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Email me if you want a copy.

“We only have 90 minutes, so I think we’re pretty safe.
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Outline

* Sensors as dynamic systems
e /ero-order sensors

e First-order sensors

e Second-order sensors

 Sensor performance metrics
* sensitivity
e bandwidth/transmission band(s)
* Cross-axis sensitivity
* sensitivity to extraneous measurands

* Fiber Bragg Grating sensing
* operational principles
* deployment examples
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The Process of Getting An Acceleration Measurement

plate binding
Y epox housin
vibration poxy & post
temperature self-dynamics .
(e.g., resonances) manufacturing
viscoelastic tolerances
effects boun &m@ self-dynamics
conditions (e.g., cross-axis
sensitivity)
environment stray capacitance boundary
coupling conditions
EMI contact leads
) ) piezoelectric seismic
cabling contact wire
element mass
seating
m_mwm_. DAQ DSP data
conditioning board presentation
environment quantization human error human error
error
SES:. error software glitches Microsoft observer —
(e.g., filter settings) (e.g., round-off) ﬁ\
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Input/Output Representation of Sensors

What we WANT to measure is some kind of response of the plate (e.g., acceleration at point
q, Y Q« w)), to some kind of excitation of the plate (e.g., impact hammer strike at point p, Nk w));
we usually describe the response in terms of an FRF (frequency response function):

H, (0)= M\QASV\N&SV

Just as the plate transfers an excitation into an acceleration, the accelerometer subsequently
transfers this acceleration into a measured representation of itself. Thus, what we ACTUALLY
measure (Y (w))is NOT necessarily equal to what we WANT to measure (Y, o w)):

,obs

Q obs (w) = A epoxy Aevmgiiw Aevmﬁc& Aevmsaa Aevmw&@ Aevmsimq AevVﬂ (w)

mMNSMQ\ A Sv

And this doesn’t include all data acquisition and signal conditioning response functions!

We need to understand the behavior of the sensor transfer function in order to
choose the right sensor characteristics for an application and calibrate it.
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An Example to Consider...Detecting a Tank in the Trees

time/location g
AR R
UAV
E%am? tic
J.r... . Ground
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Tank Example (Continued)

what the sensor gives you
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Another ‘““‘Real” Example...Measuring Pendulation Loads

Sea state can lead to dangerous load pendulation during LOTS exercises

_Hv Also asked to
monitor

Design fiber optic ; N\ . s/ centripetal

accelerometer array |——— faf® acceleration (has

to monitor load and DC component!)

ship motions

Actual signal

What we measured

electronics had low-
frequency attenuation!
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General Input/Output Sensor Model: Accelerometer

1inertial mass

housing — binding post
m
"
piezoelectric inertial mass/ I =: effective
material —  damping block = damping/
T~ k = ¢ stiffness
contact housing (base) X
plate —— mass
input Bo&o:‘ input Bo&o:‘
d? y dy dx
, . m-——5+c—+ ky=c—+kx
Newton’s 2nd Law on m: dt dt dt
. ~ _J rJ\I\
"output" "input"
d"y d" 1y dy
And, in general, a +a,_ +...+a; ~+ayy=F(t)
g nogen n-1 di -1 1 dt 0
Sensors are themselves dynamical systems!
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Zero-Order Sensors
These sensors are NOT dynamic systems and can only measure static signals

sensor model is ay(t)=F(t) so the output is easily obtained Yy(7) = (1/ay)  F(1)
fJ\l\
K= static sensitivity
* The sensor’s static sensitivity K determines the simple proportional input/output

relationship.
* The sensor has no dynamics, so it responds instantly to the change in F(1)

 Sensor ideally contains no storage or inertial elements (or, more accurately, the behavior
of these elements is negligible)

e If F(¢) is a dynamic signal, then the reading of the sensor (y) can ONLY be considered
valid when the sensor is at static equilibrium

P plenum Ay piston spring

| «— / P =Py = —kA iionBy, or

intake m ..... " K /////////////N///////////

valve - AP = I\O»E.&Q: Ay

> S
) static sensitivity, K
force due to pressure difference P,
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First-Order Sensors

* These sensors contain storage elements which cannot respond immediately to inputs

: : d
* Modeled as first-order dynamical system ¢ &W\ +ayy=F(t)

d
time constant ——» ﬂ\v\ +y=KF(t)

d L static sensitivity

* The zero-state response (with no input) of this system shows the influence of t:

