Summary Report

Micro Aerial Vehicles – Unmet Technological Requirements

Introduction

An interdisciplinary workshop on the subject of Micro-Aerial Vehicles was held at Schloss Elmau/Germany September 22 to 24, 2003. The workshop objectives were to identify: (a) the S&T requirements relating to MAVs, (b) the S&T shortfalls, and (c) research strategies and funding priorities.

The workshop aimed to develop possible research avenues to meet the anticipated technological requirements in a timescale of around 2015, which are assumed as:

· payload of the order of the structural weight of the vehicle 

· wing span of the flight vehicle of the order of 2-15 cm

· gross weight of the order of 5-40 grams 

· endurance equal to at least an hour.

MAVs is a much-discussed subject.   It has a military connotation, and might very possibly be an important weapon against terrorists in the future.  It might also have application to remote mobile monitoring by civil agencies.  Due to the stringent technical requirements of MAV  – such as their small size, comparatively large payload, range, endurance and power requirements, the difficulties in achieving sufficient stability and control, the need for sensing and communicating - without a doubt, unconventional engineering approaches will be required, such as imitation of ornithological attributes or mimicking flying insects for example.  

There are widely different interpretations of what constitutes an MAV when looking a little more at it in detail because a common definition is lacking.  For one thing, there can be a great variation in their size; for another, they might need to have different capabilities, in terms of range, endurance, manoeuvring and payload carrying capability etc., depending on their mission.  Several developmental efforts are underway and even some prototypes of MAV have been described in literature, the Black Widow and the Matador are just two to name from the US side.  Yet others have been built in throughout Europe and Asia. Concomitant with a reduction of size, the technical complexity, in terms of current knowledge, increases exponentially.  For instance, MAVs that weigh a few grams for a surveillance mission pose immense scientific challenges. These may be met through input from areas such as  aeromechanics of low Reynolds Number flows, power requirements of MAV, material requirements that may find solutions by studying nature, stability and control problems, payload, sensors and data link, and human factor issues attendant with man-system interfaces that have to be addressed prior to development of viable MAV systems.  Since these seemingly disparate sets of issues are inter-twinned and often pose contradictory requirements in regard to MAV systems, experts from different disciplines have a strong need to discuss this on an inter-disciplinary basis. 

An MAV could conceivably weigh about 10-15 grams in all, be capable of executing missions with varying degrees of autonomy, and a sensor-suite payload that can transfer pictures online to a ground station via data link. Although there are hardware solutions already flying around, the technological challenge still has to be seen in increasing range, payload, data transfer rate, manoeuvring and possibly also speed of an MAV with simultaneously decreasing size and structural weight and allowing the MAV to fly in the most differing weather conditions. The vision is to build MAVs similar to an insect that are able to fly into tubes, caves, air ducts and buildings in general and to provide information back in the shortest time for any further logistic measures. There are technologies around such as Micro-Electro-Mechanical Systems (MEMS) which have made new micro-systems possible and there are questions around such as: Will technologies like MEMS and others make MAVs feasible according to future requirements?

This has therefore been elaborated on the basis of a group of around 80 world-class scientists who had been specifically invited to attend the workshop in a place being specifically dedicated to creativity where Elmau Castle in the Bavarian Alps of Germany had been identified as a good place to go to. Most of the attendees came from Europe and North America but there was also attendance from India, South Africa and Australia. A list of participants is enclosed. A major part of the workshop consisted of discussions in dedicated groups being related to flight physics & mechanics, biomimetics, structures & materials, power, sensors, communication & autonomous flight, and human factors respectively.

Prior to the discussion groups plenary sessions were held which consisted of presentations related to the MAV life-cycle process chain from the view of the user, systems developer/provider and supplier respectively, followed by state-of-the-art MAV overviews and completed by overviews being related to technology drivers being then later discussed in more depth in the sub-sequent group discussions. A plenary discussion at the end of the workshop allowed the different groups to present their results which were then discussed along a following panel discussion and completed by some concluding remarks. This also allowed to reflect on the different questions raised in the invitation letter to the workshop which included:

· Where are the technology needs?

· What are the show stoppers?

· What are the purposes and missions of MAVs?

· How can the MAV research funding be increased?

A session was also devoted to hardware demonstration. The complete technical programme is given as an appendix at the end of the report. All presentation material is linked to this report when read in electronic format.

The following paragraphs summarise the different sessions mentioned above.

MAV: User, Developer & Acquisition Perspectives

It was amazing to see that despite major effort from the organisers it finally turned out highly difficult to win a sufficiently remarkable number of representatives from the enduser’s and acquisition side. It is unclear whether this has been due to lack of interest in the subject or that a major and initial enduser such as possibly the different MoDs, is more driven by what industry provides compared to his own needs. Lack of representation was also seen from the supplier’s side which is however more understandable since a MAV market is still not seen to be there and the potential suppliers’ chain is thus not established.

This lack was however highly compensated by the presentations given by E. Littmann from EADS Defence Systems and L. Maurer from the US Army Maneuver Support Centre. Littmann very well pointed out the market and development perspective of MAVs. MAVs are part of a ‘system of systems’ environment when related to the defence sector. They are so far not available as a product but as demonstrators only. Requirements have to be seen in low price (< 10 k€), large numbers (> 1000) and in frequent upgrade cycles. As a consequence MAVs are rather seen as a marketing than as a business case at this stage. Any technology being implemented must therefore allow for a series production and the low price does seriously have to look at components-off-the-shelf (COTS) as well as at low development cost upfront. From a marketing perspective quick technological solutions have to leave the laboratories in short terms, so simpler solutions with a potential for upgrades are better than any superb high-tech toy. As a consequence related technology development does not allow for any over-design. New technologies are only allowed for better, cheaper and simpler new solutions. The outcome should rather be demonstrators than ideas. A close link between customers and research facilities was considered to be highly essential.

With respect to the different customers the public customer was seen adverse to acquiring relatively simple and cheap systems like a MAV through a highly complex procurement structure. Such systems would only be purchased short term in specific cases (e.g. SOCOM) under very much mission driven auspices. As a consequence only limited funds have been made available from the public defence side for MAV development and the public customer’s own research structure was not seen to be able to meet short term MAV realisations. Civil customers were more seen to buy off-the-shelf, being very much application driven and to some extent unpredictable. With respect to the latter comparison was made to developments such as in the satellite and mobile phone business.

