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1 Introduction

In this course we have divided the Human Computer Interface (HCI) into three parts. the input/data acqui-
sition, the computer recognition and processing, and the output/display (see Figure 1). These set of notes
describein detail the first component, the input/data acquisition, i.e., the way in which information about the
user is conveyed to the computer.
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Figure 1: The Human Computer Interface Structure

2 General Overview

Fiugure 2 shows how information from the human is passed to the computer. 1t separatesthe processinto three
parts. sensors, signal conditioning, and data acquisition. The choices made in the design of these systems
ultimately determines how intuitive, appropriate, and reliable theinteraction is between human and computer.

. Sgna| Data
Transduction Conditioning Acquisition
(Prysca m—A T VAT
Quantity) Quentty N =
(VIQRC, etc)

Figure 2: The Path from Human to Computer



2.1 The Sensor

One approach to choosing an appropriate sensor would be to model computer sensing after the five human
senses. gustatory (taste), olfactory (smell), tactile, auditory, and visual. The better approach, however, is to
decidewhat volitional (or even non-volitional) actions of the user will beimportant for the particular computer
application. In other words, it isimportant to decide what gestures by the human are appropriate for the ap-
plication and determine what sensor is optimal in measuring that gesture. Before determining what computer
inputs to use we must determine what human outputs are appropriate. For example, say we would like to use
thetension in the forearm as away of telling the computer to pick up avirtual (or real) coffee cup. Wewould
then incorporate into our HCI a sensor that could pick up the electrical signal from the muscle of the forearm
(thiswill be discussed in section 3.4 below). If we had patterned computer senses solely after human senses,
this would not be possible.

Sensors can be categorized in many ways. They can be categorized by the underlying physics of their oper-
ation. However, one physical principle can be used to measure many different phenomena. For example, the
piezoel ectric effect can measureforce, flexure, accel eration, heat, and acoustic vibrations. Sensors can be cat-
egorized by the particular phenomenon they measure. However, one phenomenon can be measured by many
physical principles. For example, sound waves can be measured by the piezoel ectric effect, capacitance, elec-
tromagnetic field effects, and changesin resistance. Sensors can also be grouped by a particular application.
For example, one could group all sensorstogether that can be used to measure distance. However, sincethere
is a clever way to use amost any sensor to measure distance, this is not necessarily a good way to anayze
sensors either.

With no method of categorization being clearly superior to any other, the authors arbitrarily choseto discuss
sensors according to their underlying physical principles. Section 3 will give an overview of many differ-
ent sensors, the physical properties by which they operate, and the actions that they measure. In reading this
section, keep in mind what is the sensitivity of the sensor, what inaccuracies could occur in using it to sense
gestures, and what arethe propertiesof the signal that will be generated by the sensor (e.g., temporal structure,
spectrum, statistics, and dynamic range).

2.2 Signal Conditioning

After theinformation about the user ismeasuresby a sensor, it must be changed to aform appropriate for input
into the data acquisition system. In most applicationsthis means changing the sensorsoutput to avoltage (if it
isn't already), modifying the sensors dynamic range to maximize the accuracy of the data acquisition system,
removing unwanted signal's, and limiting the sensor’s spectrum. Additionally, analog signal processing (both
linear and nonlinear) may be desired to aleviate processing load from the data acquisition system and the
computer.

Section 4 below discusses some signal conditioning circuits as they apply to particular sensors. The correct
design of the signal conditioning system is critical in mapping the sensor output to the data acquisition input.
Incorrect choices can affect the way the computer reacts to the human input. Thus, it isimportant to note the
changesin the properties of the sensor signal caused by the conditioning circuitry.

2.3 Data Acquisition

The analog and continuous time signals measured by the sensor and modified by the signal conditioning cir-
cuitry must converted into the form a computer can understand. Thisis what is referred to here as data ac-
quisition. It should be clearly understood that this step is only necessary when interfacing human gestures
to adigital computer. If, for example, one wanted to use the direction of eye gaze to control a wheelchair, no



dataacquisition would be needed. The continuousanal og voltages could be directly used to control theanalog
steering mechanism.

Section 5, however, deal s specifically with the sampling and quanti zation techniquesfor using theinformation
from the user to control adigital computer. The effects of such a process on the waveform received from the
signal conditioning circuitry must be clearly understood in order to design the best possible computer con-
troller for the given application.

3 Sensors

3.1 Piezodectric Sensors

The Piezoelectric effect is an effect in which energy is converted between mechanical and electrical forms. It
was discovered in the 1880's by the Curie brothers. Specifically, when a pressure (piezo means pressure in
Greek) is applied to a polarized crystal, the resulting mechanical deformation resultsin an electrical charge.
Piezoel ectric microphones serve asagood exampl e of this phenomenon. Microphonesturn an acoustical pres-
sure into avoltage. Alternatively, when an electrical chargeis applied to a polarized crystal, the crystal un-
dergoesamechanical deformation which canin turn create an acoustical pressure. An example of this can be
seen in piezoel ectric speakers. (These are the cause of those annoying system beepsthat are all too common
in today’s computers).
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Figure 3: Internal Structure of an electret

Electrets are solids which have a permanent el ectrical polarization. (These are basically the electrical analogs
of magnets, which exhibit a permanent magnetic polarization). Figure 3 showsadiagram of theinternal struc-
ture of aelectret. In general, thealignment of theinternal electric dipoleswould result in achargewhichwould
be observable on the surface of the solid. In practice, this small chargeis quickly dissipated by free charges
from the surrounding atmosphere which are attracted by the surface charges. Electrets are commonly used in
microphones.

Permanent polarization asin the case of the electretsisalso observedin crystals. In these structures, each cell

of the crystal hasan electric dipole, and the cells are oriented such that the electric dipolesare aligned. Again,

this resultsin excess surface charge which attracts free charges from the surrounding atmosphere making the
crystal electrically neutral. If asufficient forceis applied to the piezoelectric crystal, a deformation will take
place. This deformation disrupts the orientation of the electrical dipoles and creates a situation in which the
charge is not completely canceled. This resultsin atemporary excess of surface charge, which subsequently
is manifested as a voltage which is developed across the crystal.

In order to utilize this physical principle to make a sensor to measure force, we must be able to measure the
surfacechargeonthecrystal. Figure4 showsacommon method of using a piezoel ectric crystal to makeaforce
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Figure 4: A sensor based on the piezoel ectric effect

sensor. Two metal plates are used to sandwich the crystal making a capacitor. As mentioned previously, an
external force cause adeformation of the crystal resultsin achargewhichisafunction of the applied force. In

itsoperating region, agreater forcewill result in more surface charge. ThischargeresultsinavoltageV = %
where Q; isthe charge resulting from aforce f, and C is the capacitance of the device.

