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FIGURE 1

(57) Abstract: Disclosed is a system and method for monitoring a characteristic of an environment of an electronic device. The elec-
tronic device may include a printed circuit board [100] and a component. A sensor [ 140] is placed on the printed circuit board [100],
and may be between the component and the board [100], and connects to a monitor [160], or detector [160]. An end user device [170]
may be used to store, assess, display and understand the data received from the sensor [ 140] through the monitor [160].
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SYSTERM AND METHOD FOR ELECTRICAL CIRCUIT MONITORING

BACKGROUND

Electronies, Including semiconduciors and hard disk drives, reguire extremely high

lavels of performance. Even 3 minor lapse in guality or environmental conditions can result in savere

opgrating variances. Emvironment conditions within which electronics operate, and are

manufactured, can vary widely. Reliable measurements and data to properly utilize tools, such as

efactronic equipment, may be critical for certain fields, such as medical figlds.
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BRIEF SUMARY OF THE INVENTION

[This portions of the disclosure 1o be completed upon completion of the claims].

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 shows an on droult maonitor from the underside view of a chip.
Figure 2 show an on circuit monitor from the top side of a ¢hip.
Figure 3 shows an on board chemical sensar,
Figure 4 shows an lon selective electrode on 3 printed circuit board.
Figure 5 shows an on board gas sensor.
Figure 6 shows an on chip gas sensor.
Figure 7a shows an impedance sensing configuration,
Figure 7b shows typical usage of an impedance sensing configuration.
Figure Ba shows a capacitance sensing configuration.
Figure 8b shows typical usage of capacitance sensing configuration.
Figure 93 shows a voltage sensing configuration.
Figure 9b shows typical usage of a voltage sensing configuration.

Figure 10a shows a prassurae sensing conflguration,
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Figure 10b shows typical usage of a pressure sensing configuration.
Figure 11a shows a humidity sensing configuration.

Figure 11b shows typical usage of a humidity sensing configuration.
Figure 123 shows an accelerometer configuration,

Figure 12b shows typical usage of an accelerometer configuration.
Figure 13a shows a strain-gauge sensing configuration,

Figure 13b shows typical of a strain-gauge sensing configuration.
Figure 14a shows a temperature sensing configuration.

Figure 14b shows typical usage of 3 temperature sensing configuration.
Figure 15a shows 4 radiation sensing configuration.

Figure 15b shows typical usage of a radiation sensing configuration.
Figure 16 a shows 3 magnetic-field sensing configuration,

Flgure 16b shows a typical usage of a magnetic-field sensing configuration,

DETAIHLED SESCRIPTION OF THE INVENTION

Monitoring of electronic cirouit assembliss may prevent untimely faliure.

Embodiments of the invention comprise a method and apparatus for monitoring, in real time,

changes in electrical characteristics which may be due to contamination of a ¢irocult assembly either

during production, which may lead to fallure. This monitoring may also be performed whan the

circuit is in an end use environmant, such as when the circuit is in the fleld. A field environment may

be any environment, such as an sutdoor environment, an indoor environmant, or an environment

that is internal, such as intarnal to a human body.  In an example whers the creult is used internally

o & hurnan body, the invention may be an electronic health monitor that monitors potentially

critical circuits and hardware for contamination that may lead to failure conditions. The monitaring

may result in user alents, or slerts to operators or service technicians. As a result of the alert,
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correchive actions may be performed by such technicians, or by doctors in the case of an alectronic
health monitor,

{00301 While real time monitoring and evaluation of effects on components is
contemplated, it is also contemplated that 8 monitor or detector, or an end uss device, as explained
below, date/time stamp data from a sensor in ordar that changes in the emvironment or
characteristics related to the environment be corralatad to avents.

{0031} Embodiments of the invention provide monitoring of integrated dircuits, and other
electronics, comprising sensors, computational devices, and ancillary supporting alectronics,
Characteristics of elactronics are monitorsd, Tor example, in real rime and may be usad to inform
decision making elements regarding any related risks and any related refiability as the monitoring
may refate 1o possible fallure modes. Other modes related to reliability, such as modes where
performance Is impacted or other measurements or influsnced but whers failure is not necessarily
resultant may be impacted. Forinstance, it may be chemical contamination that causes the
degradation or failure.

{0022] While there ars many non-electrochemical failure modes, slactrochernical modaes,
for purposes of this embodiment, are defined modes caused by the impact of any ch&micai or other
contaminant, on an electrical crouit. The effects of such contamination may be measured through
sensing changes in electrical characteristics of a device such as an Integrated dreuit. In order to
achisve high reliability, the device in question should be dean from contaminates that would
negatively impact the device, such as lonic contamination or contamination that would induce
corrosion or undasirable electrochemical reactions. Cleantiness in this context may ke defined as
the absence of contamination on a circuit board. Contaminations may be under components on the
hoard and may cause fallure or degradation of the device. In particular, cleantiness is the lack of
ionic species or slectrochemically active species on the board. 1tis understood that cleanliness is not
fimited to any particular source, or chemical identity. Rather, contaminations, or physical

imparfactions, relate to those thet impact the circult with particular focus on the electrical impact,
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such as leakage current, dielectric iosses, parasitic capacitanse, and by electrochemical impacts, such
as gaivanic corrosion, dendritic growth, and electrachemical migration. Embodiments of this
invention may provide an on board, or on component sensor or device or system, enablad to gather
data and manipulate that data inta a decision point. The ability to gather data on the relishility of a
device or & subsystern of the device may result in less downtime or in fife saving decisions or actions.
Embodiments of this invention provide a device and system capable of monitoring the electronic
assets for electrical performance against changes In is working environment, spacifically on board
cleanliness or physical integrity, and the changes over time on the board and under components.

