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MEMS TRANSDUCERS FOR AERODYNAMICS -A PARADYM SHIFT Adam Huang*, Fukang Jiang , Chih-Ming Ho*, and Yu-Chong Tai *University of California, Los Angeles, California California Institute of Technology, California MEMS transducers technology is rapidly maturing after a decade of intense development in all aspects; from fabrication to simulation technologies. In terms of aerodynamic applications, AeroMEMS transducers currently are being developed from the MEMS sensor technologies. Individual AeroMEMS sensors such as pressure, temperature, and shear stress sensors have repeatedly demonstrated their superior performance when compared with traditional sensors. It is time for AeroMEMS transducers to reach the next level of development. Integration of AeroMEMS sensors into large arrays is currently being viewed as the tool that offers the possibility of further advance aerodynamic. Large sensor arrays such as about 100 shear stress sensors have been fabricated on a space less than 1x3 cm. Different types of sensors have been integrated together. The first M3 (microsensors, microactuators, and microelectronics) have also been developed. These small yet powerful devices will indeed enable us to perform real-time distributed control. achievement since MEMS technology was only widely pursued by researchers in the last ten years.



Introduction For many years transducers mounted on aerodynamic surfaces has been used to provide global information with respect to the flight vehicle. Information such as flight velocity, ambient pressure, ambient temperature, vehicle attitude, and vehicle dynamics provided by the traditional flight sensors are paramount to the overall well being and performance of the aircraft. However, knowing more detail information such as local flow fields on the wing roots, velocity gradients on the wings, and state values for engine inlet ducts may radically enhance the performance of the flight vehicle. Such a requirement in spatial resolution directly means large-scale integration of sensors. Moreover, these sensors must also be “smart”, smart in terms of being capable of self-test, -calibration, and -corrections. Traditional sensors are just much too bulky to perform high spatial resolution tasks and may be too cumbersome and most likely impossible to be used in any large-scale integration. More importantly, traditional sensors can only provide evolutionary enhancements in flight vehicle performances and safety, while large arrays of integrated “smart” sensors will provide information never being available before.. Thus, the impedance to the advancement is the problem of sensor space and integration technology. Miniaturization in both sensor and integration technologies can bring the aerodynamic research to a new horizon. This capability is provided by MicroElectro-Mechanical Systems (MEMS) technology. Not only is MEMS sensors for laboratory usage available, it is also tested in flight. Furthermore, MEMS sensors are extremely competitive against traditional sensors and in most cases surpasses them hands down in all respects. This is a rather impressive



MEMS pressure, temperature, shear stress, acceleration, and rate sensors are now into the second phase of development. The first phase is the basic sensor development and has been heavily researched. Thus, the first phase provides the foundation of the maturity of AeroMEMS transducers. The second phase is the development of large-scale integration of these highly capable sensors to yield high spatial resolution and “smart” sensor arrays in addition to all the attributes of a stand-alone MEMS sensor. This paper will discuss the developments of the baseline fluidic sensors and a few experiments will be noted for their usage of these MEMS sensors. Then, the discussion will switch over to the second phase of MEMS fluidic sensors for aerodynamics with the shear stress sensor arrays, the M3 chip (microsensors, microactuators, and microelectronics), and the integrated pressure, temperature, and shear stress sensor arrays. Fluidic MEMS Sensors Development Pressure Sensors The silicon-based pressure sensors are the most commonly used ones of all of the MEMS flow sensors. In fact as early as 1950s silicon micro-fabricated pressure sensor have been developed1 and the most commercially available MEMS sensor today is the bulk micro-machined silicon-based piezoresistive pressure sensor2. The primary customer of MEMS pressure sensor is the automotive industry where the maturity of the fabrication technology offers it as the commercially most cost-effective solution1. 1
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It is true that MEMS temperature sensor arrays offers very high spatial resolutions. However, the exact benefit is countered by the fact that at micro length scales, temperature tends to be averaged out by the bulk medium (through conduction) and that the sensor volume itself might be comparable with the region that needs to be measured. This may greatly hamper the sensing spatial resolution and frequency response. For example, Wu’s apparatus requires the entire microfabricated channel to be suspended longitudinally on 1.5um thick nitride beams roughly 10um wide and 200um long. The 4mm long, 2x20um micro channel is suspended by these beams at 250um spacing (fig. 1).



