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0. Introduction

The purpose of this document is to review the state-of-the-art in technologies related to the glider[footnoteRef:0] sensor-feedback project. In brief our goal is to equip the wing of a glider with an array of sensors, measuring properties of the airflow over the wing (e.g., pressure), and feed that information back to the glider pilot[footnoteRef:1] via a tactile rendering system. This research is being conducted for several reasons. First, our goal is to improve the quality of the experience of flying for the glider pilot. By providing information about the airflow to the pilot, in a tactile rendered form, this may enable the pilot to become more immersed in the experience of flight. What we want is to present to the pilot a tactile representation of what is happening outside of the aircraft, to effectively make the aircraft an extension of the pilot's body (see also Clark, 2003). Through this tactile feedback, the pilot may also come to feel as though their skin is actually the skin of the aircraft wing, a phenomenon known as distal attribution (Loomis, 1992). Second, this technology may improve certain aspects of safety and performance related to glider flight. For example, it may improve the detection of stall and spin conditions, which are a primary cause of accidents, leading to deaths (e.g., see Pirker, 1992). Regarding performance, this technology may also improve the detection of sources of lift (e.g., thermals[footnoteRef:2]), hence improving gliding performance (and possibly improving safety within that as well; see Cochrane, 2007). For additional details on the goals of this system see Kulkarni (in progress), Sebesta (2008), Parrott (2008), and Wronski (2008). Some of the text of this review comes from Kulkarni (in progress). The Aerodynamic Smart Skin project (Testi, 2001) has similar goals to our own and will be reviewed the second main section of this document (see Section 2.1.1). [0:  Technically, we are concerned with sailplanes in this paper. A sailplane is a relatively high performance (e.g., glide ratio) glider. Sailplanes have relatively long and narrow (high aspect ratio) wings, enclosed cockpits, and typically a single main wheel beneath the fuselage. We will, however, use the terms glider and sailplane interchangeably in this paper.]  [1:  Or passenger of the glider. When we are talking about feeding back tactile information to the pilot of the glider, we are also including the possibility of feeding that information back to the passenger(s) of the glider.]  [2:  A “thermal” is one source of lift used by sailplane pilots. These are formed by a ground surface heating and generating bubbles of warm air which detach from the ground and rise. If you see a soaring bird circling and rising in the air, it is likely circling to stay within the confines of a thermal. Often, flat bottom cumulus clouds mark the top of thermals. This phenomenon is also called convective lift. ] 

This review will include not only related technology regarding gliders but also general aviation (GA) and commercial aircraft. The goal is to indicate component technologies (e.g., sensors, tactile feedback systems) that are related to our project, and also to indicate technologies applied to solving problems similar to what we are addressing. That is, this review will include other systems for installation in aircraft that are targeted at improving the quality of flight experience, at improving detection of stall/spin conditions, and that are targeted at improving gliding performance. Of course, systems similar to our proposed system (i.e., tactile feedback from sensors) will be most relevant, but this review will make contact with other less similar technologies too in hopes of showing a more general state-of-the-art.
The remainder of this document is arranged in several sections. First, we present information on sensors and sensor technology. Second, we present information on tactile feedback technologies. Third, we cover other methods (aside from our proposed approach here) of improving the quality of experience of flying in sailplanes. Fourth, we cover other methods of improving safety in sailplanes. Fifth, we consider other methods of detecting the location of thermals and other lift. In closing, we offer some conclusions.
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	The concept for our project stems in part from the assumption that a bird’s wing has mechanoreceptors that provide the bird information about the airflow over their wing (Brown & Fedde, 1993). To provide such airflow information to a human pilot, a range of sensor technologies may be useful. Some sensor technologies that may be suited to our application are listed in Table 1.1.1. Issues with these sensor technologies include robustness to temporary immersion in water (e.g., rain or cleaning a wing), length of leads running from wing back to fuselage (e.g., it appears SPI [Serial Peripheral Interface] interfaced sensors cannot have long leads), and mounting the sensor on the wing in a manner that does not appreciably disturb the airflow.
	Sensor technology intended for other types of applications may have application to this research. Graz et al. (2006) have developed ultra-thin flexible transistors with the intent that they be woven into garments, but it appears possible these devices may have other applications as aviation pressure transducers. See Figure 1.1.1 for an image of these sensors  (from Piquepaille, 2006).

	Technology
	Description

	FOP-F125, FISO Technologies Inc.
	125 micrometer, manufactured at the tip of an optical fiber; range: +/- 300 mm Hg; accuracy: +/- 8 mm Hg; resolution: < .4 mm Hg. Signal conditioner interface. (In July 2008, FISO representative indicates this sensor cannot survive contact with liquids).

	SCP1000 Barometric pressure sensor; (www.vti.fi)
	30-120 kPa measuring range; sensor size: 6.1 mm diameter; SPI or I2C sensor interfaces.