{0033} The location of contaminations may also be Important, as well as the type of
contamination. Residue pocled under & component may still be active and lonic in nature. Pockets
of contamination may be influenced by flux type, placement, wash characteristics, solder paste
volurng, PLB deanliness and companent type contamination. Accordingly, it can be seen that
cleanliness and contamination is a “mubli-variable” issus,

{(034] There may alse be a wide variety of contamination sources. Contamination sources
may include fabrication residues on components, plating salts and uncured solder mask on PCBs, flux
residues, material handling from human induced solvenis body oils and organic matter, processing
equipment, cleaning machine sffectiveness, unigue non-standard processes and martizsls, touch up
and rework operations. There may also be other contamination sources or causes not listed, The
embadiments of the invention are not limitad to any particular contamination or cause, or st of
contarminations or causes. Those skilled in the art will understand the wide variety of
contaminations and causas as well as that there may be other, unknown, contaminations or causes,
Any and ail contaminations or causes may cause problems or degradations due to infermitient
connections, corrosion, electrical shorts or arcing, for example. These effects can negatively impact
device functionality and end user requirements. In certain instancas, these effects may compromise

national security or place people’s lives at risk, Even on products that are not life eritical or related
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o national securlty, uninterrupted service is often not tolerated by end users. Business may be lost
when products do not provide fong term reliabiiisy,

{0035] As noted above, contamination on electronics, such as printed Circuit boards, {PCB)
Is a concern for the reliability of the entive assembly or product that contains the electronics. While
many consumer elactronics applications may not be concerned with the reliability of electronics,
particularly long term reliability, thers are many industries, such as the military, roadical, capital
sguipment, asrospace, industrial, and ofl exploration industries, for example, where failure of
glectronics is considered unaccentable, and extremely costly, This is primarily due to the risk of loss
of life Incidents, or an expensive or lengthy peried of inaperability of the equipment leading to a
large unexpected cost, or in serospace applications, such as satelfites repairing faulty elrctronics is
not an option, Further, knowladge of contamination on elecironics can allow s manufacturer of the
efectronics, or the seller of the items, to make business decisions based on projected ife expectancy
of the product.

{0038 Thers may be many sensors that can be used to gather data on different
contaminates or changes in electrical parameters. Examples of sensors that may be used with the
invention, sither on the board or on the circult, include slectrical charaeteristic sensors {rasistance,
current, voltage, impedance, reactance, dislectric constant and radio frequency characteristic
sensors, environmental/maetecrological sensors {temperature, atmospheric pressure, humidity,
light, air flow, condensation sensors), chemical sensors {ion selective slactrodes, poteniostatic,
electrochemical cells, voltammetry, chemical selective field effect transistors, electrochemical
sensors), gas sensors, and physical sensors {stress, strain, pressure sensors),

[0037] Raesistance sensors may be either on board or on circult and allow for measurement
of resistance batwsen two electrodes. Depending on the resistance measured, the prasenca of
comtaminants can be assessed sither underneath the components or on the board surface.

fO038] Capaditive sensors may be on baard or on the cirauit and alfow for measurament of

the capacitance between two electrodes. Depending on the capacitance measured, the presence of
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contamination underneath components or on the board surface can be assessed. For instance, In
many component types and croudt types, capacitance must be refatively low for proper functioning.
Measurements of capacitance beyond 2 certain threshold may indicate the presence of
contaminants.

{0038] Impedance sensors may be on board or on the ciroult and may provide indications of
a combination of resistance and capacitance. Incorporation of the fraguency domain ray provide a
more detailed assessment of the presence of contaminants on the circult board or underneath a
component, This may be useful, for example, in the context of high spead electronics and radio
frequency electronics.

{8040] Voltage sensors may be on board or on the circult and aflow for the measurement of
voltage leakage between slectrodes. Depending on the voltage leakage found, the prasence of
contaminants may be assessed underneath components ar on the hoard.

{8041} Current sensors may ba on board or on the drouit and aliow for the measurement of
termperature using a thermistor or other type of temperature sensor between slectrodes. The
temperature determined on the board or under a component may aid in determining the lifespan of
senticonductors such as diodes, transistors, and more complicated integrated dircuits {1C).
Monitoring for changes underneath a component allows for the analysis of IC aging as a function of
temperature changes ovartime.

[0043] Humidity sensors may be on board or on the droult and aliow for the maasurement
of humidity measurad by the electrodes, Humidity sensing may ald in assessing moisture absorption
possibilitiss as that may relate to activation and movemeant of lons underneath 3 device or on the
board.

{00431 Chemical sensors may be on board or on the drcult and may allow for one or more
chemical type sensors, Chemical sensors allow for highly selactive monitoring of cherical spacias,
such as an immunoassay, or a non-salective technique such as an Oxidation Raduction Potential

{ORP] elactrode, which responds to many different electrochemically active species. Some chemical
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sensors may be able to be minfaturized so that they may be placed underneath components, use no
reagents and thus eliminate maintenance, are solid 5tat or usa gel materials to avold contamination
of a cireult, or may output a signal that s easily converted into an slectranic signal. Chemical
sensors indude, but are not limited to, jon select electrodas {ISF) including pH electrodes,
coulometry, potentiometric, valtammetry, amperometry, and chemical selective field effect
transistors. The specific environment that a device resides in may determine what particular
chemical sensors types are used for the monitoring and what chamical species are monitored. For
instanca, if the electronics to be maonitored are in a fhuld environment where certain pH levelk may
cause sucessive corrosion to the device, the pH slectrode may be used and would single that there s
potential issues with the monitored device. The electronic assembly would detect changes in the
local environment and the changes can be correlated to the reliability of the electronic device. The
corrafation may be recorded as accumidated damage to the device and use an actuarial type table 1o
determine a projected lifetime, for example.

{0044] Gags sensors may ba on board or on the drcuit and slfow detaction of the influx of
gases undernsath components that may either directly degrade an assembly or may aliow
electrochemical reactions to occur which may lead to further degradation or fallure. Exampies of
such gases are acidic, basie, sulfurous, or corroshva,

{0045] Radiation sensors may be on board or on the drouit and aliow Tor the measurement
of radiation. Such radiation may be slpha, bata, gamma or X-ray radiation. Depending on the
amount of radicactiee measurements found, assessment can be made of the impact of the radiation.
Alternatively to distributing discrete sensors on the circuit assembily, radiation sensors may be
placed underneath specific components that are radistion sensitive, such as the memory and the
microprocessor. This will allow 3 determination of radiation exposure to particular components.

[B846] Physical sensors may be on board or on the croult and aliow for the measurement
of physical siresses such as strass, strain, and pressure 2t a specific component. Physical sensing

provides reliability assessment for electronics due to its ability to discern changes in stress or strain
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on companents, Fhysical sensing allows for an assessment of physical damage, abuse, changes in
termperaturs, or even slectrochemical processes that result in a change in operating conditions
ralating to degradation or failure.

