Experimental Method to Quantify Mosquito Bite Characteristics
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Abstract

Our team designed and constructed a device that attracts mosquitoes, then senses the forces produced by their proboscis when biting.  Several factors were taken into account during the design process, such as methods of attracting the mosquitoes, physical layout, 

automation, and the intricacies involved in developing an ultra-sensitive force transducer.

Introduction

Imitation of natural processes is nothing new to the field of engineering.  With ongoing advances in technology and a steady decrease in the scale at which we can manipulate our world, biomedical engineers have more and more opportunities to utilize natural processes in their own designs.  Our project is an excellent example of one of these opportunities.  

Micro-ElectroMechanical Systems (MEMS) technology has recently been applied to use silicon processing technology to construct robust, ultra-sharp needles for precision surgery.  It has been proposed that these needles could be used for the sampling of interstitial fluids without detection.  However, even the sharpest needles can still cause discomfort upon insertion into the skin.

Fortunately, nature has already solved this problem.  Mosquitoes have the amazing ability to pierce our skin without causing much pain, in many cases getting away with a blood sample undetected.  One hypothesis for the insects’ painless puncturing ability lies in the physiology of the bite.  Preliminary research suggests that during a bite, a mosquito vibrates its proboscis somewhere in the range of 200-400 Hz.  These proboscis forces and vibration frequencies may hold the key to minimizing the biting sensation perceived in the skin.  However, more research must be done to quantify these forces.

It has been hypothesized that during bites, mosquitoes vibrate their proboscis.  By the same physical concept that can make a liquid seem “hard” if its surface is struck by a fast-moving object, sonic vibrations may alter the Young’s modulus (stiffness) of the skin as perceived by the proboscis. 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.  

Problem Statement

The problem is 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 2700 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-million dollar industry in repellents to keep them away, as well as attractants to attract and eliminate them.  Female mosquitoes are the only blood-sucking, or “host-seeking” mosquitoes; males lack the proboscis that is used to penetrate the skin.    

Unlike most insects, light has no significant attractive effect on mosquitoes (Becker et. al, 1995), rather mosquitoes respond primarily to chemical cues to locate their prey.  Carbon dioxide (CO2) exhaled during mammalian breathing is commonly regarded as the primary attractant for almost all mosquito species.  Studies have shown that in the wild, mosquitoes respond to CO2 from an acre or more away depending on the conditions.  Mosquito traps that disperse a regulated CO2 stream meant to emulate human breathing have proven to be very successful at capturing mosquitoes (Randall 2001).  A typical human breathes out ¼ liter of CO2 every minute at a concentration of approximately 3% (Vander et al, 2000).  

In addition to carbon dioxide, numerous studies cite sweat extracts or chemicals exhaled during 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).  Whereas CO2 is proven as a long-range attractant, heat and moisture are thought to be the primary close range cues that mosquitoes respond to (Randall, 2001).  Further, heat and moisture from the skin may facilitate the release of oils and chemicals from the skin that are known to have attractive effects on mosquitoes (Geier & Boeckh, 1999).  

Mosquitoes rely highly on scent and other sensory modes to compensate for a visual system that is less acute.  In searching for a host, they move up the concentration gradients for these attractant chemicals.  However, more attractant is not necessarily better; slight chemical gradients can be hard for the insects to detect when their receptors are overstimulated by high concentrations.  Therefore, care must be taken to ensure that CO2 is not applied in excess concentrations and heat is not applied at temperatures well above 98.6(, because this may actually cause a repellent effect.  

Prior Work

A preliminary prototype has been designed that uses piezoelectric polyvinylidene diflouride (PVDF) film to sense the extremely small forces produced by the mosquito’s proboscis.  The previous device had promise, but lacks the accuracy and consistency needed to draw conclusions from the data. Constant monitoring was 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 previous sensor is shown in Figure 1, and will be described in the next section.
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Device Components and Criteria

Physical Environment:  The device needs to be encased in a structure able to be monitored in the lab.  Ideally, the majority of the components, including the sensor, should fit in a compact box that could be easily transported and placed inside a chamber filled with mosquitoes. 