MEMS Pressure sensors in fluidic researches have been used for investigating micro-channel flows. Unlike traditional experimental fluid dynamic researches, experimental micro-fluidics researches have not been possible without the existence of MEMS fluidic sensors. Micro-channel researches performed by Pfahler, et al and Arkilic, et al in the early 1990s were primarily investigations into the overall micro channel characteristics such as average friction factors3 and compressibility effects4. More importantly, these researchers contributed to the realization that with the use of MEMS fluidic sensors so much more can be obtained and done with microchannel experiments. In addition to the overall pressure drops, Pong, et al5,6 and Shih, et al7 were able to use an array of piezoresistive MEMS pressure sensors to obtain the pressure distribution along the micro channel flow. This capability opened up totally new possibilities to micro fluidic researches. Interesting surface slip phenomenon was observed through the streamwise pressure distribution. Temperature Sensors In terms of transduction methods, there are numerous ways of converting temperature to electrical/mechanical signals. The most typical and simplistic method is to use the resistive changes in heating elements for temperature transduction. By using non-zero temperature coefficient of resistivity (TCR), a simple circuit capable of sensing the resistive changes in the heating element will allow direct correlation to the temperature2. MEMS temperature sensor technologies are fairly mature and most sensing physics are very similar to traditional temperature sensors less the miniaturization aspects. Like MEMS pressure sensors, there are many researchers and organizations involved with developing the MEMS temperature sensors. In terms of fluid dynamic applications, Wu, et al8 has contributed further to the micro channel flow researches introduced earlier by using an array of MEMS temperature. Their experiments demonstrated that although temperature sensors are simple in general, there are important issues one need to pay respect to when taking temperature data with MEMS temperature sensors. Wu’s experiment involves the usage of linearly distributed MEMS temperature sensors to find the temperature gradients along the length of the micro channel flow (also made by microfabrication techniques). In addition, Wu’s microchannel involved the usage of very high pressure drops (over 578psig) along the channel for the study of viscous effects. The issue here is the thermal conductivity and heat capacity of fluid.



Figure 1: Suspended Micro Channel for micro-fluidic research with temperature measurements. This type of geometry is required for minimizing temperature conduction to the surrounding bulk silicon substrate. Another aspect one needs to consider is that the 2x20um channel is being measured by a 4x4x0.5um boron-doped polysilicon temperature sensor. The doping concentration on semiconductor materials will determine the sensitivity of the thermal sensor. The sensing element is roughly as large as the channel (in terms of cross-section) that needs to be measured. This implies a limitation in the frequency response of the sensor since the heat transfer will be influenced by the thermal capacity of the sensor. Thus the measurement done was static to ensure maximum confidence in the experimental data.