{0047] Sensors may be on board or on 3 component or under a component and may he
wired or wiraless depending on the desirad use. The diversity of how and where a sensor is used
allows for a number of different applications and ervironmental contexts,

{0048} Sensors may provide raw dats streams that ars manipulable into useful dats
through a variety of different electronic, or otherwise, devicas, Such deviges include, but are not
fimited to microprocessons, anslog-to-digital comverters and other well know devicss known to those
skilled in the art.

{00481 In embodiments of the Invention, electrically conductive traces that serve as sensors
may preferably be located under or on components.  The traces may be connected to a monitoring
chrawit. The monitoring circult may then be used to alert operstors, or system featuras, of potential
device funclional degradation or faflure,

(00501 Embodimants of the invention may use conductive material, or traces, as a sensor
and Circuitry to monitor certain elsctrical characteristics of key areas of the electronic assembly. Ac
noted above, the electrival characteristics that may he monitored include, but are not Emited tor
electrical resistance, capacitance, inductance, voltage, current, dielectsic constant, and/or
temperature. Temperature, while a meteorological concept, is listed as an electrical characteristic
due to the fact that It may be measured electricaily, such as by using a thermistor, Those skilled ifj
the art will recognize that a thermistor may change resistance based on temperature. A
thermocouple may also measure temperatire by monitoring voltage changes. it is understond that
ternpergture is 3 useTul predictor in regard to the life time of transistors, dicdes, 1€ and other

slectrical components that may he used on 3 circult board,
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{0051} All of the sensors mentioned above, as well as others, may be used for data
V scquisition from sensor (o microprocessor or computational systern and then to and end device.
Combinations of different type sensors may also be used.

[0052] Sensors typleally require some sont of power source. Energy sources may be on
board such as power or ground planes or it may be a battery hased source. Energy harvesting
technigues such photovoltaic or thermoelectric energy harvesting technigues may be used. Others
technigues known 1o thase skilled in the art may also be used,

{0053} In embodiments of the invention, the monitoring may be done continuoushy or
periodically depending on the contaxt of the monitored device and user operable options, or design
options.

{0054} In embodiments of the invention, the traces may be constructed of any electrically
conductive material. Those skilled in the art will understand common materials used in elsctronics
manufacturing process. Thess materials may include, for example, copper, silver, gold, nicks!,
aluminum, paliadium or alloys of metals. Other conductive materials may also be used. Depending
on the axpected anvironment for the product incorporating an embodiment of the invention,
different of the conducting metals may be preferrad. Metals or alioys resistive to corrosion may be
preferred to copper’s lowsr price point and ready avallability In corrosive environments, for
example, As those skilied in the art will understand, copper is sublect to rapid corrosion in the
presence of chioride long, but gold is not. in such an environment, gold would be preferred so that
the traces do not underge the same corrosive effect as the device belng monitored. Corrosion of a
trace material may alter the electrical characteristics in the same way that the product being sensed
is aitered. Those skilled in the art wall ﬁnderstand the preferred materials for intended atmosgheres.

FO055] Asis undersiood from this descoription of the preferred embodiments, no limitation
an the ways in which the conductive traces in intended. &s noted, the smbodiments of the
inverttion may be either on the clroult board or on the dreuit, Traces emploved by embodiments of

this invention nead not have any specific shape or be located in any particular place. s
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understood, however, that the traces should not be located in 2 location that nagatively impacis the
desired operation of the device being monitored.

{80586} Asis understood from this description of the embodiments, no limitation on the
connection of the sensor traces to a monitoring circull is intended. Roth on hoard and on circuit
implernentation of the Invention contemplate that the implementation is underneath components,
either on the underside of the component itself or on the circuit board under the companent. An
example of connections betwesn the traces and the monitor are electrical connections such as
leads, solder bumps, and pads on the component. Thase skilled in the art will understand the
various methods of electrically connecting different things. For instance, one method of making the
connections on an integrated circult is to use otherwise unused connactions between the
component and the circult board, Those skillad in the art will understand that various component
packages, such as Dual Infine Packages {DIP), Small Outiine IC packages {SOIC), Ball Grid Arrays {BGA)
packages, Land Grid Array {LGA) packages, flip chips, and other packaging technologies will have
more connections {a.g. leads, wire bonds, pads, balls, soider joints) to the circuit hoard than the
devices requires. Typically, these connections are usually soldered but are elecirically disconnected
from the device within the component and the pad on the circult board, These non-connacted
connections, or floating connections, may be used by embodiments of the invention without
impacting the component function. For instance, in the on circuit method of the invention, the
sensor traces can be conveniently connected to these connections on the device and then the
corresponding connection on the circuit board may be connected to the monitoring druit, inthe
on board embodiment of the invention, these pads may serve as useful connection points.

{0057} In embodiments of the invention, the unused connections may be designad by a
component manufacturer to connect to a monitoring device of the invention. Such an
implementation may conternplate that the microprocessor on the board may contain the monitoring

cireuit. Such an embodiment would keep the sensors and maonitoring ciroultry entirely on the

10
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component, as oppoesed to using an unmaodified component where traces have to connect down to
the board and to additional drcuitry.

{0058] Maonitoring drouitry pursuant to embodiments of the invention and with
understanding of what Is disclosed here can be designed by one of ordinary skiil in the art hased on
what electrical characteristics are desired. 115 understood that the measuremants may be passive,
A passive monitoring would be with no voltage or current applied to the sensor traces, Such passive
monitoring may be accomplished, for example, In 2 temperature measurement with 3 tharmocouple
arrangemant of conductors. in non-passive embaodiments, for example, a small voltags, such as 3.3
wedts, may be applied to 3 pair of sensor traces and then the current measured betwean them, B is
undarstood that these are examples of implementations and the monitoring circuitry is not therahy
fimited.

[0058] Sensors utilized by embodiments of the invention may be fabricated by any
technique understood by those slkilled in the art, Some examples of techniguas for making the
tracas are electrolysis deposition, slectroplating, condustive inks or polymers, wires, foils,
lithography and photolithagraghy.

