version of the
technology is thoroughly demonstrated
through normal operations, with only
minor problems needing to be fixed. Any
further improvements to the technology
at this point, whether planned or not, will
be treated as a TRL 1

Analytical studies place the technology
in an appropriate context and laboratory
demonstrations, modeling and simulation
validate analytical prediction

A low fidelity system/component
breadboard is built and operated to
demonstrate basic functionality and
critical test environments, and
associated performance predictions are
defined relative to the final operating
environment

A medium fidelity system/component
brassboard is built and operated to
demonstrate overall performance in a
simulated operational environment with
realistic support elements that
demonstrates overall performance in
critical areas. Performance predictions are
made for subsequent development

phases

A high fidelity system/component
prototype that adequately addresses all
critical scaling issues is built and
operated in a relevant environment to
demonstrate operations under critical
environmental conditions.

A high fidelity engineering unit that
adequately addresses all critical scaling
issues is built and operated in a relevant
environment to demonstrate performance
in the actual operational environment and
platform.

[The final product in its final configuration
is successfully demonstrated through test
and analysis for its intended operational
environment and platform

The final product is successfully
operated in an actual mission

Development of limited functionality to
validate critical properties and predictions
using non-integrated software
components

Key, functionally critical, software
components are integrated, and
functionally validated, to establish
interoperability and begin architecture
development. Relevant Environments
defined and performance in this
environment predicted

End-to-end software elements
implemented and interfaced with existing
systems/simulations conforming to target
environment. End-to-end software system
tested in relevant environment, meeting
predicted performance. Operational
environment performance predicted
Prototype implementations developed

Praototype implementations of the
software demonstrated on full-scale
realistic problems. Partially integrate with
existing hardware/software systems
Limited documentation available
Engineering feasibility fully

demonstrated

Prototype software exists having all key
functionality available for demonstration
and test. Well integrated with
operational hardware/software systems
demanstrating operational feasibility
Most software bugs removed. Limited
documentation available

All software has been thoroughly
debugged and fully integrated with all
operational hardware and software
systems. All user documentation, training
documentation

and maintenance documentation
completed. All functionality successfully
demonstrated in simulated operational
scenarios. Verification and Validation
(V&V} completed

All software has been thoroughly
debugged and fully integrated with all
operational hardware/software systems
All documentation has been completed
Sustaining software engineering support
i in place. System has been
successfully operated in the operational
environment

Documented analytical/experi-mental
results validating predictions of key
parameters

Documented test performance
demonstrating agreement with analytical
predictions. Documented definition of
relevant environment

Documented test performance
demonstrating agreement with analytical
predictions. Documented definition of
scaling requirements

Documented test performance
demonstrating agreement with analytical
predictions

Documented test
performance demonstrating
agreement with analytical
predictions

Documented test performance verifying
analytical predictions

Documented mission operational results




TRL 6

TRL7

System/sub-system model
or prototype demonstration
in an operational

environment.

System prototype
demonstration in an

operational environment.

A near final version of the technology in
which additional design changes are
likely is tested in real-life conditions.

The final prototype of the technology that
Is as close to the operational version as
possible at this stage is tested in real-life
conditions.

A high fidelity system/component
prototype that adequately addresses all
critical scaling issues is built and
operated in a relevant environment to
demonstrate operations under critical
environmental conditions.

A high fidelity engineering unit that
adequately addresses all cntical scaling
Issues is built and operated in a relevant
environment to demonstrate performance
in the actual operational environment and
platform.
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« Salmiakki has been demonstrated as a system in an operating environment.

* Next technology level requires more detail design.
— E.g. enclosure, power supply, final design / design options

 TRL 8 requires that no further engineering is required and the technology
does not include any major design issues. Therefore, Salmiakki cannot be
considered as TRL 8 technology at the moment.
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Similar to Salmiakki,
possibilities to combine
esthetics and functionality

Main technologies
— Nanocellulose (NCF)
— Carbon nanotubes (CNT)

NCF-CNT panels would not
require Non-Woven Mat
process stage

Jarkko Pakkanen, BioAly seminar, TUT 20.11.2018

Hemp Fiber Non-Woven Mat

Finished Door Pre-Finised Door

Figure: Traditional door panel
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TRL 1

TRL 2

TRL 3

TRL 4

TRL 5

TRL 6

TRL7

TRL 8

TRL 9

Basic principles
observed and reported.

Technology concept
and/or application
formulated.

Analytical and
experimental critical
function and/or
characteristic proof
of concept.

Component and/or
breadboard validation in

laboratory environment.

Component and/or
breadboard validation in
relevant environment.

System/sub-system model
or prototype demonstration
in an operational
environment.

System prototype
demonstration in an

operational environment.

