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1. Participants

The participants in this project are Jesse Vengren and Sujith Kana
2. Responsibilities/Roles

Research on the background of power and biosensors will be shared by Jesse and Sujith.  Subsequently, Jesse will be concentrating on Energy Harvesting Techniques and Acoustic power and Sujith will be concentrating on RF power and Fuel Cells.  Subsequently Fuel Cells and Energy Harvesting were talked about in detail
3. Objectives

Power is an issue for implantable biosensors. For implantable biosensor one needs a small and reliable power supply. The sensor should not limit or in away impeded the body in which it is implanted. Implanted sensors are most usually power by batteries, which eventually have to be replaced. Ideally a biosensors power source would be such that once the sensor is in place it would never have to be replaced. Miniaturization and new manufacturing science has led to new possibilities that will possibly enable autonomous opportunities to power bio sensors and replace existing batteries.  In this paper we discuss several options to power up bio-sensors that are in incubator stage in several labs.

4. Background

Electricity and power are the key sources of energy for the operation of any electronic device.  From time immemorial if one thing has not changed that is power.  Finding a suitable power source was a challenge four decades ago and it is still a challenge today. Probably, one of the earliest application for a bio-sensor is a heart pace maker.  The amount of progress that has been made in regards to power can be gauged from the fact the rage during the 1970’s the power supply for the pacemaker is a Mercury-Zinc cell from Mallory Company [1].   The mercury-Zinc cell had a life of 2 years and in the same paper the author discusses using the nuclear fueled cells as an alternative to Mercury-Zinc cell to increase the life of the pace maker.  It is impossible to fathom such power sources at least in the current decade.  
In this paper we will explore the current trends, possibilities, and viability of different energy source.  The paper concentrates on RF Power, Fuel Cells, and energy harvesting techniques.  Several of this types that includes RF powering, and several Energy Harvesting techniques are still confined to the lab.  However, it is a real possibility that lot of them if not all will transit to the real world.
5. Approaches

1) RF Power

In vivo-monitoring of pressure, temperature, mineral, and ion concentration are critical for experiments in the lab, and possibly into future treatment of subjects.  The method required for such an application should not impede the motion and should not affect the physiology or the behavior of the subject. [2]
The classic RF powering systems has unlimited lifetime as long as power is coupled to an outside power system.  However, RF power in general is very bulky and is extremely inefficient.  Also, the classic RF power has fairly constant inductive coefficient because of the fixed distance and tilt angle between the primary and secondary inductive coupling [2][3].
In the case of an implantable RF sensor the subject is un-tethered that means the subject is in motion.  The inductive coupling factor and power varies as subject tilts and moves away from the fixed external coupling.  Also, the energy dissipation in implantable biosensors is a vital consideration, so it does not affect physiology of the subject.
The implant device would receive input RF power from an array of external coils positioned underneath the cage.  The received signal is gulated to supply a stable DC power to the subject.

A simplified RF powering system is illustrated below.

[image: image1.emf]
Fig 1: Simple remote RF powering system [Ref (2)]

A turned series resonator consisting of L1 and C1 is driven by an external power source, typically a Class-E amplifier.  R1 represents the total input resistance including that of the power source. 

In the implant side again there is a resonator L2, and C2 with loop resistance of R2.  The received RF signal is then rectified by the diode D1 to produce DC voltage.
2) Energy Harvesting
Life saving instruments as pacemaker and defibrillator requires battery, and eventually batteries do run out.  The running out of batteries causes trauma, expense and physiological challenges; also, the risk of complications increases any time in-vivo comes into picture [4].  Technology is helping to prevent such a battery replacement.  Several alternatives using the body energy or body chemicals are considered and discussed here.
2. A) Fuel Cells
The concept of fuel cells was developed by Sir William Grove in 1839; however, the interest in using fuel cells for in-vivo bio application is recent.  Micro fuel cells operate by harvesting electrons from controlled electrochemical reactions. Depending upon the fuel and oxidizing agents reacting in the micro fuel cell, it can be considered either a regenerative or non-regenerative generation technique [5]. 

This type of fuel cell can be used in-vivo application with glucose and oxygen found in the body, and can be used to power with unlimited life. Biological fuel cells can be operated primarily three ways:- Enzymatic, Microbial and Biotic;  enzymatic uses body enzymes, microbial uses microbes, and abiotic fuel cells uses non-biological catalyst to convert glucose to electricity respectively. 