{088} The underside of electrical components on a board is not readily measurable.
Providing traces on the undarside of such components alfows for such messurement. For instance,
photo-reactive inorganic salts, in addition 1o one or more of the methods mentioned above, may be
deposited In a pattern on the underside of the circuit. The deposited metals may be slectroplated or
added by any of a number of processes. An exampie of a deposition process is that of US Patent
8,784,852, which is embodied herein for all it teaches and discloses,

{0061} As noted above, embodiments of this wention moniter the resistance in traces
underneath components. When contamination is present, the resistance between traces may
decrease to indicate ions in the contamination. This may serve as an indicator that there is
contamination. {f the resistance decreasa3s balow a certain value, it may trigger an indication that

the conductivity undarneath a component may iead to degraded performance or fallure,

11
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{80621 The present invention provides an apparatus, system and methad for gathering
information and data on a timely basis regarding the reliability in and around the electronic drouit
card,

{0863] Embodiments of the present invention also provide the ability to transmit or
comiinicats the data from the traces and monitor to a device for computation or for decision
based information communication outside the board or drcuit. The communication systemn utilized
ay, for example, be one of wireless {(Wi-Fl, Bluetooth, cellular, nearfisld communication), wired
{sarial Lthernet or paraliel connections), optical (such as fiker optic or Infrared), or other
communication method understood by those skilled in the art of communications. All of these
methods may be used for datas acguisition from sensor to microprocessar o computational system
andd then to and end user or end device. 1tis understoond that a combination of communication
methodofogies may also be used.

{00684} Data transmission is versatile and may be processed and conveyed via Blustooth
connection to an end user device, such as 3 laptop, smart phone or other device), And end user or
computer program can further process the tonveyed information to determine aconptable, or
unacceptable, product conditions.

[0065] Data processing and conveyance of information may be performed onboard, but
with separate draultry to an end user device. As an example, use separate circuitry may be used for
systemns that already utilize a Blustooth transceiver with sufficient bandwidth margins to allow
additional dats transmission,

[B066] Large scale dats storage, manipulation and analysis may be necessary depending on
the context of the contamination monitoring environment. Processed data may be produces
wlihing an integrated circuit and transmitted to an end user device for further computation and
assessment. The device may be logged into a server location that serves as a storage area for the

data. Automatic uploading of dete may be performed when the device access the internet. The may

12
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be useful for environments that require remote access to health records and may be part of a larger
network of equipment.

{00671 A cellular transceiver may be used within the circuitry of the device. The system can
communicate directly to a server and submit itz own processed data. This may be useful for assets
that require remote access to health records and mavy be part of a larger network of equipment.
This may remove the requirement of a physical access to the system and allow for fully remote
systam monitoring. 1 is understond that some access to an cellular signal would be reguired,

{0068 Discreel circuitry may be used to perform data processing, storage, and celiufar
transmission of data to storage. This may be useful in systems that are remote and already contain a
means of storing and transmitting data via a cellular connection.

{8089] A centrsl, online, data procassing and storage server may be used. A sarver location
may perform data processing tasks. This may allow for the integrated circull to submit raw data via
a celiular connection. The end user may visualize data remotely and may perform dats
manipulations consistent with the [atest ressarch or situational developments without hardware or
firmware alterations. This methodalogy may be useful for remotely deploved assals that are
difficult to access, and may exist as part of a networked system.

{0070} The on hoard storage and data transmission may be performed cutside of the
integrated cidrouit,

{0071] The present invention provides an apparatus, system and method for gathering
information and data on a timely basis regarding the reliability in and arcund the electronic cireuit
card assembly or system to determine its reliability as it relates to slectrochemical failure modes or
conditigns that could adversely affect peﬁormance over time.

[0072] Figure 1 shows an on drcuit monitor from the underside view of a chip. Forthe
example shown in Figure 1, a leakage current detector is shown as an embodiment of the invention.
The underside of 3 chip, or board, 100 is shown,  The chip 100 shown is roughly modeled after 2

OFN. A OFN is a Quad Flat No-leads package that is tyoically used in surface mounted electronics

13
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designs, itis undersiood that othar types of sensors may be used on similar designs and that other
types of cirouit packaging mav be used. The example of Figure 1 is not Intended to limit the
invention to any particular type product or monitoring.

{8873] Power connection 320 allow for power to be applied to the chip. The chip 100 also
shows a pair of thermal pads 150, The thermal pads 150 are shown divided in this example. There
may be 2 singular thermal pad 150. A thermal pad 150 aliows for the transfer of heat, Two non-
connected connection {NC) 130 are shown on the chip 100, The NC 130 connactions are not
connected to a silicon die. As noted elsewhers, the presence on non-connected connections is
common practice in many chip packages. The ambodiment shown here advantages the NC
connectors 150,

{0074] A sensor 140 is shown connected between and to the NC connectors 150, The
sensor shown is 3 metal film depositad across the surface of the chip 100, As noted, this
ambodiment shows the metal film sensor 140 deposited on the underside of the chip 100, The
metal film sensor 140 can be created by any appropriste method. The NC 130 pads on the chip are
utilized to make electrical connections. One of the NC pads 130 will lead 1o a detecting circuit 160
and ground. Any current that leaks across the chip 100 from one of the YCC 120 into the other wil]
generally flow through the sensor down to the board 100 through an NC pin 130 and to the detector
circuit 160, The detection dircuitis then shown connecting, in an appropriste manner as dascribed
elsewhere, with an end use device 170 for assessment and svaluation,

{0075]  The computation and analysis of raw data from the sensor 140 may be performed
as apprepriate at the detecting circuit 160 or at the end use device 170, The detecting circuit may
also be on the board 100, 1tis also understood that the sensor shown in Figure 1 Is that of 3 current
leskage detector for purposas of example. The sensor 140 may be any sultable tvps of detector,

{0076} Figurs 2 show an on drouit monitor from the top side of a chip. For purposes of the
axample, this is the same sensor shown in Figure 1. The dashed elemants in Figure 2 are shown to

indicate that they are underneath the board 100, A chip, or board, 100 s shown with 3 plurality of
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connection points 110, A powsr supply 130 connacts to 8 palr of the pins. The NC 130 connections
are not connected to 2 silicon die, As noted elsewhere, the presence on non-connected connections
is common practice in many chip packages. The embodiment shown here advantages the NC
cannectors 150,

{B077] Asensor 140 is shown connected between and to the NC connectors 150, The
sensor shown is a metal film deposited across the surface of the chin 100, 4s noted, this
embadiment shows the metal film sensor 140 deposited on the underside of the chip 100, The
metal film sensor 140 can be created by any appropriate method. The NC 130 pads on the chip are
utilized to make electrical connections. One of the NC pads 130 will iead to 3 detecting drouit 160
and ground. Any current that leaks across the chip 106 from one of the VCC 120 ins 1o the other will
generally low through the sensor down to the board 100 through an N pin 130 and to the detector
clreuit 160, The detection direuit s then shown connecting, in an appropriste manner as described
elsewhere, with an end use device 170 for assessment and svaluation.