	Bosch BMP085
	5 mm * 5 mm, height 1.2 mm. Absolute accuracy of down to 0.03 hPa. Power consumption down to 3 µA. I2C interface.

	Freescale Semiconductor
MP3H6115A6U/T1, CASE 1317-04
	High-level analog output signal proportional to applied pressure, 15 TO 115 KPA (2.2 TO 16.7 PSI), .42 x .30 x .165 inches.



Table 1.1.1: Miniature Air Pressure Sensors


Figure 1.1.1: Flexible Pressure Transducer

[bookmark: _Toc81635509]1.2 Sensor technology in aircraft

	General. Moin and Bewley (1994) discussed active feedback control of turbulence over a wing surface. In theory, turbulence might be controlled on the basis of real-time sensor measurements made of the flow itself over an aircraft’s wing. These authors make the point that “two desirable attributes of flow sensors are that they be robust and that they don’t significantly disrupt the flow” (p. S9, Moin & Bewley, 1994). In our case, we are interested in sensing, but not directly controlling properties such as turbulence. A NASA request for proposals (NASA, 1999) included calls for “A miniature integrated system of MEMS sensors and interface electronics for flow measurements including flow velocity, pressure, temperature, shear stress, vibration, force, attitude, and/or acceleration.” (MEMS is defined as Micro-Electro-Mechanical Systems).

	Patents. US Patent 7127948 (2006) describe a means of measuring air pressure on the surface of an airfoil. This patent describes a piezoelectric sensory air pressure sensitive device to be mounted (e.g., via adhesive). “The sensor can be flexible so that the sensor can be disposed on the test member in a configuration corresponding to a contour of the test member. For example, the substrate can be formed of polyimide tape. The piezoelectric sensory device can be formed of a sheet of a polymer such as polyvinylidene fluoride, and the piezoelectric sensory device can be less than about 0.001 inch thick and/or the sensor can have a thickness of less than about 0.01 inch. In some cases, each dimension of the piezoelectric sensory device can be smaller than about 0.2 inch. The electrically insulative sheet can be formed of a flexible sheet of polyimide or polyester.”

	Research. Sensory technology is being developed comprising “low-cost sensor-on-film technology (SOFT) capable of sensing temperature, moisture, vibration, structural impact and, strain quantities. These sensors conform to surface profiles (6 to 10 mils [one mil = .001 inches] thick) adding little weight” (Schoess, 2001). The present application of this technology is seen as monitoring aircraft health to measure “structural integrity characteristics of corrosion and barely visible impact damage”.
	Parachutes have been instrumented with arrays of pressure sensors (Potvin & Peek, 1998). The sensors used in this research were relatively large sized solid-state sensors (see Figure 1.2.1). These sensors were stitched into the fabric of the parachute, and sensor power and data wires descended through the parachute suspension lines.


Figure 1.2.1: Sensors used by Potvin & Peek (1998). (From http://www.pcprg.com/psap.htm)

	Some research groups are investigating artificial hair cells using MEMS technology, which can be applied to detecting airflow velocity and detecting the angle of airflow. For example, Chen, Tucker, Engel, Yang, Pandya, and Liu (2007) report air testing an artificial hair cell sensor. This MEMS sensor is constructed as an epoxy cilium (artificial hair) mounted on a micro cantilever beam, with micro fabricated silicon strain gauges. The sensor output is approximately linear in detecting air-flow velocities between 0 and 20 meters/second. In related work, Ozaki, Ohyama, Yasuda, and Shimoyama (2000), have constructed artificial insect haircell sensors using micro-mechanical structures (consisting of micro-cantilevers and micro-strain gauges) of size 3000 µm in length, 250 µm in width, 8 µm in thickness, composed into arrays. These sensors were able to accurately measure airflow velocity in range of tens of cm/s to 200 cm/s.
Khbeis, Tan, Metze, and Ghodssi (2003) have developed a “microfabrication approach that enables successful integration of a piezoresistive pressure sensor array on an airfoil for detection of micro-scale turbulent vortices.” These researchers have addressed the issue of avoiding the generation of additional air turbulence by the presence of the sensor array by providing backside electrical connections on the array.
Catlin, Eccles, and Malchodi (2002) report on a joint project between Boeing, Endevco and Georgia Tech to develop a “smart” sensor device “to measure pressure distribution on the top and bottom surface of an airplane wing.” The device uses MEMS technology, with active components sealed in plastic and is intended to be positioned within the boundary layer of air flowing over the wing. “Called a ‘pressure belt,’ the device is a long, flexible circuit card with smart sensors located at intervals along the belt.” This system is also described by Gen-Kuong, Karolys and Swanson (1999). Figure 1.2.1 illustrates the pressure belt installed on a wing (from slide 14 of Catlin, Eccles, & GenKuong, 2002). This system is also reported in Tanielian and Kim (2002). 
Browne (1991) reported that NASA used “Ultra-thin pressure sensors installed at many points on the wing [to measure] where air flow was laminar and where it was turbulent.”