The chemical reaction used to generate the electricity generates close to 24 electrons; thou it has been theoretically understood, it has been realized in practice [5][6][7].  In this paper we concentrate more on abiotic fuel cells
Powering future generations of implanted medical devices will require cumbersome transcutaneous energy transfer or harvesting energy from the human body. No functional solution that harvests power from the body is currently available, despite attempts to use the Seebeck thermoelectric effect, vibrations or body movements. The fuel cells provide an interesting alternative.

Army Research Lab did pioneering research on biological fuel cells powered by bakers yeast with out the need for sterilization.  Also, this is often referred as COTS (commercially available off the shelf); COTS is generally preferred over immobilized enzymes which are more expensive.  The basic construction of Fuel Cell developed my army research lab is explained below.

The left half of the cell contains baker’s yeast and methlyn blue electron mediator.  The methyl blue mediator enters the outer reduction media, and it gets reduced. The reduced methlyn blue enters the electrode, and get oxidized and the electron enters the electrode.  The electron enters the load (shown here as bulb).  The other half of the cell contains electron acceptor potassium ferri-cynide and gets reduced.  The oxygen in the cathode region reduces Fe2+ to Fe3+.
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Fig 2: Schematics of biological fuel cell [Ref (5)]

Four independent variables yeast inoculums, temperature, glucose concentration, stirring, and oxygen that control the current production amount are considered. A period of 30 minutes was allowed for yeast to grow before we began each experiment. Cronoamperometry (current measured over time) experiments were performed by stepping cell potential from OCV to 0.3 V and measuring current output each 0.5 s for 5 minutes, followed by stepping voltage to 0.1 V for 5 minutes while measuring current. on the observation of OCV after inoculation illustrated in figure 3. When the cells are added (t = –30 min.), the OCV steadily rises above 0.5 V. The OCV peaks within the first 10 minutes, then decreases slightly to a near steady state when the experiment is begun (t = 0 min.) see fig 3.
[image: image3.emf]
Fig 3: Open circuit cell potential followed over time. (Yeast inoculated at t = –30 min. Experiments were started at t = 0 min.) 

Cell Inoculum 

The plot from Ref [5] shows that at lower cell inoculum lesser the current because of low number of electron donors.  However, there is some uncertainty at higher voltage 0.3 V.  It was noted that once a sufficient number of cells (about 20 mg/ml) were present, the current response was maximized see fig 4.
[image: image4.emf]
Fig 4: Electric power generated as a function of concentration of yeast inocum at 30 degree C.

Temperature

It was noted that at optimal temperature of 45 degree C max power was generated see figure 5 below ref [5]

[image: image5.emf]
Fig 5: Power generated as a function of cell temperature ref [5]
Agitation 

It was observed that higher the agitation more current was produced see fig 5.  Also, it should noted that even in stagnant conditions, some self mixing occurs because of CO2 evolution by yeast

[image: image6.emf]

Fig 5: The graph shows that higher the agitation higher the current Ref [5]
Aerobic vs non-Aerobic condition

Yeast is able to use oxygenated or non-oxygenated glucose solution. A higher current response would be expected in an oxygenated solution; however, this was not observed.  The lower response in the oxygenated solution can be explained by the fact that oxygen will oxidize methylene blue, and many of electrons produced by oxygen.  

[image: image7.emf]
Figure 6: Comparison of the effect of oxygen-saturated (lower trace) and anoxic (upper trace) solutions on current at 45 °C and 0.1 M glucose with 20 mg ml–1 yeast inoculum held at 0.3 V for 1 hour.  Ref [5]

2. B) Kinetic Energy

In an ideal situation, once a biosensor is implanted there would be no need to remove it. In order for this to occur the biosensor would need a sustainable power supply. The idea of energy harvesting is to have the biosensor power itself threw the natural properties of the body in which it is implanted. One of the possible energy harvesting techniques is Kinetic energy. In kinetic harvesting the device uses motion or force to generate the electricity necessary to power the device. There are three major types of kinetic energy harvesting: Electromagnetic, Electrostatic, and Piezoelectric.

