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1.0        Nanotechnology Capability Portfolio

1.1
General Capability Overview
1.1.1
Capability Description
The purpose of this capability portfolio is to develop a roadmap for NASA to exploit the benefits of nanotechnology to achieve long-term goals in space exploration, science, and aeronautics research.  Nanotechnology broadly encompasses phenomenon and properties of matter that exist between dimensions of about 1 nm and 100 nm.  Below 1 nm, the structure and behavior of matter is dominated by the properties of individual molecules.  Mechanical properties are determined by the strength of inter-atomic bonds.  Electrical, thermal and optical properties are determined by the quantum mechanical behavior of individual electrons and photons.  Above about 100 nm, atoms and molecules loose their individual identity as they aggregate into a continuum.   The properties of matter become “smoothed” and averaged as bulk properties replace distinct atomic and molecular properties.   Within the “transition zone” of nanotechnology we can retain the theoretical limits of material properties, and possibly more significantly, exploit unique properties that do not occur naturally at larger or smaller scales.  None of this is revolutionary or surprising.  However, only recently have we developed the ability to observe, manipulate and control the composition and placement of matter at the nano-scale as well as compute ever more complex and demanding problems to the point where we can design and engineer useful materials and devices.  

The promise of nano-scale technology includes materials 5X stiffer and 10X stronger per unit mass than any material we can produce today; electronics that are 100X to 1000X denser and faster with no increase in power consumption; and detectors sensitive to a single photon, electron or molecule.  Further, by massively integrating large arrays of specialized nano-scale devices we can produce systems that are much more complex than anything we can build today.  This is the fundamental basis for biological systems that are far more capable and “intelligent” than human engineered systems.  In fact, biology has been described as the “existence proof” for nanotechnology and biological paradigms (“biomimetic”) are considered one of the most powerful tools for realizing its potential.

Over the next few decades the estimated economic impact of nanotechnology is projected, by multiple sources, to be on the order of  $1 Trillion.  This will be mostly in the form of “displacement” in which nano-scale technology replaces older technology.  A key example is micro-electronics.  By around 2020, as the limits of Moore’s Law and photolithography are reached, traditional CMOS technology will be replaced by one of several nano-scale options.  Over the next 5 years the Federal government alone is expected to invest about $5 Billion in R&D.

While advances in nanotechnology will happen without NASA investment, the non-NASA community will not be focused on our needs, specifically for systems to operate in extreme environment, at very low power level and with extremely high levels of reliability – certainly not all at the same time, as we need.   Both the NASA and non-NASA community will benefit from the high cost-benefit payoff from nanotechnology but the economics for NASA are very different.   Though the non-NASA community can trade reliability versus repair/replacement, we do not have that option.  Also, NASA seldom buys in quantities that benefit from economies of scale. As such, it is essential that NASA be an active participant and investor in areas of nanotechnology that are critical to our needs, as we have invested in mission critical technology for the past four and a half decades.  If not we are apt to find ourselves using outmoded technology.  
This capability portfolio focuses on controlling the mechanical, optical, electrical and thermal properties of matter at the nano-scale and the subsequent design and development of sensors, devices and systems from the nano-scale through the macro-scale for specific NASA needs.  Principally, it emphasizes the underlying technology and applications that will serve as the foundation for higher-level mission specific applications across the other capability areas. The roadmaps presented in this portfolio are organized around three specific technical areas of high priority to NASA: 1) ultra-high performance and multifunctional nano-structured materials, 2) ultra-small and sensitive nanosensors and devices including high-density, low power nanoelectronics, and 3) intelligent integrated systems. 

1.2        Benefits

1.2.1
   Nano-Structured Materials


Design of materials at the nano-scale is expected to yield strengths approaching theoretical limits, or 10% of their elastic modulus. This is about 10X higher than can be achieved in current materials.  Carbon nanotubes, for example, have a theoretical strength that is about 100X that of steel at 1/6 the weight.  Nano-scale materials can also be produced with electrical conductivity 1000X higher than copper; better thermal conductivity than diamond or insulating properties equal to the best aerogels.  Control of the morphology and composition at the nano-scale can increase the damping or decrease thermal expansion by an order of magnitude to produce highly stable, lightweight structures.  Ultimately, completely new design concepts can be enabled in tailored multifunctional materials by combining a specific set of properties for a specific application.  Over the decade, materials are expected to become available with 5X the specific stiffness (i.e. stiffness-to-weight ratio); and by 2020 nano-scale materials could result in up to a 50% weight savings in spacecraft and aircraft structures as well as thermal protection systems for atmospheric entry. Photovoltaic arrays based on nanostructures (e.g. quantum dots or quantum rods) are predicted to achieve about 50% efficiency by around 2020, well above the limits of current crystalline solar arrays.  In addition, they should be as lightweight and inexpensive as the best conventional thin film arrays, which will likely not exceed 20% efficiency (about double what is available today). Thermoelectric power converters can possibly be 3 times as efficient (~20%) if fabricated from rods a few nanometers in diameter. At this scale thermal conductivity is greatly inhibited while electrical conductivity is largely unaffected – an ideal condition for thermoelectric energy conversion that cannot be achieved on a larger scale.  Ultimately, nano-structured materials will also lead to membranes with 1000X – 10,000X higher surface area for improved life support and potentially lightweight radiation protection.

1.2.2
   Nano-Sensors and Devices

Nano-scale sensors are highly tailorable and can achieve single photon sensitivity and single molecule detection.  They can be made from a wide variety of nano-structures including quantum dots, nano-rods, chemically functionalized nanotubes and specially engineered segments of DNA and other biological molecules. They are also readily integrated with sensor electronics to produce very compact, highly “intelligent” instruments. The rate of progress in this area is very rapid.  Within the next several years NASA will fly a sensor with a very compact, low power nanotube-based electron source on the Mars Science Lander and by 2010, we should be able to produce an entire sensor system on a chip. In addition to scientific applications, nano-scale sensors and devices will be used for a diverse range of applications including environmental, vehicle monitoring and human health monitoring. 

By 2020 the most advanced micro-electronics will have feature sizes – by industry projections – below 20 nanometers with an overall goal to improve the performance of processors and memory by a factor of 1000X with no increase in power consumption.  It is also expected that on a general scale of “trillions per chips” (e.g. bytes, transistors), the systems will be highly fault tolerant.  An additional feature of nano-scale electronics is that in many cases they tend to be highly radiation resistant (due to their small target cross-section) – or can be made radiation tolerant without special processing/fabrication methods.  By about 2015 radiation hard, fault tolerant electronic for ultra-low noise electronics should be available.

1.2.3   Intelligent Systems
The greatest benefit of nanotechnology may result from integrating discrete nano-scale components in to large-scale, macroscopic systems. When the above nanoscale phenomena are integrated, their combined effects can be much greater than the individual benefits. Integrating sensors, electronics, power and materials can produce multi-functional systems that can be very responsive to their environment, both in an active self-protective manner and to acquire scientific data. For example, on the protective side, materials can be self-healing if damaged and modulate thermal emissivity to control internal temperature. On the data acquisition side, sensors systems can adapt – or evolve – to be most responsive to the data they “experience”.  At the systems level integrated multi-functional nanotechnology offers new approaches for diverse application such as life support, human health monitoring and vehicle health monitoring.   At the level of an entire spacecraft, over the next decade we should be able to build a 1 kg spacecraft with the full capability of a 100 kg spacecraft today – and achieve another factor of 10X reduction by about 2020.

1.2.4      General Examples
The incentive for NASA investment in nanotechnology is illustrated in the following general examples:
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Fig. 1.2.4-1 Predicted dry weight reduction by replacing Al or CFC with CNC, with no design modification to best utilize the properties of the new material. Based on a reference design for a reusable launch vehicle. 
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Fig. 1.2.4-2: Some applications of nanotechnology to advanced EVA suits. Note the surface treatment is modeled on the well studied surface characteristics of lotus leaves.
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Fig. 1.2.4-3: Extremely high strength can be achieved with conventional metallic materials, such as aluminum alloys, when the “microstructure” is on the order of nanometers

1.2.5   Specific Systems-Level Example for Exploration Systems:
In the next 5-10 years: Cryogen propellant tanks comprise a large fraction (>50%) of the dry mass of any exploration vehicle.  Nanostructured materials will provide a means for reducing the mass of these tanks by 20-30% over conventional composite cryotanks.   Polymer/clay nanocomposites with hydrogen permeabilities more than 100 times less than that of conventional epoxy composites will be developed for use as the inner wall of the cryotank.  This will eliminate the need for a metal liner, typically used on the inner wall, thereby reducing cryotank weight and improving durability.  Furthermore, polymer cross-linked aerogels, currently under development within NASA, can be used as ultra lightweight insulation, replacing less durable polyurethane foams. 