In the manner described above, piezoelectric crystals act astransducerswhich turn force, or mechanical stress
into electrical chargewhichin turn can be converted into avoltage. Alternatively, if onewasto apply avoltage
to the plates of the system described above, the resultant el ectric field would cause theinternal electric dipoles
to re-align which would cause a deformation of the material. An example of thisisthe fact that piezoelectric
transducersfind use both as speakers (voltage to mechanical) and microphones (mechanical to electrical).

3.2 Force Sensing Resistors

Figure 5: Diagram of atypical force sensing resistor

As their name implies, force sensing resistors use the electrical property of resistance to measure the force
(or pressure) applied to a sensor. A force sensing resistor is made up of two parts. Thefirst is aresistive
material appliedto afilm. Thesecondisaset of digitating contactsapplied to ancther film. Figure 5 showsthis
configuration. The resistive material servesto make an electrical path between the two sets of conductors on
the other film. When aforceisapplied to this sensor, a better connection is made between the contacts, hence
the conductivity isincreased. Over awide range of forces, it turns out that the conductivity is approximately
alinear function of force ( FaC, FaFle ). Figure 6 shows the resistance of the sensor as a function of force.
It is important to note the three regions of operation of the sensor. The first is the abrupt transition which
occurssomewherein thevicinity of 10 gramsof force. In thisregion theresistance changesvery rapidly. This
behavior is useful when oneis designing switchesusing FSRs. Above this region, the force is approximately



proportional to F% until asaturation region isreached. When forces reach this magnitude, additional forcesdo
not decrease the resistance substantially.
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Figure 6: Resistance as a function of force for atypical force sensing resistor
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Figure 7: Conductance as afunction of force for atypical force sensing resistor

Figure 7 shows a plot of conductance versus force for atypical FSR sensor. Notice that the x-axisis now a
linear axis, and that above the break-point, conductanceis approximately linear with force. It isimportant to
make note of the fact that FSRs are not appropriate for accurate measurements of force due to the fact that
parts might exhibit as much as 15% to 25% variation between each other.

3.3 Accelerometer (Analog Devices ADXL50)

The basic physical principle behind this accelerometer (as well as many others), is that of a simple mass
spring system. Springs (within their linear region) are governed by a physical principle known as Hooke's
law. Hooke'slaw statesthat a spring will exhibit arestoring force which is proportional to the amount it has
been stretched or compressed. Specifically, F = kx, where k is the constant of proportionality between dis-
placement (X) and force (F). The other important physical principleisthat of Newton's second law of motion



Figure 8: Mass-Spring system used for measuring accel eration

which statesthat aforce operating onamasswhichisacceleratedwill exhibit aforcewithamagnitude F = ma.
Figure 8 shows amass connected to aspring. If this system undergoes an accel eration, then by Newton's law,
therewill bearesultant force equal to ma. Thisforce causesthe massto either compress or expand the spring
under the constraint that F = ma = kx. Hence an acceleration a will cause the massto bedisplaced by x = 52
or alternatively, if we observe a displacement of x, we know that the mass has undergone an acceleration of
a= "—nf In thisway we have turned the problem of measuring accel eration into one of measuring the displace-
ment of a mass connected to a spring. Note that this system only responds to accelerations along the length
of the spring. Thisissaid to be asingle axis accelerometer. In order to measure multiple axes of acceleration,
this system needsto be duplicated along each of the required axes.
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Figure 9: Mass-spring system used in the Analog Devices ADXL50 accel erometer

The Analog DevicesADXL50is amicro-machined stand-al oneaccel erometer which consistsof amassspring
system aswell asasystem to measure displacement and the appropriate signal conditioning circuitry (whichis
the topic of the next section). The mass spring system used in this deviceis depicted in Figure 9. The massis
abar of silicon, and the spring systemisimplemented by the 4 tethers which attach to each corner of the mass.
It respondsto accelerationsthat occur in line with the length of the mass. When an accel eration occurs, the
mass moves with respect to the anchored ends of the tethers. Roughly speaking, the amount of acceleration
is proportional to the amount of displacement of the mass. Thisis not quite true in this case since the spring
systemis not an ideal spring as presented earlier. Thisfact is compensated for by some sophisticated signal

conditioning circuitry present in the device.

Figure 10: A simple capacitor

The next problem which needs to be solved is that of measuring the displacement of the bar. The principle



uponwhich thisis based isthat of the electrical property of capacitance. Capacitorsare electrical components
which store charge. A simple capacitorsis formed by placing two metal platesin parallel with each other as
shown in Figure 10. The amount of capacitance that a device such as this would exhibit is exhibit is given
by C = %, wherek is a property of the material between the two plates. Using this, if one knew k and could
measure capacitance, they would be able to determine xq, the spacing between the plates.

Figure 11: The dual Capacitor system used to measure displacement in the Analog Devices ADXL50 ac-
celerometer

The ADXL50 takes this technique one step further and uses two capacitors configured as in Figure 11. If
the deviceis at rest, and the spacing between each of the platesis X, then each of the capacitors exhibits a
capacitanceof C = %. If the middle plateis moved by adistance x, then thisresultsin:

o = XOI—(i-X
k
G = x
This can then be written as:
o = Xoxix
Cs = Xoxfx

The ADXL50 measures the difference between the two capacitorswhich is given by:

1 1 2
DC:CA—CB=CX0[ ] X

Xo+X Xo—x|  X2—x
For small values of displacement x, the above expression reduces to:

-2
Dczg

Hencethedifferencein capacitanceis proportional to x, but only for small valuesof displacement. The ADXL50
usesanegativefeedback control loopto make surethat the movement of the massiskept small so that the above
expression remains correct. Figure 12 shows ablock diagram of the entire system.
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Figure 12: Block diagram of the Analog Devices ADXL50 accelerometer

3.4 Biopotential Sensors

The human body’s nervous system uses the ebb and flow of ionsto communicate. Thisionic transport within
and aong the nerve fibers can be measured on the surface of the skin using a specific type of electrochemical
sensor commonly referred to asthe surface recording el ectrode (sometimes just called the electrode). A good
reference on understanding the operation of the el ectrode can befoundin Medical I nstrumentation by Webster,
1992.