Figure 1.2.1. Pressure Belt Installed on Wing

	Commercial. Kulite (www.kulite.com) markets sensors targeted at aerospace and flight testing applications. See Table 1.2.1. Endevco (http://www.endevco.com) is marketing MEMS air pressure sensors targeted at aviation application. These sensors seem particularly interesting as they are less than ½ mm in height and thus might provide little drag on a wing surface. See Table 1.2.1.
According to a recent news report, the pressure belt system developed by Boeing, Georgia Tech, and Endevco will soon be available commercially (Sensors, 2008). According to this report, Endevco has previously produced more than 600 of the belts for Boeing. “Previous methods of obtaining this data required drilling holes on the wing, extensive cabling, signal conditioning and data acquisition products to achieve the same goal… The product allows Boeing, and now all Endevco customers, to make extremely accurate pressure measurements, including along new composite wings on aircraft such as the 787, without the need for wing modifications. Each Endevco Pressure Belt assembly is comprised of up to three ultra-miniaturized pressure sensor modules networked together and mounted on a flexible strip. The … low profile of the Pressure Belt generates minimal aerodynamic impact.” (Sensors, 2008).

	Technology
	Description

	Kulite 
CCQ-093
	-320°F to +250°F; four insulated wire leads run from sensor package; sensor dimensions 2.4mm x 9.5mm; absolute pressure

	Kulite
LEH-1AC-250
	Miniature flatpack pressure transducer; absolute pressure; 12.7x7.6x2.46 mm

	Endevco Model 32394-15
	MEMS silicon pressure sensor; 1.65 mm long by 1.2 mm wide by 0.4 mm tall; four connection pads for mounting to a circuit or substrate using conductive epoxy; absolute pressures; range of 0-15 psia, and a nominal 200 mV full scale output when powered using a sensor excitation of 5 VDC. 

	Endevco Model 8507C
	2 to 15 psi; 2.42x12.7mm; leads attached; needs signal conditioner


Table 1.2.1: Miniature Aviation Air Pressure Sensors
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	General. We are currently exploring pager vibrator motors and small-sized fans as a means of providing skin-based, or tactile (also called haptic) feedback for our system (Parrott, 2008; Wronski, 2008). In our lab we are also exploring the use of a commercial tactile feedback vest (Sebesta, 2008). See Figure 2.1 for a view of the system being developed in our lab by Wronski (2008). This system utilizes eight small sized fans (four per arm) to provide tactile feedback. We in the process of constructing this system, and will be experimenting with different means of providing feedback. For example, it seems possible to use these small sized fans to give feedback from corresponding sections of the wing (e.g., the fan closest to the shoulder gives feedback from the wing nearest the fuselage), or to use the fans to give an overall general feel of the airflow over the wing. Our requirements for tactile feedback for this project involve providing tactile feedback to a relatively large area of skin to represent to the pilot properties of the airflow over an extended area of the wing surface. More specifically, point-based tactile feedback (e.g., such as provided by force feedback joysticks) systems will not be suitable for this application. 


Figure 2.1. Fan sleeves being developed by Wronski (2008).

Research. Other possible types of actuator technologies for tactile feedback include: shape memory alloy (Nakamura & Jones, 2003), artificial muscles (e.g., see http://www.egr.msu.edu/~xbtan/SML/project_eap1.html), and soft actuators based on electroactive polymers (Koo, Jung, Koo, Nam, Lee, & Choi, in press). Figure 2.2 provides an image of the soft actuators from Koo et al. (in press).


Figure 2.2. Soft actuator array from Figure 1 of Koo et al. (in press). Each actuator in the array deflects between 0 and 1 mm. 

Haptic rendering on a person’s torso (Jones, Nakamura, & Lockyerb, 2004) can be used to provide navigational cues to the operator.  Jones et al., (2004) used a matrix of electromechanical stimulators mounted in a vest that are sequentially activated to provide information required for navigation. Tactile displays (Bach-Y-Rita, Collins, Saunders, White, & Scadden, 1969) have also been used as visual substitution for blind people. Vision substitution aims at providing some equivalent of vision via hearing or touch. In this display system, four hundred solenoid stimulators were arranged in a 20x20 array built into a dental chair. The stimulators, spaced 12 mm apart, had 1 mm diameter Teflon tips which vibrated against the skin of the back. A television camera mounted on a tripod, scanned the visual scene and presented stimuli onto the skin of the back of the blind subjects. With training, the blind subjects were able to use the system in various visual tasks. 
Current developments with these tactile feedback devices developed for use with people are blind may also be suitable for our project. For example, Figures 2.3a and 2.3b illustrate a 7x7 elecrotactile output device from, and Figure 2.4 illustrates a 576-point (24x24) electrotactile fingertip haptic display system. Both are from Kaczmarek (2004). This technology has also been used for tactile tongue stimulation.