In the next 10-15 years: EVA suit designers want to reduce the mass of the suit and the PLSS (Personal Life Support System) by over 50%.  Packaging (the hard exterior) accounts for a large portion of the mass of the PLSS.  Use of durable cross-linked aerogels could reduce the mass of the PLSS case by more than 30% over a conventional composite design.  These aerogels could serve “double duty” as both PLSS structure and, when doped with suitable catalysts, as an air purification system and scrub carbon dioxide from the astronaut’s breathing air.  Multi-layer insulation (MLI) that is currently used on the EVA suits for Shuttle will not function in a Martian environment.  Flexible aerogel compositions have been developed that could be used as MLI replacements, reducing the bulkiness of the suit and improving astronaut mobility and dexterity. 

1.3
Legacy Activities and Assumptions

1.3.1 Relevant Legacy Activities

· In 1999 NASA recognized emerging opportunities and made an Agency-level decision to invest in biology-based and nano-scale technology.

· In 2000 NASA participated in establishing the National Nanotechnology Initiative (NNI) and the Agency continues to be a principal member of the Initiative.  The NNI operates via the Nano-scale, Science, Engineering and Technology (NSET) sub-committee within the NSTC. 

· In 2002, NASA created four consortia of leading universities (University Research, Engineering and Technology Institutes, URETI) to focus specifically on nanotechnology.  

· NASA held the NNI Grand Challenge workshop in Microcraft and Robotics focused principally on NASA needs (including Exploration) in the fall of 2004. 

· In 2004, Congress passed the 21st Century Nanotechnology Research and Development Act authorizing multi-agency funding for nanotechnology consistent with the Agency’s plans stated in the overall NNI 5-year plan. 

· In May of 2005 NASA completed development of 13 critical capability roadmaps, including nanotechnology, which are the foundation for this document.

· Specific legacy products contributing to this Nanotechnology Capability Portfolio include: (1) NanoTube Technology Assessment (2000 NASA internal roadmap document), (2) NNI Strategic plans (national priorities, goals objectives, agencies roles and responsibilities) (3) NNI workshop report on Robotics and Space Exploration (challenges, goals, objectives and key products), (4) URETI project plans and (5) the Nanotechnology Capability Roadmap

1.3.2
Top Level Architectural Assumptions and Applications

· Nanotechnology is currently a “push” technology driven by breakthroughs and opportunities. All future missions can significantly benefit from advances in nano-scale technology; some may be enabled by it.

· The most significant breakthroughs in nano-scale technology have likely not yet occurred (or been imagined). Predictions beyond a few years are highly speculative.

· NASA will benefit from external investments across the federal government and the commercial sector, but NASA will have unique needs and requirements not met by external sources.  The roadmap encompasses capability anticipated to be developed by NASA as well external sources (potentially with NASA involvement).

•
The target level for the nanotechnology roadmap is to fully demonstrate/validate functionality.  This is the point where it would transition to a specific higher TRL application development mission program (e.g. lightweight optics for 10 m coronograph, advanced photovoltaics, biosensors for environmental and human health monitoring, etc.).

1.4
Key Architecture / Strategic Decisions

Among the Capability Roadmap Portfolios, nanotechnology is the only one that is purely technology.   It represents an underlying capability for other capability areas, which are the principle “customers” for nanotechnology.  As such, key architectural/strategic decisions will determine the specific priority investment areas for nano-scale technology.

Table 16.1 - Key Nanotechnology Architecture/Strategic Decisions

	Key Architecture/ Strategic Decisions
	Date Decision is Needed
	Impact of Decision 

on Capability

	Nasa’s long-term goals require a sustained, systematic investment in leading-edge technology to achieve necessary levels of performance, safety, cost, and reliability. 
	2006
	Major mass reduction in space and aeronautical systems; superior radiation shielding; efficient life support processes (e.g. Water purification, air filtration); highly miniaturized and sensitive instruments for science, astronaut monitoring, and ivhm; higher levels of autonomy; greater energy efficiency (electronics and power systems).


1.5
Major Technical Challenges

	2006 – 2010

	· Accurate bottoms-up modeling of properties across the 1nm to 100 nm scale

· Scale-up of nano-material production with respect to quantity (~kg/day to ~100’s kg/day) and quality (uniformity, homogeneity, and repeatability)

· Safe human exposure (e.g. future mandated toxicity limits) to nano-derived systems

· Development of nano-scale devices for low power, fault and radiation tolerant electronics

	2010 - 2020

	· Coupled quantum/molecular/continuum mechanics modeling for design and prediction of the behavior of devices and systems

· Multiplexing and de-multiplexing to connect the nano-scale with the micro-scale

· Design and production methods for arrays of highly specific band-gap engineered materials (e.g. quantum dots) for sensor and energy conversion applications

	2020 and Beyond

	· Integration and control of chemical, physical, and biological processes onto a single chip

· Large-scale integration of heterogeneous nano-scale processes into highly distributed and multi-functional systems

· Controlling complex interactions of highly distributed, massively integrated nano-scale elements to create systems with “intelligent” response


1.6
Key Capabilities and Status

Included (not in priority order) are the ten most significant benefits from nanotechnology for planned and future missions. They strongly reflect NASA’s highest cross-cutting needs for: low-cost, high-productivity and safety.

Table 16.2 – Key Capabilities and Status

	Capability/Sub-Capability
	Mission or Roadmap Enabled
	Current State of Practice
	Development Time

	Reduce vehicle structural weight by a factor of 3: (1) nanostructured materials such as nanotube based fibers and nanoparticle toughened matrixes with 10X the specific strength over current materials; (2) ultralightweight, durable insulation materials such as aerogels or other nanoporous materials to reduce cryopropellant weight.
	Lightweight launch, CEV transfer and air vehicles (remotely operated aircraft and all electric aircraft)
	Conventional fiber-reinforced composites (polymers and ceramics), metals, and super-alloys
	First use: 5-10 yrs

Full potential: 20-25 yrs

	Application Tailored Multi-functional Materials: (1) self-healing, adaptive structures with embedded sensors, actuators, power storage/distribution and thermal control for vehicles, habitats, EVA suits; (2) active shape control for wings and lightweight aeroshells (3) ultra-stiff/lightweight, highly damped, low expansion materials for optics (~kg/m2), metering structures and antennas. 
	Human Exploration Systems, Advanced Telescopes, air and space vehicles
	Low TRL concepts
	First use: 5-10 yrs 

Full potential: 15-20 yrs

	Thermal Protection and Management: (1) 50% lighter TPS by precise nano-scale control of material pore sizes and thermal scattering sources for increased thermal resistance and mechanical properties; (2) lightweight radiators and thermal distribution systems using fibers 1-100 nm in diameter  (e.g carbon nanotubes, ceramics) with thermal conductivity as high as 2000 W/m°K ( > diamond)
	Scientific Instruments, Sensors, Human Exploration systems, Robotic systems, Power and Propulsion systems
	Carbon phenolic TPS, aluminum radiators and straps, heat pipes
	First use: 5-10 yrs

Full potential: 15-20 yrs

	Reliable Reconfigurable Radiation/Fault Tolerant Nano-electronics: Novel component level technology (e.g. carbon nanotubes, quantum dots, molecular electronics) and architectures (e.g., cross-bars) can potentially produce systems 100X – 1000X denser at constant power; small size (e.g. small target) for radiation tolerance; high density provides for embedded redundancy; time-dependent (selectable) interconnects for functional adaptation.
	Human Exploration, Science, Aero Vehicles, Communications and Navigation
	.13 µ CMOS, FPGAs, radiation tolerant foundries; functional redundancy
	8-10 yrs

	On-board Life Support Systems: Due to the high surface area and thermal conductivity, carbon nanostructures can be used as the next generation of surfaces for absorption and de-absorption of atmospheric constituents (e.g. CO2) for air revitalization. Additionally, engineered nano-particles can used very effectively to remove contaminants from water and for recycling/recovery.
	Human Health and Support Systems
	None for long duration human space flight
	5-10 yrs