The purpose of the electrode isto act as a transducer between the ionic transport of the nerve and the electron
flow in copper wire. It isthe junction between the electrode and the el ectrol yte that allows such atransduction
to take place (see Figurel3). The flow of ionsin the electrolyte give rise to aflow of electrons(current) inthe
electrode dueto an oxidation or reduction reaction(depending on the direction of current flow) occurring at the
interface. What this means, using the example shownin Figure 13, isthat anionsin the electrolyte will flow to
the interface boundary. Cationsin the electrolyte will flow awvay from the interface boundary. To counteract
this, electronsin the electrode will flow away from the interface boundary creating a current in the electrode.
This processis called oxidation of the metal,C.

Electrode Electrolyte

| —mM8M >
Figure 13: The Electrode - Electrolyte Interface

One of the most common types of electrodes is the Ag-AgCl electrode with an electrolyte containing Cl —.
There are two properties that make it a good choice for an electrode. First, it is practically non-polarizable,
meaning that current flows freely across the electrode junction. (A polarizable electrode is onein which cur-
rent does not flow acrossthe electrode junction, thus causing the el ectrode to behave similarly to a capacitor.)
Second, it generatesless than 10uV of noise.

In common applications, the Ag-AgCl electrode with electrolyte gel is placed directly on the skin. Figure 14
shows the equivalent circuit for such an arrangement. The entire interface can simply be modeled for most



applications as an ideal voltage source with a DC offset and a series impedance. The DC offset is caused
by the half cell potentials of the electrode-electrolyte and the electrolyte-skin interface. The impedance can
range from 100’s of ohmsto several Mohms depending on the frequency of the biopotential being measured
and preparation of the skin.
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Figure 14: The equivalent circuit of an electrode placed on the skin

The surface recording €electrode can be used to measure many different biopotentials. For, example, it can
be used to measure electrical signals generated from the flexion and extension of the muscles. This signa
is refered to as the electromyogram or EMG. This signal varies in frequency from approximately 50Hz to
1000Hz. Its amplitude varies from approximately 10uV to 1mV depending on properties such as the size of
the muscle and the amount of exertion.

Another common signal measured by electrodesisthe electroencephal ogramor EEG. Thisisthe signal caused
by neural activity in the brain. It contains frequenciesfrom lessthan 1 Hz up to 50Hz and amplitudes which
are usually lessthan 10uV. Since the electrode is capable of picking up many other biopotentials in addition
to the two mentioned here, its use as an input sensor for HCI is growing rapidly..

3.5 Microphones

Microphonesare used to convert acoustical energy into electrical energy. The microphone serves asan exam-
ple of the ideathat a specific purpose can be accomplished using many different physical principles.

Carbon: Carbon microphones are made by encasing lightly packed carbon granulesin an enclosure. Elec-
trical contactsare placed on opposite sides of the enclosure. When an acoustical pressureis exterted on
the carbon granules, the granules are pressed closer together which decreases the measured resi stance.
Thisisavery low quality acoustic transducer, but has been used in tel ephone handsets even through the
current day.

Capacitor (condenser): Capacitor microphonesare made by forming a capacitor between a stationary metal
plate, and a light metallic diaphragm. When an acoustical pressure impinges on the diaphragm, the
diaphragm moves and causesthe distance between it and the stationary plate to change. As mentioned
in aprevioussection, thiswill changethe capacitanceof the device. In order to measurethe capacitance,
one must apply a charge to the device. When this is done, the change in capacitance will result in a
changein the voltage measured across the device since



Electret and Piezoelectric: Electret microphones are capacitor microphones which use an electret material
between the plates of the capacitor. As mentioned earlier, electrets are materials with a permanent po-
larization, and hence surface charge. A benefit to using electret microphonesis that they do not need
any external circuitry to create the charge, and hence are much easier to use. Many high quality, low
cost electret microphones are available currently.

Asdiscussed previoudly, piezoelectric crystals are crystalline structureswhich are similar to electretsin
that they exhibit a permanent polarization of the individua cells. It is possible to use piezo sensors as
microphones aswell. Since they arein the form of athin film, they are very useful if oneis interested
in detecting surface vibrations of an object.

Magnetic (moving cail): Moving coil, or dynamic microphones are based upon the principle of magnetic
induction. When an electrical conductor is moved through an electric field, avoltageis produced. This
voltageis proportional to the velocity of the conductor. A moving coil microphoneis made by attaching
acoil of wireto alight diaphragm which movesin response to acoustical pressure. The coil of wireis
immersed in amagnetic field, hence the movement of the coil in the magnetic field will create avoltage
which is proportional to the acoustical pressure.

4 Signal Conditioning

4.1 Requirementsfor A-D converters

The primary purpose for the analog signal conditioning circuitry is to modify the sensor output into aform
that can be optimally converted to a discrete time digital data stream by the data acquisition system. Some
important input requirements of most data acquisition systems are:

1. Theinput signal must be avoltage waveform. The process of converting the sensor output to a voltage
can also be used to reduce unwanted signals, i.e., hoise.

2. The dynamic range of the input signal should be at or near the dynamic range of the data acquisition
system (usually equal to the voltage reference level, Vref, or 2*Vref). Thisisimportant in maximizing
the resolution of the analog to digital converter (ADC).

3. Thesourceimpedance, R, of theinput signal should below enough sothat changesin theinput impedance,
Rin, of the data acquisition system do not affect theinput signal.

4. The bandwidth of the input signal must be limited to lessthan half of the sampling rate of the analog to
digital conversion.

4.2 Additional Requirements for Signal Conditioning

There are many other usesfor the signal conditioning circuitry depending on the particular HCI application.
Some of these are:

Signal isolation In many applicationsit is necessary to isolate the sensor from the power supply of the com-
puter. Thisisdonein one of two ways. magneticisolation or optical isolation. Magneticisolationispri-
marily used for coupling power from the computer or the wall outlet to the sensor. Thisis donethrough
the use of atransformer. Optical isolation is used for coupling the sensor signal to the data acquisition
input. Thisis usually done through the use of alight emitting diode and a photodetector. This can be
integrated into asingle |C package such as the 6N139.

10



Signal preprocessing Many times it is desirable to perform preprocessing on the sensor signal before data
acquisition. Depending on the application, this can help lower the required computer processing time,
lower the necessary system sampling rate, or even perform functionsthat will enable the use of amuch
simpler dataacquisition system entirely. For example, while an accelerometer system can output avolt-
age proportional to acceleration, it may be desired to only tell the computer when the acceleration is
greater than a certain amount. This can be accomplished in the analog signal conditioning circuitry.
Thus, the data acquisition system is reduced to only having asingle binary input (no need for an ADC).