Maurer showed that the army has some draft requirements with regard to MAVs but due to the fact that MAVs have not been included in the Future Combat System strategy no US Army funding is currently made available for MAVs. The draft requirement is so far related to what is called small unmanned aerial vehicles (SUAV) and is currently looking at MAVs of the size of around 9 inches (23 cm) with a not formally approved requirement for looking at MAVs down to a size of 2 cm only. Applications have been specifically recognised and expressed in terms of operations and missions. Operational requirements specifically include the MAV to be soldier operated, man packable, re-task- and reusable and launch- and recoverable in confined space. Requirements were also expressed with regard to communication, power, noise, range (up to 8 km), endurance (up to 70 minutes) and cost. The MAV needs to be operable for dismounted soldiers. With respect to the sensor payload the MAV was seen to possess electro optical infrared imagery capabilities that allow pictures to be taken real time during day as well as night with even zooming options. Further to this, operations for chemical and biological detection were requested.

MAV State-of-the-Art

P. Voersmann from Technical University of Braunschweig/Germany gave a first overview regarding state-of-the-art development in MAVs. Differentiation has to be seen with regard to the status of development as well as of the grade of autonomy the respective MAV has in the context of control. This was explained along a variety of MAVs being either operational, available as prototypes or still under development. A summary of the MAVs discussed is given together with some characteristic values in the table below.
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The second part of the presentation was then devoted to experience gathered with the Carolo MAVs developed at TU Braunschweig. MAV development was described as a multidisciplinary process. Major components within this are aerodynamics and performance, microelectronics, microactuators, flight dynamics, stability and control, guidance and control, propulsion and design respectively. With regard to the aerodynamic performance of Carolo stall was achieved at an angle of αS=15° and the optimal speed at 67 km/h. Guidance and control was highlighted as a specific topic that does not only include onboard electronics but also telemetry and ground control software. A specific cascade flight control concept had been developed theoretically that had then been implemented with success. Altitude control was seen as a further issue seriously to be considered. Carolo’s flight performance and the 1st flight with autonomous navigation was finally shown along two videos. 

R. Barrett, Auburn University, Alabama/USA gave an overview of his MAV activities over the past one and a half decades. It was driven from the rotorcraft side during the late eighties and early nineties of the last century by trying to implement adaptive materials for twist and torque active rotorblades. The directionally attached piezoelectric (DAP) technology was introduced and was demonstrated even in flight. This further motivated to integrate that type of actuator into small fins which were proposed and shown to guide missiles. Some of the technologies also went into the vertical and horizontal stabilator of the 120 cm wing span fixed-wing aircraft called Mothra and was capable of ±6° and ±11° deflections respectively. First DoD MAVs were realised in the context of counter drug applications in 1997. These rotary wing MAVs were equipped with a CCD camera, piezoelectric stabilators and high voltage rare earth electric motors. A further field of application has been tackled with the MOUT MAVs where issues for reconnaissance in urban and sub-canopy environments, mainly driven from experience gathered in the Kosovo war, have been the key drivers. Major threats in that case have been related to dealing with gusts occurring between buildings or manoeuvring in very small radii such as around corners of buildings or between trees in forests. A rotary wing MAV with 20 minutes hovering time, 32 kt flight speed and 171 g payload, was completed in 2000 for that purpose and flight demonstrated successfully under various weather conditions. The last example included so called convertible military MiAVs, of which launches from tanks have been demonstrated in 2003 successfully. These MAV range more in the heavier class with a maximum take-off weight of 2.7 kg, a payload of 500 g, a range of 10 km and an endurance of 47 min. respectively. 

Technology Drivers

Flight Physics/Mechanics (R. Radespiel, TU Braunschweig/Germany)

Major analysis is related to study the behaviour of aerodynamic profiles at low Reynolds numbers. The presentation was based on analytically simulating flow, looking at the laminar boundaries and thus developing the aerodynamic design. Fixed wing was compared to flapping wing with respect to pitch and heave motions. Present simulation codes were considered to be partially unreliable in the specific range of study and as a consequence suitable simulation tools will still need to be developed. The performance of different types of flapping wings such as the lifting wing, tandem wing and biplane wing was presented and discussed.

Flight Physics/Control (R. Zbikowski, Cranfield University/UK)

The presentation was very much driven by requirements being related to indoor flight which requires low speed (for collision avoidance), agility at low speeds, zero acoustic signature and vertical take-off and landing. The solution to this is flapping wings which allow agility at low speeds and hovering, are stealthy with regard to noise and electromagnetic waves and show power efficiency when compared to fixed or rotary wings. Comparison was also made within the family of flapping wings showing that insect wings allow for better manoeuvrability, require less power and operate at lower speeds. It was then explained how insects fly and that their flight control is based on stroke plane tilting and wingbeat asymmetries and that no tail is required for manoeuvring. Geometry, surface and deformation modes are major characteristics of flapping insect wings and it needs to be mentioned that they contain a variety of muscles (20 per wing for a fly). The environment is sensed by a multitude of tiny sensors that are able to sense visual, chemical, mechanical, thermal and humidity effects. Information from these sensors is processed on board on the basis of 338,000 neurons. The resulting control has been characterised as sensor rich control where the multitude of sensors is linked to simple mathematics and control laws. This has been compared to conventional control where few sensors are linked to complex mathematics and control laws which is the method used today in airplanes. The presentation was concluded by mentioning what is required for modelling an artificial flapping wing and was underlined by three short videos showing the 

· CAD simulation of the flapping wing system
· CAD simulation details of the flapping wing actuation mechanism
· Artificial flapping wing system as hardware in action.

