Automated Device to Measure Forces and Frequency of Vibrations in Mosquito Bites
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Problem Statement

To design an automated device to sense and quantify forces and vibrations present in mosquito bites.  

The motivation for building a device that does this is to examine how mosquitoes use their proboscis to bite in a way that is often virtually undetectable to humans.  The long-term goal is to design a needle that mimics this behavior in order to minimize discomfort in blood and fluid sampling.


Background on Mosquitoes

Mosquitoes will be the test subjects for this research.  Therefore it is essential to understand their anatomy and behavior, and in particular, what attracts them.

There are more than 2400 species of mosquitoes, about 150 of which originate in North America.  Commonly regarded as one of nature’s biggest pests, the mosquito has spawned a multi-billion dollar industry in repellents to keep them away, as well as attractants to attract and eliminate them.  

Unlike most insects, light has no significant attractive effect on mosquitoes (Becker et. al, 1995), rather mosquitoes respond primarily to chemical attractants to locate their prey.  Because attracting mosquitoes to our device is critical to obtaining results, we have extensively researched major mosquito attractants.  Carbon Dioxide (CO2) exhaled during breathing is commonly regarded as the primary attractant for almost all mosquito species.  In addition, numerous studies cite sweat extracts or chemicals exhaled in breathing as long-range attractants.  1-octen-3-ol and lactic acid are among the most rigorously studied and have been shown to act synergistically with CO2 to increase mosquito response (Kline et. al 1990, Healy & Copeland 1995).  

Female mosquitoes are the only blood-sucking, or “host-seeking” mosquitoes; males lack the proboscis that is used to penetrate the skin.  It has been hypothesized that during bites, mosquitoes vibrate their proboscis.  Sonic vibrations may alter the Young’s modulus (stiffness) of the skin as perceived by the proboscis, by the same physical concept that can make a liquid seem “hard” if its surface is struck by a fast-moving object.  Therefore, less force would be required in puncturing the skin, and a smaller area on the skin would be deformed during the process.  This may be one reason a mosquito’s bite oftentimes goes undetected by pain receptors in the skin.  Preliminary research shows vibrations in the range of 200-400 Hz may be produced during bites.  

Prior Work

A preliminary prototype has been designed that uses piezoelectric film (PVDF) to sense extremely small forces produced by the mosquito’s proboscis.  The current device has promise, but lacks the accuracy and consistency needed to draw conclusions from the data. Constant monitoring is necessary to operate this prototype, which requires hours of attention to capture a few bites. A self-contained, automated unit would greatly accelerate this research.  The current sensor is shown below.  It will be described in the next section
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Device Components and Criteria

Physical Environment:  The device needs to be self-contained.  This means that all the electrical components and battery need to fit in a compact box that eventually may be placed outdoors.  For this reason the box must be watertight and designed to withstand moderate environmental elements. 

Chemical / Biological / Physical Attractants:  Some method of attracting mosquitoes and inducing them to bite is required.  The device must attract mosquitoes in the vicinity of the box and persuade them to bite a sensor.  The device should utilize one or more known mosquito attractants, including:  


-    dark colors

-   CO2


-   1-octen-3-ol

· heat

-   lactic acid

-   sweat

· moisture

-   acetone

-   “host odors” (natural skin scent)

These attractant methods have different effects at different ranges; testing will be necessary to find the optimum combination.  Previous work found the most success with a combination of heat applied directly beneath the sensor, CO2, and skin scent rubbed on the sensor just before introducing it to the mosquito.  Of the other attractants, only  

1-octen-3-ol has been tried, albeit unsuccessfully when used on Anopheles mosquitoes.  However, this may have to do with the way in which it was applied rather than its attractive promise.

Photodiode / Motion Sensor:  Could be used to detect the presence of mosquitoes in the test chamber and activate the electronics for the possibility of a bite.  This is not a requirement, but it could be very helpful for both conserving power and collecting only relevant data.

Sensor:  The sensor will build on previous work with piezoelectric polyvinyl diflouride (PVDF) film.  Two identical PVDF squares were mounted on a circuit board, below small holes in a copper plate, with room to vibrate in the z direction as shown below.  The active and ground electrodes (copper traces on a printed circuit board) were then connected to an AD620 in-amp which acted as a differential preamplifier for the signal before being filtered and amplified on a different board, then sent to a computer for processing.   The amplifier must have very high gain and common-mode rejection ratio to accurately pick up the miniscule signals created by the mosquito bites.  Also, a high pass filter is necessary to attenuate the high DC offsets and low frequency drift caused by changes in temperature and air pressure.  