Removal of undesired signals Many sensorsoutput signalsthat have many different componentsto them. It
may bedesirable or even necessary to remove such componentsbeforethe signal isdigitized. Additional
other signals may corrupt the sensor output. This“noise” can also be removed using analog circuitry.
For example, 60Hz interference can distort the output of low output sensors. The signal conditioning
circuitry can remove thisbefore it is amplified and digitized.

4.3 Voltage to Voltage
4.3.1 Motivation

Many sensorsoutput avoltage waveform. Thusno signal conditioning circuitry is needed to perform the con-
versionto avoltage. However, dynamic range modification, impedance transformation, and bandwidth reduc-
tion may all be necessary in the signal conditioning system depending on the amplitude and bandwidth of the
signal and the impedance of the sensor. The circuits discussed in this section and in subsequent sections are
treated as building blocks of a human-computer input system. Their defining equationsfor their operation are
given without proof. For a more detailed description of how they work, see Design with Operational Am-
plifiersand Analog I ntegrated Circuits, Franco 1988 or The Art of Electronics, Horowitz and Hill 1989.
It is especially important to review the analysis of ideal op-amp circuits.

4.3.2 Circuits: Amplifiers

Inverting

The most common circuit used for signal conditioning isthe inverting amplifier circuit as shownin Figure 15
Thisamplifier wasfirst used when op-ampsonly had oneinput, theinverting (-) input. Thevoltagegain of this
amplifieris— %IE . Thusthelevel of sensor outputscan be matched to thelevel necessary for the dataacquisition
system. Theinput impedanceis approximately R, and the output impedanceis nearly zero. Thus, this circuit
provides impedance transformation between the sensor and the data acquisition system.

Figure 15: Inverting Amplifier

It isimportant to remember that the voltage swing of the output of the amplifier islimited by the amplifier's
power supply asshownin Figure 16. In this example, the power supply is +/- 13V. When the amplifier output
exceedsthis level, the output is “clipped”.

Just as the dynamic range of the amplifier is limited, so too is the bandwidth. Op-amps have a fixed gain-
bandwidth product which is specified by the manufacturer. If , for example, the op-amp is specified to have
a 3MHz gain-bandwidth product, and it is connected to have again of 100, this means that the bandwidth of

11
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Figure 16: Clipping of an Amplifier’s Output

the amplifier will be limited to 30kHz (100« 30kHz = 3MHz). Another important limitation of the amplifier
circuit is noise. All op-amps introduce noise to the signal. The amount and characteristics of the noise are
specified by the manufacturer of the op-amp. Also, theresistorsintroduce noise. The equationfor thisthermal
noise is Vigise? = 4kTBR; where k is Boltzmann's constant, T is the temperature, B is the bandwidth of the
measurement device, and Risthe value of theresistance. Themain point to remember, isthelarger theresistor
valuesused, thelarger theamount of noiseintroduced. Onemore limitation of the op-ampisoffset voltage. All
op-amps have a small amount of voltage present between the inverting and non-inverting terminals. ThisDC
potential isthen amplified just asif it was part of the signal from the sensor. There are many other limitations
of the amplifier circuit that are important for the HCI designer to be aware. Too many, in fact, to describein
detail here (refer to the previously mentioned references.)

Non-Inverting

Another commonly used amplifier configuration is shown in Figure 17. The gain of this circuit is given as
1+ %. Theinput impedanceis nearly infinite (limited only by the op-amp’sinput impedance) and the output
impecziance isnearly zero. Thecircuit isideal for sensorsthat have a high source impedance and thus would
be affected by the current draw of the data acquisition system.

e

Vi n Vout

Figure 17: Non-Inverting Amplifier

If Ry = 0and R, isopen (removed), then the gain of the non-inverting amplifier isunity. Thiscircuit, asshown
in Figure 18 is commonly referred to as a unity-gain buffer or smply a buffer.

Summing and Subtracting

12
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Figure 18: Unity-Gain Buffer

The op-amp can be used to add two or more signals together as shown in Figure 19.

Y

Figure 19: The Summing Amplifier

Theoutput of thiscircuit isVoy = V1 * % +Vs % % +V3z % . Thiscircuit can be used to combinethe outputs
of many sensors such as a microphone array. The op-amp can aso be used to subtract two signals as shown
in Figure 20 This circuit is commonly used to remove unwanted DC offset. It can also be used to remove
differencesin the ground potential of the sensor and the ground potential of the data acquisition circuitry (so-

called ground loops).

Figure 20: Difference Amplifier

The output of thiscircuit isgiven asVoy = (Vo — Vi) * E—f. ThusV, can be the output of the sensor and V; can
be the signal that is to be removed.

I nstrumentation amplifier

Possibly the most important circuit configuration for amplifying sensor output is the instrumentation amplifier
(IA). Franco defines the requirementsfor an |A asfollows:

1. Finite, accurate and stable gain, usually between 1 and 1000.
2. Extremely high input impedance.

3. Extremely low output impedance

4. Extremely high CMRR.

13



CMRR (common mode rejection ratio) is defined as:

Avd
CMRR= —
Avc
Where:
Ag = _Vou = differential-mode gain
V+-V-
\Y, .
Ac = V+?:t/_ = common-mode gain

2

That is, CMRR isthe ratio of the gain of the amplifier for differential-mode signals (signalsthat are different
between the two inputs) to the gain of the amplifier for common-mode signals (signals that are the same at
both inputs). The difference amplifier described above, clearly does not satisfy the second requirement of
high input impedance. To solve this problem, a non-inverting amplifier is placed at each one of the inputsto
the difference amplifier as shown in Figure 21. Remember that a non-inverting amplifier hasanearly infinite
input impedance. Notice that instead of grounding the resistors, the two resistors are connected together to
create one common resistor, Rg. The overall differentia gain of the circuitis: Ag = (1+ Z%)(%)

Ry R
A A
Vi ( : ) R;
L R B .
v
Ry p R <
= 3Ry
+A2 AN A}/—JT'
Vi ( i )

Figure 21: Instrumentation Amplifier

Lowpassand highpassfilters

The non-inverting amplifier configuration can be modified to limit the bandwidth of the incoming signal. For
example, the feedback resistor can be replaced with a resistor/capacitor combination as shown in Figure 22

Thusthe gain of the circuit isnow: A, = Hor?f) where:
To
R
Ho= — Ei, and
f 1
0= 20R,C

A filter “rolls off” at 20dB per 10-timesincreasein frequency (20dB/decade) timesthe order of thefilter, i.e.:
rate of attenuation = (order of filter) x (20dB/decade). Thusafirst order filter “rolls off” at 20dB/decade as
shownin Figure 23.

