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ABSTRACT

Boeing Commercial Airplanes has used many methods in the past to measure the structural loads on the
wings of its airplanes. The most recent approach is to use arrays of MEMS pressure sensors on the top and
bottom surfaces of the wings. By knowing the difference in pressure between the top and bottom of the
wings the structural loads on the wings can be calculated. It was decided that in order to build an array of
1100 sensors it would be necessary to condition the sensors and convert the analog output to a digital form
at the site of the pressure measurement. This process was taken one step further by converting the output of
the A/D converter into engineering units within the sensor module as well. The array is built using a flex
circuit card in one foot sections that can be interconnected to form an array of up to 125 sensors. There is a
sensor location every two inches on the flex circuit but not all locations are populated. This paper will
describe not only the pressure belt but the lessons learned during the development and the implications that
these lessons have for smart transducers in general.
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INTRODUCTION

Airplane structural designers have always needed to know the forces acting on an aircraft wing. In the past
there have been many attempts to measure these forces but they all have their drawbacks. One way to
make the measurement is to use strain gages on the wing structure and to measure the forces directly. The
disadvantage of this method is that the method is labor intensive and therefore costly. Not only do numerous
strain gages need to be installed but after installation the entire structure must be calibrated. The calibration
involves building a structure around the airplane, attaching hydraulic rams between this structure and the
wing, applying known loads and measuring the response of the strain gages. In an attempt to eliminate the
need to perform this strain gage calibration, airplane testers have resorted to the use of "pressure belts." If



the pressures on the wing surface are known the forces on the wing can then be calculated. In the past a
pressure belt has consisted of a number of 1/8th inch plastic tubes that were taped to the outside of the
aircraft wing. One end of the tube is sealed and the other end is routed inside the wing and connected to a
pressure scanner. A hole is then drilled in each tube at the location on the wing where a pressure
measurement is to be made. In purely static airflow situations this method works very well. However, when
pressure fluctuations exist the tubes act as filters and both attenuate the magnitude of the pressure change
and delay it as well. This paper describes a new technology that has been developed to make this
measurement. In this new approach the 1/8th inch tubes have been replaced with a flexible circuit card .
Every two inches along the circuit card there are provisions for installing a pressure measuring module. The
belt itself is built in one foot sections which can be interconnected to create a belt that is long enough to
reach across the wing from front to back. This type of pressure belt eliminates the problems introduced by
the tubing and is much simpler to install since it only requires a small cable be run inside the wing to an
electronics assembly.

REQUIREMENTS

The requirements for the pressure belt are driven from various sources. In order to be able to make the
measurement with minimal disturbance to the airflow the sensor array must be thinner than the boundary
layer of the airflow across the wing. It also not have any abrupt edges since these would also impact the
airflow and cause errors in the pressure reading as well as possibly changing the flow of the air over the
wing. The outside of the wing is a severe thermal environment as well. Temperatures will vary from as low
as -60°C at altitude to highs of 55°C when setting on the ground in the sun. The other aspect of the problem
is that the desired measurement is the difference in pressure between the top and the bottom of the wing.
However, since it is highly undesirable to install tubes from points on the wing surface, through the fuel
tanks, to differential pressure sensors inside the wing, the absolute pressure on the wing surface must be
measured on both surfaces and the pressure difference calculated. This requires a more accurate pressure
measurement. The goal of this pressure belt is to be able to measure the pressure with a maximum
uncertainty of  ±0.1% of full scale. Real time display of  the 1100 sensors that are planned on a wing
requires a significant amount of computing power. It is also desirable to limit the amount of information that
needs to be stored in the data system data bases. For these reasons it was decided to convert the sensor
output into engineering units at the sensor. This distributes the processing power required and allows the real
time display system to skip the process of calibrating each of the 1100 input parameters.
From this information it was decided to develop a pressure sensor module that was approximately one inch
square and less than 0.1 inches high when installed on the wing of the airplane. A fairing is required to cover
the module and to make a smooth surface that would have minimum impact on the airflow. The thickness of
the fairing at the point of making the pressure measurement is included in the 0.1 inch thickness. The sensor
would need to measure pressure from zero to 15 psia over the temperature range of from -60°C to 55°C
with a maximum uncertainty of  ±0.015 psi.