[B078] A board trace 155 on the board 100 connects the sensor 140 to the detecting circuit
180 via the non-connected connector 130, The board trace 155 is 3 standard PCB {Printed Clreuit
Board) trace that Jead to the detector 160 and ground. in this exampls, the detector 168 s an
ammeter. Howsaver, it is understood that any cireuit or detector capable of providing current
leakage detection may be used. Further, i is undersiood that any croult may be used for detecting
any other characteristic where appropriate.

{00797 The computation and analysis of raw data from the sensor 140 may be performed as
appropriate at the detecting cirouit 180 or st the and use device 170. The detecting sircult may also
be on the board 100, 1tis also understood that the sensor shown in Figure §is that of 3 current
Imakage detector for purposes of example. The sensor 140 may be any suitabls type of detactor.

(G080} The chip 100 also shows a pair of therms! pads 130, The thermal pads 150 are
shown divided in this example. There may be a singular thermat pad 150. A thermal pad 150 alfows

for the transfer of heat. Two non-connectad connection {MNC} 130 are shown on the chie 100.
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{8081} Figure 3 shows an on board chemical sensor. For purposes of the example in Figure
2, the chemical sensor 340 is based on a graphens Held effect transistor (GFETL. Inan embodiment,
the chemical sensor 340 GFET is a thin and small chip that is attached to the board 300 bafore other
critieal components are added over it In an alternative embodiment. The chemical sensor 340 GFET
may he entirely integrated into the board 300, in both embodiments the chemical sensor 349 GFET
is situated under the other components on the board 300, & plurality of pads 310 are also shown on
the board 300, The pads 310 provide connaction points for the component {not shown) which will
“sit atep the sensor 340,

{0082 Typically, GFETs are capable to measure pH and are scalabis to be able to it under
other components on the board 300, As those skilfed in the art will know, a GFET s typically made of
a silicon substrate. Graphene is the only form of carbon {or solid rmaterial} in which every atom is
available for chemical reaction from two sides. Graphene is also a zero-gap semiconductor. The
chemical sensor 340 GFET is comprised of a source 341, 2 drain 342 and 3 graphene gate 345, The
source 341 and the drain 342 are shown wire bonded 335 to pads 330 on the droult board 300, The
wire bonding 335 to the pads 330 may be done in conventional fashion as understood by thoss
skilled in the art. As the pH changes based on chemical sensing, the cusvent changes in a pradictabla
manner. The current can be moniiorad. A refergnce slectrode 350 cormects to the chemical sensor
340 GFET. The electrode 350 provides monitoring capahifity as part of a monitor 360, or separately
from the monftor 360 {as shown). The monitor 350 is then shown connecting, in an appropriate
manner as doscribed slsewhers, with an end use device 370 for assessment and evaluation.

{0083] The computation and analysis of raw data from the sensor 340 may be performad as
appropriate at the detaciing circult 160 or at the end use device 370, The detecting circuit may also
be on the board 300, iUis also understond that the sansor shown in Figure 3 is that of a chemigal
detector for purposes of example.  Other chemical sensors may be used as approprizte for the

intended uza of the companent and board.
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{0084} tigurs 4 shows an ion selective glectrode on s printed circuit board. The undersida
of & board 400 is shown. The board 400 has a plurality of pads 410 which are soldered or stherwise
attached to the board. A plurality of electrical connections between pads 410 are shown. An
elecirode 440 s also shown with an electrical connection 420 to a pad 410, The slectrade 440 is an
ISE {lon Selective Electrode). AniSE s a transducer {or sensor) that converts the activity of a specific
fon dissobved in a solution info an electrical potentizl. The voltage is dependent on the level of ionic
activity. In essence, the I5E 440 changes its voltage in proportion to 2 substance that interacts with
the electrodes. The 158 440 may be small lon sefective elecirode scresn printed on the hoard 400

[0085] The electrical connections 420 show electrical connections to the ship. These
glectrical connactions may be metallic traces. Thoss skilled in the art will understand a variety of
methods of providing electrical connections on a printad circult board. The electrical connections
fead to pads on the chip that may be connacied to cirouitry on the board 400 to enable ISE
measurements, The pads 410 may also be connected to other pads 410 that carry signals to the
traces on the board 400 that lead to the circultry for ISE measurements, The sensing materials 445,
which may be a polymer or inorganic crystal for example, provide sensing input via the electricsl
connections 420 to the electrode 440, The slectrode 440 may be connected to 3 detecting circult via
arwy method, Those skiiled in the art will undarstand how to connect the elertrode 440 to the
detection drcuit, The detaction circuit may be connected to an end use device 445, s understood
that the sensing material 445 may be any material capabie of sensing lonic activity.

f0086] The computation and analysis of raw dats from the sensor 445 and electrode 440
may be performed as appropriste at the detecting cirouit 45¢ or at the end use device 460. The
detecting circult may also be on the board 400, 1t i also understood that the sensor shown in Figurs
4 is that of a ion selsctive electrods for purposes of example. The sansor 445 may ke any suitable
type of detector,

[O08Y] Figure 5 shows an on board gas sensor. The board 500 has a plurality of pads 510, A

trace 540 is on the board 500, The trace 540 may be a silver plated exposed trace, The trace 540
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rmay be manufactured and plated in a conventional process. As shown, a portion of the trace 540 is
on the surface of the board 500 and the silver is exposed to the environmant {below components),
The trace 540 connests to an appropriate detector circuit 550, The detector circult 550 may ba
enabled to detect sither resistance changes in the trace 540 or when the circuit is in an open, or
disconnected, state.  As an axample, sulfurous gasses (sulfur, sulfur dioxide, hydrogen sulfide, ete.)
are very codrosive toward sitver. As the silver trace corrodes, changes in the slectrica! resistance of
the trace 540 result, This is due to the corrosion causing the silver to change into non—conductive
sitver suffide {AgS). The trace 540 is plated to the board in a manner that makes it emaller and
thinner than other silver parts on the board 500. Because the trace 540 is thinner than ather silver
plated connection on the board 500, the failure of the trace 540 occurs fastar, Failure of the trace
540 provides an indication of possible impending degradation or fallure of the components on the
board. The component would sit over the top of the trace 540,

00881 The detactor 550 may be any suitable means for determining the resistance of the
trace 540, The detection circuit 550 is then shown connecting, In an appropriate manner as
described elsewhere, with an end use davice 560 for assessment and evaluation. The computation
and analysis of raw data from the sensor 540 may be performed as appropriate at the detecting
cireuit 550 or at the end use device 380, Further it is understood that other types of traces may he
utilized depending on the nature of the envirenment involved. For instance, a chip may be intended
for an environment that has a differant type of gas and a particular metal may corrode specifically
with ragard to that gas. Those skilled in the ant will understand the corrosive effects of different
gasses on different metals.