The existing setup has brought some success, but for accurate results, improvements are needed.  Interference rejection must be improved, low frequency drift must be attenuated further, and the entire sensor must be more robust and consistent.

Data Logger:  The device must, at the very least, be able to record the force and frequency of biting over a period of hours, then output the data to a computer for processing.  Ideally, the device would also be able to do the analysis and display meaningful data, though this is not currently a requirement.

Potential Solutions

Physical Environment:  Compact plastic boxes are available in the BME Student Design Center that could easily be modified to house all electrical components and batteries.  Splitting the box into two pieces that could easily be taken apart would greatly facilitate the retrieval of data between tests and allow easy access to the electronics for repairs.  

Chemical / Biological / Physical Attractants:  Because of Carbon Dioxide’s well-documented role mosquito attractant in tests aimed at attracting and capturing mosquitoes, its use is well suited for our purposes.  Setups and protocol from previous research will serve as a guide when choosing components and CO2 flow rates.  Carbon dioxide cylinders or mini-canisters can be easily purchased and combined with commercially available flow meters and pressure regulators to release CO2 over a range of flow rates at set intervals.  

Flow chart of C02 regulating system
Additionally, we would like to use octenol or human sweat to compound the attractive effect.  Heat and moisture from the skin are thought to play an important role in the release of chemicals that attract mosquitoes [Geier and Boeckh 1999].  Initial sketches have been made for the design of a system that releases the chemical through a membrane when heated.  This system would consist of a modified Glade-Plug-Ins® air freshener that could run off a standard 1.5 or 9V battery.

Sketch of this Glade plug in device
Photodiode / Motion Sensor:  An external circuit could be used to detect the presence of a mosquito and activate other components of the device.  The sensing mechanism could be either one or a combination of the following ideas:

· “Buzzing” sensor:  The hum of a mosquito’s wings usually occurs at frequencies at or around 500 Hz.  A microphone and frequency-selective comparator circuit could be used to detect the sound of beating wings.  In lieu of a microphone, the sensor itself is also able to detect the hum.







· Photodiode / photodetector:  A photodiode/detector pair could also be used to detect movement in the area around the sensor.  If the motion sensor was mounted directly above the bite holes, it may be able to sense when the insect is actually biting rather than just moving around the area.

Sensor:  A major change that may improve the sensor lies in the amplifier circuit.  Piezoelectric amplifiers generally use a charge amplifier circuit, shown below, rather than a standard instrumentation amplifier, such as is being used currently.  The single-ended charge amplifier will have to be modified into a differential amplifier, but this does not present much of a problem.  This adjustment could improve the low frequency performance of the sensor, as well as the common mode rejection.  Changes in the layout of the sensor as well as the methods of construction could greatly improve its robustness.
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Single-Ended Piezo Charge Amplifier

Data Logger:  Most commercial data loggers are meant for discrete samples over long periods of time, especially single voltage values at rates of one per second or slower.  Since these obviously could not record one-second vibration samples, it may be necessary to design the data logging circuit from scratch.  The following are two possible approaches to the problem.

· Digital data logging:  An SRAM chip could be used, along with an A/D converter and the necessary control circuitry to save digital recordings of the signal.  This would be complicated to design, though not impossible.

· Analog data logging:  It may be possible to use magnetic tape to record the bites, since the signals are expected to be in the audio range.  A miniature tape recorder could be used, with modifications to the input, output, and control circuit.  If the microphone is bypassed and the amplified sensor signal fed straight to the tape recorder, the signal should be of fairly good quality.  The analog output could then be obtained by a direct connection to a computer using LabView or some other data acquisition program.

Though these possible solutions are being considered, the search continues for a commercial data logger that fits our needs.

Preliminary Testing

Testing of the CO2 trigger components and other attractive elements can be done independently from, and prior to, the testing of the major electrical components. 

A strong signal with minimal noise is essential if useful results are to be attained.  This should be ensured by extensive testing indoors and, if possible, outdoors.

In initial tests with moquitoes it will be necessary to mount a CCD camera to record the behavior of mosquitoes when biting and correlate these actions with the electrical signal from the PVDF.  Once it is certain which signals are bites and which signals are from random interference and vibrations, the filters can be optimized to reject most unwanted signals.