It is very likely a camera will be used at some point in testing to monitor the behavior and biting of the mosquitoes, therefore the view of the biting area should be unobstructed.  

The sensor is extremely sensitive to electromagnetic interference and vibrations, including sound waves traveling through the air.  It is also susceptible to changes in temperature and air pressure.  The physical environment should be designed to minimize these problems.  Foam or a similar material could absorb some of the mechanical vibrations, while grounded metal shielding would be effective at minimizing 60 Hz interference.  The area surrounding the sensor should be enclosed to reduce air pressure changes and pickup vibrations in the air.

The physical layout must provide an effective arrangement for releasing attractants in order to lure the mosquitoes to the sensor and compel them to bite.  This entails the need to disperse attractants in such a way to create a concentration gradient that the mosquitoes will follow from the outside environment into the containment area, and then to the more localized vicinity of the sensor.  

Chemical / Biological / Physical Attractants:  A method of attracting mosquitoes to the sensor and inducing them to bite is required.  In the lab, it will be necessary to attract the mosquitoes from relatively close distances to an extremely localized area around the sensor.  For this to occur, the attractants must be distributed in such a way that the mosquitoes respond to them without losing their orientation.  The importance of the physical placement of the attractants was discussed previously, but equally important is the combination and concentration of attractants that will be used. 

Mosquitoes are known to respond to a number of environmental cues including CO2, heat, moisture, skin oils, etc.  Most mosquito species feed on humans or other large mammals, therefore, they respond most actively to concentrations of chemicals that are consistent with human levels (Randall, 2001).  

Previous work with the sensor 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.  1-octen-3-ol, a known derivative of the breath of large mammals such as oxen, has also been tried, albeit unsuccessfully when used on Anopheles mosquitoes.  

A major problem in previous research was the obvious dissimilarity between the metal film and human skin.  The mosquitoes did not bite the sensor unless they were very hungry, which contributed to the slow progress of this research.  One goal this semester was to find a material that resembles skin, yet the mosquito will readily bite through to get to the sensor.

Automation:  For full automation of our device, there must be a scheme to detect the presence of a mosquito in the vicinity of the sensor, and automatically record data when a mosquito is likely to be biting.  This is not a requirement, but it could be very helpful for both conserving power and collecting only relevant data.  If done well, it could also eliminate the need for constant supervision while testing. 

Sensor:  The sensor will build on previous work with 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 in Figure 2.  The active and ground electrodes were then connected to an AD620 single-chip instrumentation amplifier which acted as a differential preamplifier for the signal before being filtered, amplified again, and 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 prior setup brought some success, but 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.  A heater was being used to provoke the mosquitoes to bite, but it used over 3 W of power and introduced interference to the sensor while running.

Possible Solutions

Physical Environment:  Many options were considered for the physical environment of the sensor.  The layout had to be planned carefully, and many important factors had to be taken into consideration, such as placement of the entrance/exit of the insects, flow of CO2 and other attractants, protection from mechanical and electromagnetic noise, and the arrangement of the electronics and wires within the box.  

The final decision was to enclose the sensor on all sides except one, to maximize noise reduction.  Horizontal placement is best for viewing the activity of the mosquitoes on the sensor, therefore a horizontal orientation was followed and the entire box placed on a soft foam cushion.    The CO2 will originate near the sensor, but with a channel to allow flow of the gas to the outside.  This layout will be described in more detail in the next section.
Chemical / Biological / Physical Attractants: Because of carbon dioxide’s well-documented role as a mosquito attractant in studies aimed at attracting and capturing mosquitoes, its use is well suited for our purposes.  Distribution of carbon dioxide from standard compressed air cylinders requires a pressure regulator to control the stream of CO2 and then a flow meter to release the CO2 at set intervals in order to maintain the correct concentration (Figure 3).  