THE SENSOR

The sensor that was chosen for this project is a MEMS device made by Endevco. The device is a
modification of the sensor used in the Endevco model 8515C-15 pressure sensor. The changes to this



device include converting it from a wire bonded device to a "flip-chip" configuration. It was also decided to
remove the temperature compensation circuit that is normally included as part of this sensor. The sensor
itself is 0.049 inches wide, 0.067 inches long and 0.016 inches high. The diaphragm which contains the
wheatstone bridge sensing element was not changed. The nominal resistance of the bridge circuit is
approximately 2000 ohms. The support structure however was changed to make the electrical connections
from the bottom of the die rather than the top. This flip-chip mounting removed the need for wires from the
top of the original sensor to the substrate. This minimizes both the area required by the sensor and the height
required. As part of the development process we mounted some of these sensors on substrates and flew
them on a few test flights to learn how they would withstand the environment. The first problem occurred
when somebody removed the "speck of dirt" (the sensor) from the installed part. That one didn't work
anymore. The next problem occurred when the airplane flew through a rain squall. The sensor diaphragms
were shattered by the impact of the rain drops at an airspeed of 245 knots. The current design places a
small perforated metal cover over the sensor.

THE SIGNAL CONDITIONING

Figure 1 is a block diagram of the signal conditioning circuit. The active parts of the signal conditioner are all
included within an analog Application Specific Integrated Circuit or ASIC. The ASIC requires that all
signals be kept within the range of 0.5 to 4.5 volts when excited with a five volt supply. The sensor is
excited with a constant current in the range of one to two milliamperes. Both the excitation voltage across
the bridge and the bridge output are measured with this circuit. A resistor in series with the bridge is used to
keep the voltage at the lower end of the bridge above 0.5 volts. An instrumentation amplifier is used to
interface the bridge excitation voltage into a twelve-bit Analog to Digital Converter (ADC). The gain of this
circuit does not need to be varied and no filtering is used. The bridge output is amplified using two variable
gain amplifiers (VGA). The first stage amplifier has an eight-bit Digital to Analog Converter (DAC) driving
its reference input to provide an offset correction. The second stage of gain is similar except that it amplifies
the difference between the output of an eight-bit DAC and the output of the first stage amplifier. Using these
two gain stages gains from one to 256 can be obtained and initial offsets in the sensor and the electronics
can be corrected.
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Some of the passive components required are built into the ASIC and others are supplied externally. The
internal passive components control the gains of the amplifiers and the step sizes of the DACs. The internal
passives are not trimmed so the absolute accuracy of these elements is in the range of ±20%. An analog
anti-aliasing filter with a cutoff frequency of approximately three kilohertz is included. The characteristics of
this filter are set by surface mount resistors and capacitors. These components have a tolerance of  ±10%
so the cutoff frequency and roll off characteristics of this filter are not set very precisely. In addition surface
mount capacitors with enough capacitance to obtain a cutoff frequency in the range of two hertz, that were
not physically too tall to mount on the substrate and keep the overall height less than 0.1 inches were not
readily available. For these reasons the cutoff frequency was set at around three thousand hertz. The ADCs
are both run at a sampling rate of 51,200 samples per second which is about half of what their maximum
sampling rate and is high enough to avoid aliasing with the filter that could be built.