Figure 2.3a: 7x7 (49 pixel) finger tip array (http://kaz.med.wisc.edu/projects_ethaptic.php).



Figure 2.3b: 7x7 (49 pixel) closer view of finger tip array (http://kaz.med.wisc.edu/projects_ethaptic.php).


	

	Figure 2.4. The VideoTact Electrotactile stimulation device (from Figure 1, Kaczmarek, 2004). See also http://www.4thtdev.com/vidtech.html



Both of the above systems use an electrode configuration similar to that illustrated in Figure 2.5 (from Kaczmarek, 2004).

Figure 2.5: From p. 3 of Kaczmarek, 2004

Some research has tackled the problem of simulating the indirect tactile feel of fluid flow, which is relevant to our research because air is a kind of fluid, and part of the goal of our research is to render the feel of air flow on the users skin (e.g., see Dobashi, et al., 2006; Mora & Lee, 2007).

Commercial. Various commercial products have been forwarded in the area of tactile feedback. The TN Games vest (http://www.tngames.com/) has a total of eight tactile actuators, four the front of the vest, four in the back. The actuators include electronic air valves: an air compressor external to the vest supplies air. Figure 2.6 illustrates the vest. This vest has been marketed with several (e.g., first person shooter) game applications. To our knowledge no flight simulators have yet used this vest[footnoteRef:3]. [3:  A 2007 statement at http://www.engadget.com/tag/force+feedback/ indicates: “TN Games, the company that is suiting up the vest for gamers, plans on launching a version of the vest to simulate G-Forces for flight sims … later on next year.”] 


	[image: ]
Figure 2.6. TN Games Tactile Feedback Vest.

Engineering Acoustics, Inc. (http://www.eaiinfo.com/) markets a tactile feedback belt containing eight actuators stitched into a stretchable belt. The price for this system as of July 2007 is US$5,300. The actuators provided by this company are are also available as individual components for purchase. For example, the C2 tactor with a skin contact area of 0.7” diameter, and an overall size of 1.2" diameter by 0.31" high.
The CyberTouch tactile feedback system data sheet suggests that it can simulate the feel of “fluid flow across the hand”[footnoteRef:4]. Given that air is a kind of fluid, this seems promising for our application purposes. “The CyberTouch system consists of six small, lightweight vibro-tactile actuators, one on each finger and the palm of the CyberGlove data glove. Each actuator can be individually programmed”. The price of this product as of 7/31/08 is US$21,995.00 (6-point vibro-tactile feedback including 18-sensor CyberGlove, CT1802-R-SYS). [4:  On 7/31/08, in email contact with the company, they were unwilling to give further details on this.] 

Tactaid vibrotactile actuators are produced by Audiological Engineering (http://tactaid.com; see Lieberman & Breazeal, 2007 for an example non-aviation application). This company still produces the Model VBW32 Tactor, which is 1" long x 0.73" wide x 0.42" thick, and this actuator is priced at $81 in quantities of two or more.
The 24x24 pixel electrotactile feedback system from Kaczmarek (2004) seems to be commercially available (VideoTact; see http://www.4thtdev.com/vidtech.html). A tongue-based electrotactile feedback system (BrainPort), or tongue display unit (TDU), appears near being commercially available (http://wicab.us/technology/vision.php)[footnoteRef:5]. The TDU presents 400-600 points of information on an approximately 3cm x 3cm tongue display, at approximately 30 frames per second. The present application of this TDU is to assist visually impaired people by presenting visual information on the tongue. For one example of this kind of application see Levy (2008). [5:  A phone conversation with Kurt Kaczmarek on 8/28/08 indicates that the BrainPort TDU is closer to commercialization than the VideoTact system. In the USA, the TDU is awaiting FDA approval. TDU units (with an application to people who have problems with balance) are for sale in Canada.] 

Tactile feedback in computer interfaces may also have some relevance for this project. For example the TactaPad (http://tactiva.com) system is planned to provide a graphics tablet sized area of tactile feedback (and control), and some tactile mice with finger sized tactile feedback arrays have been marketed (e.g., the VTPlayer tactile mouse from VirTouch).
Commercially available piezoelectric actuators may provide a solution to the individual tactile output pixel or tactor components needed by our application. A development kit for piezoelectric actuators is provided by Piezo Systems, Inc (http://www.piezo.com). 