Warm, moist CO2, resembling mammalian breath, best attracts mosquitoes.  Thus, if possible, it is desirable to maintain the heat and humidity of the gas before it is dispensed.  While not a practical solution given the sensitivity of the sensor to moisture, we keep this fact in mind when developing a final solution.

Other possible methods of attractants were considered as well.  It is possible to obtain octenol and lactic acid commercially, both of which have been shown to attract mosquitoes.  One possible solution was to use a Glade Plug-In® to dispense these chemicals in the vicinity of the sensor.  These inexpensive air fresheners use heat, to diffuse fragrances into the air through a permeable membrane on the fragrance packet  If the fragrances were replaced with chemicals liked by mosquitoes in the plastic packet, it was hoped that these chemicals would become volatile and escape through the membrane in a similar fashion. Another possibility was to apply these attractants directly to the sensor to ensure that the mosquito bit in the exact location of the PVDF film.  

Two solutions were considered for a skin substitute to cover the sensor.  Polydimethyl siloxane (PDMS), a soft, clear polymer, was tested during prior work, but with few results.  We proposed to make a thinner layer of the polymer, then oxidize the material so as to make it more hydrophilic, and therefore more likely to absorb skin scent after a few minutes of handling, however, a more convenient solution turned out to be the waxy, paraffin film “Parafilm.” Mosquitoes in laboratories have been known to land on and bite this film when it is gently heated (Randall, 2001).  In actuality, there will be some response to almost any material if it is heated, thus it is very important that a heater be incorporated into our attractant scheme.
Automation:  A simple 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.  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.  See Figure 4 for the circuit block diagram.

-    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:  Two major options were weighed regarding the current sensor.  Piezoelectric amplifiers often use a charge amplifier circuit (Figure 5), rather than the standard instrumentation amplifier that is being used currently.  The single-ended charge amplifier would be modified into a differential amplifier if the solution was chosen.  An alternative possibility was to modify the previous instrumentation amplifier circuit.
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Final Design

Physical Environment:  A compact plastic box, 4 ½” x 7 ¾” x 2 ½”, was used to house all electrical components including the sensor.  The top of the box was replaced with a clear acrylic piece to allow the sensor to be seen, while still containing the mosquitoes and protecting the sensor from damage and low frequency noise caused by air pressure changes.  One end of the box was removed to allow CO2 to seep outside of the box and a sizeable area for mosquitoes to fly in from the outside.  

CO2 is heavier than air and tends to settle if dispersed in a still environment.  To effectively use CO2 as an attractant, the box was designed so the sensor is in the immediate area of where the CO2 is being dispensed.  Mosquitoes can enter from either the top or side but dividers have been added to keep them away from the electronics and direct them toward the sensor.

The floor and walls of the box in the area of the sensor are lined with aluminum foil to shield 60 Hz interference, and the sensor was placed on a bed of foam to absorb mechanical vibrations.  An additional foam piece can be placed under the entire box to further reduce mechanical vibrations.  Ideally, tests could be performed on an air table to eliminate mechanical vibrations from the surrounding environment.  

A ramp and dividing circuit board, as well as the sensor itself, enclose a small heating chamber, described in detail later.  Figure 6 shows the layout of the ramp, divider, foam, heating chamber, and sensor board without the surrounding box.
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A small, quiet fan has been installed above the box in order to distribute CO2 outside of the box for medium-range attraction of mosquitoes.  The fan was placed on top of the acrylic cover in a small ‘window’ surrounded by foam and angled downward toward the box opening.  The presence of the foam window and acrylic cover shield the sensor from unwanted artifacts caused by the vibrations and moving air.

Chemical / Biological / Physical Attractants:  The only attractants being used in the final design are heat and carbon dioxide, combined with Parafilm as a skin-like substitute.  This decision was made because it would be too hard to control the concentration and dispersion of other chemical attractants into the atmosphere.  The idea of applying oils or a liquid such as octenol directly to the sensor was also thrown out because of the possibility of overloading the mosquitoes with too much chemical stimulation.  This may be part of the reason that there was little success when octenol was applied directly in previous work.  