	On-Board Human Health Management: For long duration human space exploration beyond LEO, nano-systems such as a multi-stage lab-on-a-chip could be used for non-invasive physiological monitoring of individual biomolecules.
	Human Health and Support Systems
	Continuous medical contact with Earth, invasive physiological monitoring (e.g. blood samples) 
	Monitoring: 10-15 yrs

Treatment: 20-25 yrs

	30% lighter EVA Suit: The current target is to reduce the weight of the suit and PLSS by 50%. The use of durable nano cross-linked aerogels could reduce the weight of the PLSS by 30% over current materials.
	Human Health and Support Systems, Human exploration Systems and Mobility
	Unfit for long duration EVA
	10-15 yrs

	Micro-craft (< 1 kg) with functionality of current 100 kg spacecraft for science and inspection: Accomplished through systematic use of low power, high density electronics; multi-functional structures; and highly miniaturized instruments and avionics - includes unpiloted space, surface and atmospheric vehicles and future vehicles that might be microscopic in size.
	Autonomous Systems and Robotics 
	Rudimentary kilogram-class spacecraft and aero vehicles with very limited capability
	First use: 8-10 yrs

	Ultra-Sensitive and Selective Sensing: Sensors based on nano-structures such as quantum dots, nano-wires and DNA-like molecules can respond to a single photon and potentially a single molecule. They are well suited for longer wavelength sensors (e.g. visible-through–FIR) or distinct biological molecules or chemical agents.
	Scientific Instruments and Sensors, Human Health and Support Systems
	Standard semi-conductor and MEMS technology
	Within 5 years

Full potential: 10+ yrs

	Modeling Fabrication Processes for Nano-to-Micro Interfaces: Efficient coupling of quantum, molecular and continuum mechanics for advanced electronic and sensor systems; critical for specialized systems development and integration.
	Scientific Instruments and Sensors
	Laboratory demos
	8-10 years


Nanotechnology enables a broad range of capabilities across all other Capability areas. 

The following capabilities are in addition to those judged to be most important at this time.

	Additional Nanotechnology Capabilities and Status

	Capability/Sub-Capability
	Mission or Roadmap Enabled
	Current State of Practice
	Development Time

	50% Efficient, Low Cost, Flexible Photovoltaics: Photovoltaic arrays based on nano-structures (e.g. quantum dot or quantum rod) are predicted to have achievable efficiencies about 50%. They are also expected to be as inexpensive and lightweight as thin film PV arrays are today.
	Broad exploration and science missions, high altitude long endurance robotic aircraft.
	Multi-junction arrays are approaching 30% (max <40%), thin film-arrays ~12% (potentially ~20%)
	Full potential, 20 years.

	Power/Energy Storage: Materials and devices for energy storage and power delivery depend significantly on the surface area available for charge transfer.  Nano-scale materials (e.g. carbon nanotubes, nanorods) have >1000X greater areas than any conventional material: 50% lighter proton exchange modules using carbon nanotube membranes; lightweight,carbon nanotube supercapacitors and battery electrodes for safer Li-polymer batteries.
	Broad range of Exploration, Science missions
	Nafion proton exchange membranes for fuel cells, Li-batteries (<100 Whr,kg) 
	First use: 5-10 yrs

	Biotic/Abiotic Systems: Techniques to exploit the strong connection between biology and nanotechnology; includes biological elements in non-invasive systems and robotic systems for enhanced human health monitoring and human productivity in space.
	Human and Robotic missions. 
	Currently, TRL 2, at most. Artificial retina at low level of resolution has been tested; cell–level drug delivery exists in lab test already.
	~15 years

	High strength membrane for gossamer structures with aerial densities 10 times lower than current membranes: Through the use of high strength, low density, high dimensional stability nanocomposites (carbon nanotube or other nanoparticles).
	Impacts Science (large aperture telescopes, solar sails) and Exploration (habitats).
	High strength polymer films.
	15-20 years.

	Ceramic nanomaterials with 1000-fold increased in toughness over conventional ceramics: Through the use of nanoparticle additions and controlled nanoscale morphology.  
	Lightweight, damage tolerant structures for Exploration (micro-meteorite protection), Aeronautics (FOD damage resistance, engine containment).
	Addition of fibers to ceramics to act as crack arresters.
	15-20 Years.

	Large array systems (“Artificial skin”): Sensor-logic circuit-actuators can be laid out conforming to the surface topology. Provides ability to sense and respond to a complex, harsh environment.
	Human Health and Support (EVA outer skin), Autonomous Systems and Robotics, Advanced Telescopes and Observatories (gossamer apertures)), Aeronautics (aerodynamic shape control)
	None, TRL 1-2
	10- 20 years

	Self-Healing Systems Embeds nano-based distributed sensing (to know where the defect is), electronics and logic (to determine the corrective action) and nano actuating systems (to implement the corrective steps). It includes embedded distributed, fault tolerant power (i.e., generation and/or storage processing) and for self-healing materials, programmable interconnects for material transport.
	Advanced Telescopes 

and Observatories, Human Health and Support Systems, Scientific Instruments 

and Sensors
	None
	10 years


2.0
Detailed Portfolio Discussion

2.1
Nanostructured Materials

The use of nanotechnology will enable the production of new materials that are lighter, stronger and more durable than conventional materials.  In addition, the use of nanotechnology will enable the development of multifunctional materials, systems that are capable of performing several functions, e.g., bearing a mechanical load and sensing and responding to their environment.  Use of nanostructured (mono- and multifunctional) materials in future NASA missions will have a significant impact on reducing the weight of aircraft, spacecraft and telescopes and improving their performance and durability. 

The Nanostructured Materials Capability Roadmap addresses key technologies required to meet future mission needs.  These technologies are grouped in four sub-capability based themes, each of which will be presented in more detail:

· Structural Efficiency – reduced weight for a given functionality

· Multifunctionality – includes astronaut life support and health management

· Thermal Management – both insulation and thermal control

· Efficient Energy Generation, Storage and Distribution.

Structural Efficiency

Reduction of vehicle weight is desirable since it can enable reduced launch costs, reduced fuel consumption and increased passenger, payload capability or functionality through the addition of more instrumentation.  However, weight reductions must be accomplished without compromising the structural integrity or other desirable qualities of the vehicle, e.g., dimensional stability, and durability.  Nanostructured materials offer the possibility of developing ultra-lightweight structures with enhanced strength, stiffness, and dimensional stability.  A variety of technical approaches are being explored both within and outside of NASA that, by 2015, will enable the development of lightweight structures for observatories and antenna (e.g. large precision optics at 1-2 kg/m2); and by 2035 satellite, spacecraft and airframe structures that are three times lighter than those made from conventional materials.

As a key example, single wall carbon nanotubes possess a tensile strength ten times that of the best high-strength carbon fibers and a tensile modulus two to three times that of high modulus carbon fibers.  Use of carbon nanotubes in polymer composites can lead to substantial increases in their mechanical properties.  For example, addition of about 3 weight percent single wall carbon nanotubes to a polyimide film results in a doubling of its tensile strength and 1 percent can increase the electrical conductivity by 10 orders of magnitude. However, in order to realize the full benefits of carbon nanotubes on the mechanical properties of polymers, they must be spun or grown into highly aligned fibers.  Recent work by Baughman and colleagues has led to the spinning of carbon nanotube composite fibers with tensile strengths on the order of 1.8 GPa.  Further work on the development of highly aligned nanotube based fibers is expected to lead to lightweight, high modulus fibers with 10 GPa tensile strengths by 2017 and 40-60 GPa strengths by 2030.  Similar property enhancements might be achieved with other nanostructured forms of carbon such as graphene oxides or carbon nanofibers.
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Figure 2.1-1.  High strength, high conductivity nanocomposite fibers could find use in space tethers, such as those envisioned in the proposed FISI formation flying mission.
The addition of nanoscale particles, e.g., organically modified clays, exfoliated graphite, or graphene oxides, is known to significantly improve the mechanical properties of the polymer, reduce its coefficient of thermal expansion, improve toughness or reduce gas permeability.  Recent work at Michigan State University has produced epoxy-clay nanocomposites with 100-fold lower hydrogen permeability than the neat epoxy.  Use of these nanocomposites in fiber reinforced composite cryogenic propellant storage tanks would eliminate the need for a metal liner, thereby leading to significant reductions in tank weight (up to 80%), manufacturing costs (up to 50%) and enhancements in durability.  Further research on the effects of nanoparticle alignment and on advanced processing methods is expected to lead to advanced nanocomposites with a 5000-fold reduction in hydrogen permeability over the base resin by 2011.  Other developments in nanoparticle reinforced polymers are expected to lead to significant reductions (as much as a factor of 10)  in the coefficient of thermal expansion of the polymer, which will mitigate the thermal cycling induced microcracking phenomenon which has plagued the use of composites in cryogen propellant tanks.  These developments will enable, by 2104, the production of low permeability cryogen propellant tanks that are 30% lighter than conventional cryotanks.  Ultralightweight tanks will find application in vehicles for human and robotic exploration, all-electric aircraft, High Altitude Long Endurance (HALE) aircraft, and satellites and rovers.