Actual system completed and
qualified through test and
demonstration.

Actual system proven in
operational environment

Basic scientific research that can be
turned into an application or a concept
under a research and development
program is considerad.

An idea is proposed for the practical
application of current research, but there
are no experimental proofs or studies to
support the idea.

Prctive research and development begins,
ncluding analytical laboratory-based
tudies to validate the initial idea,
roviding an initial "proof of concept.”

Basic examples of the proposed
technology are built and put together for
testing to offer an initial vote of
confidence for continued development.

More realistic versions of the proposed
technology are tested in real-world or near
real-world conditions, which includes initial
integration at some lavel with other

A near final version of the technology in
which additional design changes are
likely is tested in realife conditions.

The final prototype of the technology that
is as close to the operational version as
possible at this stage is tested in reallife
conditions.

The technology is thoroughly tested and
no further major development of the
technology is required. lts operation as
intended is demonstrated without

The final operational version of the
technology is thoroughly demaonstrated
through normal operations, with only
miner problems needing to be fixed. Any

Definition operational systems. significant design problems. further improvements to the technology
at this point, whether planned or not, will
be treated as a TRL 1.

Hardware Scientific knowledge generated Invention begins. practical application is Jnalytical studies place the technology  |A low fidelity system/component A medium fidelity system/component A high fidelity system/component A high fidelity engineering unit that The final product in its final configuration

Description

underpinning hardware technology
concepts/applications.

identified but is speculative, no
experimental proof or detailed analysis is
available to support the conjecture.

n an appropriate context and laboratory
Hemonstrations, modeling and simulation
alidate analytical prediction.

breadboard is built and operated to
demonstrate basic functionality and
critical test environments, and
associated performance predictions are
defined relative to the final operating
emvironment.

brassboard is built and operated to
demonstrate overall performance in a
simulated operational environment with
realistic support elements that
demonstrates overall performance in
critical areas. Performance predictions are
made for subsequent development
phases.

prototype that adequately addresses all
critical scaling issues is built and
operated in a relevant environment to
demonstrate operations under critical
environmental conditions.

adequately addresses all critical scaling
issues is built and operated in a relevant
environment to demonstrate performance
in the actual operational ervironment and
platform.

is successfully demonstrated through test
and analysis for its intended operational
environment and platform.

The final product is successfully
operated in an actual mission.

Software
Description

Scientific knowledge generated
underpinning basic properties of software
architecture and mathematical
formulation.

Practical application is identified but is
speculative, no experimental proof or
detailed analysis is available to support
the conjecture. Basic properties of
algorithms, representations and
concepts defined. Basic principles
coded. Experiments performed with
synthetic data.

Development of limited functionality to
validate critical properties and predictions
using non-integrated software
components.

Key, functionally critical, software
components are integrated. and
functionally validated, to establish
interoperability and begin architecture
development. Relevant Environments
defined and performance in this
environment predicted.

End-to-end software elements
implemented and interfaced with existing
systems/simulations conforming to target
emvironment. End-to-end software system,
tested in relevant environment, meeting
predicted performance. Operational
environment performance predicted.
Prototype implementations developed.

Prototype implementations of the
software demonstrated on full-scale
realistic problems. Partially integrate with
existing hardware/software systems.
Limited documentation available.
Engineering feasibility fully
demonstrated.

Prototype software exists having all key
functionality available for demonstration
and test. Well integrated with
operational hardware/software systems
demonstrating operational feasibility.
Mast software bugs removed. Limited
documentation available.

All software has been thoroughly
debugged and fully integrated with all
operational hardware and software
systems. All user documentation, training
documentation,

and maintenance documentation
completed. All functionality successfully
demonstrated in simulated operational
scenarios. Verification and Validation
(V&V) completed.

All software has been thoroughly
debugged and fully integrated with all
operational hardware/software systems.
All documentation has been completed.
Sustaining software engineering support
is in place. System has been
successfully operated in the operational
environment.

Exit Criteria

Peer reviewed publication of research
underlying the proposed
concept/application.

Documented description of
the application/concept that
addresses feasibility and
benefit.

Documented analytical/experi-mental
results validating predictions of key
parameters.

Documented test performance
demonstrating agreement with analytical
predictions. Documented definition of
relevant environment.

Documented test performance
demonstrating agreement with analytical
predictions. Documented definition of
scaling requirements.

Documented test performance
demonstrating agreement with analytical
predictions.

Documented test
performance demonstrating
agreement with analytical
predictions.

Documented test performance verifying
analytical predictions.