Instead, the prototype uses a simplified approach – the top board was removed, exposing a much larger sensor area, and Parafilm was placed directly on the PVDF film.  Improvements in the sensor itself (described later) allowed this removal of the copper shield without any added interference.  Heat and CO2 were then introduced to the sensor area to attract mosquitoes.

Heat is considered to be one of the primary cues that mosquitoes respond to at close ranges.  By strategically locating a power transistor (acting as a heater) in a chamber directly beneath the sensor (Figure 7) we can efficiently heat the sensor board as well as the Parafilm “skin” to temperatures close to body heat.  Also, the power transistor’s second function is to drive a thin resistive tape-like heater attached to the bottom of the sensor board, adding to the heating scheme.  This setup manages to provide sufficient heat while using approximately 100 mA, which is about 1/3 the current needed by the previous heater circuit.
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A CO2 dispensing device that regulates the concentrations and flow rate and were originally part of a large mosquito trap, was donated to the group for use in our prototype.  The device was stripped down to only the essential power source, CO2 regulating flow meter, and fan. A timing day/night timing system was then bypassed and the internal circuit was modified to provide constant flow at low concentrations.  This setup was then attached to our device, and the CO2 dispensing tube was routed into the small chamber beneath the sensor.  This allows the gas to be heated up before flowing through holes in the sensor board.  The CO2 can also seep through perforations in the divider and ramp, to eventually escape the box with the aid of the fan mounted above.  This should create a steady concentration gradient, drawing the mosquitoes into the box and eventually onto the sensor.

Automation:  A simple phototransistor motion sensor circuit was designed and built.  The circuit has not been transferred to a permanent circuit board yet, but will probably be incorporated into the device in future work.  The circuit combines an integrator, comparator, and a monostable multivibrator to produce a single output pulse when the light path is blocked a sufficient number of times in a short period of time (Figure 8).  This circuit could be used in conjunction with a LabView data acquisition program to decide when to start recording the bite signal.  The “buzz” sensor idea was not discarded, and may be added in the future.  It was noted that a separate microphone may not be needed for this circuit, since the sensor itself picks up the buzzing sound. 
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Sensor:  The sensor was improved in several ways.  Although one possible solution was to change the amplifier circuit entirely, only minor alterations were necessary to produce excellent results.  First, resistors were added to utilize the intrinsic high-pass filtering characteristics of the piezofilm.  After the addition of two 100 K( resistors, the amplifier became significantly better at rejecting low frequency noise caused by pressure and temperature changes.  

Since the DC offset was eliminated, it no longer was necessary to preamplify the signal, filter the DC offset, then amplify it again.  Only one stage of amplification is now being used, all provided by the AD620 chip.  This simplifies the circuit, makes it more robust, and minimizes interference caused by long connecting wires.  The signal was then cleaned further by a low pass filter, which removes unwanted frequencies above 1 kHz.  The filter was constructed on the same divider board that houses the heater circuit.  The entire sensor circuit is shown in Figure 9.

Another change was the removal of the top board.  This board was unnecessary, and made it difficult to form a good electrical contact with the sensor film.  A ground electrode was simply attached to the tops of the PVDF squares using conductive silver epoxy.  
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Preliminary Testing and Future Work

Much work is still necessary to ensure the accuracy and consistency of the sensor and to validate our attractant scheme.  In the next phase of our project we will focus on testing the components of the prototype in order to identify areas for further improvement and/or where changes need to be made.  Next semester we intend to devote the majority of our time to making improvements to our prototype that will allow us to gathering useful data.  The preliminary tests should provide much insight as to what changes can be made to improve the signal and corresponding data.    

Some areas we initially intend to address are:

· Testing of the CO2 trigger components and release system.  The device we are using has been proven to work effectively in the field.  Nonetheless CO2 levels and flow rates should be obtained for our modified setup, to ensure levels are in the range mosquitoes respond to most readily.