[bookmark: _Toc81635511]2.1 Tactile feedback technology in aircraft

	General. We now turn to tactile feedback within aircraft, a core concern of this paper. In general, without any special augmentation such as we are proposing here, a pilot already does receive some tactile feedback when flying. In gliders, a pilot will feel the force of aerodynamic loads on the control stick from the ailerons, and elevator, and from the rudder through the rudder pedals. Perhaps even more importantly, the glider pilot will get tactile information “in the seat of the pants”. This tactile information will include the force (turbulence bumps) from a thermal pushing the glider up, and the buffet before a stall when the Angle of Attack (AOA) is increased to relatively high angles (e.g., as the glider pitches up with the stick pulled back; this buffet will also be felt in the control stick of the aircraft). A premise of the present research is that we can improve on this tactile information experienced by the pilot by feeding back additional information about the airflow, over a relatively large area of the wing, to the pilot
Perhaps the simplest way to augment the existing tactile feedback for a pilot is to directly expose the pilot to the airflow over the aircraft. For example, the Schweizer 1-26 glider has the option of a sport canopy, which leaves much of the cockpit open to the airflow and thus allows the pilot to feel the airflow in the forward top area of the fuselage. Exposed skin when skydiving, basejumping, or flying other open cockpit aircraft such as powered parachutes will also give tactile airflow exposure to the skydiver, basejumper, or pilot. With gliders, an open cockpit will increase aerodynamic drag on the aircraft, thus decreasing performance. Additionally, and even more problematic from the view of the present research, the amount of air possibly sensed by the pilot is limited. The wing span of a typical glider is 15 meters (49.2 feet), and the width of the cockpit is barely wider than the pilot’s body, hence there is a great deal of air flow that will go unsensed even if using an open cockpit. Furthermore, at least some of the airflow properties (e.g., pressure) useful for purposes of enhancing the quality of flight, or improving safety or performance may not be directly sensed by human skin.

	Research. Cook (1965) used a “stick-shaker” warning device to indicate to the F-104 fighter pilot that the aircraft was approaching stall. This stick shaking device, and an automatic system to apply forward stick pressure, was used because it was possible for this aircraft to be placed into a pitched up stall condition that was uncontrollable.
Zlotnik (1988) studied various factors for applying electro-tactile technology in fighter aircraft.  The objective of this study was to find an alternative display media that can provide vital flight-related data to pilots. Such kinds of display would reduce the dependency on auditory and visual feedback devices that are already overloaded in the cockpit of the fighter aircraft pilot. This system used a tactile sleeve for giving feedback to the pilot’s arm. An array of stimulator points were embedded into the sleeve at specific locations. When the stimulator points on the sleeve were energized it translated airspeed into tactile sensations.
	A 2005 NASA report summarized tactile feedback systems emphasizing aviation applications (Spirkovska, 2005). This paper cites the psychological “multiple-resource theory…, which encourages 
the distribution of tasks and information across various sensory modalities in 
order to decrease workload.” (see also Wickens, 2002). That is, a practical goal in aviation is to reduce a pilot’s workload so as to improve pilot performance in no small part because pilots are “visually overwhelmed operators” (p. 15, Spirkovska, 2005). The use of tactile feedback is seen as one method to distribute information to different sensory modalities, and potentially decrease pilot workload. This paper cites Collins (1970) Tactile TV system which used 400 tactile stimulators in a 20x20 matrix configuration. People were able to use this system for periods over four hours without showing signs of fatigue. “One of the major challenges is developing an appropriate [tactile] coding scheme that is intuitive and does not increase information interpretation workload.” (p. 15, Spirkovska, 2005). Further, an “intuitive” tactile language, one that requires very little cognitive processing to interpret, may be difficult to design or require extensive training” (p. 30, Spirkovska, 2005). 
Spirkovska (2005, p. 16) summarizes work on the Tactile Situation Awareness System (TSAS) which uses an 8x8 array of pneumatic actuators. “The goal of TSAS is to reduce problems of spatial disorientation and loss of situational awareness by pilots of high-performance military aircraft. Using [tactile actuators], TSAS can provide information on aircraft orientation; spatial location of objects of interest; position, velocity, and/or acceleration; navigation; instrument landing information; ground proximity; and change in flight management system configurations.” (see McGrath, Estrada, Braithwaite, Raj & Rupert, 2004).
McGrath, et al. (2004) review a number of tactile feedback products in the context of developing their TSAS, including the Tactaid and Engineering Acoustics tactors. The final actuator used in the TSAS system was a Carleton Technologies Inc. tactile actuator, a pneumatic vibro-mechanical device (model 2856-A0). See Figure 2.1.1.

[image: ]
Figure 2.1.1. Carleton Pneumatic Actuator (from Figure 10, McGrath et al., 2004)

Righetti, Cardin, Thalmann, and Vexo  (2007) provided remote virtual reality-based control of a blimp which included a “vibro-tactile belt worn by the user [to] indicate the resistance offered by the wind and [intended to] increase the feeling of telepresence.” This belt consisted of 8 equally spaced vibration motors. The blimp used in this project was 6.75 meters long by 2.20 meters wide.