The interface between reinforcement and the matrix material plays a critical role in determining the overall properties of any composite material.  This is particularly true in nanocomposites due to the the extremely high surface area of nanoparticle reinforcements.  Improvements in interfacial bonding have been achieved by chemical functionalization of the nanoparticles to promote chemical bonding and enhance dispersion and also by increasing the surface area and roughness of the nanoparticles to promote better bonding by mechanical interlocking.  Further research on improving interfacial bonding in nanocomposites and on methods to align nanoparticles to maximize their beneficial impact on material properties will enable the development of nanocomposites with a five fold higher stiffness than conventional composites by 2012.  One significant benefit of using nanostructured materials is the ability to selectively “tune” one or more properties of a given material.  Through the proper choice of nanoparticle, interface modifier, and processing it should be possible to achieve nanocomposites with both a five-fold greater strength-to-weight and five-fold higher stiffness-to-weight than conventional composites by 2020.  High strength and stiffness materials will enable the development of 50% lighter vehicle structures (2020), and aircraft and spacecraft that are three times lighter than today’s vehicles by 2035.

Biologically inspired nanostructured materials constitute another approach to improving materials properties.  ,
,Research on nacre (Figure 2.1-2) has shown that successive release of “sacrificial bonds” opens one domain at a time in the modular, repetitive proteins to yield a unique combination of strength (like that of Kevlar) and toughness (like that of silicones), with a breakage energy/unit weight two orders of magnitude greater than high tensile steel. Most signifi​cantly, hysteretic recovery of the sacrificial bonds leads to “self-healing”. Examples of both stochastic and precise recovery are seen. A new set of design principles is emerging, based on a number of different sacrificial bonding moieties and strategies.

Similarly work on the overall deformation behavior of nacre from the lustrous internal layer of many mollusc shells has shown that nacre shows remarkable inelastic deformation in tension. This inelasticity in tension is the key materials property needed to eliminate stress concentration at strain concentration sites (holes, corners, flaws, etc.), rendering it “notch insensitive”. The inelasticity of nacre is closely related to its lamellar and tabular structure at the micrometer level and the rough interfacial structure observed at the nanometer scale that results in a delocalized deformation behavior. This approach will enable the development of new ceramic materials with 1000 times the toughness of conventional monolithic ceramics.

[image: image2.emf]
Fig. 2.1-2: The nacre of an abalone shell consists of layered plates of aragonitic CaCO3, (~ 200 nm) held together by a much thinner (< 10 nm) “mortar” of protein-rich organic template. This mortar provides adequate adhesion for the system’s structural integrity. Recent work has mainly focused on the relationships between structure and properties of the nacre of abalone shell and established some unique and complementary concepts. The protein binder holding the inorganic (CaCO3) tablets together is a self-healing polymer.Error! Bookmark not defined. The distributed deformation through gap opening between the tablets is the result of strain hardening originating from interfacial asperities. Introduction of such interfacial asperities into bioinspired layered and tabular composites is envisioned with graphene and clay nanoplates. 

Multifunctionality

Nanotechnology holds the potential to create new materials that are capable of performing several functions simultaneously, e.g., serving as part of a spacecraft structure, as well as sensing and responding to impact damage.   Use of these multifunctional materials will enable further reductions in vehicle weight and improvements in durability and performance.  Development of multifunctional and self-healing structural materials will lead to damage tolerant habitats for exploration missions (2025), adaptive, gossamer antenna/optics (2024), and smart airframe and propulsion structures for aircraft (2032).

Use of carbon-based nanoparticle additives (graphene, single or multi-wall nanotubes) can lead to enhancements in both the mechanical properties and electrical and thermal conductivity of polymers.  Alignment of the nanoparticles and a tailoring of the interface between nanoparticle and matrix are both critical to maximizing the effect of these additives on nanocomposite properties.  Achievement of the proper nanoparticle alignment and interfacial bonding will lead to nanocomposites for use as structural components with the added capabilities of shielding from electromagnetic interference and spacecraft charging for satellites and telescopes by 2011.  Development of fiber spinning techniques for these nanocomposites which lead to controlled nanoparticle alignment will enable the production of low density nanofibers with combined load sensing and actuating capabilities by 2015.  Incorporation of these fibers or other nanoparticles capable of sensing (load, temperature, damage) and actuation into composites will enable the development of multifunctional structural materials with added vehicle health monitoring capability by 2027. 

Materials that can sense damage and repair themselves would find a broad range of applications in NASA missions, especially for long-duration missions where in-flight repair of damaged components is difficult or impossible to perform.  Self-healing in structural materials is difficult to achieve, since diffusion, which is necessary for healing agents to reach the site of damage, is limited in rigid materials due to their rigidity. One potential approach being explored at the NASA BiMAT Institute (led by Princeton University) employs nanocomposite materials containing fabricated micro-channels filled with self-healing materials.  Fracture of these materials releases the self-healing components that accumulate at the damage site by directed self-assembly (Figure 2.1-3).    Further work on understanding the mechanisms for self-assembly and better control of the self-healing process will enable the development of self-healing structural materials by 2020.  
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Figure 2.1-3: Laser patterning and subsequent lamination of organic/inorganic nanocomposite tapes is one method that will be used to produce cellular biomimetic materials. Self-healing functions are introduced through the manipulation of colloids at defect sites. 

Because of their high surface area and the ability to tailor their surface activity at the molecular level, nanostructured materials are excellent supports for catalysts and sensors.  Functionalized nanotube (carbon or boron nitride), nanotube composite membranes or aerogel based materials can be utilized to selectively adsorb airborne contaminants (organics, carbon dioxide, carbon monoxide) from crew compartments and habitats.  Several examples of air revitalization systems based upon these materials are currently under development within and outside of NASA and are expected to be ready for use by 2020.  

Nanostructured materials offer the possibility of producing highly sensitive, rapid, chemoselective and minimally invasive devices for astronaut health monitoring and treatment (Figure 2.1-4.).  Functionalized nanoshell materials which selectively absorb and emit in the infrared and near infrared are being developed by NASA which can be utilized for both spectroscopic based bioassays for astronaut health management and photodynamic therapy to treat certain diseases.  These multifunctional materials are expected to be ready for use in exploration missions by 2024.  Functionalized carbon nanotube, and quantum dot based biosensors are currently under development for both commercial, military and NASA needs.  By the choice of the proper functionalization, these materials can be tailor-made to selectively detect certain types of biochemical species.  Arrays of these nanosensors will be developed to enable multicomponent bioassays for astronaut health management by 2029.  Further developments in the biochemical functionalization of nanostructured materials will lead to the development of materials that promote healing and self-repair by 2032.  Integration of nanostructured materials derived diagnostic and treatment tools will support the overall goal of achieving an autonomous system for astronaut health diagnosis and treatment by 2035.
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Figure 2.1-4.  DNA functionalized nanopores can be used in real-time sequencing and repair of DNA.

Thermal Management

Thermal conductivity is enhanced in certain types of nanostructured materials, e.g., carbon nanotubes or graphenes, due to their high degree of conjugation and the lack of structural defects.  Addition of these nanoparticles to a give matrix material can lead to increased thermal conductivity.  As is true with mechanical property enhancements, control of the alignment of the nanoparticles and their interface with the surrounding matrix is critical to obtain maximum thermal conductivities.  Processing and synthesis methods are needed that will yield fibers with highly aligned conductive nanoparticles.  Recent work at Rice University is focused on the isolation and “cloning” of high thermal and electrical conductivity carbon nanotubes.  Efforts of this type are expected to yield nanotube-based ribbons with thermal conductivities equivalent to that of diamond by 2021 and bulk nanocomposites with twice the thermal conductivity of diamond by 2027.