Electromagnetic power is already in use in everyday life. Item such as self charging watches or shake up flash lights use electromagnetic power. By moving a coil of wire though a magnetic field (or moving an object with a magnetic field through a coil) one can create a current in the coil. By using the natural movement of a body it create the necessary movement of the coil it would be possible to create a self charging biosensor. This technology could be applied to pacemakers using the person our heartbeat to power the device. 
Again this is an established technology used in many everyday objects. The main challenge for this type of power will be miniaturization. The coil will be smaller and magnetic field will likely be weaker and therefore produce less current. Also this technique is generally used to recharge a devices battery. By itself it cannot produce a constant current without consistent motion.
Electrostatic power takes advantage of capacitor properties. By varying the distance between capacitor plates you can change the voltage or current across or through the capacitor. This method uses and outside force to adjust the distant between the plates. The technique could provide power for an implantable biosensor however there is a drawback. In order to generate power in this fashion the capacitor requires a preexisting charge on the capacitor. The method works well at low power.
This type of kinetic energy is currently used in micro-electromechanical systems or MEMS sensors. The sensors are generally used to detect motion or acceleration. The sensors have “fingers” as shown below in figure 7 that at as variable capacitors. As the sensor move the distant between the fingers change and result in a changing voltage. They use the change in the voltage to detect motion.  Like electromagnetic energy this is a well established type of kinetic energy and has the potential for use in biosensors.
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Fig 7: The “fingers” of a MEMS senor act as variable capacitors that change with the motion of the sensor.
Piezoelectric power uses the properties of piezoelectric materials to generate power. Mechanical deformation of piezoelectric materials creates voltage. This method is similar to the electrostatic method in that they both require and outside force to create a physical change. Unlike electrostatic, piezoelectric doesn’t require a preexisting charge; the deformation of the material converts mechanical energy into electrical energy. [10] [15]

All kinetic energy harvesters share a flaw. Do to the fact that a kinetic energy harvester has moving parts it can wear out. Although the wear on the parts is minimal it is something to be considered.  Also, because some parts have to be able to move in order to generate power, this device ends up being slightly larger than some of the other possible power solutions. Even with these drawbacks kinetic energy is still a plausible option to power implantable biosensors.
2. C) Thermoelectric energy
Thermoelectric energy harvesters used a temperature difference to generate electrical power. This technique is based on the Seebeck Effect. This states that electric voltage is generated by a temperature difference between two connections of two different metals. Connecting the metals together in this way creates a thermo-coupling. The greater the temperature difference is between the two junctions the greater the voltage created by the coupling. 
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Fig 8: A single thermo-couple and a thermo-pile. Note that the thermo-pile is many thermo-couple attached together so that they are electrically in series. 
The problem with this technique is the fact the temperature in the human body doesn’t vary greatly. For a single thermo-coupling the voltage created by the small temperature difference would be too small to be of any use. By linking a number thermo-couplings together it is possible to generate a usable voltage, see fig 8, with only a small change in temperature. However, in doing so a new problem is created. Miniaturization is a major concern for implantable biosensor. By linking thermo-couplings together the overall size of the power source is increased; in general it becomes too big to work for an implantable biosensor. Although thermoelectric energy is an interesting idea, current technological limitations make it an unfeasible solution. With the constant advance of technology and the creation of new materials this may not always be the case.
3. Acoustic Power
Acoustic power is both a power transmission technique as well as a power harvesting technique. This technique uses a device on the surface of the skin to emit acoustic waves into the body [13] [14]. The acoustic waves are received and antenna similar to a speaker cone. This speaker cone acts in an opposite fashion to those we encounter in everyday life. Instead of using electricity to create mechanical motion to produce acoustic wave, this device use the acoustic wave to create mechanical motion to produce electricity. The antenna is attached to a piece piezoelectric material. The movement of the antenna causes the deformation of the material and thereby generates voltage. This method can be used to power a device or recharge and internal battery. How well the power is transmitted to the device is dependent on a number of things. The major concern is depth; the deeper the device is implanted the less power it receives. [11] It is also possible to get scattering effects and lose the transmitted wave as it is transmitted though the tissue. There are issues with this method but it is still a viable option.
6. Plan/Timetable

Because of the change in the paper objective the plan and time table has changed too.

· Week of 3/7-Complete Research for project

· Week of 3/21-Complete detailed analysis of all the feasible powering methods
· Week of 4/5 Complete detailed analysis of all discussed power sources
· Week of 4/11-Present updated project report, work on second written report

· Week of 4/18-Discuss the merits and the most viable power source
· After that- Review project and testing procedure and adjust if needed, refine project report and written report for final presentation
7. Summary
The initial research and background study revealed that there are lot of opportunities, and huge necessity and market for powering up bio-sensing.  Most of the work are in progress and are confined to the lab, and lot of others that were considered breakthrough, as nuclear fuel and mercury-zinc for the decade, are possibly not practical.  

With understanding of science that includes MEMS, Semiconductor Physics and Carbon Nano-tubes a whole slew of technologies seem to have opened up.  Also, it was realized that it is impossible to categorize one source of power is better over the other.  Each of the power sources has its own merits and challenges. As with any other device the power source has to fit the task. Depending on the application a holistic approach has to be applied in the choice of the right power source.
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