THE SIGNAL PROCESSOR

Figure 2 is a block diagram of the signal processing circuit. All of these circuits are included in a digital
ASIC. The original intent of the designers was to make this circuit meet the needs of a number of
applications but due to schedule and budget constraints this goal was not always met. The inputs to this
signal processing circuits are from the two ADCs in the signal conditioning. The excitation output of the
signal conditioner is passed through an averaging circuit where the sample rate is reduced from the 51,2000
samples per second to the 20 samples per second required by the pressure belt application. The output rate
of the averaging circuit is programmable so other rates can be achieved if desired. The bridge output from
the signal conditioner is passed through a Finite Impulse Response (FIR) filter. This filter decimates the input
sample rate from the 51,200 samples per second of the ADC to the desired 20 samples per second of the
application. This filter is also programmable and can be used for almost any sample rate from one sample
per second up to 1280. As designed and programmed for the pressure belt application this filter provides a
response of two hertz. At the lower output sample rates the characteristics of the analog anti-aliasing filter in
the signal conditioner have very little influence on the overall frequency response of the measurement. As the
sample rate increases the characteristics of the analog filter will become more noticeable.
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The Correction Engine is a state machine that is designed to implement the correction process described in
the IEEE 1451.2 standard. This process can take from one to 255 inputs, each being broken down into
from one to 255 segments and produce a single output that is a function of all of these inputs. For example it
could take a single input, which was divided into a number of straight line segments to produce the output.
By setting it up differently this calibration could be broken down into a number of polynomial segments
instead of straight line segments. For this application with this sensor two inputs are used and each input has
only one segment. This means that the calibration is a three dimensional surface instead of the more common
two dimensional line. The equation for the sensor used in the pressure belt takes the form shown in Equation
1. In this equation the x inputs correspond to the Excitation output and y to the Bridge output from the
ADCs. To generate the coefficients for a particular sensor the module is placed into a pressure chamber
inside a temperature chamber. Twenty-one point pressure calibrations are then run at eleven different
temperatures between -60°C and 55°C. The coefficients are calculated using a best fit technique upon the
raw data. This process can also be labor intensive and costly so we have developed software to automate
the process and we run several modules at the same time. This calibration process is why we are not
particularly concerned about the large tolerances in the gains and offsets in the analog ASIC and the lack of
a temperature compensation circuit in the sensor itself. The entire module, including the sensor and the signal
conditioning is calibrated using this one process. This calibration process corrects for temperature effects on
both the sensor and the signal conditioner an the same time. Early in the process we performed this
calibration process upon the sensors without the signal conditioning. If a straight line was fit through the data
the results were an uncertainty of ±7%. Once the calibration was applied the uncertainty was ±0.04%. This
leads us to believe that the combination of the sensor and the signal conditioning should still give a result
within ±0.1%. The correction engine can process the equation shown in Equation 1 9000 times per second
with a 10 Mhz clock.

Equation 1 Calibration curve for the pressure belt sensor
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The bus interface is the logic that allows the module to communicate over an RS-485 interface to a bus
controller. The microcontroller is a modified version of the 8051 processor. It is used to setup the
processing path. Other uses for the 8051 involve running diagnostics and monitoring the data path. It is not
involved in the normal data processing.

THE MULTI-CHIP MODULE

The sensor, analog ASIC, the digital ASIC and memories are mounted on a substrate that is 1.23 inches
wide by 1.03 inches long. Figure 3 is a photograph of the first Multi-Chip Module (MCM) that was
assembled before wire bonding. The sensor is in the lower right of the picture. The circular ring around it is a
glass ring. The protective cover will be attached to the top of this glass ring. The chip on the upper right is
the analog ASIC containing all of the active components for the signal conditioner. The chip in the upper left
is the digital ASIC which contains all of the signal processing logic. The chip in the lower left is the SRAM



and the chip in the lower center is the EEPROM. The chip in the center of the MCM is an inverter that is
used to correct a signal inversion problem between the analog and digital ASICs. The remainder of the
components are resistors and capacitors used for various functions.

Figure 3 Multi-Chip Module before wire bonding

THE BELT SEGMENT

A belt segment is a flexible printed circuit card with provisions for mounting up to six sensor modules and
the supporting circuitry. The RS-485 drivers are mounted on the belt rather than the sensor module since
that means there are a limited number of RS-485 devices that can share the same bus. By putting the drivers
on the belt the number of drivers and receivers on the bus was minimized. Since the bus can be long, up to
about 50 feet, and the power consumed by each module is rather high, (about 0.6 watts) it would be
necessary to regulate the voltage on each belt segment rather than at the end of the belt. Linear regulators
are used instead of switching regulators to keep the noise down. The regulators must be physically small to
fit under the 0.1 inch height requirement so provisions are made for three regulators per segment. The belt is
supplied with eight volts DC to provide adequate input voltage for the regulators at the far end of the bus
while limiting the power dissipation in the regulators at the near end of the bus.
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Figure 4 Belt Segment Block Diagram

Since pressure measurements are not required every two inches across the airplane wing the belt segments
is normally built with only the desired locations populated. In practice very few belt segments used in a
pressure loads survey will have more than sensor modules installed and some will have only one.

THE FAIRING

The cross section of the fairing is shown in Figure 5. The MCM is shown with the sensor in the center which
is not how the MCM is implemented. It is at the sensor location that the height of the assembly must be 0.1
inches or less. Ideally the airflow is at right angles to the plane of the figure. However there will be
components of the flow that are within the plane of the page so that the air must rise above the airplane wing
surface before crossing the sensor. The height of the "humps" in the fairing was determined using a
Computational Fluid Dynamics simulation. With a flow in the plane of the paper there should be zero
measurement error caused by the airflow across the fairing. The fairing is molded at this time but
considerations are being given to extruding them.