Theinput resistor of the inverting amplifier can also be replaced by a resistor/capacitor pair to create a high
(1)

passfilter asshownin Figure 24 The gain of thisfilter is given by: Ay = Ho—f—lﬂ( ) where;
o
R>
H = ——
o Rl,and

14



Figure 22: Single Pole Low-Pass Filter
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Figure 23: Frequency Response of Single Pole Lowpass Filter
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Figure 24: Single Pole High-Pass Filter
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The frequency response of thisfilter is shownin Figure 25.

Higher order filters, which consequently have faster attenuation rates, can be created by cascading many first-
order filters. Alternatively, thefilter circuit can include more resistor/capacitor pairsto increaseitsorder. The
technique for doing this can be found in either of the references given previously. For the HCI designer, how-
ever, thetwo important stepsareto determinetherequired filter order andto pick acircuit of that order - making
sure that the circuit also meets any of the other previously described requirements of the signal conditioning
circuitry.

4.3.3 Example: Piezoelectric Sensors

As mentioned previously, a common implementation practice isto sandwich a piezoelectric crystal between
two metal plates. Figure 26 showsan equivalent electrical circuit of thisarrangement. The voltage sourcerep-
resentsthe voltage that devel opsdue to the excess surface charge on the crystal. The capacitor which appears
in seriesis dueto the capacitor formed by the metallic plates of the sensor. An important point to make isthat
piezo sensors cannot be used to measure a constant force, but rather is only useful for dynamic forces. If one
isfamiliar with basic circuit theory, it should be clear that the capacitor blocksthe direct current (the constant
voltage resulting from a constant force).

In order to measure the force, one must measure the voltage which appears across the terminal s of the sensor.
It isimpossibleto measure voltage without drawing at least alittle electrical current. Thissituationissummed
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Figure 25: Frequency Response of a Single Pole High-Pass Filter

Figure 26: A piezoelectric sensor with aload resistance

up in Figure 26 where R, representsthe load impedance inherent in the measuring device. Figure 27 showsa
typical responsewhich might ariseif aconstant forceisappliedto the piezo. Intheabsenceof aload resistance,
aforce appliedtothe crystal will develop achargewhichwill remain aslong astheforceispresent. Inthe case
where the load resistor is present, an electrical path is formed which servesto alow the charge to dissipate,
which in turn reducesthe voltage. The higher the value of the resistance, the longer it will take for the charge
to dissipate. The time-constant of the system is defined asthe time it takes the charge (or voltage) to decrease
to approximately 37itsoriginal value. Thetime constant tisgiveby t= RC. Typical valuesfor common piezo
sensorsis about 2.4nF( nano-farads), and typical input impedances for measuring devicesis on the order of
10Mw ( mega-ohms). Thesevaluesresultin a t of 24msec. Roughly speaking, this meansthat forces that are
constant, or vary slowely will suffer from the fact that the voltage across the sensor will tend to decreasein
amplitude, and the overall amplitude of the measure voltage will be reduced. Alternatively, forces which vary
rapidly will not be subject to much if any decreasein amplitude.

Force

Output
Voltage

1

1l/e

\ A

t
Figure 27: Time domain response of the output of a piezo sensor subject to a constant force

This situation can al so be described in the frequency domain. In the time domain, the system is characterized

by its time constant whereasin the frequency domain it is characterized by its cutoff frequency f 2 % A plot
of the frequency response of piezo sensor along with aload resistanceis shown in Figure 28. For the sensor
mentioned earlier with an internal capacitanceof 2.4nF and aload resistance of 10Mw , the cutoff frequency is
equal to 6.6Hz. Specifically, this meansthat aforce varying at afrequency of 6.6Hz will result in ameasured
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Figure 28: Fregquency response of a piezo sensor

voltage which is 3dB less than a more rapidly varying force with the same amplitude. In many applications
it isimportant to make the 3dB frequency as low as possible. In order to do this one must make the input
impedance of their measuring circuit as high as possible. Thus a hon-inverting amplifier is connected to the
piezo output as shown in Figure 29.

Figure 29: Amplified piezo sensor

Hencethe circuit amplifiesthe voltage by the factor 1+ % . The 3dB cutoff frequency of thiscircuit is foyt =

ZP%RC, where C is the internal capacitance of the sensor. It is clear that an increase in the value of the input

resistor will result in a decreasein the cutoff frequency.

Piezosensor

Mass

Figure 30: Using a piezoelectric sensor as an accel erometer

As mentioned several times, piezo sensors find many applications. Figure 30 shows a mechanical system
which implements an accelerometer. In this system, a massis placed on the tip of a piezo sensor forming
a cantilever beam. When the mass undergoes an acceleration, a resultant force will cause the piezo film to
bend, which will result in avoltage. Remember that the piezo sensor cannot measure a constant force, so this
device can only measure dynamic accel eration, and cannot be used for applications such astilt sensors.

4.4 Current to Voltage

441 Motivation

Some sensors output a current rather than a voltage. The most common sensor of this type is the photodi-
ode which has a current output proportional to the amount of light shining on it. The purpose of the signal
conditioning circuitry isto convert the current output of the sensor to a voltage.
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4.4.2 Circuits

In converting acurrent to avoltage, one usually usesan inverting amplifier configuration, sinceanon-inverting
amplifier drawsvery little current. Figure 31 showsa current amplifier connected to aphotodiode. Notice that
the circuit isidentical to the non- inverting amplifier with the input resistor removed. As the light increases,
the current output of the photdiode increases, increasing Vo, proportionaly: Voue = IsR

Vo
- 2

Figure 31: Photocell Connected to a Current Amplifier

45 Resistanceto Voltage
451 Motivation

Many sensorsexhibit achange electrical resistancein responseto the quantity that they aretrying to measure.
Some examplesinclude force sensing resistors which decrease their resistance when a force is applied, ther-
mistors which change resistance as a function of the temperature and carbon microphones which alter their
resistancein responseto changing acoustical pressure. In all these cases, one must be ableto convert theresis-
tance of the device into a usable voltage which can be read by the analog to digital converters. Following are
some circuits which perform these measurements along with some examples of sensors that were described
in previous sections.

45.2 Circuits

There are two ways to convert resistance of a sensor to avoltage. The first, and simplest way is to apply a
voltage to aresistor divider network composed of areference resistor and the sensor as shown in Figure 32.

Figure 32: Resistanceto Voltage

The voltage that appears across the sensor (or the reference resistor) is then buffered before being sent to the
ADC. The output voltageis given by:

v 1
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Figure 33: A Resistance Bridge Connected to an Instrumentation Amplifier (1A)

The problem with this method of measuring resistance is that the amplifier is amplifying the entire voltage
measured acrossthe sensor. It would be much better to amplify only the changein the voltage dueto achange
in the resistance of the sensor. This can be accomplished using a bridge as shown in Figure 33.