¥(t)

The larger the sensor’s time constant, the longer it takes to respond to input changes.
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First-Order Sensors (Cont’d)
* We know from dynamic systems theory that we can utilize the powerful kernel method based
on zero-state impulse-response to get the formula for the response to ANY input. The impulse
response for an impulse-loaded first-order system

%
Ko(t
al (1)

is h(t)=Ke''"/t

For any general input F(?), then, we know the sensor response to it:

YO =30 T+ [ F(TYy(e ~T)dT
T=0

it _T)/
=y T+ ?SQQ%& TAT
——
transient r

-~
response steady-state
response

J/

pal
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Example: Bulb Thermometer

control
volume

E

0
The change in energy stored in the bulb, E, must balance the exchange

of heat between sensor and environment :

E=Q m = liquid mass in the sensor
dT ¢ = specific heat of liquid

Sm& =hA(T, -T) h = convective heat transfer coefficient
AT A = sensor surface area

mc

———+T =T,

hA dt

——

T e Standard from for first-order sensor
T &‘ﬂ +T = F(1)  Note that the static sensitivity, K, is 1
dt y 7
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First-Order Sensors: Step Input

* Consider the sensor response to a step change in the input, say O to A, so F(t)=A:

t
%ANV"%OQIN\,H+ %bﬁ\ﬂ\ﬂvwlﬁlﬂv}um&ﬂ "NW>+ANW>|M<OvNIN\ﬁ
T=0

* Our steady response (what we want to measure) is KA, which is the actual measurement
A modified by the constant static sensitivity of the sensor K

* Our current measurement (initial condition) 1s y,

* We can define an error fraction function I" as

H;ANV _ v\ANvlvfd _ Qlw\d
Yo — Vss

When r=7, the sensor has responded to 63% of the real measurement;

Iyl When r=2.37, the sensor has responded to 90% of the real measurement;
. When =57, the sensor has responded to 99% of the real measurement
0.37 \_UM . One may experimentally find 7 by plotting
| the In of error function during test data
W - - = —  collection, since InT' = —(1/7)t
t/T and finding the slope of the best-fit line.
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First-Order Sensors: Periodic Input

 Consider an input that is periodic in time, so F(t)=Asinwt

_ Lo, (- _ KA :
y(©)=yge T+ [AsinwT (K /t)e""'TdT = Ce™'T + 5 sin(wr + ¢)
T=0 §+ﬂ )
KAwt
irwﬁwﬁﬂv\o +ﬂv Hmbﬁﬂleﬂ
l+7°w

* Once the transient portion dies out, we have the first-order sensor frequency response to
a periodic input

» The steady-state sensor response matches the input in frequency, but it lags the input by a
time delay ¢/w and is attenuated: — f— g/

1
input \_v output
0.5

o, 1. 2.

-0.5

1
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First-Order Sensors: Periodic Input (Cont’d)

* This attenuation and lag, as a function of parameters w and t, are shown here

1} 0
el _og
0.6 o0
. ) —40
M o
_“_.ﬂ- j —
< &0
ozl
-0
_“_-
0. 001 0.0l 0.1 1 10 100 0. 01 0.1 1 10 100
T T

Attenuation factor M is the ratio of the Phase shift was defined @szloc.m_%

dynamic amplitude to the static amplitude: _tan” wt
KA
1+7°0° : :
M = T RA * to measure high frequencies, need very small T
| or too much attenuation (filtering)
=T * to measure low-frequency (towards static)
1+ T7w

signals, can use systems with large t©
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Second-Order Sensors

* These sensors contain both storage elements (in the form of damping) as well as inertia

* Modeled as second-order dynamic systems:

d’y dy
a, —5+a,—+ayy=F(t
2 27N g 0y =F(t)
2
L d w+ww&\+v\u5ﬁ3

w> di* o, dt
w, =-/ay/a, = natural frequency
€ =a,/2-/aga, = damping ratio

 The natural frequency corresponds to a time scale that the sensor “wants” to respond to
inputs

* The damping ratio determines the characteristic manner in which the sensor response
approaches the steady-state measurement:

* 0 <€ <1 (underdamped) sensor transient responds will oscillate (at w, )

e > 1 sensor transient response will monotonically (not oscillate) approach steady-state;

wufanamom_QmB@EmBEomoEm9@@Eo_momﬂaosoﬁoiom%?omor
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Second-Order Sensors (Cont’d)