[0082] Figure & shows an on chip gas sensor. A board, or chip, 800 is shown with a plurality
of pads 810, A sensor 640 15 placed on the board 800, The sensor 640 may be on the underside of
the board 600 or may be under a component. The sensor 540 connacts to a detector 850 by any

suitable means. The detector connects to an end use device 660 by any suitable means.
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00981 The sensor 640 is & metal oxide semiconductor chemiresistor, Those skifled in the
art will understand the gas sensing techniques utilizing such a chemiresistor, The sensor 640
connectest (o two NC pads 520 an the board. The sensor 640 is comprised of two interdigitated
slectrodes 841 covered by a semiconductor metal oxide 642, Each of the electrodes 641 connacts 1o
une of the NC pads 620, in the Figure 8, the cross-hatching over the electrodes 641 is used to
indicate the metal oxide layar 842 over the electrodes 841, The slecirodes 541 and metal oxide 641
may be deposited on the bogrd 600 using any sultable deposition technigua. As the metal oxids 642
corrades, the conductivity changes and a detector 650 connected o the NC pads 620 will be able to
sense the change. The detector connects to an end use device 6580

{0091] The detector 630 may be any suitable means for determining the electrical
characteristics of the electrodes 641, The detection circuit 850 is then shown connecting, in an
approprigte mannar as described elsewhaere, with an end use davice 880 for sssessment and
evaluation. The computation and analysis of raw data from the sensor 840 may be performad as
appropriate at the detecting circuit 850 or at the end use device 660, Further it Is understood that
many suftable types of metal oxides 642 may be ulilized depending on the nature of the
anvironment involvad, Forinstance, a chip 800 may be intended for an environment that has a
different type of gas and 2 particular metal may corrode specifically with regard to that gas, Those
skilled in the art will understand the corrosive effects of different gasses on different metals,

(00221 Fgurs 7a shows an impedance sensing configuration. A board 700 is shown with an
ot componant senser 710, @ power section 720, & data transmission saction 730, a data processing
section 740 an external sensors 750. The external sensor 760 may be a sensor that is on the board
00, Accordingly, Figure 7 15 showing both alternatives, the on board and the on component sensar,
ftis understood that the on board sensor may be used solely, the on component sensor may be used
solely or both sensors may be used In combination. The on component sensor 710 and the on board
sensor 760 may each comprise two interdigitated electrodes. The two interdigitated electrades

grovide an impedance sensing mechanism. The sensor provides information to a detector {not
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shown ~ but similar to Figures 1-8) which may then provide information to an end use device {not
shown — but similar {o Figuras 1-6).

G033 Figure 7h shows typical usage of an Impedance sensing configuration. A board 700
s shown with a component microcontroliar 770, A sensor 760 is under the microcontroller 770, The
sensor connects via g connection 765 to a detector circultry {not shown) sultabie for the monitoring
of changes in impedancs.

[B034] Figure 8a shows a capacitance sensing configuration. . A board 800 is shown with
an on component sensor 810, a power section 828, a dats transmission section 838, a data
processing section 840 an external sensors 859, The external sensor 860 may be a sensor that is on
the board 800, Accordingly, Figure 8 s showing both alternatives, the on hoard and the on
cornponent sensor. 1t is understood that the on board sensor may be used solely, the on component
sensor may be usad solely or both sensors may be used In combination. The on component sensor
810 and the on board sensor 880 comprise a pair of paraliel electrodes capable of changing ‘
capacitance. The electrodes will elecirically connect 2 detector {not shown) in 3 sultable manner
that is enabled to monhior the capacitance of the electrode pair and the detector will suitably
connect to an end use device {not shown),

{O085] Figure 8b shows typical usage of capacitance sensing configuration. A hoard 800 is
shown with 3 component microcontroller 870, A sensor 860 is under the microcontrolier 870, The
sensar connects via a connection 875 o a detector croultry {not shown) suitable for monitoring of
changes in capacitance.

[0088] Figure 9a shows a voltage sensing configuration. . A board 900 is shown with an on
componant sensor 910, a power saction 920, a data transmission section 930, a dala processing
section 940 an external sensors 850, The external sensor 850 may be a sensor that is on the board
S00. Accordingly, Figure 9 is showing both alternatives, the on beard and the on component sensor.
it s understond that the on board sensor may be usad solely, the on component sensor may be used

solely or hoth sensars may be used in combination. The on board sensor 960 and the on component

20



WO 2017/210310 PCT/US2017/035239

sensor B10 comprise a voltage source, 8 ground and 3 palr of traces, The provide a valtage sensing
mechanism, As voltage across the sensors varles, the sensor provides information to a detector {not
shown],

{00971 Figure 9b shows typical usage of 2 voltage sensing configuration. A& board 900 is
shown with an electronic switch 970, The switch 370 is shown connacied 1o the hoard 300 via the
source, gate and drain of the switch 970, which would be 3 normal instalistion. Traces 9580 connect
via & connection 975 to a detactor circuitry {not shown} suitable for monitoring voltage changes
betwaen the traces 980,

{2098} Figure 10s shows a pressure sensing configuration. A board 1000 is shown with an
on component sensor 1010, & power section 1020, a data transmission section 1030, a data
processing section 1040 an external sensors 1050, The external sensor 1060 may be & sensar that is
on the board 1000, Accordingly, Figure 10 is showing both alternatives, the on hoard and the on
component sensor. it s understood that the on board sensor may be used solely, the on compenent
sensor may be used solely or both sensors may be used in combingtion. The on component sensor
1010 and the on board sensor 1060 comprise a harometric pressure sensor. The sensor provides
information to 2 detector {not shown} which may then provide information to an end use device
{not shown).

f0089) Figure 10b shows typical usage of a pressure sensing configuration. & board 1000 is
shown with a photo-datector 1080, A photo-datector may be susceptibie to changss in barometric
pressure. The barometric prassurs sensor L1060 is under the board 1000, The sensor 1060 connects
via o sultable connection to a detector circuitry suitable for monitoring of changss in baromatric
ressurs,

{80100] Figure 11a shows 3 humidity sensing configuration. . A board 110015 shown with an
on component sensor 1110, a power section 1130, a data transmission section 113Q, 2 data
processing section 1140 an external sensors 1150, The external sensor 1160 may be a sensor that is

on the board 1100, Accordingly, Figure 11 s showing both shiernatives, the on board and the on

21



WO 2017/210310 PCT/US2017/035239

component sensor, 1t is understond that the on board sensor mav be used solely, the on component
sensor may be used solely or both sensors may be used in combination. The on component sensor
1110 and the on board sensor 1150 comprise a humidity sensor, The sensor provides information to
a detector {not shown} which may then provide information to an end usa device {not shown).