If Ry isset equa to R, then the approximate output of this circuit is: Vour = %Vredehere Aisthe gain of
the A and dis the changein the resistance of the sensor corresponding to some physical action. Notice in
this equation that the gain can be set quite high because only the change in voltage caused by a changein the
sensor resistanceis being amplified.

45.3 Example
FSR
VRef
Re
Vout -
Ry

Figure 34: An FSR in avoltage divider configuration

The most basic method of interfacing to an FSR is depicted in Figure 34. In this configuration an FSR is
used in a voltage divider configuration as described previously. In this case Ry from Figure 32 is the force
sensing resistor. An increase in force results in a decrease in the value of R, and hence an increase in the
output voltage. This configuration will not produce a voltage which is alinear function of force. If alinear
characteristic is desired, then one must use adifferent configuration, or compensatefor the actual responsein
software once the voltage datais acquired.

Figure 35: Measuring the current through an FSR
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An dternative to the above implementation is to measure the current through the device, and then use an op-
amp circuit to convert the current to avoltage. The current through the FSR is proportional to the conductance
whichisin turn proportional to the force, hence current is proportional to force. Moreover, within the appro-
priate region, thisis alinear relationship. Figure 35 depicts an op-amp in a current to voltage configuration.
What is shown hereis simply the output of the FSR connected to the inverting input of theinverting amplifier
described previously. The output voltage, Vgt is given by:

Rc
Vout = Vyef — Re

SinceRga % , Vout islinearly proportional toforce. Sincethenon-inverting terminal of the op-ampisgrounded,

v
the inverting terminal is effectively at ground, hence the current through the FSR is given by ,g—?f, hence the
above expression can be written asVgyt = Ral.

Figure 36: Linear potentiometer configuration of an FSR capable of measuring both force and position.

Standard FSRs are two terminal deviceswhich measureforce. Another configuration offered by Interlink isa
three terminal linear potentiometer. Depending upon the circuitry it is hooked up to, this device can be used
to measure either force or position. The physical layout of the device and a schematic representation of the
deviceare given in Figure 36.

In order to understand how it measures the position of contact, first imagine that the force sensing resistive
elementissimply awire. When pressureis exerted somewhereal ong the length of the device, contact is made.
By measuring the amount of the resistance from either of the ends to one of the terminals one can determine
the location at which the potentiometer has been pressed. Oneway to do thisisto apply a voltage acrossthe
potentiometer. When the device is pressed, a connection is established which effectively creates a voltage
divider. The voltage which appearsat thisterminal will be proportional to the position of contact. In our case,
we do not haveawire, but rather aresistor, henceany current flowing through the resistor will causeavoltage
drop. Furthermore, we cannot know the amount of the voltage drop sincethe resistanceis unknown. One way
around this dilemmais to sense the voltage while drawing as little current as possible. In order to do this, a
buffer circuit, like the one described previoudly, is employed. Thisis summarized in Figure 37.

One way to measurethe applied forceisto apply avoltage to only one end of the potentiometer while leaving
the other end open. Using the voltagedivider circuit discussed earlier, one can measure the series combination
of the force sensing resistive e ement and an unknown amount of resistance dueto the section of the linear po-
tentiometer. Thiscircuit isshownin Figure 38. The amount of uncertainty can be reduced by tying both ends
to thevoltage supply. A more sophisticated approachisto implement acircuit that can switch betweenthetwo
measurements schemesjust discussed. Furthermore, if thisis donefast enough, one can obtain both measure-
ments almost simultaneously, and use the position measurement to compensate for the unknownresistancein
the above scheme.
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Figure 37: High input impedance measuring system used to measure position.
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Figure 38: Circuit used to measure force with alinear FSR potentiometer.

4.6 Capacitance to Voltage

4.6.1 Motivation

We have seen that the electrical property of capacitance has been the main physical principle behind many of
the sensors that we have discussed. The main reason why it is so useful is that it is a property which varies
directly proportional to the distance between the metal plates. This has made it a useful tool in measuring
small vibrations. Capacitance can also be used to measure much greater distances than we have seen so far.
The Radio- Baton is an example of a system which uses capacitance to measure distances on the order of 1
meter.

Another useful property of capacitorsisthat they are sensitiveto the material that resides between their metal
plates. Specifically, it isthe dielectric constant associated with the material that resultsin a changein capac-
itance. One example which makes use of this principle is that capacitors can be used as sensors which can
detect the presence of an object between their plates. This principle can be used as a detector to determine
when someone enters a space. In the case of the piezoel ectric sensor, we used the fact that the voltage of a
charged capacitor will vary inversely proportional to its capacitance. An op-amp circuit could then be used to
amplify the voltage to auseablelevel. Since voltage and capacitance are inversely proportional, thisis useful
when small values of capacitance are to be measured. When one is dealing with larger values of capacitance
the voltages resultant from a practical amount of charge are too small to be useful, and hence other methods
must be used.
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4.6.2 Circuits

Capacitance can be measured in the same two ways discussed previously for measuring resistance - avoltage
divider or abridge circuit. Instead of using resistors, capacitorsare used. Thereisonly onecritical difference:
Vref Must beasinusoidal signal since the capacitor blocks DC. Since theimpedance of acapacitor isinversely
proportional to frequency, the HCI designer should chooseafrequency for V,es that createsavoltage acrossthe
capacitor that is appropriate for amplification (i.e, too small afrequency will causetoo high of an impedance
of the sensor which will causetoo much noise from the sensor; too high of afrequency will causetoo low of
an impedance of the sensor which will cause other circuit noise to swamp out the voltage across the sensor).

4.6.3 Examples

ADXL50 Accelerometer

The ADXL50 accelerometer provides as its output a voltage level which variesin proportion to the amount
of acceleration experienced along its sensitive axis. It is calibrated such that under no accel eration the output
will be 1.8 volts. Furthermore, an acceleration of 50g (where 1g is the accel eration due to gravity) will cause
avoltage swing of 1volt (ie. an acceleration of 50g would result in an output of either 2.8valts, or .8 volts
depending upon the direction). In many casesthis voltage swing would not be appropriate for aspecific appli-
cation, hence one must use a circuit which converts the output voltage into a more useful voltage range. For
example, one might desire a more sensitive device which varied 1volt for every g of acceleration. Figure 39
depictsacircuit which accomplishesthis task.

+1.8V

Figure39: Schematicof an op-amp circuit which convertsthe output voltage of the ADXL-50to arangewhich
is suitable for analog-digital conversion.