· Measuring the temperature on the surface of the sensor and Parafilm.  The layer of Parafilm is spread extremely thin on the sensor and can easily melt to the PVDF film if the heat source becomes to hot.  This would not only be detrimental to our goal of attracting the mosquitoes, but would also require that the PVDF and Parafilm layer be completely replaced.  Once the temperature is known, we can then adjust the circuit to control the output from the transistor.

· The effectiveness of attractants may vary with range; testing will be necessary to find the optimal locations and combination for dispersion of CO2 and heat with relation to the sensor.    

· In initial tests with mosquitoes 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.
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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
December 13, 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 in a laboratory setting, and is likely used in the future by a graduate student.

Physical Characteristics

Performance: The device 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:  Operation should last for the duration of a research project.

Size:  All electronics including the sensor should be contained inside a box with dimensions of approximately 10” X 4” X 2”.  Additional components related to the storage and release of CO2 may be housed in a separate structure.  

Weight:  Light enough to be easily transported.

Materials:  The outer casing should be plastic.  An aluminum lining to keep out electrical interference would be beneficial.  Foam or another material effective at absorbing mechanical vibrations should be used to eliminate interference with the signal.  

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:  The device will be used in the lab and will have full access to wall 120V outlets.  

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 Acquisition:  Must be able to gather data at 1000Hz or greater and be able to store large amounts of data.  It would be extremely useful if the acquisition program could ‘preprocess’ some of the data that is taken in periods were no biting occurs.

Operational Characteristics

Operating Environment:  The device will be operated in the lab, ideally in a quiet and still environment free from vibrations.  An air table would be ideal for minimizing mechanical vibrations.

Production Characteristics

Quantity:  Only 1 unit is needed initially

Target Production Cost:  Many electrical components and miscellaneous items such as foam, apoxys, etc. are available in the BME Student Design Center or Professor Lal’s lab.  

Thusfar we have ordered small parts from the ECE parts shop including a LED and phototransistor.  Plates of copper and acrylic were ordered from the ME parts shop for use in the box.  A 20 lb CO2 tank has been ordered by Corrine Barr in the BME department office, but no invoice is yet available.

Part of a prototype trap and a pressure valve for use on standard gas tanks was donated by Dr. John Randall, Chief Entomologist at SC Johnson. 

Other than a few small miscellaneous items we don’t anticipate any major purchases in the future.

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.




Figure 7:  A bottom view of the components inside with the box (outer casing  not shown).  The power transistor in yellow is the main heating source; other electronics are clustered together and shown in red.  The chamber within the blue foam allows the CO2 to be heated as it is being released and the canals are for wires and the CO2 supply.





Figure 9:  Mosquito sensor circuit diagram.  This circuit can sense extremely small vibrations in the piezofilm.





Figure 6:  Internal layout of the device, with the surrounding enclosure not shown.  The left-hand side is open as the entrance for mosquitoes.  The sensor board rests on a slab of foam (blue), which also encloses a heater.  Electronics are clustered in the red areas.





Figure 8:  Motion sensor circuit diagram.  This circuit produces a pulse when the light path from the LED to the phototransistor is blocked.





Figure 5:  Single-ended integrator-based piezo charge amplifier circuit
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Figure 1:  The previous design is contained on one electronic grid with no outer casing.  A copper plate covers the PVDF sensor to shield electronic interference and provide a surface for the mosquitoes to land.  Two small holes in the middle of the sensor provide an area for the mosquitoes to bite through to contact the sensor.





Figure 2:  Side view schematic of the current sensor.  Two circuit boards sandwich the film, with copper traces providing the electrodes.  Small holes were drilled in the top plate for the mosquito to bite.





Figure 4:  Block diagram of “buzzing” sensor.  This circuit could be used to detect the beat of a mosquito’s wings near the sensor.
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Figure 3:  Block diagram of CO2 flow.  Several components are required to maintain the correct concentrations of the gas in the vicinity of the sensor.