Wing Surface

Copper Bus BarFairing
Belt Segment

MCM

5 MIL Aluminum Tape

Figure 5 Fairing Cross Section



ASSEMBLY OF THE BELT

The first two steps are to assemble the belt segments into one long belt and to assemble the fairing segments
into a fairing of the same length. Assembling the belt segments consists on soldering the belt segments
together end to end. If the belt is long and has to many sensors on it copper bus bars may be installed to
lower the voltage drop down the length of the belt. This interconnects the segments into one long belt. A
cable is attached to the end of the belt to connect to the controller that will be inside of the wing. The fairing
segments are assembled by placing them end to end on a long flat surface and running a four inch wide piece
of 5 MIL aluminum tape down the entire length of the fairing. The fairing is then turned over and holes are
punched in the tape at each sensor location. The assembled belt is then turned over and placed into the
fairing and taped to the back side if the fairing. The entire assembly is then taken to the airplane and
positioned on the airplane wing. Additional pieces of the 5 MIL aluminum tape are then placed parallel to
the tape holding the segments together. These pieces of tape extend out past the edge of the belt and fasten
the belt to the wing. With this method of attachment the belt is not fastened directly to the wing so that
stresses caused by the wing bending do not get introduced into the pressure sensors causing errors.

OPERATION

The operation of the belt is controlled by a bus controller inside the trailing edge of the wing. The bus
controller supplies a clock at approximately 2.46 MHz that is used to control the sampling in all of the
sensor modules. The bus controller issues Global Trigger Commands twenty times per second. This trigger
does several things. First it resets all of the dividers that are dividing the clock down so that they are all
starting at the same time. This synchronizes the sampling across all modules. It also  synchronizes the
operation of the digital filters. The periodic nature of the trigger will cause resynchronization to occur if one
of the dividers has gotten out of synchronization but otherwise should not change anything in the sampling
circuit or the digital filter after the first trigger is received. The one thing that is different on each trigger is that
the previous sample of data is transferred to the output register where it is available to be read. After issuing
the trigger the bus controller will then issue individual read commands to each sensor module, accept the
response from the sensor module and pass it on to the data recording system. Eventually we expect to put
the bus controllers on a network and to pass the data in packets but we are not there yet.

THE DEVELOPMENT PROCESS

This development has involved three different groups within Boeing, Endevco and Georgia Institute of
Technology with financial support from DARPA. The lead organization was a group that had expertise  in
packaging electronics in very small packages. They developed the Multi-Chip Module that contains the
sensor and supporting electronics. Another group provided the ASIC development capability for both the
analog and digital ASICs. They designed the analog ASIC with support from Endevco. The digital ASIC
was a joint development. The Boeing Commercial Airplane  test systems group, Endevco and the ASIC
development groups all provide portions of the design of this ASIC. Boeing Commercial Airplane test
systems group provided the digital filter and the correction engine designs, Endevco provided the bus
interface and the ASIC development group provided the 8051 core that completed the design. Endevco



provided the programming for the 8051 processor. Georgia Institute of Technology developed the coatings
that are used to protect the modules for the environment.

Initially Endevco designed printed circuit boards with an 8051 processor and three FPGAs to support the
development of the digital ASIC. They also built a printed circuit board with the same circuit on it that was
going into the analog ASIC. These boards were used to develop and test the designs before the ASIC
designs were sent to the foundry. Once the designs were completed and the ASICs were returned from the
foundry Endevco again built printed circuit boards using packaged versions of the ASICs. Again these
circuits were checked out to determine if the ASICs performed like the earlier prototypes. During this time
the printed circuit cards were being checked out the initial multi-chip modules were being laid out and built.
There were problems identified with each level of prototype that was developed. The MCMs are being
assembled as this paper is being written and again problems are being found. Having the printed circuit
boards available to compare against when things go wrong on the MCM has proven to be a very wise
decision. Trying to probe a module with bare die on it is not a trivial task.

THE PROJECT STATUS

The first MCM modules are being assembled by Boeing as this paper is being written. Additional MCMs
are being fabricated by Endevco as part of the technology transfer process. Problems have been found with
the first MCMs and corrected so we believe that that process should go relatively smoothly now. The first
set of belt segments are being fabricated by Endevco. A flight test of the initial belt segments to test the belts
is being planned for September 2001. The first actual installation for "real data" should occur in the third
quarter of 2002.
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