Biomimetics (J. Vincent, University of Bath/UK)

The presentation was placed under the title of ‘How to steal from nature’ and was initially looking at how nature deals specifically with optimisation processes as compared to engineering. It was stated that at least in nature optimisation is based on permanent competition, happens more locally within the whole system, happens while the systems grows, stops when it considers to have found a solution being ‘good enough’ and thus is operated with minimum energy but maximum competitiveness. A comparison between biology and technology/engineer-ing related design elements and features was shown that made significant differences apparent. Examples were then shown as to how insect wings deal in operation, which mainly showed the higher complexity in aerodynamic behaviour when compared to a conventional aircraft profile. Also the structural design of the insect wing was seen to be quite different to the aerospace one. Finally the issue of power was raised where insects more tend to operate on a jump-and-fly basis than on truly trying to go for a long range flight. An example was then given on to how to transfer this experience onto a jump-and-glide robot and it was clearly pointed out that skeletal materials in biology have a much better capability to store energy than this can be seen for engineering materials. Finally reference was made to the Theory of Inventive Problem Solving (TRIZ) which should allow to identify if one’s problem, say in engineering, has been already solved in some other areas of science (e.g. in chemistry). It was shown that biomimetics and TRIZ can drive each other forward and that more functionality in materials and more degrees of freedom in systems would be required if engineering wants to adapt more from nature and the various disciplines required to be involved. It was concluded that engineering could learn a lot from biology but that biologists would need to better establish their ways of communication.

Materials and Structures (A. Hooper, Quinetiq/UK)

The materials and structures aspects are mainly depend on the requirements set for the MAV. Currently MAVs are based on simple platforms, mini rather than micro, built mainly from ‘hobby shop materials’ using model airplane technology with a lack of integration to be seen. Structural materials are considered to be the traditional ones but multi-functional materials will get a specific role. A major challenge is related to the size of the components to be manufactured since size may go down by orders of magnitude. This has a significant impact on the whole process chain. It raises questions such as: What materials can be used when and where? What machines have to be used? Which joining techniques are possible? Which tolerances can be allowed? How should structural integration be made? etc.. In that context the question will arise if inspiration from biomimetics will help and what role multifunctional materials can play. With regard to structural integration aspects such as stress and heat transfer as well as layout restrictions and possibly even cross-talk between systems due to their proximity will play a significant role. Multifunctionality will play an important role as well since structural elements will receive an antenna or energy storage function beyond the load bearing function they already have. In that context also suitable actuators have to be chosen. Last but not least observability will also have an impact on the structural materials to be considered. Finally the whole system must show robustness with regard to weather, climate, crash, and many others. In that category also the influence of dirt on functionality has to be considered, since the size of dirt particles and layers can hardly be reduced when compared to the reduction in size of the aircraft considered. All this effort will to the end still have to be affordable which will be possibly one of the major challenges to be met here.

Power and Energy Utilisation (P. Hendrick, Royal Military Academy/Belgium)

There was a major problem in finding a suitable speaker to be available for that subject. A major reason for this was probably a propulsion conference ongoing at the same time to which people had already booked into with respective presentation obligations. The plenary presentation was therefore omitted. However a useful presentation turned up during the following working sessions being related to the design of a fuel cell powered MAV given by P. Hendrick at an earlier conference, which is provided here as an interesting source of reference. The MAV considered as a flying wing type is however more in the class of 1 to 1.5 m in span width and 3 to 4 kg in maximum take-off weight. The reasons for choosing fuel cells were their power density & performance, the functional temperature and the compactness of the fuel. From the different types of fuel cells a Proton Exchange Membrane Fuel Cell (PEMFC) was selected. A feasibility study was done to mainly establish the mass as well as the resulting stability analysis and to thus understand from which of the components (primary as well as secondary) mass was generated. The conclusions have been that flying a MAV with an electrical fuel cell driven propulsion system is possible and that a PEMFC can be integrated into the system. However smaller and lighter weight PEMFCs would be desirable. Future activities were seen to look at further mass reduction potentials, that would very much also include exploration of further fuel cell options.

Sensors, Communication & Autonomous Flight (G. Mann, US Army RDECOM CERDEC NVESD)

In this presentation the need for testbeds that allow for sensor integration was specifically stressed. Testbeds allow to see where the limitation of sensors are with respect to weight, size/volume, data links, image/line-of-sight, stability and cost. Current sensor technologies include those being related to electro-optics (TV), uncooled infrared, acoustic and chemical sensing. They are used for passive countermine and are combined to mission equipment packages (MEP). Different IR cameras have been shown with weights down to 0.25 lb. Cavities on where to put the sensor payload on a MAV are quite limited. The quality of pictures acquired with a camera on a small UAV was shown as a sample on a video. Videos usually have to be stabilised and a comparison was given for the non-stabilised and the stabilised condition for a technique applied on surveillance UAVs (SUAV). Lessons can also be learned from mine detection where very precise detection is achieved by correlating emissivity over wavelength. Current sensing and communication systems on small UAVs are still in the range of 10 – 12 lbs of payload, where the devices are related to recognition, inspection and collision avoidance. MEP needs to be developed with regard to picture-in-picture capability, laser designator and see-through-foliage, where in the latter case two videos were shown with a truck under a foliage camouflage (sample I, sample II). Operational utility and sensor technology options have been mentioned. Examples given include BAT sensors, and a combination of an IR camera, a swatch and an analyser for chemical detection. Data communication was proposed via RS170, RS232 and wireless Ethernet links as a combination. Above all weight and size issues have to be considered. The conclusion made has been that with regard to MAV one needs to look at the sensor limitations, the sensors and technologies in general and how to transfer all the current technology into MAVs. A video related to Aided Target Recognition was shown at then end. 

Human Factors (J. McGhee, US Army Aeromedical Research Laboratory)

This topic, often not much considered in the context of technical issues, was very much appreciated by the speaker to have been brought up at the workshop. The major aspect considered here is the man/machine interface related to the control input into and the data perception from the MAV respectively. In that context the MAV has to be seen from the point of dimensionality and functionality for the operator such as for a soldier. The MAV mission has been defined to be tactical reconnaissance, target designation, NBC threat detection, sensor placement, survival equipment and suppression of enemy air defence. Humans were seen to be better than machines with regard to sensory functions, perceptual abilities, flexibility, judgement, selective recall and inductive reasoning. Machines were however seen to be better than humans in aspects such as alertness, speed & power, sensor detection outside human range, routine work, computation, short-term memory storage and simultaneous activities. The different advantages therefore have to be appreciated in configuring the respective MAV environment. Ensley’s Situational Awareness Model was explained as a means to understand the different aspects related to situational awareness, which is important to understand the impact the MAV information has on the MAV operator. The information display was seen as the most important machine related component with regard to the man/machine interface where colour, pre-attentive features, iconography, size, glare, colour density and the effective field of view are possibly the most important features. Care should be taken with regard to the number of cameras being implemented in a MAV because this number defines the number of screens required and this again has again a negative influence on the operator’s (soldier’s) perception. Sensor placement on the MAV is another important issue with respect to the flight path being linked to the target, the utility for surveillance and a sufficient wide angle in the sense of a telephoto. Sensor interchangeability should also be provided. With respect to further displays also auditory, tactile or proprioceptive cues as well as haptic feedbacks should be considered. Ground station ergonomics, mission management and command vs. control, the latter respectively with regard to the amount of autonomy given to the MAV, are further aspects to be taken into account. Future research related to human factors has been seen required to be done in the integration of MAVs with manned systems, management of MAV networks, display functionalities, improvement of automatic flight and more intelligent software respectively. Usability metrics were described with regard to effectiveness, efficiency and user satisfaction.  