{80101) Figure 110 shows typical usage of a humidity sensing configuration. A board 110015
shown with a high voltage power supply 1170, A voltage supply may be susceptible to changes in
humidity. The humidity sensor 1160 is on the board 13100, The sensor 1160 conracts via a suitable
connection to a detector circuitry {not shown] suitable for monitoring of changes in humidity.

{O0U0R] Figure 123 shows an accelerometer configuration. . A board 1200 is shown with an
on component sensor 1218, a powsr section 1220, 3 data transmission section 1230, a data
processing section 1240 an external sensors 1250, The external sensor 1260 may be & sensor that is
on the board 1200, Accordingly, Figure 12 is showing both alternatives, the on board and the on
component sensor. [t s understaod that the on baard sansor may be used solely, the on component
sensor may be used solely or both sensors may be used in combinagtion. The on component sensor
1210 and the on board sensor 1260 comprise an accelerometer, The sensor provides information to
& detector {not shown which may then provide information to an end use device {not shownl

§00103] Figure 12b shows typical usage of an accelerometer configuration. A board 12000
shown with a orystal oscillator, A crystal oscliifator may be sensitive to sudden changes in spead.
The accelerometer 1260 is on the board 1200, The accelerometer 1260 connects via a suitable
connaction {1285} to 8 detector circultyy {not shown) suitable for monitoring changes in
accaderation.

[oo104] Figurs 13a shows a strain-gauge sensing configuration. A board 1300 is shown with
an on component sensor 1310, a powser section 13230, a data transmission section 1330, a data
processing section 1340 an external sensors 1350, The external sensor 1360 may be a sensor that is
on the board 1300, Accordingly, Figure 13 is showing both alternatives, the on board and the on

component sensor. it Is understood that the on board sensor may be used solaly, the on componant
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sensor may be used solsly or both sensors may be used in combination. The on component sensor
1310 and the on board sensor 1380 comprise an strain gauge enabled to maasure strass lovels. The
sensor provides information 1o a detector {not shown which may then provide information to an
end use device {not shownl.

{08105 Figure 13b shows typical of a strain-gauge sensing configuration. A board 1300 &
shown with an multi-ball FPGA 1370, An FRGA may he susceptible to physical siresses. The strain
gauge 1360 connects via a siftable connection 1365 to a detector droultry {not shown) suitable for
monitoring changes is strain.

(D018 Figure 14a shows a temperature sensing configurstion. . A board 1400 s shown
with an on component sensor 3410, a power section 1420, a data transmission section 1430, & data
procassing sechion 1440 an external sensors 1450, The sxdernal sensor 1460 mav be a sensor that is
on the board 1400, Accordingly, Figure 14 is showing both alternatives, the on board and the on
componant sensor. s understood that the on board sensor may be used solely, the on component
sensor may be used solely or hoth sansors may ba used in combination. The on componant sensor
1410 and the on board sensor 1460 comprise 3 thermistor enehled to measure temperature
changes. The sensor provides information to a detector {not shown) which may then provide
information to an end use device {not shownl.

{30107 Figure 14b shows typical usage of a temperature sensing configuration. A board
1400 Is shown win a MOSFET 2470, The MOSFET 1470 may be susceptible to changes in
temperature, The thermistor 1460 connadts via a sultable connection 1465 to a detector {not
shown) suitable for monitoring changes in temperature of the thermistor. The thermistor 1460
connects to the MOSFET 1470 via thermal vias 1480 through the board. The thermal vias 1480 allow
temperature information of the MOSFET 1470 to impact the thermistor 1460,

[O0108) Figure 15a shows a radiation sensing configuration. . A board 1500 is shown with an
on component sensor 1510, a power saction 1520, 2 data fransmission section 1530, a data

pracessing section 1540 an external sensors 1550, The external sensor 1580 may be a sensor that is
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on the boerd 1500, Accordingly, Figure 15 is showing both alternatives, the on board and the on
companent sensor, s understood that the on board sensor may be used solely, the on component
sensor may be used solely or both sensors may be used in combination. The on component sensar
1510 and the on board sensor 1560 comprise a Geigar counter circuitry module, The sensor
provides information to a detector {not shown} which may then provide information to an end use
devica {not shownl.

{00109 Figure 15h shows typical usage of a radiation sensing configuration. & board 1540 is
shown with a memory moduie 1570, The memory 1570 may be sensitive to certain lovels of
radistion. The Gelger counter module 1560 connaecis via a sultable connection 1565 to a detecior
{not shown) suitable for monitoring changes in radiation levels.

{00110} Figure 16 a shows a magnetic-field sensing configuration. . A board 1600 is shown
with an on component sensor 1610, 3 power section 1820, a data transmission section 1630, = data
processing section 1840 an external sensors 1650, The sxternal sensor 1650 may be 2 sensor that s
on the board 1600, Accordingly, Figure 18 is showing both alternatives, the on board and the on
component sensor. 1tis understood that the on board sensor may be used solely, the on component
sensor may ke used solely or both sensors may be used in combination, The on component sensor
1610 and the on board sensor 1560 comprise a8 magnetometer, The sensor provides information to
a detector {not shown) which may then provide information to an end use devicae{not shownh.

{00111} Figure 18k shows a typical usages of a magnetic-field sensing configuration. A board
1600 is shown with 8 pacemaker integrated chip 1670, The pacemaker IC may be sensitive to
magnetism. The magnetometer 1660 connects via a suitable connection 1865 to a detector {not
shown) suitable for monitoring changes in radiation levels,

FO01131 1 is understood that combinations of sensor types and arrangements may he made
on a single board or on a component. For instance, & thermistor may be used In combination with a
complax capacitance/rasistive sensor to provide information for multiple axternal influsnces.