Nanoporous materials, such as aerogels, are good thermal insulators since their small pore sizes reduce or eliminate convective forms of heat transfer.  While aerogels are excellent thermal insulators, their poor mechanical durability has limited their use.  Recent work at NASA has led to the development of polymer cross-linked aerogels, which have the same nanoporous structure as conventional aerogels but are 300 times stronger (Figure 2.1-5).  Current versions of these aerogels have thermal conductivities on the order of 40mW/mK, about three times higher than conventional silica aerogels.  However, modifications to the aerogel and cross-linking chemistries should lead to materials with thermal conductivities as low as 10mW/mk by 2007.  Unlike conventional aerogels which fracture when bent, low density polymer cross-linked aerogels are flexible and could find use in EVA suit insulation.  Further work on improving their resilience, by changing the type of polymer cross-linking group and through the inclusion of fiber reinforcement, will lead to the development of durable, flexible aerogel insulation by 2013.

Improvements in the durability and efficiency of thermal protection systems are desirable to reduce the parasitic weight of these structures. One potential approach, designated Thermal, Radiation and Impact Protection Shields (TRIPS), is being developed at NASA.  This multilayer, multifunctional material system utilizes carbon nanotubes for high strength and damage tolerance, hydrogenated carbon nanotube filled ablative phenolic composites for combined radiation and thermal protection, and a hard ceramic outer coating for combined thermal and impact protection.  This and other approaches involving high temperature nanocomposites will enable the development of high temperature thermal protection systems with half the weight of today’s TPS by 2020.  Use of these materials in future spacecraft will enable a 50% reduction in vehicle weight by 2025.
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Figure 2.1-5.  Polymer cross-linked aerogels have mechanical properties and durability far exceeding that of conventional silica aerogels while maintaining desirable properties  (mesoporosity, low density and thermal conductivity).


Efficient Energy Generation, Storage and Distribution.

Nanostructured materials can have a significant impact on improving the efficiency and reducing the weight of  energy generation, storage and distribution systems.  Improvements in these systems will have a broad impact on NASA missions including efficient energy generation and storage for EVA suits (2028), high specific power/energy storage for satellites and rovers (2010), and lightweight, high power systems for HALEs (2027).

Because of their high electrical conductivity and large surface area, carbon nanotube and nanotube-based materials can have a significant impact on energy generation storage and distribution systems.  Current work on bulk nanotube materials will enable the development of supercapacitors with five times the power density of conventional supercapacitors.  Membrane electrode assemblies comprised of high surface area, high conductivity carbon nanotube materials treated with metal catalyst nanoparticles will enable the development of proton exchange membrane fuel cells that have 50% higher power densities than today’s fuel cells and require smaller amounts of expensive platinum or palladium catalysts.  Growth or spinning of highly aligned, conductive nanotubes by methods discussed previously will produce nanotube wires with electrical conductivities ten times that of copper by 2015 at a fraction of the weight.

Current work in self-assembled polymer systems can lead to more efficient batteries and fuel cells.   Research in this area at NASA has led to the development of new solid polymer electrolytes for lithium polymer batteries that have ten times higher ionic conductivity than conventional polymer electrolytes at room temperature.  Further changes in the composition of these polymers and the use of nanostructured additives is expected to further enhance their conductivity at room temperature and lower temperatures and enable the development of low toxicity, low flammability lithium polymer batteries for EVA suit and rover applications by 2009.

Improvement in the efficiency and durability of solar cells is essential for future exploration and science missions.  Along these lines, quantum dots have recently been utilized as a means of increasing solar cell efficiencies by extending the absorption spectrum of the material to utilize more of the solar spectrum.  Polymer based photovoltaic materials have been prepared using fullerenes (Buckyballs and carbon nanotubes) to maximize photoinduced electron transfer and charge generation in these materials.  Further work on incorporation of these materials into conductive polymer based photovoltaics will enable the development of flexible, radiation hard photovoltaic materials with 50% efficiency by 2025.

Summary

Nanostrucutred materials are the basis for much of the capability offered by nanotechnology across most of the areas critical to NASA.  Nanostructured materials can be fabricated with much higher strength, stiffness, electrical conductance, higher or lower thermal conductance or insulation than any current material.  They will also enable higher capacity, lighter weight power systems; improved astronaut health monitoring, EVA and life support systems; and material systems that detect damage and self-repair. Most significantly all of these properties can be engineered into entirely new material systems with predetermined multifunctional properties in ways not possible with conventional materials

2.2     Sensing and Devices

The scope of this sub-capability is to provide revolutionary opportunities to detect, process data, communicate and interpret information, as well as manipulate or control this environment on a common platform by combining capabilities of nano/micro scale sensors and computing.
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Advances in nanotechnology are expected to enable and enhance mission-critical sensor, instrumentation, and device technologies needed to meet the challenges of future space missions. These advances offer significant advantages for detectors, electronics, habitat and vehicle health management and the bio/health fields associated with long duration human space flight. Sensitive detection and molecule-specific discrimination are key capabilities for many NASA applications, including advanced healthcare for medical autonomy and life support, integrated vehicle health management, planetary protection, remote sensing, in situ characterization and life detection. For in situ analysis, vehicle health management and astronaut life support, NASA requires integrated micro laboratory systems, combining sample acquisition, manipulation and preparation, signal processing, and power management. The nanoscale sensing and device components provide the requisite capability enhancements in miniaturization, sensitivity, selectivity, fault tolerance, coverage, and power consumption.

Fig. 2.2-1: CNT chemical sensor element from a gas detector. The gold interdigited micro electrode is shown on the left, while a magnified view of the carbon nanotube sensing element is shown on the right.

Detectors with sensitivity levels approaching the limit of single atoms or molecules are proving feasible from nanotechnology because it provides sensing elements whose surface to volume ratio is maximized giving the ultimate capability in sensitivity. Intermediate molecules can be bonded to surface atoms, providing receptor for a particular analyte giving unparalleled sensor selectivity. Detecting ultra-weak signals from sources at astronomical distances renders every photon or particle a precious commodity that must be fully analyzed to retrieve all the available information it carries.  Nanostructured sensing elements in which each absorbed quantum generates excitations that record and amplify the full range of information, provide revolutionary approaches to achieve this goal. Nanoscale materials and devices exhibit quantum phenomena at elevated temperatures allowing sensors to exploit capabilities previously attainable at only extremely low temperatures.

Miniaturization of entire spacecraft and robotic explorers will entail reduction in the size and power required for all system functionalities, not just for sensors and instruments.  Low-power, integrable nanoscale devices are needed for inertial sensing, power generation and management, telemetry and communication, navigation and control, propulsion and in situ mobility, etc.  Integrated nano-electro-mechanical systems, or NEMS, will be the basis for future avionics control systems incorporating transducers, EMF sources, active and passive electronic devices, EM radiators, electron emitters, and actuators. In addition, these systems will need to operate in space, in a variety of harsh environments including solar particle events, galactic cosmic rays and extremes of low and high temperatures. 
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Fig. 2.2-2: Carbon nanotube (CNT)-based strain sensor developed.  A) optical micrograph showing large circuit elements defined using photolithography; B) AFM topography image detailing deposited and aligned CNT bundles spanning the alignment electrodes and with the measurement electrodes defined; C) aluminum beam instrumented with a flexible CNT-based strain sensor and mounted in a single axis load frame; and D) results from the CNT strain sensor (blue) compared with a standard strain gage (red) mounted on the backside of the aluminum beam.

For years, electronics based on Complimentary Metal Oxide Semiconductors (CMOS) have yielded remarkable increases in computing power, roughly doubling every 18 months (Moore’s Law).  However, this trend cannot continue indefinitely and significant technical barriers exist because of changes in properties as the feature size is reduced. Nanotechnology offers alternative solutions that can exploit these novel properties promising devices with lower power consumption and resistance to harsh environments. Nanoelectronic devices will require high redundancy for error correction providing opportunities to dramatically improve the space qualified computing.
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	Fig. 2.2-3a: CNT 3D Cross Bar, Molecular surround gate memory. Central atom is Fe2+, Co2+ or Ru2+. Diameter of core NW is 20-50 nanometers (10-9 meters).  Each NW “pillar” is addressable.
	Fig. 2.2-3b: CNT 3D surround gate transistor with a central, single crystal nanowire (NW).
	Fig.2.2-3c: Scanning electron microscope image of a vertical surround age transistor (top view).