Additional Material

Along the workshop some of the participants had brought along material that could not be included in the programme directly but was either partially mentioned during the discussions or within the working groups. Since this material has been considered to be very valuable additional source of information to the presentations mentioned above it has been included to these proceedings.

DO-MAV (R. Arning, EADS Dornier, Intelligence, Surveillance, Reconnaissance Systems)

EADS Dornier started collaboration with the Technical University of Aachen/ Germany (RWTH) in developing first MAV studies and prototypes during 1999 and 2001 which were finally also flight demonstrated to the German military customer. Hardware was tested and optimised on the basis of wind tunnel testing with regard to positions and calibration of the air data sensors. The propulsion system was developed in collaboration with the Engineering Graduate School (FH) of Lippe-Höxter/Germany using mainly COTS elements in form of a brushless motor and lithium batteries. The autopilot has been based on conventional PID control loops and control laws were optimised such that a stable video image has been obtained. The autopilot is equipped with a fully integrated MEMS-based flight control and weighs less than 25 grams. A full flying demonstrator with the view to a commercial product is scheduled for 2003 with regard to flight demonstrations. 

Mentor Project (J. DeLaurier, Univ. of Toronto/Canada)

The project was run in collaboration with the Univ. of Toronto and SRI International from 1998 to 2002 and was related to the development and hardware demonstration of a flapping wing MAV demonstrator. Univ. of Toronto was in charge of the complete aircraft system while SRI was looking at a one degree of freedom artificial muscle based on electro active polymers (EAP). The MAV was designed as a double hummingbird X-wing type with 4 individual wings and all-movable fins. The objective was to develop a MAV being back-packable, able for hover and forward flight, easy to control and with a 20 min. flight and 10 min. hover endurance respectively. Further goals considered were a sensor suite, an autopilot, collision avoidance, stealth & biomimicry, perching capability and transport sensors tags. The unsteady aerodynamical behaviour was analysed and simulations perfectly predicted the MAV’s flying behaviour. The wings were aeroelastically tailored and designed for low Re numbers and rapid manufacturing. Simulation of the vehicle configurations, flight dynamics and active control strategies were made and the centre of gravity was placed. With respect to propulsion, experience from gas-powered vehicles was taken into account. All was then put into hardware which ended up in a MAV of 439 gr. in total mass. Hovering as well as forward flight was successfully demonstrated and the MAV claims to be the first flapping wing MAV with hovering capabilities worldwide.

Electrokinetic Flow Control and Propulsion for MAVs (B. Göksel, TU Berlin/Germany)

Since the aerodynamics of MAVs is related to low Re numbers and early laminar flow separation with 3D effects being most likely to expect the respective institute considered about what means may exist with respect to active flow control. One solution could be the use of piezoelectric jet actuators that excite the laminar boundary in an unsteady way. The solution however more pursued by TU Berlin is related to electrostatic fields that accelerate weakly ionised air to stabilise the laminar boundary layer. An experimental set-up to be used in a wind tunnel was shown. Significant enhancements in drag reduction, lift enhancement and thus in aerodynamic efficiency is reported. Further to this additional information is given on miniaturised high voltage power supplies as well as on field electron emitters. The latter are reported to be based on either organic surface films from carbon nanotubes or microstructural metal-sheets with carbon shields which allow to form movable electric double-layers. Waving (‘flapping’) electrostatic fields are even reported as a possible means of motor and the question was raised if this could even be used as a motor for actuating flapping wings. The Univ. of Alabama Huntsville is reported to be looking at completely silent ionic propulsion systems powered by a next generation of fuel cells.

Hardware Demonstrations

Also because of weather conditions this was limited to showing hardware only and leaving the flight demonstrations to video presentations. R. Barrett (Auburn University, Alabama/USA) had brought along a variety of different hardware components such as aerodynamic profiles, controllers, motors and also complete MAVs to which participants could have a look at. A quite extensive video gave an overview about flight experience gathered with a variety of different MAVs. This included a fixed wing as well as a variety of different rotary wing MAVs. Most of this flight experience was related to outdoor flying including different weather conditions such as rain, simulated monsoon rain or snow. Flight demonstration was also related to tube launch and launch from a light armoured vehicle even under severer weather conditions such as 87% humidity and gusts. Further to this, battle damage assessment, delivery of submunition and autonomous flying is shown to have worked successfully.

Workshop Results

Organisation of the working group discussions was very much left up to the discretion of the chair person and the participants themselves. Some suggestion was however given beforehand which included to possibly outline some terms of reference and to possibly structure the discussion as follows:

· Establish a set of questions relevant to MAV requirements known with regard to the subject the working group was going to deal with and to which participants were welcomed to provide prepared short position papers;

· Split the total time for the working group session approximately as follows:

· 30 % for presenting position papers related to the questions raised before;

· 10 % for determining further requirements still not identified before;

· 40 % for discussing the different requirements identified with regard to their achievement in terms of importance, quality, time and cost;

· 20 % for consolidating the information such that it could be presented at the general feedback of the working sessions as well as in the summary report.

A template based on these suggestions was also provided to the working groups which was however not compulsory to be used. It aimed at trying to extract the currently unmet technological requirements, to identify the technology development roadmap, to correlate the requirements with the different disciplines (working groups) involved and to identify a hierarchy of the requirements that may also give rise to their importance in getting realised.

The feedback from the working groups presented on the last day at the plenary is given below.