	Commercial. While many older or relatively small aircraft allow the pilot to control the aircraft ailerons, rudder, and elevator by direct mechanical linkages, larger or newer aircraft often use less direct control systems, such as fly-by-wire electronic or computer controlled systems. The control systems in these aircraft may provide force feedback to allow the pilot to feel the aerodynamic loads on the control surfaces when moving the joystick, yoke, or stick, or rudder pedals. For example, “with the controls of the Avro Vulcan jet bomber, the requisite force feedback was achieved by a spring device. The fulcrum of the device was moved in proportion to the square of the airspeed (for the elevators) to give increased resistance at higher speeds.” (http://en.wikipedia.org/wiki/Aircraft_flight_control_systems).	
	In email communication on 8/11/08 with Bob Yeh (Technical Fellow, Flight Controls Systems, Boeing Commercial Airplanes), he indicates that in the Boeing 777, “Pilots can feel the aerodynamic load via some sensors [and that Boeing does] not publish the details of this information.” (see also Yeh, 1998).

[bookmark: _Toc81635512]2.1.1. The Aerodynamic Smart Skin System (AS3) Project
Testi (2001) describes the only project we have seen that is directly related to our own. This system is also proposed to use sensors distributed across the skin of an aircraft, and feed that information back to the pilot of the aircraft. Testi (2001) does not limit himself to consideration of sailplanes, emphasizes using sensors to measure turbulence, and has prototyped piezoelectric bimorph and unimorph sensors connected to ribbon tufts (see http://digilander.libero.it/karenfuxia/as3_wp.htm). Testi (2001) terms this system as involving “sensorial transposition”, “transposing this mapping on human body means expanding the physical boundaries of the body to those of the structure”, and uses a body mapping to aircraft skin metaphor (see Figure 2.1.1a) and aims to provide the AS3 as a product in kit form to modify existing aircraft. Testi (2001) appears to be collaborating with the Naval Aerospace Medical Research Laboratory (NAMRL) in Pensacola, FL, USA, and lists possible spinoff applications of this project as:

“1- First of all, a scientiﬁc program to further investigate the cognition potentialities of such a sensorial transposition can be set up. 
2- An AS3 kit for the microlight, hang gliding and paragliding community can be derived from the standard AS3. 
3- A study on the beneﬁts from AS3 for military ﬁghter pilots can be challenged. 
4- The sensor layout side alone of the application can be used in in ﬂight test programs, as an alternative or an extra method to 
acquire aerodynamical ﬂight data storing it via Data Acquisition devices. 
5- The sensor layout can be used wherever the need arises to acquire at low cost aerodynamical turbulence data in a real world 
environment: boat sails, automotive, buildings, bridges, smoke stacks, etc… while a density-reviewed sensor could be used in 
boat hulls, submarines, water canals, pipings, etc…”

(From http://digilander.libero.it/karenfuxia/as3.htm).

Full prototypes and tests of this system appear to have not yet occurred, but Testi (2001) indicates some patents have be made regarding the AS3 project.


Figure 2.1.1.1a. Aircraft body skin mapping to human body skin metaphor of Testi (2001), From http://digilander.libero.it/karenfuxia/as3_test_proceed.html. This metaphor is a transformation of known animal neurophysiology, which maps animal skin sensors onto spatially related skin areas to topographically related areas of sensory cortex. See for example Figure 2.1.1.1b. 

	

	Figure 2.1.1.1b. Neurophysiology of mapping of body surface to sensory cortex (from http://spinacare.files.wordpress.com/2007/02/homunculus.jpg). 
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	Research. Sklar and Sarter (1999) studied 21 pilots (flight instructors) in a simulated aircraft cockpit in three experimental conditions: visual, tactile, or redundant visual and tactile automation feedback. “Both tactile conditions resulted in higher detection rates for, and faster response times to, uncommanded mode transitions.” (p. 543). Tactile feedback was provided in the form of a vibration of 250Hz to the participants right wrist for 500ms. One tactor was used in the redundant condition, and two were used in the tactile-only condition. This research was based on multiple-resource theory.
Cardin, Vexo, and Thalmann (2006) developed a vibrotactile system to alert the pilot about the plane’s attitude, pitch and roll. Their system placed four actuators on the pilot’s torso and shoulders to render the spatial orientation of the aircraft on the skin. Pitch information was rendered on the front and back of the torso while the roll information was rendered on the left and right shoulders. A flight simulator was used to generate pitch and roll information in order to conduct all the experiments and to give training to the subjects. Test results suggested that with the use of vibrotactile feedback the response time of the pilot was reduced. 
Cardin, Vexo, and Thalmann (2007) have developed a haptic device called Head Mounted Wind (HMW) to generate air-flow around the user’s head. In this system they used a set of eight fans driven by a microcontroller and placed equidistant to each other on a rigid structure which the user wore on his or her head. A flight simulator was used to gather wind direction, wind force and the direction of the simulated aircraft. The direction and force of wind was used to determine which fan actuator was to be activated and with what speed. The results suggested that the feeling of being immersed was improved and that the feedback gave reliable information about simulated wind direction.
	Soares et al. (2005) has provided airflow tactile feedback in a simulated hang-glider flying situation. Tactile feedback is provided in the form of a fan positioned in front of a user, who is strapped into a real hang gliding structure, which is suspended in a simulator room, and thus virtually and not really flying. Visual information is provided via virtual reality goggles (HMD).
	Aretz et al. (2006) studied 30 United States Air Force Academy cadets using a simulator performing UAV (Unmanned Aerial Vehicle) landings in one of two conditions: with or without tactile feedback. Current operations with the setup of the (predator) UAV do not receive tactile feedback.
	