Recognizing the potential of advances in the nanosciences, NASA began investing in nanotechnology five years ago. Progress has been dramatic; much faster than predicted even three year ago and nanoscale devices are beginning to impact missions.  For example, carbon nanotube (CNT) field emission cathodes are an integral component of the CheMin XRD/XRF instrument, which has been selected for inclusion in the Mars 2009 Mars Science Laboratory mission. These cathodes show dramatic improvements in power requirements over existing miniature X-ray tubes that are limited by inefficient thermionic electronic sources.  CNT field emitters are also being utilized in the development of miniature mass spectrometers, micro thrusters, chemical sensors, and air purification systems.  

[image: image9.jpg]g
e /





Fig. 2.2-4a: CNT emitter 
Fig. 2.2-4b:Field emission
Fig. 2.2-4b: Integration into 
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Oxford XTG, Inc.

Key Assumptions:

The key assumptions made for this sub-capability include:
· Developments under National Nanotechnology Initiative, and other funded nanotechnology research, will continue to advance state of the art

· Sensor community is very dynamic and will continue to develop new nano-scale technologies

· Path available to transition from TRL 4 to mission insertion

· Predictions of the state of nano-scale technology beyond about 2010 are highly speculative

· Wireless technology available for integration of sensors and devices

· Electronic device downscaling as per International Technology Roadmap for Semiconductors (ITRS). 

Summary

Nanotechnology holds great promise for the development of robust sensors, instrument components and devices for future space missions. Nanotechnology already is making an impact on sensors for NASA missions. We believe that advances in sensor technology will grow at an exponential rate in the next 3-7 years and that these advances will enable many of the goals for the agency’s space and exploration vision.
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Fig: 2.2-5: Carbon nanotube electron soures are being developed for future missions: XRDF selected for Mars 09

The expected benefits of nanosensors and devices for NASA missions include the following key characteristics:

· Sensors with unparalleled sensitivity, selectivity, multi-functionality and integration

· Advanced miniaturization with considerable reduction of device and instrument size, mass and power consumption

· Devices suitable for highly integrated and autonomous systems. Integration of sensors with logic and memory

· Enabling multi-point monitoring and enhanced functionality from multi-node system (e.g. health management and microcraft)

· Redundancy for fault-tolerance and elimination of false positives

· Performance improvement in extreme environments (radiation, temperature (min/max & swings, pressure, zero gravity, etc.)

· Bottom-up engineering of materials for device properties through independent control of physical parameters at nano-scale are becoming feasible.
2.3      Intelligent Integrated Systems

NASA Missions are, more often than not, required to function in extreme environments (temperature, radiation, pressure, etc., etc.) and under severe power constraints. Furthermore, the full range of operational conditions, including scientific opportunities are not known at the time of launch; hence, there is an unusually high requirement to rely upon on-board intelligent systems embedded within the NASA spacecraft. For non-human robotic missions, such intelligent systems need to be highly autonomous requiring minimal and occasional directives from Earth. On the other hand, Human Exploration Missions, especially ones of long duration, require a complex and symbiotic human-machine relationship so as to optimize and exploit the full capabilities of each other. What is envisioned here, is a full-spectrum of functionalities: ranging, on one hand, from complete autonomy by machines, progressing to a shared autonomy between humans and machines and culminating towards the other end of the spectrum, complete autonomy by humans. Such flexible, responsive and intelligent systems would significantly enhance the safety of the mission (via alert vehicle and human health monitoring) as well as optimized scientific returns (via exploiting unforeseen opportunities of scientific interest).

It is generally recognized that there is a strong linkage between complexity and intelligence, such that, intelligence is an emergent property of complexity. In the biological world, increased functionality and “intelligent behavior” emerges as one ascends the complexity scale from molecules to cells to organs to complete organisms (humans). In the physical world, Anderson in his paper published in Science (1972) describes a similar phenomenon: “The behavior of large and complex aggregations of elementary particles, it turns out, is not to be understood in terms of a simple extrapolation of the properties of a few particles. Instead, at each level of complexity entirely new properties appear, and the understanding of the new behaviors requires research which I think is as fundamental in its nature as any other.”

Intelligent integrated systems can be realized as materials with distributed sensors and actuators that continually sense the integrity of structures, engines and other critical systems. In aircraft such “intelligent” materials can potentially change their shape to control stresses and optimize vehicle aerodynamics. Very lightweight space structures can be built with active damping, thermal properties and stiffness to maintain extremely precise shape control.  However, one of the most significant applications will be to monitor and support the health, safety and productivity of humans in space, given that astronauts are the most capable and resourceful of all of NASA’s “assets”.
These emerging properties are an effective way to bridging nano, micro and macro scales in the nature.  It also represents a compelling approach to derive an intrinsic, higher-order behavior out of a system through the addition of a new ingredient. However, we are currently at a primitive stage with respect to the development of emergent behavior in artificial systems and continued efforts will seek to embed increased quantities of information in artificial systems to derive even more complex higher-order functionality.

Intelligent Integrated Systems of NASA Relevance (Examples)

Self-Healing Systems – The idea here, is to embed nano-based distributed sensing (to know where the defect is); electronics and logic (to determine the corrective action); and nano-actuating systems (to implement the corrective steps). It is clear that such a system will require a distributed and fault tolerant power system, as well as the capacity for power processing and distribution. Furthermore, in the case of self-healing materials, one will need a programmable interconnect for material transport.

Compact Biological Research Laboratories – In the search for biochemical building blocks within the Solar System, nanoscale lab-on-a-chip sensors may be essential for evaluating the potential for extraterrestrial life. On-board, space-qualified analysis systems can provide necessary selection criteria for subsequent sampling missions and more detailed laboratory analysis. Similar laboratory sensors should also be relevant to spacecraft environmental monitoring and control (example: water quality management).

Human Health Monitoring – Long-term exposure to the space environment is associated with bone and muscle loss, reduced immune and cardiovascular performance and other deleterious conditions. On-board physiological monitoring and sensing will be a critical requirement for crew safety. To make monitoring viable it needs to be non-invasive, rapid reliable, autonomous and miniaturized.  Nano-scale systems can enable highly integrated, highly capable physical and chemical processing in a hermitic environment, for both external and in-vivo applications. 

Next Generation Vehicle Management – Comprehensive diagnostics of vehicle health necessitate increased sensor reliability, durability and coverage. Embedded or integrated sensing technologies that form a distributed vehicle nervous system are envisioned for the future. Networked sensor technologies provide in-place vehicle diagnostics along with a framework for active in-flight corrections and feedback control.

Metrology and Control – Very high resolution spatial interferometric systems require picometer level metrology.  This level of accuracy can be achieved through a distributed network of nano-structure based materials, detectors and actuators that sense and respond to the smallest dimensional changes.

Microcraft – Defined as vehicles that are able to move through the environment (actively or passively), sense the environment, and communicate with human operators (directly or via relay) and whose mass is less (perhaps very much less) than 100 kg. This definition includes unpiloted vehicles as well as future vehicles that might be microscopic in size. The vehicles may or may not have the ability to affect the environment with manipulators or other means. The role of nanotechnology is to greatly reduce the size and power requirements of components and enable much higher levels of integration and multifunctionality. 
Core Challenges and Technologies 

1: Challenges

The challenges of integration through nano, micro and macro scales are: 
1. How do we develop manufacturing strategies that can encompass the nano, micro and the macro scales?

2. How can the properties at the nano material level be preserved to the device and system levels?

3. For large array of transducers, sensors and actuators, what will be the best way to layout interconnects for signal and material transports? Large number of interconnects at nanoscale will be a major challenge. 

2: Manufacturing technologies

Space exploration, science and aeronautics will be benefited by advancing from the nanoscience of handling single nanoparticles to nanotechnology of large-scale manufacturing capabilities.  Artificial fabrication technologies are usually considered “top-down”, meaning that they involve manipulations at the macroscale, such as cutting or etching.  Nature, on the other hand, relies upon bottom-up fabrication, involving molecule-by-molecule assembly to create a larger subject. As such, the development of integrated top-down and bottom-up fabrication is the pathway for building from molecular level upward. 