Future Work

The preliminary tests should provide much insight as to what is required in the final design.  After designing and testing each individual part, we will need to bring all of them together into an integrated whole.  Much work must be done on ensuring that the final design is robust, reliable, and accurate.  We hope to finish final testing by the end of the semester.
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Appendix A:  Product Design Specifications

Title: Device to measure the force and frequency of vibrations from a mosquito’s proboscis

Team Members: Kevin Brosche and Jake Feala
October 16, 2001

An automated device to sense and quantify forces and vibrations present in mosquito bites has been proposed.  It has been hypothesized that during bites, mosquitoes vibrate their proboscis.  These vibrations may be the reason their bites oftentimes go unnoticed.  The long-term goal is to design a needle that mimics this behavior in order to minimize discomfort in blood and fluid sampling

Professor Lal has expressed the following needs:

· A device able to quantify mechanical characteristics of a mosquito’s bite.  

· The device is intended to be used in his ongoing research, and likely used in the future by a graduate student.

· Device should be an autonomous unit.

Physical Characteristics

Performance: The device should be able to store data for at least 20 bites for later analysis.  It must process the signal in such a way that useful force data is produced and any oscillations can be detected.

Safety:  The device will have little contact with humans, therefore safety is not a major concern.  However, it is important that any chemicals used on the device or electrical components do not harm the mosquitoes or otherwise affect their behavior.

Appearance and Ergonomics:  It is critical that the PVDF film is within reach of the mosquito’s proboscis when they are standing on the plate.  Dark colors have been shown to attract mosquitoes.

Life in Service:  The device would be able to last at least for one summer, hopefully longer.  Operation will last for a day or two at a time and then the logger must be taken indoors where analysis can be done.  

Size:  All electronics and sensors will be contained inside a box with dimensions of approximately 10” X 4” X 2”.  Additional components such as a CO2 dispenser or additional batteries may be housed in a separate structure.  

Weight:  Light enough to be mounted on a tree or post and easily transported.

Materials:  The outer casing will be plastic.  A copper lining to keep out electrical interference would be beneficial.  

Electrical Aspects of the Design

Accuracy and Reliability:  The device must be able to resolve very small forces (~1mN) and produce a signal in which any oscillations caused by the mosquito’s bite can be identified.  Because of the very small forces involved, accurate calibration is critical.

Transducer and Amplifier:  Amplification and noise rejection must be high enough to convert biting force into a 1V signal.  From preliminary work this is on the order of       Av = 1 V/mV or more.  Differential amplification is probably required to achieve desired noise rejection.  

Filtering:  Filtering may be required to eliminate 60 Hz and other interference.  Preliminary work suggests the frequency band of interest lies between 50-100 Hz, though slightly higher (up to 1 kHz) frequencies may be important.  Large low frequency drift resulting from changes in air pressure and temperature must be eliminated.

Recording/ Processing:  The signal waveform must be recorded automatically if a bite is sensed.  Processing requires a screen or hard-copy printout of each waveform along with its frequency spectrum and time of bite.  Labview and Matlab have been used for acquiring and processing this signal, respectively, but an ideal solution would allow at least recording to be done on the device itself.

Power:  Device should be battery powered in order to be self-sufficient.  All circuits therefore should be low-power to extend battery life.  Battery power also improves the signal quality.  

Heater / Attractants:  If a heater and/or other attractants is incorporated, small efficient control circuits must be designed to coordinate and regulate temperature or release of chemicals.  Heating should be optimized to use as little power as possible.  

Data Logger:  Must be able to gather a voltage signal for a minimum of 20 tests, each of which is 5 seconds of data taken at 1000Hz or greater.

Operational Characteristics

Operating Environment:  The device will be placed in a wooded or swampy area where mosquitoes are likely to reside, and must be able to withstand the environmental elements while in operation.  These include, but are not limited to:  heavy winds, rain and humidity, exposure to sunlight and high temperatures.  Summer is the primary time of operation, because mosquitoes are inactive in low temperatures.

Production Characteristics

Quantity:  Only 1 unit is needed initially

Target Production Cost:  Many components are available in the BME students lab free of charge.  In addition to small miscellaneous items, some important components will likely need to be purchased:

· Batteries

· Photogate for motion detection

· Thermistor

· Data logger

No cost assessment has be done yet.

Miscellaneous 

Standards and Specifications:  N/A

Customer:  The device is intended to be used as part of a research study and our only customer at this time is Professor Lal.  Future customers might include:  Department of Natural Resources, Center for Disease Control, and ecology and entomology departments from other universities.

Patient-related concerns:  The participants are mosquitoes.  They are not in short supply and will not be harmed by the device.  The only concern is that the device should facilitate normal behavior.

Competition:  No similar items exist to our knowledge.
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