Commercial. Some commercially marketed products are provided as chairs with embedded tactile feedback. For example, the TFS2 tactile feedback chair (http://ivibe.com/) has been used in flight simulator game applications. This system uses “6 … electromechanical actuators [brushless 26 volt DC motors], arranged in 3 pairs: one pair in the back section, one pair in the left leg section, and one pair in the right leg section.” The tactile feedback that this chair can provide includes the feel of rolling down the runway, changes in engine power, landing gear movements, stall buffeting, and weapons fire (see http://ivibe.com/whattheysay.htm). Force feedback from joysticks is available for user-end flight simulators such as Microsoft flight simulator (e.g., http://www.fs-force.com/).
Full Flight Simulators provide a replica of the cockpit interior of an aircraft (e.g., Boeing 747), along with six-axis motion control over this simulator platform. For example, the CAE 7000 (CAE Inc.) provides electric or hydraulic six-axis motion control. One byproduct of this motion control is tactile sensation (e.g., acceleration, shaking) provided to the pilot in the simulator.

[bookmark: _Toc81635514]3. Other methods of improving the quality of the experience of flying in sailplanes

	General. The primary set of improvements made to gliders typically involve performance goals rather than considerations that directly relate to improving the pilot’s experience of flight. For example, increasing the L/D (ratio of lift to drag; also known as glide ratio) of a sailplane increases the distance a glider can fly without needing additional lift. L/D improvements in glider design directly alter performance, and only indirectly affect the experience of the pilot (e.g., the pilot might be happier about the flight because it was of longer distance).
More generally, various factors play into the experience of the sailplane pilot. For example, reductions in the weight of sailplane, leading to the ultralight sailplane (e.g., the Sparrowhawk, an 11 meter wing span sailplane with an empty weight of 155 lbs; http://www.windward-performance.com/) can enable a sailplane pilot to use weaker thermals (convective lift), thus changing and perhaps improving the experience of the pilot. Earlier in the advancements of sailplane technology, variometers (instruments indicating the rising/sinking speed of the surrounding air) started providing audio output enabling the sailplane pilot to not have to visually scan the instrument panel (or to scan less frequently) to read this particular instrument. This also changed the quality of the experience for the pilot (although to some the sound of the audio variometer itself, in an aircraft that is usually fairly quiet, may be annoying).[footnoteRef:6] [6:  Another potential application of tactile feedback is to replace the audio output of the sailplane variometer with tactile feedback. In this way, passengers would not have to be annoyed by the variometer sound.] 

	
[bookmark: _Toc81635515]4. Other methods of improving safety in sailplanes
[bookmark: _Toc81635516]4.1. Angle of Attack (AOA) indicators

	Commercial. The Angle of Attack (AOA) of an aircraft is the angle that the chord line of the wing (a line through the wing from leading edge to trailing edge) makes with the relative wind over the wing. When the AOA reaches a critical angle (typically when the aircraft is relatively pitched up in orientation), the wing will stop flying. That is, the wing stalls—which is usually an unwanted condition and can be dangerous, especially close to the ground because a typical result of a stall is for the aircraft to suddenly pitch down forward and lose altitude. Instruments measuring AOA can be used to give stall warnings. SafeFlight Corp. produces an AOA/stall warning device for gliders. With this device, a detachable sensor vane is attached to the wing of the glider, and the pilot is given visual information in the form of an instrument on the cockpit panel.

[bookmark: _Toc81635517]4.2 Other safety technologies

	Other technologies can be installed to improve safety in a glider. These include transponders which allow ATC (Air Traffic Control) to detect the location of your aircraft, FLARMTM system which transmits location information of an aircraft to FLARM units installed in other aircraft (and also provides a GPS database of obstacles for stationary obstacle avoidance) and Paravize “Head-on” (http://www.fosterflight.com). This last system uses high-resolution cameras and machine vision algorithms to detect approaching flight traffic, and alert the pilot. This system works in VFR (Visual Flight Rules) conditions, and in the cruise phase of flight.