The output voltage of this circuit is given by:

Ro

R
Vout = 18(?2*” tR

(1.8—Vin)

When no accelerationis applied to the device, the output voltage will be 1.8voltswhich makesthe secondterm
will be zero, and the output will be 1.8(5—; +1), the new zero-g output. The output voltage can be written as.

R
Vout = (zero-g output) + ﬁz DVin
1
where DVj, isthe deviation of the output voltagefrom 1.8 volts. A 50g accelerationwill resultin DV;, of 1volt,

which will be scaled by E—i . Inthisway, we seethat E—i determinesthe sensitivity of the output, while the new
zero-g output is determined by 1.8(% +1).
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4.7 Additional Signal Conditioning Circuits
4.7.1 Comparators

Sometimesthere isno need to send the entire range of voltagesfrom asensor to the anal og-to-digital converter
(ADC). Instead, many times asensor is used smply asa switch. Figure 40 containsacircuit called acompara-
tor which takes an analog sensor voltage and comparesit to a threshold voltage, Vi If the sensor’s voltage
is greater than the threshold, the output of the circuit is maximum (typically 5V). If the sensor’soutput isless
than the threshold, the output of the circuit is minimum (usually 0V). The threshold voltage is set by adjust-
ing the potentiometer labeled Ry,. The output of the sensor can also be reduced by using the resistor divider
network as shown if desired. Notice that the circuit has a positive feedback resistor Rz which assuresthat the
output of the comparator will swing quickly and completely from maximum output to minimum output (also
caled “rail torail”).

Example- Using an FSR asa Switch

An example of when this might be useful isin the case of the force sensing resistor. Asdepicted in Figure 6,
typical force sensing resistors exhibit a region in which the resistance varies rapidly in response to a rather
small variation in force. The force which definesthis knee' in the force vs. resistance curce is known as the
break force. Thisbehavior can be usedto create aswitch out of an FSR. Thistypeof behaviour might be useful
in devices such as membrane style keypads.

V+
Rg

£
o

V+
= Rn

Figure 40: An FSR in a Switch Configuration, Using a Comparator

Figure 40 showsacircuit which implementsaswitch based uponaforce sensing resistor. Thevariableresistor,
R is used to set the sensitivity of the switch.

4.7.2 Signal Energy to Voltage

M otivation

Sometimes, eventhough asensor’soutput isan extremely complex waveform, only the energy of thewaveform
is needed. Thisisaccomplished by rectifying the waveform (taking the absolute value) and then smoothing
(lowpassfiltering) the result. This processis shown in the circuit below.

Noticethat the output isarectified version of theinput. Figure 42 addsa couple capacitorsto the above circuit
to smooth the output.

Example- EMG M easurement Using an Electrode

Aswas discussed previoudly, the output of the el ectrodeis avoltage waveform that measuresunderlying neural
activity. Many times, when measuring the EMG, the complex waveform that is created by many neural motor
unitsfiring isirrelevant. What is of interest is the average energy caused by the muscle exertion. The circuit
shown in Figure 42 is used to obtain this energy. The capacitors are usually chosen to smooth off changes
faster than 5-10Hz.
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Figure 41: Energy to Voltage Conversion
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Figure 42: A Complete Energy Measurement Circuit

5 DataAcquisition

Data acquisition can be divided into the steps shown in Figure 43.

Anti-aliasing Sample/Hold Quantization
_,| Analog Signal Discretein Time Discrete in Time
Bandwidth Continuousin and Amplitude
Reduced Amplitude

Figure 43: Data Acquisition

Thefollowing section will describe each step of the data acquisition process, especialy asthey arerelevant to
the HCI designer. Two good referencesfor thissubject areDigital Signal Processing: A Practical Approach,
1993 by Ifeachor and Jervisand A Digital Signal Processing Primer with Applicationsto Digital Audio and
Computer Music, 1996 by Steiglitz.

51 Anti-aliasing

The Nyquist criterion dictates that all signals must be bandlimited to less than half the sampling rate of the
sampling system. Many signalsalready have alimited spectrum, so thisis not a problem. However, for broad
spectrum signals, an analog lowpass filter must be placed before the data acquisition system. The minimum
attenuation of this filter at the aliasing frequency should be at least: Amin = 20log(\/3* 28) where B isthe
number of bits of the ADC. Thisformulais derived from the fact that thereis aminimum noise level inherent
in the sampling processand there is no need to attenuate the sensor signal more than to below this noiselevel.
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5.1.1 Problemswith the Anti-aliasing Filter:

1. Time Response: In designing an anti-aliasing filter, there is a temptation to have it’'s attenuation roll-
off extremely quickly. The way to achievethisis to increase the order of the filter (see the previous
discussion of filter order). A so-called brick-wall filter (onewith infinitely high order), however, causes
a sinc function time response that decays proportionally to 1/t. What this meansis that an extremely
high order filter that eliminates all signals above the cutoff frequency will cause signals that change
rapidly to ring on for along time. A very undesirable effect.

2. Phase Distortion / Time delay: Most analog filters have a non-linear phase response. This a problem
since non-linear phase causes an unequal time (group) delay as a function of frequency. The higher
frequency signalswill arrive later than low frequency signals. This can especially be a problem when
multiple sensor outputs are compared such as when using a microphone array.

3. Amplitude Distortion: By definition, the filter will modify the frequency structure of the sensor signal
which isusually not desired

5.1.2 Solutions:

1. Increase the sampling rate of the ADC. This allows the antialiasing filter to have a higher cutoff fre-
guency and still eliminate aliasing. This enablesthe following:
(8 Thefilter rolloff can be more shallow - alowing a better time response
(b) Thefrequency response of the filter does not attenuate the lower sensor frequencies of interest
(c) Phasedistortion is strongest around the cutoff frequency of the filter so if thisis pushed higher, it
will not affect the sensor frequenciesthis cutoff

2. Havelinear phasefilters. This, of course, will reduce the phase distortion problems.

5.2 Sampleand Hold

The purpose of the sample and hold circuitry is to take a snapshot of the sensor signal and hold the value.
The ADC must have a stable signal in order to accurately perform a conversion. An equivalent circuit for the
sample and hold is shown in Figure 44. The switch connects the capacitor to the signal conditioning circuit
onceevery sampleperiod. Thecapacitor then holdsthe voltage value measured until anew sampleisacquired.
Many times, the sample and hold circuitry is incorporated into the same integrated circuit package.