Shear Stress Sensors In addition to the MEMS pressure sensors mentioned above, a reliable and high frequency response shear stress sensor is needed for aerodynamic applications. However, the development of MEMS shear stress sensors is not as wide spread as the pressure and temperature sensors. Furthermore, measuring surface shear forces are not as straightforward as the previous two physical properties. The required knowledge would be the velocity gradient at the surface. Traditional transducers such as the Stanton9,10 and Preston11,12 tubes offers shear stress measurements at the cost of frequency response, thus the output is time-averaged. Such devices 2
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are adequate in steady-state conditions, but quite limited in dynamic situations that are typical with flight vehicles. This call for the development of MEMS shear stress sensors that not only replaces the traditional sensors, but capable of high spatial resolution and more importantly very high frequency responses (on the order of 100 kHz) for direct application in real-time flow control. There are basically two major methods in MEMS shear stress sensor design. One is mechanical while the other is thermal. Mechanical methods are very intuitive since shear stress is a mechanical force. Usually, the displacement of a tethered plate is used to correlate with the surface shear stress. Since the amount of flexure on the tethers are measurable through many methods (i.e., piezoresistive 13,14, capacitive 15,16, and optical 17; all are MEMS compatible), shear stress is directly measured. The major issue with the mechanical methods is that anything moving will almost always dictate a gap somewhere on the device. This is a problem for MEMS devices that interact directly with the environment since particles and moisture will have many chances and places to corrupt the device. The second method is the indirect correlation of heat flux with shear stress. In order to measure surface shear stress, the relation of convective heat transfer and fluid velocity is used. Since the thermal sensors are placed on the surface and the sensor geometry does not change (therefore the cooling shape factors are constant), the transfer function can be obtained through calibration curves obtained in the wind tunnel. Unlike the hot wires that measure velocity, the velocity at the walls is zero in “no-slip” conditions. By expanding the velocity term with respect to the displacement from the walls, the first order term is the velocity gradient. Huang et al 18, has described the thin film thermal shear stress sensor joint developed by researchers in UCLA and Caltech. Such a sensor was developed through an evolutionary tract. First, the MEMS hotwire anemometers was developed for providing experience into velocity measurements with MEMS technology 19,20 (Fig.2). Not only was the spatial resolution of the MEMS hot wire much better than traditional hot wires, but the frequency response also improved dramatically (over 1 MHz). Thanks to the smaller size and the variable resistance properties of semiconductors through ion doping.



Figure 2: MEMS hot wire.



200x200 µm2 Figure 3: MEMS thermal shear stress sensor. Sensing element. Then, shear stress sensor arrays were designed and fabricated on silicon wafers (Fig. 3). To date, such a sensor array yields as many as 85 sensors in an area less than 1x3 cm. The capability of resolving high spatial resolutions has turned these arrays to shear stress “imagers” (Fig .4).



Figure 4: MEMS Shear Stress Imager . So far this is very straightforward. However, problems concerning with temperature sensors mentioned above are very common in MEMS sensors applying heat transfer. The problem of heat conducting into the substrate and the low thermal capacitance of air means that heat dissipating into the fluid medium is much less likely than being absorbed by the solid substrate. Liu et al21 have demonstrated through numerical calculations that shear stress sensors mounted on solid substrates will have very low sensitivity. This problem was alleviated by the introduction of a novel idea where a vacuum chamber beneath the heating element was fabricated20 (Fig.5). Furthermore, the sensor now sits on top of a thin layer of LPCVD nitride, 3
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MEMS hot-wire and shear stress sensor clearly supports this claim. In fact, nearly every MEMS transducers that was developed show this property. In terms of robustness, all MEMS sensor designs are suitable for direct environmental contact. Thankfully, the three basic fluidic sensors have designs that are extremely robust. For example, the MEMS thermal shear stress sensors developed by Jiang et al has demonstrated through NASA Dryden F-15 flight programs (Fig. 6) the ability of the sensor arrays to operate up to Mach 1.5 (this being the limit set by NASA F-15 flights). The F-15 flights also show that the timeaveraged MEMS sensor output matched traditional Stanton and Preston gauges signals. MEMS sensor can also provide time-resolved surface shear stress.To date, this is the first known MEMS shear stress high-speed flight and the program acts as a prelude the introduction of MEMS sensor arrays to aerodynamics.



Figure 5: Fabrication process of MEMS thermal shear stress imager. which acts as an insulating layer. The combination of these two components and the small volume of the heating element is what gave the final MEMS shear stress thermal sensors a high sensitivity and frequency response.



Figure 6: MEMS Shear Stress Imager mounted on Starboard side of F-15 LERX, in lieu of the position lights. This picture also shows other MEMS sensors and actuators.