Flight Physics (R. Decuypere, Royal Military Academy Brussels/B, & R. Zbikowski, Cranfield Inst. of Technology/UK)

Several members of the group gave presentations on their research work (Royal Military Academy /Belgium, FOI/Sweden, TU Braunschweig/Germany) being specifically related to the topic of the working group. Mainly as a reason for:

· the wide scope of the subject,

· the large number of participants, and 

· the specific expertise of the members,

the group then decided to split up in three sub-groups being related to:

· fixed wing,

· rotary wing, and

· flapping wing

respectively. For these sub-groups tables were prepared according to the template mentioned above and were presented and commented as shown below:

Fixed Wing

Nr.
Question/Issue
Subject Related Requirements
Technology Road Map

1
What mission?
Everything
Simulation tools; Contact with customer/user

2
Airfoil design
Unreliable data for low Re
Data base of WT-quality  

performance data for low Re; 

test with calibrated models
test cases for WT + CFD 

controlled free flight tests

3
General configuration
Multidisciplinary design 

Optimisation including all sub-systems & flight dynamics

Comparison of actuator concepts
Models & parametrisation of sub-systems

Adaptation of tools

4
Sensors for flight control & verification
Local airflow
Need for smaller air-data probes

Accurate data acquisition systems for extremely small forces

Rotary Wing

Nr.
Question/Issue
Subject Related Requirements
Technology Road Map

1
How do we compare the ability of each concept for a particular mission?
Performance: Hover and forward flight

Financial: Low cost
Comparison of hover figure of merit (Goal FM 0.8)

Minimum drag for max. speed 

Flow separation control to improve performance

2
Design tools for 3D low RE flows

Can we design a rotor for laminar flow?

If so, do we want it because of operational needs?
Essentially 3D calculation

Validation of computer tools

Laminar flow may provide better performance

Need to maintain laminar flow through full mission
2D & 3D testing (5,000 to 50,000)

L, D and M values for 2D for steady and unsteady aero.

For 3D need full performance calculation

Experim. Tools to provide results to validate computational tools.

Free vortex wake development for high angle of attack environment and dynamic stall calculations.

3
Simplified controls
Non-conventional primary controls: rotors with no swash-plates (trailing edge flaps, active twist, active camber)
Aerodynamic tools for analysis;

Validation tools by 2D testing;

Validation of design tools in rotor system.

4
Structural weight?

Recovery? What for?
Low mass but high stiffness.

Most of the time you don’t need this.
Materials

5
Payload weight
Low
Sensor group

6
Noise
Avoid detection by human ear at XXX meter;

Beyond sight range.
Prediction tools for noise signature, active control.

7
Visibility
Low observable


8
Fluid-structure coupling
Light weight stiff materials to reduce flexibility
Materials

9
Exploit unsteady aero through biomimetics.
Increase rotor figure of merit 
Active morphing of blades (twist, camber, planform)

Flapping Wing

Nr.
Question/Issue
Subject Related Requirements
Technology Road Map

1
Aerodynamics
Need for collaboration with biologists

Static aero-elasticity knowledge is already available.
Autonomous artificial animal flight is achievable by 2015

Tool box to be developed (low Re, turbulence modelling, transition prediction, vortex shedding)

No break-through required

2
Flight dynamics

First priority!!! 
Could be a show stopper; Lot of unsteadiness involved in flapping wings; Manoeuvrability closely connected to flight dynamics; Coupling between aerodynamics and structure.

Periodic change of centre of gravity; Neural networks could learn the vehicle how to fly and manoeuvre; Sensor-rich feedback control
Break-through is needed: Conventional flight dynamics approach is inadequate; it will lead to prohibitive analytical and computational complexity.

3
Actuators
Small size is a problem;

Energy consumption is important;

Efficiency of metabolic power coefficient (efficiency of muscles ~15%) is poor
High power density may be needed.

Interaction with biologists desired.

4
Energy
Very high energy density required.

Complete energy-train to be considered
Co-operation with biologists, experts in chemistry and MEMS is desired.

The different issues and requirements have not been ranked according to importance at this stage.

Biomimetics (J. Davies, ONRIFO/USA)

The biomimetics group had defined some terms of reference before hand where the following questions were raised:

· Does biology matter in MAV design?  Specifically, in meeting the size reduction, payload & endurance increases, as well as hovering and avionics capabilities?

· Where does biology beat or exceed classical aerodynamics?

· Is there more we can learn through bioinspiration?

· Where can we mimic nature to help meet MAV design goals?

Based on the answers to the above questions, what should the direction/focus of MAV Biomimetic research be for the next 1-3 years?, 5 years?, 10 years?

What would such an investment cost and what is the level of risk versus potential payoff in such an investment?

Biomimetics has a sort of consultancy function within the MAV design and as such it has been difficult to clearly define the respective requirements. However the group identified some general requirements in terms of:

· Functions within a MAV to have to be clearly defined such that the respective tasks for biomimetics can be identified;

· Transfer from engineering to biology and back has to be clarified in terms of the level of abstraction and the analogies to be used;

· Multidisciplinarity has to be stressed to a greater extent;

· Scaling effects have to be much clearer than they have been so far.

The more specific requirements were mainly related to technology worth to be studied more in depth such as the following:

· Rapid stimulus-response through dedicated sensor concepts (more and simpler versus less and more sophisticated sensors) for sensing, navigation and collision avoidance;

· Long distance navigation aids through polarised light, optic flow, search algorithms, neural computation capabilities and/or general learning processes;

· Energy extraction from environmental gradients;

· More efficient handling and processing of information with regard to manoeuvring and collision avoidance (how do birds do?) as well as the control in extreme conditions;

· Advanced materials (monolithic as well as composite) with respect to high performance composites (e.g. nanofibres from chitin) integrated sensors, veined structures with differential stiffening and strain energy storing systems;

· Group behaviour of swarms, schools and flocks with regard to reduced drag, synthetic aperture, distribution of tasks and cooperative control respectively.

Materials and Structures (P. Irving, Cranfield Inst. of Technology/UK)

Terms of reference were outlined for the group beforehand which in summary included the statements given in the technology drivers presentation mentioned above. The group then clearly identified different barriers and specific roads ahead which are given in the group’s summary notes as well as in their final presentation. The different issues raised which can be seen as unmet requirements are summarised below:

Requirement
Road ahead

Selection of the optimum material
Availability of multifunctional materials

Materials with high specific weight, stiffness and robustness and their capability to be integrated into multifunctional material systems.
Develop material property diagrams for systematic search including traditional and biological materials; 

Materials with strains up to 1 – 2% to operate at frequencies < 5 Hz for control surfaces of fixed wing MAV
Smart structures in combination with shape memory alloys or some equivalent

Materials with frequency responses up to 40 – 50 Hz for rotary and flapping wing MAVs.
Piezo actuated smart structures.