Documented mission operational results.
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NFC-CNT automotive interior panel - TRL level 3-4

TRL 1 TRL 2 TRL 3 TRL 4 TRL 5 TRL 6 TRL7
Analytical and
_ . System/sub-system model
Technology concept experimental critical Component and/or Component and/or System prototype

Basic principles
observed and reported.

and/or application

formulated.

function and/or
characteristic proof
of concept.

hreadboard validation in

laboratory environment.

breadboard validation in

relevant environment.

or prototype demonstration
in an operational

environment.

demonstration in an

operational environmen

Basic scientific research that can be
turned into an application or a concept
under a research and development
program is considered

An idea is proposed for the practical
application of current research, but therg
are no experimental proofs or studies to
support the idea

Active research and development begins,
including analytical laboratory-based
studies to validate the initial idea,
providing an initial "proof of concept.”

Basic examples of the proposed
technology are built and put together for
testing to offer an initial vote of
confidence for continued development.

More realistic versions of the proposed
technology are tested in real-world or near
real-world conditions, which includes initial
integration at some level with other
operational systems

A near final version of the technology in
which additional design changes are
likely is tested in real-life conditions

The final prototype of the technology
is as close to the operational version
possible at this stage is tested in re:
conditions

Scientific knowledge generated
underpinning hardware technology
conceptsfapplications

Invention begins, practical application is
identified but is speculative, no
experimental proof or detailed analysis i
available to support the conjecture

Analytical studies place the technology
in an appropriate context and laboratory
demonstrations, modeling and simulation
validate analytical prediction.

F. Tow ﬁt\‘eﬁ\; SYStem/Component
breadboard is built and operated to
demonstrate basic functionality and
critical test environments, and
associated performance predictions are
defined relative to the final operating
environment

Scientific knowledge generated
underpinning basic properties of software
architecture and mathematical
formulation

Practical application is identified but is
speculative, no experimental proof or
detailed analysis is available to support
the conjecture. Basic properties of
algonthms, representations and
concepts defined. Basic principles
coded. Experiments performed with
synthetic data

Development of limited functionality to
validate critical properties and predictions
using non-integrated software
components

Key, functionally critical, software
components are integrated, and
functionally validated, to establish
interoperability and begin architecture
development. Relevant Environments
defined and performance in this
environment predicted

nedium fidelity system/component
1ssboard is built and operated to
monstrate overall performance in a
nulated operational environment with
listic support elements that

monstrates overall performance in

ical areas. Performance predictions are
ide for subsequent development

ises

A high fidelity system/component
prototype that adequately addresses all
critical scaling issues is built and
operated in a relevant environment to
demonstrate operations under critical
environmental conditions

A high fidelity engineering unit that
adequately addresses all critical sca
issues is built and operated in a rele
environment to demonstrate performa
in the actual operational environment
platform

End-to-end software elements
implemented and interfaced with existing
systems/simulations conforming to target
emvironment. End-to-end software system
tested in relevant environment, meeting
predicted performance. Operational
environment performance predicted
Prototype implementations developed

Prototype implementations of the
software demonstrated on full-scale
realistic problems. Partially integrate with
existing hardware/software systems
Limited documentation available
Engineering feasibility fully

demonstrated

Prototype software exists having all |
functionality available for demonstrati
and test. Well integrated with
operational hardware/software syster
demonstrating operational feasibility
Most software bugs removed. Limites
documentation available

Peer reviewed publication of research
underlying the proposed
concept/application

Documented description of
the application/concept that
addresses feasibility and
benefit

Documented analytical/experi-mental
results validating predictions of key
parameters

Documented test perfformance
demonstrating agreement with analytical
predictions. Documented definition of
relevant environment

Documented test performance
demaonstrating agreement with analytical
predictions. Documented definition of
scaling requirements

Documented test performance
demonstrating agreement with analytical
predictions

Documented test
performance demonstrating
agreement with analytical
predictions



TRL 3 TRL 4
Analytical and

experimental critical Component and/or
function and/or breadboard validation in
characteristic proof laboratory environment.

of concept.

Active research and development begins, |Basic examples of the proposed i
including analytical laboratory-based technology are built and put together for |t
studies to validate the initial idea, testing to offer an initial vote of r
providing an initial "proof of concept.” confidence for continued development.  |i

€

Analytical studies place the technology
In an appropriate context and laboratory
demonstrations, modeling and simulation
validate analytical prediction.

are

environment.
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Analytical and experimental proof of concept (Salmiakki) exists.

Validation and basic functionality of technology has been tested in laboratory
and other environments, but not in the actual operating environment (car)

Requirements and plans for test environment are required.

TRL 5 requires that a set of panels, or a single panel, would be designed,
produced and tested in a car or car-like environment in varying conditions.

Also, this concept has more advanced requirements related to how the
functionality (heating) should be controlled in order to adapt to climate.
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Thank you! Kiitos!
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