* The vast majority of sensor designs result in sub-critical damping (oscillations), so we will
proceed with our discussion with that assumption. The transient response of a second-order
sensor system with sub-critical damping is

Yirans () = mlmg: ooomea/ﬂw+ o.ﬁﬁww cosw T

sensor initial conditions

* We can again use the kernel method to get the general sensor response:

H d*y 2&d
v\ 3 @y +y=Ko(t) results in h, ()= ‘Nﬂ@: mlwﬁk sinw, /1 - NNN
8 dt? 8 dt 1— mw

 For any general input F(?), then, we know the sensor response to it:

v\QvH%NSan+ .‘,muQJvNNQIN.vQNJ

T=0
o)+ F) Ko, 1-1-69 5D s, 1-82 -1 |ar
:&SEQS =0 _
response &m@%lﬁ&m
response
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Second-Order Sensors: Step Input

* Consider the sensor response to a step change in the input, say O to A, so F(t)=A:

W)=y, O+ [ AKe, /1= )eEent=T) mie: N-g@-1 %ﬂ
T=0

= KA - KAe | cos W t+ ——— mESQA where w,; =w,"/1- -
/1

e if {< 1, sensor “rings” at w,

e these oscillations die out and the
expected measurement, KA, is
eventually achieved

* system performance can be
characterized by rise time and
settling time
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Second-Order Sensors: More Step Input

» As with the first-order sensor, we can compute an error function I'(7):

1

c

[(t)=e | cos Wt + :
1-C

sina ;t
0.5 d

I'(?)

..FIII_.._“_ st

-0.5

-1

e rise time: time it takes to first achieve 90% of steady-state (or, error is 10%)

e settling time: time it takes for oscillations to settle within £10% of steady-state
10

* rise time decreases with decreased C,
but the trade-off is that settling time
increases with decreased C

* the region near the intersection of these
curves 1s an optimal design point for

0.2 0.3 0.7 1 1.23 1.3 1.7% Z W H_ﬂ@ Sensor ”
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Second-Order Sensors: Periodic Input

 Consider an input that is periodic in time, so F(t)=Asinwt
!
Y(t)=Yyuns + JAsinoT (Ko, \Evmlm@@év sinw,(t =T )T
T=0
KAsin(wt + ¢) -28w/w,

> , Where tan¢ = 5
/\?lAS\Ssvmv +(28w/w,)? 1-(w/w,)

* After the transient portion (which oscillates at sensor time scale w,) dies out, the sensor
response oscillates at the same frequency as the input (w), but with a phase shift and an
amplitude modification, both of which Qowo:a o: damping ¢ and the ratio w/w,
1.5
w/w, =0.5

AN ANV AR AVAVAYAYA
- AV

-1.5 -1.5
output lags the input and is magnified output 1s attenuated for w/w_>1, and

for w/w <1 the lag continues to increase .

= Ytrans T

=]
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Second-Order Sensors: Periodic Input (Cont’d)

* This amplitude effect M and phase shift ¢ are shown here; define Q=w/w,

20¢ 0 —
£=001 c=001
15 . e . -23
amplification
1a —~0.25 (resonance) -50
. ~
= 2 L, S 75
0 nlllf;ﬁll.\l.aﬁ. % 0.5 transmission Z i
. N —-10n
. attenuation -125
~1o} £=3
_1st -150
=175
0.2 0.9 1 z2 a 10 0.2 0.5 1 2 5 10
1
M = £ £

% |@NVN +(2EQ)?

e resonance occurs if input frequency approaches ¢ phase shift increasingly lags as £ increases,
the sensor’s natural frequency (large attenuation, with the most abrupt changes occurring at

especially for small £) resonance (especially for small &)
e M is near unity for small € and goes to zero for ® output is in phase with input for small €2 and
large €2 (regardless of §) out of phase for large € (regardless of {)

“#1JCSD | School of . . . )
Jacobs | Engineering Engineering Institute » Los Alamos

NATIONAL LABORATORY



Transmission Band: Unity Gain and Linear Phase Regime

* As shown previously, there is a frequency regime for second-order sensors where
transmission is near unity and phase shifts are near zero.

i
N
:

Ra+a’

1+

men/

/”
Q)