Materials with strains up to 10% for flapping wing MAV.
New materials and innovations such as elastomeres (e.g. electro active polymers)

With respect to multifunctional materials aspects related to flight control actuation, sensors, communication systems, antennae, imaging systems, power plant energy storage, stealthy capability, MEMS technologies need to be analysed and solved. Further aspects include capability for mass production and affordability.


Manufacturing issues related to integrated structures with structural capability at a micro-scale needs to be solved.
Take lessons from other industries- such as chip and MEMS manufacturing

Light weight high strain actuation materials
Biologically inspired research in this area; analyse materials’ resistance towards elevated temperatures (e.g. MAV power plant)

Benefits gained from use of multifunctional materials need to be known. Supply routes for development and manufacture have to be clarified. Design tools for multifunctional optimisation have to be available.
Development of holistic approaches to development-systems engineering in multidisciplinary teams.



Power source mass has to be significantly below 50% of the MAVs mass.
Power sources out of light weight materials, maybe as thermally efficient gas turbines.

Adequate thermal management inside the MAV must be achieved in an optimum way since waste heat can be detrimental to tolerances and degradation of polymers, sensors and actuators.
Need to build thermal models of the MAV to exploit the heat wasted to increase efficiency of the device.

Means on how to measure performance of micro devices in a multifunctional system have to be available.
Develop devices and techniques for performance measurement on the micro scale.

Power (Y. Ribaud, ONERA/France)

Discussion in that group centred around the propulsion system itself (batteries, fuel cells, piston engines, Wankel engines or micro gas turbines) as well as related issues such as fuel, actuation (artificial muscles), noise or size. The different requirements elaborated and the technology road maps determined are summarised in the table below.

Requirement
Road ahead

Power / Mass ratio for electric motor needs to achieve ~ 1.000 W/kg with fuel cells and batteries to be explored as alternatives.
As direct as possible conversion of chemical energy into mechanical work


Specific fuel consumption has to go significantly below 3 lbs/HP.h
New geometry ?

1st step : High compression ratio diesel ICE

2nd step : fuel injection system

Objective : significantly reduced SFC

Improve Micromechanics & Microtechnology

Thermal efficiency  has to be brought much beyond 1-5 % and noise needs to be reduced significantly
Revisit the cycle and the whole propulsion chain; Not for electric Power Generation in MAV (no MIT work duplication)

As small as 2 cm ?

Separate combustion chamber & Thermal Management; With Hydrocarbon fuels !

Mainly : Direct Power Extraction (geared train, compressed air, …)

Compatibility within and to heavy fuel must be established
Combustion in small volumes needs more understanding and improvements (basic studies)

1st Congress on Micro-Combustion to be organized ?

Specific power with artificial muscles needs to be increased such that flying is possible
Peripheral electronics (Power conversion chain) to be simplified

New morphology becomes possible for MAV (other mechanical architecture)

Noise signature needs to be reduced as low as the mission requires it.
Improvements needed (for ICE & electric motors)

Acoustic treatment of entire system

Identify mission and payload of very small scale MAV with respect to establishing the propulsion requirements
Decades away but research could be initiated – current research would lead into that direction. 

Limit for chemical energy production needs to be known to be able to determine the limit of battery propulsion
Small improvement possible with link to the commercial sector who will be the major driver;

Advantage : instant power reliability

Sensors, Communication & Autonomous Flight (P. Voersmann, TU Braunschweig/Germany)

The group identified that this subject is part within a larger network of relationships which includes EO/IR imaging, navigation, flight control, radar and thus even the airframe structure. Further this also the issue of power, onboard processors and flying in MAV swarms was mentioned. It was also stated that work should start with using state-of-the-art technologies and be gradually moving over to technologies still to be developed.

The different requirements identified and the technology roadmap issues determined are again summarised in the table below:

Issue
Requirement
Road ahead

Multifunctional aspects , integration, and design
Airframe – communications integration (eg antennas)

Data fusion, Flight data, communication, imagery (eg EO/IR), sensors, ..

Surveillance (eg radar, sonar), comm., navigation

Flight control sensors (e.g. gyros, accelerometers, …)
Multidisciplinary team, develop integrated simulation tools.

Total aircraft model with new multi-physics and multi-scale simulation.  Scene-based motion estimation. Motion augmented systems.

Merging of functions, (e.g. direction finding and timing)

They are small now, but performance could be improved.

Payload sensors
Miniaturization, low power, low weight,   Modular designs!  Real-time capabilities.  (including:

EO/IR, acoustic, radar, EM field, magnetic field, chem.., bio, mine detection, improvised explosives, …)
Need major breakthroughs in sensing devices in order to miniaturise some of them.

Communications
Adaptivity:

· Bit rates

· Frequency

· Power savings

· Bandwidth

· Compression

Can soldiers use MAV’s to help them communicate?
Regulatory compliance?

Need systems that maintain adaptive Quality of Service.

Build on commercial (bluetooth, wireless ethernet (IEEE 802.11), cell phones, UWB, …) 

Autonomous flight

(Be careful, two types:

autonomous flight control and autonomous missions)
Mission Management System

Safety

Flight control

Positioning information (e.g. GPS)   GPS can be jammed and limited use inside buildings – what are alternatives?  
Development of scenarios & operational concepts.

Decision making.

Processing power.

Define handling qualities for MAV’s  (e.g. gusts)

New means to sense location  (biomimetics?)

Use earth’s magnetic field?

Mapping?

Situational Awareness (Reconnaissance, Surveillance, Targeting, and Acquisition = RSTA)
Fusion of imagery (EO/IR), radar. EO/IR shows 2-D location.  RADAR can tell you distance and whether object is moving.  
Miniaturization, data fusion, and data reduction.

Sense and Avoid  (includes obstacle avoidance, i.e. subterranean, urban, wooded, …)
Optical flow, stereo vision, micro RADAR, micro LADAR, acoustic, and rapid processing.
Intelligent systems  (small and rapid, maybe analog), decision making systems.