Where an environment has multiple facets, the sensors may be combined to account for muitiple
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factors. Combinations of sensors alfows changes in one characteristic to be correlated to possible

changes in another characteristic of the environment.

{00113 The foregoing description of the invention has been presented for purposes of
Hlustration and description. 1t is not Intended to be exhaustive or to limit the invention to the
precise form disclosed, and other modifications and variations may be possible in light of the above
teachings. The embodiments were chosen and described in order to best explain the principles of
the invention and its practical application to thereby enable others skilled in the art to best utilize
the invention in various embeodiments and various modifications as are suited to the particular use
contemplated. i1 is intended that the appended claims be construed to include other alternative

embodiments of the invention except insafar as limitad by the prior art.
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CLAIMS

What is claimed is:

1. A systemn for monitoring 3 characteristic of an environment of an slectranic device
comprising a printed droult board and at least one component, characterized in that
said systam comprises:

a sensor coupled to one of sald component and sald printed dreult hoard,
characterized in that said sensor provides a response to at least one
alement in said environment;

a detector connected 1o said sensar, characterized In that said detector

comprises a device enabled to moniior data from said sensor.

2]

The system of dlaim 1 characterized in that said system further comprisas an end
user davice, and said detector communicates with said end user device to send
monitored data to sald end user devics and sald user device is enabled 1o
accurnulate and display said data.

3. The system of claim 2, characterized in that said user device date stamps said darta,
4, The system of dhaim 1, characterizad in that said sensor comprises a metal film
deposited on said printed circult board, and further characterized in that said metal
filrn s connacted o non-connacted pads on said board and ssid detectar is

connacted to said non-connected pads on sald board.

5, The system of claim 4, characterized in that said detector is an ammetsr,
8. The system of claim 1, characterized in that said sensor comprises a chemical sensor,
7. The system of claim 8, characterized in that said chemical sensor is a graghene field

effact transistor {GFET).
8. The systam of claim 7, characterized in that said system further comprisas a
reference slectrode that couples to the GFET and is connected intermediately

between said GFET and said detector, and characterized in that said GFET comprises
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iG.

11,

1z.

14,

15

18,

i7.

18

a souree; a drain and & graphene gate, said source being connected to a non-
connected pad on sald printed creult board and said drain being connectad to a
non-connected pad on said printed circuit board,

The system of claim 1, characterized in that said sensor comprises an ion selective
electroda,

The syster of claim 9, characterized in that sald lon selective electrode comprises
one of a polymer and an inorganic orystal,

The system of claim 8, characterized in that said lon selective slactrode is screen
printed on said printed circult hoard.

The system of claim 9, characterized in that said system further comprisss an
electrode that couples to said ion selective electrods and provides data to said
detector,

The systam of claim 1, characterized in that said sensor comprises a gas sensor,
The system of claim 13, characterizad in that sald gas sensor comprises a sulfurous
#35 Sensor,

The system of claim 14, characterized in that sald sulfurous gas sensor comprises a
sitver plated exposed traca.

The system of claim 13, characterized in that said gas sensor comprises an
interdigitated glectrode and a metal oxide semiconductor.

The system of clsim 1, charactarized in that said senisor comprises an impedance
sensing sensor,

The system of daim 17, characterized in that sald impedance sensing sensor
comprises an interdigitated slectrods,

The system of claim 1, characterized in that said sensor comprises 3 capacitance
sensor,

The system of dlaim 1, characterized in that said sensor comprises a voltage sensor.
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21, The systern of claim 1, characterized in that said sensor comprises a pressure sensor,
22, The system of dlalm 21, characterized in that said pressure sensor comprises a

baromatric pressure sensor.

23 The system of claim 1, charactarized in that sald sensor comprises 3 humidity sensor,

24, Tha systern of claim 1, characterized in that said sensor comprises an accelerometer,

25, The system of clalm 1, characterized in that sald sensor comprises a strain gauge.

28, The system of daim 1, characterized in that sald sensor comprises a temperature
sensor.

27. The system of clalm 28, characterized in that said sensor comprises a thermisior,

28, The systern of clabm 1, characterized in that said sensor comprises a radiation
SENS0L.

29, The systent of claim 1, characterized in that said radistion sensor comprises a Geiger
counter,

38, The systern of claim 1, characterized in that sald sensor comprises 3 magnetic field
SENEOT.

31, The systam of clalm 30, characterized in that said magnetic fieid sensor comprises a
magnetometer,

32, The system of claim 1, characterized in that said printed drouit board comprises a
top side and an underside and characterized in that ssid component is located on

said top side and said sensor is located on sald underside of said printed drcult

koard,

33, The system of clalm 1, characterized in that said sensor is located underneath said
componant,

34, The system of claim 1, characterized in that said printed drouit board comprises a

top side and an underside and characterized in that said component is located on

said top side and said sensor s located on said top side of said printed circuit board,
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35, A method of menitoring a characteristic of an enviroament of an electronic device
comprising @ printed cirouit board and at least one component, characterized in that
said method comprises:

placing a sensor on sald printed cirouit board;
connecting 3 detector to said sensor; and
connecting said detector to an e&nd user device,

38, The method of claim 35, characterized in that said method further comprises
connecting sald sensor 1o one OF more non-connedad pads of said printed drcuit
board.

37, The method of claim 35, characterized in that sald sensor is bebween said
component and said printed circult board.

33, The method of claim 35, characterized in that ssid printed circult board comprises a
top side and an underside, said component is connectad to said top side of said
printed circuit board and sald step of placing a sensor on said printad droult board
comprises placing sald sensor on said underside of sald printed cirouit bosrd.

33, The methad of daim 35, characterized in that said step of placing 3 sensor on said
printed ciroult board comprises depositing a metal film hetween two non-connected
pads of said printed cirouit board,

443, The method of dalm 35, characterized in that said sensor comprises one of 3
temperature sensor, an stmospheric prassure sensor, & humidity sensor, a light
sensor, an airflow sensor, a condensation sensor, & gas sensor, a current leakage
sensar, 8 capacitance sensor, & voltage sensor, a chemical sensor, an lon selective
electrode sensor, an impedance sensor, an acceleration sensor, a strain gauge

sansor, 3 radiation sensor and a magnetic field sensor.

29
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