O—/C J_ O

(o, —I_ 4

Figure 44: Equivalent Circuit for a Sample and Hold

5.2.1 Problemswith a Sampleand Hold:
1. Finite Aperture Time: The sample and hold takes a period of time to capture a sample of the sensor

signal. Thisis called the aperture time. Since the signal will vary during this time, the sampled signal
can be dlightly off.
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2. Signa Feedthrough: When the sample and hold is not connected to the signal, the value being held
should remain constant. Unfortunately, somesignal doesbleed through the switch to the capacitor, caus-
ing the voltage being held to change dightly.

3. Signal Droop: The voltage being held on the capacitor starts to slowly decrease over time if the signal
is not sampled often enough.

5.2.2 Solution

The main solution to these problems is to have a small aperture time relative to the sampling period. This
means that if the HCI designer uses a high sasmpling rate, the aperture time of the sample and hold must be
quite small.

5.3 Analogto Digital Conversion

The purpose of the analog to digital is to quantize the input signal from the sample and hold circuit to 2B
discretelevels- where B isthe number of bits of the analog to digital converter (ADC). Theinput voltage can
range from O to Vref (or -Vref to +Vref for abipolar ADC). What this meansis that the voltage reference of
the ADC isused to set the range of conversion of the ADC. For amonopolar ADC, a0V input will causethe
converter to output all zeros. If theinput tothe ADC isequal to or larger thanV;et thenthe converter will output
all ones. For inputs between these two voltage levels, the ADC will output binary numbers corresponding to
the signal level. For abipolar ADC, the minimum input is —V;es not OV.

5.3.1 Problem: Noise

Because the ADC outputs only 28 levelsthereis inherently noisein the quantized output signal. The ratio of
the signal to this quantization noiseis called SQNR. The SONR in dB is approximately equal to 6 times the
number of bits of the ADC:

2010g(SQNR) = 6« Bits

So for a 16 hit ADC this means that the SONR is approximately equal to 96dB. There are, of course, other
sources of noise that corrupts the output of the ADC. These include noise from the sensor, from the signal
conditioning circuitry, and from the surrounding digital circuitry

5.3.2 Solution: Maximizethe Input Signal

The key to reducing the effects of the noiseis to maximize the input signal level. What this meansis that the
HCI designer should increasethe gain of the signal conditioning circuitry until the maximum sensor output is
equal to theV,¢; of the ADC. It is also possibleto reduce Ve down to the maximum level of the sensor. The
problem with thisisthat the noise will corrupt the small signals. A good rule of thumb isto keep Vi at least
aslarge as the maximum digital signal, usually 5V.
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Figure 45:; Block diagram of the National Instruments data acquisition card
6 System Integration

6.1 Data Acquisition system
6.1.1 HardwareBlock Diagram

Figure 45 depictsasimplified block diagram of the National I nstruments dataacquisition card that will be used
in the lab portion of the class. It has 16 analog channels which can either be configured as 16 single ended
inputs, or 8 differential inputs. Thisis accomplished by the multiplexer, or switching circuit and is software
configurable.

The output of the multiplexer feedsinto an amplifier whose gain is programmabl e through software. Thiscir-
cuit allows the programmer to select an amplification appropriate to the signal that is to be measured. The
board used in the lab is capable of implementing gains from 0.5 up to 100. As an example of how this pro-
grammable gain would be used, consider a bipolar (both positive and negative) input signal. The analog to
digital converter hasan input voltage range of +5V, henceagain of 0.5 would enablethe board to handle volt-
ages ranging between +10V (5/0.5). Similarly, again of 100 would result in a maximum range of +£50mV
(5/100) at the input to the board.

In addition to the analog to digital converters, there are 2 digital to analog converterswhich allow oneto gen-
erateanalog signals. Eight general purposedigital 1/0 linesare also provided which allow the board to control
external digital circuitry or monitor the state of external devices such as switches or buttons.

Low level communication with the data acquisition board is handled through drivers provide by National In-
struments. These drivers allow the programmer to perform all the necessary tasks such as initializing, con-
figuring, and sending and receiving data from the board. It is possible to use these drivers from most of the
common C compilers available, but we will primarily use a compiler/development package called Lab Win-
dows CVI. Thistool is designed for use specifically with these boards and helps to shield the programmer
from many of the potentially unnecessary low level details of the hardware.

6.2 BioMuse

The BioMuse system is a complete bioglectric controller system. All bioelectric signals that can be mea
sured from the surface of the skin can then be used to control the computer. The system is composed of
8 instrumentation amplifier circuits (IA) in order to measure 8 bioelectric signals simultaneously. The am-
plified signal from the electrodes is then sent to a programmable gain amplifier (PGA). The total gain is:
Gaingg = Gaina x Gainpga Where Gainja = 100 and Gainpga can be programmed from 1 to 100. Thus
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the maximum Gaintg = 10,000. Thesignal isthen sampled at arate of 4kHz. Thissignal isthen processed
by a specialized digital signa processing microprocessor in order to filter the signal and perform certain pat-
tern recognition operations. Thisprocessed signal isthen sent at 19.2kBaud to the computer using an optically
isolated serial channel. Theoptical isolation isimportant to protect the user from voltage spikes coming from
the computer.

6.3 Radio Baton

The Radio-Baton is a device which tracks the motions of the tips of 2 batonsin a 3 dimensional space. The
main components of the system are 2 batons, and a base unit called the “antenna” The tips of each of the
batons are shrouded in copper, and 5 copper plates are housed in the base unit. By measuring the electrical
capacitance between the tip of the baton and each of the 5 plates, the system is able to localize of the tips of
each of the batons. Each of the 5 capacitors will vary as a nonlinear function of the distance between tip of
the baton and the copper plate. Thisis depicted in Figure 46.

1%

Figure 46: The capacitive elements of the Radio Baton

The remainder of the Radio Baton system is shown in Figure 47. Capacitors are devices which exhibit an
electrical impedance (the AC counterpart to resistance) which variesinversely proportional to the capacitance
of the device. By applying an alternating current of known voltage to the plates of the capacitor, one can
determine the impedance, and hence the capacitance by measuring the current flow through the device. This
isthebasic principle of operation of the radio baton. In the case of the radio baton, the voltageisan AC signal
with afrequency of 50kHz. The current through each of the 5 capacitive elementsis measured, and converted
to a voltage which reflects the magnitude of this current. This voltage is subsequently measured by the ADC
converter.

Theset of 5 current measurementsis processed by an embedded 80186 processor, whichisprogrammedto turn
the set or measurementsinto a position given as a set of 3 cartesian coordinates. An important aspect of this
procedureis to compensate for the nonlinear relation between the measured current and that actual position.
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Figure 47: Block diagram of the Radio Baton system.
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