Image Resolution Enhancement
Interaction of airframe vibration and sensors to perform image enhancement.
Software, algorithms, and computing power  (Tradeoff between onboard and ground processing will affect communications requirements)

MAV Swarms
Distribution and timing of information.   Networking.  Some MAV’s could be just relay units for rest of swarm. Fusion of sensor data from various MAV’s.
Develop coalition management technologies.



The different issues have been ranked according to significance in the table above with the most significant being on top.  The first four issues have been considered to be essential to meet the requirements in general.

Human Factors (J. McGhee, US Army Aeromedical Research Laboratory)

Since human factors very much depend upon the environment the MAV is going to be applied, some assumptions had to be made initially. These were related in the present case to army applications. In that case the system has to be self-contained and man portable, operate in the environment of 2 km2 , be reusable and rechargeable, be rugged but not field repairable, communicate to the operator through a visual display and require no more than a one day train-up. Some overarching goals were identified which can also be interpreted as requirements and which included statements such as the following:

· System must improve soldier-level situation awareness unobtrusively.

· System should have variable autonomy capability.

· Steerable, not requiring direct pilot control

· Able to break link and recover without crashing

· Information store and forward capability (short duration at least)

· Should alert operator at major decision points (e.g. waypoint deletion)

· System should process data, and present information to operator

Further issues were then identified which were related to groups entitled information interface, system health information and command interface respectively. Within each group the issues were again related to either ‘near term’ or ‘future’ issues respectively. 

Conclusions drawn were related to only provide useful information by the MAV system, minimise workload to the operator with regard to the information provided, ease of understanding and comfort of viewing, take specific care with respect to displays, autonomy and sensors, and always consider the system to be backpackable. A more extensive summary of the recommendations generated by the working group was finally issued after the workshop.


Panel Discussion

The panel discussion which included the working group chairmen, E. Littmann from EADS and G. Maurer from the US Army centred mainly around the major obstacles of realising an operational MAV and possible funding and business mechanisms. 

Getting the operational MAV realised

Since this is a new field it was felt that it is important to get a good product. This should be done through technology transfer however more driven through user push than technology pull. The flapping wing sector was mentioned as an example where with relatively little funding input a high value added technology output could be achieved. Multifunctionality was the other effect that could see a MAV being differentiated from systems being currently available. EADS which to some extent was considered as a potential MAV user however saw itself more in the position of a systems assembler in the way that it will be providing systems of systems for a defence organisation to clients such as MoDs. MAVs will therefore only be a part of the system they provide and they may more play the role of dealers. It was emphasized that good MAV demonstrators should be realised that may even be assessed by one’s own children with respect to playful options and attractiveness. The army was not even seen as the league market while toys were given a much bigger chance. In that context it was also mentioned that students would be given a much better chance to demonstrate technology when compared to implementing advanced technology into established mechanical systems such as aircraft, automobiles, trains or machines. It was mentioned that imagination would be required to identify the use of these ‘small birds’ (MAVs) such that they can develop the way this has happened with satellite navigation or mobile phones over the past 20 years. 

Funding and business mechanisms

As mentioned above, defence was not identified as ‘prime league’. UAVs are gradually achieving convincement with Predator but MAVs are still being some way down the road with that status. Due to this the following two aspects were therefore specifically stressed:

· Creation of competition in a way that one customer is approached who may be most likely taking your product and then look for who may be his or her competitor who may be the next customer to approach. It would be mainly creating an attitude between the customers of ‘Me too!’. For this the customer however needs to be better brought onboard throughout the product and technology generation and development.

· Look into areas one has truly never thought of. Examples of areas for this were mentioned which may include mobile traffic observation in highly congested areas, journalists operating in highly critical areas or management of robots in arbitrary fields. 

Concluding Remarks

The workshop targeted at responding to the set questions mentioned initially. Although these questions were not discussed specifically towards the end of the workshop conclusions can be drawn from the material generated along the workshop which is summarised as mentioned below. 

Where are the technology needs?

The possibly major option in that regard has to be seen in engineering learning from biology and vice versa through further discussion of principles generated through biomimetics. But also expertise in chemistry with regard to new materials and MEMS with regard to miniaturisation can be seen as areas of great hope. Inter-disciplinary collaboration is therefore a major option which needs to be exercised much more than compared to the way this has been done so far. The flapping wing solution was very much discussed due to the excellent hovering capabilities and low noise and has been seen to have significant potential with regard to further development as long as its complexity in flying can be realised in engineering terms. However also the rotary wing and fixed wing solution has a good potential for further development. The concepts applied therefore very much depend on the operational needs (hovering vs. speed) and any down-selection between the concepts is far from making sense at this stage. Analytical tools to simulate unsteadiness in flight dynamics have been seen as the crucial option to deal with the scaling effects MAVs will be involved into. Not being able to deal with unsteadiness in flight dynamics was identified to be a ‘show stopper’. Propulsion was seen as one of the major payload penalties. The extraction of energy from environmental gradients has therefore been seen as an option to at least reduce the amount of fuel transported onboard. Much hope has also been placed into fuel cells. How this however fits with energy generation from the environment still needs much further exploration. Similar problems but possibly on a lower scale have been seen with sensors, where further miniaturisation is still to be expected. Much hope was related to miniaturisation and thus weight reduction of the camera system. The major option seen from the materials and structures side has been with multifunctional materials in all their breadth with additional inspiration coming from biology.

Elements in the process chain that allow to achieve these technology needs include:

· Respective funding must be available.

· A platform must be provided, where experts in the field can meet, identify and target the right objectives, network with regard to optimisation of the process and realise MAV hardware worth to be demonstrated in flight to potential endusers. The current workshop at Schloss Elmau can be considered as a prototype platform for this. Such a platform is also crucial with regard to cross-fertilisation to other disciplines such as biology, chemistry, medicine and others. The current workshop was still not able to provide this in the full range at this stage.

· The first generation of commercial MAVs has to be low cost and mainly based on COTS technology. 

· Based on the different hardware demonstrations with a variety of potential clients the true user requirements and thus the market can be identified which will then allow to break away with the different technological options being available.

What are the show stoppers?

These can be summarised as follows:

· MAV market not identifiable and not possible to be cultivated.

· To not be able to provide sufficient payload.

· Flight dynamics with respect to downscaling the air vehicles’ structure.

· Miniaturisation with respect to types of materials used and structural design principles applied correlated with the availability of true multi-functional materials.