3: Interfaces

A major advantage of nanoscale transducers and electronic devices is integration and deployment of very large numbers of them.  However, if each one must be connected individually to the interconnects, than the size advantage of nano-components is lost.   Thus, spanning scales from nanometers to macroscales is a necessary process for converting fundamental advances in nanoscience to useful products. However, creating effective interfaces to transfer information, mass and energy across such a large range of scales is a key challenge to enable large-scale integration of nano-components and systems, and eventually fabrication and manufacturing.    [image: image11.jpg]Interface
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The technology issue lies in the different methods that are needed to make sure the impedance mismatch between a nanoscale interconnect and a micron-scale interconnect will not distort the signal or lose energy, as depicted in the above table. 

4: Multiplexer and Demultiplexer

For most nanosystems, there will be large arrays of elements (sensing, processing or actuating) that are connected to a small number of micron scale interconnects via some type of multiplexer and demultiplexer (mux/demux).  The task of the demultiplexer is to address one or a small number of elements in the array. The multiplexer then conveys the information/mass/energy from one or a small number of elements to the micron-scale interconnects.  The mux/demux can perform a low level filtering function that, for example, averages over several elements to improve signal to noise or incorporates spare components to compensate for defects or faults in the circuits.  This filtering provides a type of processing at a very low level in the interconnect, so that not all of the information needs to be transmitted out of the nanoscale domain, which could overwhelm the information-handling capacity of the next level up in the system.  This importance of the demultiplexer for nano-interconnect and the use of error-correcting codes for improved defect and fault tolerance is described in P. J. Kuekes et al., Appl. Phys. A (March 2005). 

Electrical mux/demux is commonly used.  However, mux/demux of non-electronic forms are at a primitive state.  For example, Kim at UCLA developed a digital fluidics circuit for transferring reagents to perform chemical analysis, including medical diagnoses.   A mux/demux for mass transport has been demonstrated in the micro scale.  Surface tension force becomes a dominant force in the small scale and is a function of the surface electrical potential.  Kim placed an electrode matrix on the surface and then can control the motion of the droplets.  Furthermore, these droplets can be mixed and separated as needed. A key challenge is to reduce the size further and integrated it into fully heterogeneous systems (e.g. electrical, photonic, chemical).  Once the compatibility and interface problems are met a full range of chemical processing, data processing and communications can be integrated and networked as a critical step toward evolving from merely integrated systems to “intelligent” integrated systems.
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Figure 2.3-1: A micro digital fluidics based mux/demux

5: An Example of an Integrated System 

While preparing the sample for air/water quality monitoring and bio-molecular sensors, a fluidic system is needed for executing a series of fluid motions, e.g. mixing, separation, delivery and stopping.  Up to this point, many different microfluidic devices have been demonstrated.  Unfortunately, these devices are often times fabricated using different technologies.  This makes the total integration of these devices, to form functional systems, very difficult.  Ideally, it is important to have a single, very flexible technology which can be used to fabricate all devices and integrated on a same platform, including sensor, electronics, actuator and electro/fluidic interfaces.  
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Figure 2.3-2: Several microfluidic devices integrated on a single chip. Close ups of the actual devices on the chip are shown in the corners and include capacitive sensors (top left and right), a micro mass flow controller (bottom left), and a peristaltic pump (bottom right).

The parylene/photoresist manufacturing technology is a possible solution.  Alternating layers of a structural material (in this case parylene) and sacrificial material (in this case photoresist) are deposited and patterned.  Many different nano/microfluidic devices can be made using this process.  This technology also allows for the integration of metal electrodes inside, above, or below the nanomicrofluidic channels, opening the door for sensors and active devices.  Parylene is an ideal material for realizing fluidic systems.  Most importantly, parylene is biocompatible, allowing these chips to be used for biological applications.  Also, it is an excellent barrier to liquids and gases, demonstrates excellent chemical resistance, can be patterned using oxygen plasma, and can be deposited in a conformal coating at room temperature.  The low temperature processing also opens up the possibility of doing post-CMOS surface micromachining thus integrating circuits on the chip as well. The above figure demonstrated the total integration of all the sensors and actuators on a single chip.  This is made possible because of the common fabrication technology which all the sensor/actuator/interface shares. 

Readiness and Timelines (Example: Micro-, Nano-Robotics)
Near-term (> 5 years) Goals:

· New micro-power sources (miniature and high-power density)

· Nanofabrication techniques capable of making 3D parts with > 100nm features

· Parallel arrays of tethered robotic micro- and nano- manipulators

· Simple cooperation of teams of 10s of meso-scale robots

· Automated assembly of parts 100nm to 5mm

Intermediate (5-10 years) Goals:

· Millimeter size self-contained robots

· Self-reconfigurable miniature robots

· Parallel automated assembly of parts 10nm to 10mm

· Sophisticated cooperation of teams of meso-scale robots

Long-term (< 10 years) Goals

· Sub-millimeter scale mobile micro-robots

· Cooperative networks of micro-robots

· Atomic and molecular scale of manufacturing of 3D parts
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Figure 2.3-3: Potential future integrated nanoscale system that achieves functionality by taking advantage of phenomenon unique to specific size scales and domains.

2.4  
Roadmap Logic
The capability describe above is presented in greater detail in the roadmaps shown in Appendix I. The roadmaps are divided into three groups: 

· Exploration (Fig. AI-a and AI-b) 

· Science (Fig. AI-c and AI-d)

· Aeronautics (Fig. AI-e and AI-f) 

Each page of the roadmap is divided into five parts. The top bar (Key Architectural Assumptions Banner) summarizes the key missions and timeframes for each group.  Major high-level capabilities “enabled” by nanotechnology are shown in the green bar (Nanotechnology Enabled New Capability) on each roadmap.  The specific nanotechnology capabilities contributing to the “Enabled New Capabilities” are shown in the lower parts of the roadmap (Nano-Structured Materials, Sensing and Devices and Intelligent Integrated Systems).  The numbers shown along with each sub-capability refer to the specific nanotechnology sub-capabilities (“yellow” bars) that contribute to an “Enabled New Capability.”  For example, in Figure 2, “Energy storage (12, 14)” is enabled by “(12) supercapacitors with 5X power density” and “(14) Low toxicity, low flammability Li-polymer battery,” which are shown in Nano-Structured Materials. Typically, most nanotechnology sub-capabilities will contribute to multiple Enabling New Capabilities and many apply across Exploration, Science and Aeronautics.  Also, recall that a major assumption in developing the nanotechnology roadmap is that nanotechnology is principally an underlying capability that will “Enable New Capability.”  As such, not all of the “New Enabling Capabilities” would be developed within a separate nanotechnology program.  Most end products (e.g 50% lighter EVA suit, vehicle health monitoring system) will in fact be developed within an appropriate application program incorporating the underlying nanotechnology capability. 

The roadmap includes capabilities that are likely to be developed outside NASA, though some NASA involvement may be required to assure suitability.  The areas most requiring NASA investment are described in the Top Ten Capabilities (Table 1).  To assure NASA takes full advantage of external development, it will be important to broadly cooperate with universities, industry and other government agencies to direct research efforts into areas of specific interest to NASA.  As noted, the technologies needed by exploration, science and aeronautics are not necessarily unique and many of them are repeated across the three sets of roadmaps.

2.5
Safety

One topic of special note is the possible risk from nanotechnology, in particular toxicity of nano-particles. The toxicity issue falls into two categories:

(1) The need for basic and applied research to establish the biochemical and physiological effects of nano-particles. Federal agencies such as NIH, EPA and NSF have extensive resources invested to gain a better understanding of he problem.

(2) Public perception and concerns of nanotechnology, in general.  To the extent that some of the perceptions are prejudices and are rooted in fact there needs to be special effort to reach out, dialogue and disseminate research data to assuage these concerns. Both NIH and NSF have significant programs focused on the societal implications of nanotechnology.