Aerodynamic MEMS Sensors Development Aerodynamic Sensors Requirements In terms of aerodynamics usage, high reliability, high spatial resolution, high frequency response, and robustness are some of the basic necessities. While a single MEMS sensor may be a risk in aerospace applications, the existence of MEMS sensor arrays is one of the tools required for bringing major change in aerodynamics. For example, a single pressure sensor in a pitot tube static port may be replaced by tens of MEMS pressure sensors while occupying less space and less electrical load. The sensors maybe bundled in the way that varying sensitivities allows a very large dynamic range while achieving high resolutions. In fact the probability of a large portion of the sensors in the array to experience failure is so small that the overall reliability should be significantly higher than traditional transducers used. For spatial resolution and high frequency response requirements, the small length scales and materials defined by MEMS almost guarantees this as an inherent MEMS property. The previously mentioned



Flexible MEMS Shear Stress Arrays The MEMS thermal shear stress arrays mentioned above has been further developed by UCLA and Caltech into a flexible skin shear stress array. What this new “skin” offers is the ability to be attached on smoothly curved surfaces (Fig. 7) . This offers the possibility of mounting the sensor arrays confromally with the aircraft skin. In a DARPA founded research program, the 200 shear stress sensors on multiple skins will be used to map out the leading edge separation line of a delta wing UAV 22.23 (Christened as Gryphon, Fig.8). The sensors are being integrated with an on-board computer to provide real-time separation line detection. This data is then connected to the flight computer and the MEMS actuators at the leading edge for providing flight control. The entire system is a close loop feedback system and for the first time large MEMS sensor array integration is performed on a flight vehicle. The flexible sensor arrays have gone through three generations of design and is now extremely reliable. The current generation consists 4
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of 36 sensors while the sensors are connected through flexible PCBs to the sensor circuitry. Thus the entire link to the processing circuits is flexible. Through the usage of different ion doping levels, the flexible shear stress sensors can easily become the flexible temperature sensors.



the majority of MEMS processes are not IC compatible. This limits the possibility of microsensors, microactuators, and microelectronics fabricated on the same substrate. In order to achieve M3, a thorough knowledge of IC and MEMS processing technologies must be understood and experience in device designs is an absolute requirement. Tsao et al 24, has demonstrate their expertise in device fabrications through the successful fabrication of the first integrated MEMS fluid-dynamic M3 chip (Fig. 9). Tsao’s M3 chip includes nine shear stress sensors, three flap type MEMS actuators, and an on-chip selfcompensating constant temperature driver for the shear stress sensors. The current application for this M3 chip is for turbulent boundary layer control researches at UCLA/Caltech. Preliminary results have shown that surface drag can be reduced by real-time shear stress detection and MEMS flap interaction with the shear streaks. Currently, Tsao et al is working on implementing a neural network circuitry on the same M3 chip to provide stand-alone capability to the M3 chip. The chip will detect, predict, and then reduce the turbulent shear streaks without any off-chip assistance.



Figure 7: Flexible Shear Stress Array wrapped on a ½ inch diameter half-cylinder for flight tests on Gryphon leading-edges.



Actuator s Sensor s Circuitry



Figure 8: Gryphon-A fully instrumented MEMS UAV flight research aircraft. The M3 chip When integrating large arrays of MEMS transducers, a practicality problem arises. Large sensor arrays means many wire-leads that connects the sensors to the sensor drivers and signal conditioning circuitry. Furthermore, if a control sequence is desired through the usage of MEMS actuators then power and signal wires may be intermixed. Thus, the benefits of MEMS spatial resolution also mean a wiring nightmare. The M3 project is initiated as an aggressive effort to counter this problem. On the surface, it can be said that MEMS fabrication technology is highly derived from the IC technology thus common sense concludes that they are compatible technologies. However, due to the high usage of metals and bulk micro-machining techniques,



Figure 9: The M3 chip for Turbulent Shear Stress Reduction. Future Integration Technologies Researchers at Caltech and Umachines Inc. are currently working on the ultimate AeroMEMS sensors integration. Through the work of the M3 chip, it has been found that by using one shear stress sensor as a temperature, the shear stress sensor drift can be cut down from 47mV/°C to 1mV/°C. This is a significant indication that an array of sensors may not only provide more detailed aerodynamic information, but also allows self-compensation and adjustments to yield an ultra reliable and accurate transducer. Currently they are 5



American Institute of Aeronautics and Astronautics



working on surface micro-machining technologies that allow the fabrication of pressure, temperature, and shear stress sensors next to each other. In addition, the sensors will be integrated on flexible substrates that also include the control circuitry. This may yield a system as complicated yet capable as the counterparts of IC technologies.
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