· Multifunctionality with regard to airframe and sensors such as considering integrated smart antennas and sensors operating on the basis of data fusion for communication, surveillance, navigation and flight control purposes respectively.

· Not finding the right options with regard to light weight design and highly efficient power generation.

· Not meeting the MAV operator and related human factors with respect his/her operational comfort and requirements.

· Interface between engineering and biology specifically and also with other disciplines such as chemistry, materials, medicine, psychology and possibly others being not sufficiently well established.

What are the purposes and missions of MAVs?

It turned out that the lack of knowledge in enduser needs makes a response to that question highly difficult. What became more apparent during the workshop was that more MAV demonstrators and demonstrations are required which need to be shown in hardware to the enduser. It looks here to be more ‘technology push’ where ‘market pull’ can only follow later. The defence market was possibly seen as the most obvious but there is a large number of purposes outside the defence market such as disaster observation or observation of congested areas which may only become obvious once appeal has been generated through flight demonstrations.

How can the MAV research funding be increased?

There is a variety of technical knowhow resources around ranging from classical flight physics, mechanics and structures up to very specific work related to flapping wings, fuel cell propulsion or multifunctional material. The workshop held in Schloss Elmau was just another proof that there is sufficient technical high potential around. What is lacking is the funding resources and as a consequence the motivation for potential sponsors to spend money on it. The ‘Me too’-argument mentioned along the workshop could be a driver. However generation of ‘me too’ requires a champion from the enduser’s side with innovative bright ideas regarding the use of MAVs. It may therefore be worth discussing this issue together with a group of potential endusers to hopefully identify the champion(-s?) that finally ‘gets the ball rolling’. The limited resources available for the MAV sector should therefore be mainly spent on targeting the right enduser and thus showing MAV hardware in operation.

In summary this workshop at Schloss Elmau run in a somehow little unconventional way has brought together a lot of information regarding the technological requirements still not met. It has further also brought up a lot of information with respect to the enduser and some of the industries being involved. It has been remarkable to see what has already all been created in hardware and what motivation has been and still can be brought in. The workshop created a good spirit within a MAV community and it should be hoped that this spirit can be conserved because it is exactly what the MAV community needs along a way being currently not very much exposed to the brightest financial support.

Workshop Assessment

At the end of the workshop participants were asked to assess the workshop with respect to aspects being related to the following:

1.) Selection of workshop theme

2.) Structure of the workshop

3.) Overview presentations to stimulate the discussions

4.) Group discussions


a) number of groups


b) Time allocated for group discussions


c) Multidisciplinary links and discussion

5.) Wash up


a) feed-back from the group leaders


b) panel discussions on group recommendation

6.) Scope for interactive participation of the audience

7.) Selection of venue and ambience

8.) Lodging, meals and social events

9.) Leisure programs for accompaning persons

Participants were asked to judge for each aspect between good, medium and poor. 33 participants out of 80 replied where the result is given in the figure shown below.
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It can be summarised from this that the workshop was quite well accepted with improvement still to be made with regard to the interaction between the different groups, the participants themselves and the whole wrap-up process in general. This is something which partially resulted from the different progress the different working groups made and it would not be astonishing if the critical marks registered under 4c may have specifically come from the working group related to ‘Sensors, Communication & Autonomous Flight’, which was the group that obviously progressed most and was ready to establish the links to the other working groups they had identified to have an exchange with. The organisers will keep this feedback to reflect on how things could be improved keeping in mind that a 2.5 days timeframe only allows for limited achievements but will always allow for improvements.
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Appendix

Technical Programme

  

September 22, 2003

 

13:00
Welcome: 


Motivation For The Workshop


Conduct Of The Workshop
H. Hoenlinger. 

13:15
SESSION 1: 
CHAIR:
R. Greene 


MAV: User, Developer & Acquisition Perspectives
 

· User: 

· Developer: 
Littmann, EADS-Dornier 

· Supplier:
L. Maurer, CECOM REEC 

· Acquisition: 
t.b.d. 

14:20
MAV State-of-the-Art & Technology Drivers 

P. Voersmann

R. Barrett 

15:00
Coffee Break 

15:30
SESSION 2:
CHAIR:
N.N. 


Technology Drivers 

· Flight Physics/Mechanics
R. Radespiel 

· Flight Physics/Control
R. Zbikowski 

· Biomimetics
J. Vincent 

· Materials and Structures
A. Hooper 

· Power and Energy Utilization
P. Hendrick 

· Sensors, Communication & Autonomous Flight 
G. Mann 

· Human Factors
Col. J. McGhee 

17:30
End of Day 1 

1900-2030:

Reception 

 

September 23, 2003  

8:30
Briefing by Organizing Committee Members 

9:00
SESSION 3

Group Discussions 

· Flight Physics/Mechanics & Control
Group Leader - R. Decuypere 

· Biomimetics
Group Leader - C. Ellington/ (Joel Davis) 

· Materials & Structures
Group Leader - C. Soutis/P. Irving 

· Power
Group Leader - t.b.d.

· Sensors, Communication & Autonomous Flight
Group Leader - P. Voersmann 

· Human Factors
Group Leader - t.b.d. 

13:00 
Lunch 

14:30
SESSION 4
CHAIR:
C. Boller

Hardware Flight Demonstrations 

16:00
Coffee Break 

16:30
SESSION 5

Group Discussions (continued) 

18:00
End of Day 2 

Workshop Dinner at 18:30 hours

Concert 20:30 - 23:00 (see below) inside Elmau castle

September 24, 2003 

8:30
SESSION 6

Group Discussion Wrap Up Session 

10:00
Coffee Break 

10:30
SESSION 7
CHAIR:
C. Boller

Feedback from Group Leaders 

10:30
Flight Physics/Mechanics & Control

10:50
Biomimetics 

11:10
Materials & Structures 

11:30
Power 

11:50
Sensors, Communication & Autonomous Flight 

12:10
Human Factors  

12:30
Lunch 

13:30
SESSION 8
CHAIR:
J. Haun

Panel Discussion on Group Recommendations

User, Developer, Supplier, Acquisitioner, Group Leaders

15:30
CONCLUSION:
S. Sampath

Summary Remarks 

What Did We Set Out To Accomplish?

What Did We Accomplish?

Next steps. 

16:00
Shuttle leaves for Munich Airport