Furthermore, NASA will provide due diligence to establish exposure and toxicity standards that could be unique in the space environment. While it is not clear whether this is an issue or not, it remains a subject to be monitored closely.
3.0       Process

3.1
Summary

This document is an expanded version of the Nanotechnology Capability Roadmap developed during an 8-month period from the fall of 2004 through the spring of 2005 as part of a NASA-wide effort to layout long-term roadmaps for the Agency’s key strategic objectives and the key capabilities necessary to implement the roadmaps.  In total, 13 strategic roadmaps and 15 capability roadmaps were developed.  While the strategic roadmaps were based directly on NASA’s Strategic Plan, the capability roadmaps were based on the recommendations from the “Aldridge Commission” that examined NASA’s basic “sway of doing business” following the Columbia disaster. 

A critical aspect of the roadmaps was that they represent a broad range of knowledge and experience, and not be heavily biased toward internal points of view.  As such, the capability roadmaps in particular were composed largely of 1/3 NASA personnel, 1/3 academia and 1/3 industry.  Specifically, the core nanotechnology team had 7 NASA/JPL members, 5 academic members and 3 members from industry. Team leadership was composed of 2 NASA co-chairs and an external university co-chair.  NASA members were chosen to assure broad technical expertise and programmatic representation across exploration, science and aeronautics.  External members were chosen based on technical expertise and general knowledge relevant to NASA mission needs, and included recognized national leaders in nanotechnology.  A full roster of the core team and supporting members is listed in Appendix II.

Much of what was done and the overall capability breakdown structure is based on work within NASA and the National Nanotechnology Initiative (NNI) to establish a strong internal program in concert with strong national priorities, respectively.  Specifically, NASA led an NNI Grand Challenge Workshop in the fall of 2004 focused on nanotechnology for robotics and space exploration and about the same time the NNI had developed a new set of strategic directions for the next five years.  Several of the roadmap team members had contributed to both of these activities.  Thus, the exercise started with a strong team that had appropriate expertise and knowledge relevant to NASA’s specific technical and programmatic needs and a broad perspective on the state-of-development and realistic potential for nanotechnology, in general.

Over the next few months team met twice for two days.  During the initial meeting, the capability breakdown structure was established, sub-teams and leads were for formed and the overall approach for developing the roadmap was established.  Between the first and second meeting the sub-team worked on their specific sub-topic areas. A key milestone in the overall process was a public meeting in November 2004 covering all capability roadmap areas.  A second was a presentation by each team to an independent panel of experts formed by the NRC (a separate panel for each team.)  The purpose of the NRC review was to provide critical feedback to the team to assure no critical aspect was being missed, that the roadmap “story” was clear and consistent and the team was sufficiently focused on its objectives.  For the nanotechnology team the review occurred about four weeks after the second meeting, providing sufficient time to prepare a good presentation. 

The team prepared the final report that submitted to the NASA Administrator along with the other strategic and capability roadmaps in late may 2005.  While the submitted report was in the form of an extended executive summary, this report contains significantly more technical discussion, specifically in sections 1 and 2.
 

3.2
Capability Breakdown Structure

The CBS (Figure 3.2-1) is designed to provide the underlying nano-scale technology to support the needs of the other CRMs. These needs can be grouped into three main areas: 

(1) nano-structured materials, 

(2) sensors and devices, and 

(3) intelligent integrated systems.   

The organizing principle utilized to create the capabilities breakdown structure for the Nanotechnology Capabilities Roadmap was to follow a natural hierarchy of ascending complexity.  First, focus on controlling basic properties (mechanical, electrical, thermal and optical) to engineer materials for specific applications.  Next, produce high priority components for sensors, electronics and devices (e.g. nano-MEMS).  Finally, integrate materials and components to produce large-scale, complex systems that have new capabilities and levels of performance.  Key driving factors that determined the specific details of the CBS are NASA specific needs for: 


- Performance in extreme environments (radiation, temperature, zero g, vacuum)


- Light weight


- Frugal power availability (especially in outer space) 


- High degree of autonomy and reliability
      - “Agents” and “amplifiers” to enhance and support human activities
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Figure 3.2-1 Capability Breakdown Structure

3.3
Relationship to Other Roadmaps (capability and strategic)

The table below shows the relationship between nanotechnology and the other capability roadmap areas developed by NASA in the spring of 2005. All of the other areas can benefit from the fundamental capabilities derived from nanotechnology.  That the relationships are mostly “enhancing”  (blue) is principally due to the relative immaturity of nano-scale technology.  As nanotechnology capabilities are proven, many will become “enabling” (red).  A few specific areas stand out as having the broadest impact: high strength, lightweight materials; low power radiation/fault tolerant electronics; and high sensitivity/selectivity sensor systems.  In particular, Scientific Instruments and Sensors (SIS) and Human Health and Support Systems (HHSS) consider nanotechnology to be enabling (shaded red in the accompanying table).  Specific needs cited include: radiation hard electronics, lasers, miniaturized magnetometers, bio/chemical sensors, and far-infrared single photon counting sensors.  HHSS has a strong dependency on nanotechnology for environment and human health monitoring; environmental protection; and process and control for critical systems (e.g. EVA, life support).  A general conclusion across all capability areas is that nanotechnology is not identified with any one Mission Directorate or any unique set of missions.  It should be considered an area for strategic investment by NASA, focused on critical needs, but recognized as having broad applications and benefits.
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3.4
Infrastructure

The NASA Centers collectively, have the foundational infrastructure to perform state-of-the-art experimental and theoretical work in nanotechnology. Such work includes synthesis, characterization, modeling and device applications.  In addition, the Agency has two world-class facilities for advancing nanoscale technologies: 

(1) Ames Research Center’s Columbia Supercomputer, the fastest operational production machine, consists of 10,240 parallel processors capable of large-scale molecular and super-molecular modeling and simulations; 

(2) JPL’s electron beam lithography system, arguably one of the world’s finest, allows for research and fabrication on the nano scale, with a spot size of 4nm. 

The Agency has in place four world-class nanotechnology “intellectual” infrastructures in the form of University Research, Engineering and Technologies (URETIs). Each URETI is a consortium of universities (lead by one of them) working with NASA Centers and focusing on a specific nanotechnology area. The focus areas of the four NASA Nanotechnology URETIs are: 

(1) Bio-inspired materials (lead: Princeton U.); 

(2) Biomimetics (lead: UCLA); 

(3) Nanoelectronics (lead: Purdue); and 

(4) Nanomaterials for Aerospace (lead: Texas A&M).

Finally, due to the Agency’s membership within the National Nanotechnology Initiative, NASA relies on other relevant non-NASA Federal facilities for specific collaborations.  Some examples: NSF (basic science and national nanotechnology facilities); NIH (Human health); NIST (metrology); and DOE (energy systems).

4.0 Summary
From its inception the missions pursued by NASA have excited the nation by overcoming daunting scientific and technical challenges to accomplish things that some may have thought impossible.  In doing so, NASA has continually pushed and pressed the limits of technology.  The promise of nano-scale technology is to remove barriers that threaten to slow or even stop the pace of advancement in areas of technology important to NASA. Nanotechnology is the ability to control the placement and composition of matter on a scale of about 1 nm to 100 nm – the domain between molecular dominated properties and the convergence toward continuum properties.   Fundamentally, enables new level of performance and unique material, device and systems behavior not seen at larger or smaller scales.  The benefits include materials with 5X the specific strength and stiffness of any material available; radiation tolerant electronics 100X to 1000X denser, faster and less power consuming; and detectors sensitive to a single molecule or photon.  

A common misconception is that nanotechnology represents an entirely new domain of technology operating outside the domain of current technology. It does not.  However, because nano-scale technology does operate at dimensions below that of current technology where unique properties and behavior exist, new skills, techniques and expertise is needed to exploit the potential of nanotechnology.  Quantum mechanics is central to understanding and predicting nano-scale behavior; and biological systems which are largely based on nano-scale phenomenon and components represent a vast knowledge source for materials, devices and systems.

NASA will not lead the revolution, or evolution, of nanotechnology. However, NASA must continue to push and press the limits of technology if the Agency is to continue its pursuit of evermore challenging and exciting missions.  This requires the following: (1) recognition by NASA of the unique potential of nanotechnology to meet Agency technology needs (2) a focused effort by NASA to identify the most promising opportunities for nanotechnology to significantly affect NASA missions (3) assure rapidly emerging nanotechnology advances are applied to these needs and (4) develop the needed nano-scale skills and expertise within the NASA technology workforce. 
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