[bookmark: _Toc81635518]5. Other methods of detecting the location of thermals and other lift

General. Cochrane (2007) speculates on thermal detection instruments which may in the future be used in sailplanes. Possible technologies include Doppler lidar (already used in meteorological and other research to detect thermals; e.g., see Koch, 2006), radar and lidar detection of thermal gradients, and FLIR (Forward Looking Infared) receivers. “Thermal detectors can improve safety directly. If you know where the thermals are, you’re less likely to land out. If you know there are no thermals around, you will focus on the landing at hand.” (p. 40).[footnoteRef:7] A report in New Scientist (2008) indicates that some of this technology is starting to be pursued to assist unmanned aerial vehicles to find thermals and reduce fuel consumption. This proposed system is indicated to use real-time video analysis to attempt to find thermal-bearing cumulus clouds, real-time weather forecasts, computer simulations of predicted convective lift, and past reports of thermals on other flights. It also interesting to note that some soaring pilots do not believe that thermal detection instrumentation will be appropriate for the sport of soaring (see Moore, 2007). [7:  It may not be obvious that landing out, at a non-airport (e.g., at a farmers field), includes some risks. A pilot never knows the condition of the field that is selected. Obstacles, such as wires, are not always visible from the air.] 


Patents. Lowrance (1974) and Laughter (1986) hold US patents on using temperature sensors giving a temperature differential across the wings of a glider to assist a glider pilot in centering the lift of a thermal. The assumption here is that the thermal is warmer near the center of the convective lift. These systems address the issue of the turn direction of the glider pilot when entering a thermal. The glider pilot must decide whether to turn left or to turn right to optimally make use of the convective lift.
Norman (1985) holds a US patent on a method of determining the correct direction for a glider pilot to turn based on the relative bending moments of the glider wings. The assumption here is that the wing closer to the lift source (thermal) will bend the wing more than the wing farther from the lift source.
Cocatre-Zilgien (2000) holds a US patent on a method of determining the correct direction for a glider pilot to turn based on the relative humidity across the wing tips of the glider. This technique is based on the assumption that thermals will be comprised of relatively moist air.
Scheffel (2000) holds a US patent for a system to assist a sailplane pilot in centering a thermal. “The [system] comprises a computing unit and an indicator, and computes input signals from a position-fix-unit and a measuring unit for the vertical speed. The computing unit computes a product of vertical speed and position coordinates, and sums up all positive products of position coordinates and vertical speed. The computing unit forms coordinates of a thermal center by dividing the sum of all products of position coordinates and positive vertical speed by a sum of all vertical speeds.” (Scheffel, 2000).
Plaszowiecki has applied for a US patent in 2003 “to provide a system helping glider pilots locate thermals in the air by constructing a database of places on the ground that are likely to generate thermals, and then, given the current weather conditions, showing the projected position of thermals in the air on a graphical display in the cockpit of the flying aircraft.” (Plaszowiecki, 2003).

Research. In a manner similar to Lowrance (1974) and Laughter (1986), some research is attempting to provide visual pilot feedback regarding the temperature of the air from sparse locations on a sailplane wing (Behan et al., 2008). More specifically, Behan et al. (2008) mounted bead thermistors near the tip of each wing of a glider, and one on the fuselage nose, used a microcontroller and A/D (Analog to Digital) converters to measure temperature differences. They used a series of LED’s (Light Emitting Diodes) to give information on temperature differences across the sensors to the pilot. No information is available at present regarding the performance of this system.

[bookmark: _Toc81635519]6. Conclusions

	Some of the component technologies for achieving the goals of this project appear to be in place, and some need additional development. The Endevco Pressure Belt appears to provide an appropriate kind of sensor array for measuring air pressure over a glider wing. However, it is an empirical question at this point if measured pressure will be the appropriate property of the airflow over the aircraft wing to relay to the pilot. For example, temperature, humidity, turbulence, density, or other airflow variables (or a combination of these and pressure) may be more appropriate. Current technology in tactile feedback systems is also showing interesting possibilities. We are conducting evaluations of one commercial product (the TN Games vest), and two in-lab constructed systems (one based on small sized fans, the other on pager motors). Systems being commercialized out of research studying sensory substitution for people who are blind (e.g., VideoTact and BrainPort) show promise as possible tactile feedback systems for our application as well.
	Few systems with similar concepts and intent have been forwarded. The Aerodynamic Smart Skin System (Testi, 2001) is the only project we have come across with similar goals to our own. Aviation simulators are providing general tactile feedback, similar to what a pilot experiences in a present day aircraft (e.g., the feel of the buffet before a stall). This tactile feedback does not extend to the feel of the airflow over the wings of the aircraft. That is, relaying information from sensory arrays over a sailplane (or other types of aircraft) wing about the properties of the airflow to the pilot of a sailplane via tactile feedback is a relatively explored application.
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The Carleton Technologies pneumatic tactor, model 2856-A0 (Figure 10) consists of a
hemispherical shaped molded plastic shell with a diameter of 31mm. A latex membrane covers the
concave area of the shell. The air supply tubing (2.4mm ID 4.0mm OD) attaches to the topside of the
tactor. Oscillatory compressed air is driven into the tactor that forces the latex membrane to vibrate. A
strong tactile sensation is achieved when the tactor membrane vibrates at 50 Hz. Tactor weight was 2g.
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