0.03 0.1 0.13 0.2

n.15 0.2 0.z 0.5 0.7 1 1.5 2
error tolerance o

e £=0.7 corresponds to the widest band for retaining a unity transfer function
* this is also the regime where the phase is most closely linearly related to the frequency

* nonlinear phase shifts cause a non-uniform phase lead/lag in the original signal and
the measured signal (signal distortion)
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Signal Distortion

* Suppose have original signal to be measured:
x(t) =sin 2t + sin 4 st
* A linear phase shift means that the measured signal may be represented by:
y(t) =sin(2at + @) + sin(4 7t +2¢)
=sin0 +sin 20

which by inspection is the same as the original signal but time-shifted

 Consider a nonlinearly phase shifted measured signal:

y(t) =sin(2t +0.1) + sin(4 7t +2)

nonlinear phase measured

Near sensor !
resonance, phase
distortion is
maximized!

linear phase measured

...,....._._. //4\\
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Accelerometers: Case of Second-Order Sensor

inertial mass

housing — binding post y
m
piezoelectric inertial mass/ I = effective
material —  damping block = damping/ x
kE ¢ | stiffness
contact housing (base)

plate —— mass

input Bo&o:‘ ‘ direct force input motion ‘ ‘ direct force, F(1)

2
Newton’s 2nd Law on m: S& W m@+@ n&+\§+ﬁﬁv
dt dt dt

Accelerometers are designed so that the mass is protected from direct forces, so F(1)=0; if we
define z=y-x, we can re-write this equation and normalize as before for second-order systems:

H d*z Mw dz 1 d*x 4« putx accelerometers measured acceleration of

8 dt? 8 dt T IS‘ dt? input by relative motion response of the
v/ output z inertial mass
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Let’s Consider a Periodic Input to this Accelerometer...

If x(1)=Asinwt, then X = ~Aw” sin wt, and

KAQ? sin(QT - }) 2EQ Very response to previous second-order
z(t) = 2 >’ tang = T_o? response, but with an extra Q2 in
/\ ? - Q v +(28Q) the numerator; phase shift ¢ is the same

We can define M for this system depending on what we consider the input: displacement,
velocity, or acceleration

Displacement input Velocity input Acceleration input
amplitude: A amplitude: AQ amplitude: AQ?
210 20 20
15 15 pretty 15
in good 10 much 10k good
= trans.! = stinks! 3t trans.!
0 0 0
-5 -5 -5
-10 ~10 ~10
15 15 15
0.z 0.5 1 0z 5 10 0.2 0.5 1 % 5 10 0.2 0.5 1 2 5 10
Q2
M = 2 ) M= Mw M= W
%-@NV +(2EQ) %-@NV +(22Q)° %-@Nv +(2£Q)°
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Demonstration of Accelerometer in Displacement Mode

* Consider a periodic displacement input labeled in black) and the corresponding
measured output (labeled in red) for three different damping ratios over a swept
frequency range (0<€2<8)

£=0.1 £=0.7 =20

Z0 1] =11 1] 100 Z0 1] =11 1] 100 20 4an &l 0 100

-2t -2t sin

-4 -4 PP

* In displacement mode, output signal is attenuated (but in phase) for low €2 and then
enters a near-unity transmission mode for post-resonant €2 (but out-of-phase with input)

e Very low or very high damping shrink the useful transmission band (£ = 0.7 is optimal)
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Demonstration of Accelerometer in Acceleration Mode

 Consider a periodic acceleration input labeled in black) and the corresponding
measured output (labeled in red) for three different damping ratios over a swept
frequency range (0<€2<8)

E=0.1 £=0.7 =20
d d+ 4
z z| z
To0 zoo 00 0 500 . To0 zoo 300 0 500 : 00 =00 300 T
= 2 F —a b
-dt -4 | -dt

* In acceleration mode, output signal is in phase and in near-untiy transmission for low €2
and then enters attenuated, out-of-phase behavior for post-resonant €2

e Very low or very high damping shrink the useful transmission band (£ = 0.7 is optimal)
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Measuring Wideband Signals Beyond Transmission Band

We will assume that the sensor behaves as a linear dynamic system, so multiple inputs
may be treated by superposition; suppose a sensor’s resonance is at 3 Hz, and we try to
measure a signal composed of 1 Hz and 5 Hz components:

x(t)=sin 2t +sin10 7t

Input components are in black, outputs in red:

78 N N1 31NN

—_
T

\ 50.2 50.4 Sh, 6 508 1

-0.3

=2UCSD
Jacobs

1 Hz component  +

-0.3

VY

5 Hz component =

=l

\ iz s . =0, fi

total input and response

Not very good signal representation due to distortions induced by resonance
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Engineering

Engineering Institute
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An Accelerometer Cut-Away
Let’s look at a cut-away view of a seismic accelerometer:

e contains seismic mass, as expected

e utilizes elastic beams as springs

* in this example, uses fiber Bragg gratings to transduce bending of
beams into displacement/acceleration

———— T
- - gy
»

seismic mass

fiber optic cable

elastic beams
(springs)

fiber Bragg grating
(fiber optic transducer,
attached to beam)
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Sensor Performance Properties

We will utilize this example of an accelerometer to explore several sensor performance
properties:

e sensitivity: What is the response of the sensor to inputs, usually over a range of
time scales? (Usually given in terms of the transfer function)

* resolution: What is the minimum detectable value of the intended input? (Usually
given in terms of power or amplitude spectral density)

* cross-axis sensitivity: How much does the sensor respond to inputs not aligned
with the primary sensing direction? (Usually expressed as a fraction of the main
sensitivity)

* multiple resonances: Does the sensor have multiple nonlinear (resonant) areas that
affect sensitivity and response? (The answer is typically, “yes”™).

* sensitivity to extraneous measurands: Does the sensor respond to unintended inputs?
(Does an accelerometer, for example, also respond to strain or temperature inputs

yielding “false” signals?)
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Sensitivity

We’ve already visited sensitivity when we studied the responses of zero, first, and second
order instruments to various inputs

* static sensitivity, K: sensor’s static response to a static input; the steady-state response to
a unit amount of step input yields a sensor output of K:

YO =K YO =K+K-y)e"'"  y()=K-Ke = (f©)sin(wyt +9))
zero-order first-order second-order

» dynamic sensitivity: the modification of the static sensitivity by dynamical properties of
the sensor system; the steady-state response to a unit input at a certain frequency

(e o — — — — — — K 20

15¢

second-order

first-order

o.001 0.1 0.1 1 10 100

wT
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Static and Dynamic Sensitivity of FBG Accelerometer
KM, N&g:\a '8 b@m@:\a )
2 ,2)? 2 ;2 2
(£ -12) -4E 12,

()=

80
—— measured response ,
“““ theoretical prediction | 20
— o W
oY) >
E 0 2
Dwr 40 —| static sensitivities (function of added mass) o
< &3
s \ ; e
7 20 |/ 22 grams— - —— - emeeee —— | = -20 &
-/-—8grams— - — — — — — — — T = ‘
wwwww 2grams— - - oo TN L 40
O [ [ _______ [ _______ [ _______ T T TTTI
0.1 1 10 100 1000
frequency (Hz)
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Design Trade-Off: Sensitivity and Bandwidth

The mechanical designs of seismic mechanical motion sensors often involve design
trade-offs between performance properties: higher sensitivity often means a lower
transmission band:

lower sensitivity (higher resonance;
wider transmission band)

=UCSD | School of S A
Jacobs | Engineering Engineering Institute » Los Alamos

NATIONAL LABORATORY



Resolution

Resolution refers to the sensor’s minimum detection capability for the intended input;
this property is usually expressed as a power or amplitude spectral density

 Spectral densities may be estimated from finite Fourier transforms of time records

N-1

X(f)=Ar S x o~ 2mikn/N — Fourier transform for N-point time record
g =0 " (units/Hz)
Gyx(fe) = 2 X(f; vm power spectral density (units? / Hz)
NAt
Axx (fe) =/Gxx (fr) amplitude spectral density (units / Hz!/2)

* One way of determining resolution capability is to take data with the sensor in an as quiet
environmental state as possible, i.e., no inputs to the sensor

* The practical resolution capability not only includes the sensor dynamics but all aspects
of the electronics (amplifier, filter, D/A)
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Resolution of FBG Accelerometers

* Accelerometer put in a lead-lined box in the laboratory
* Amplitude spectral density was computed from an ensemble average of several time

FBG optical accelerometer
* flat response over wide bandwidth
3 mg/Hz"> resolution over all freq.

iy

T T T T 17T T T T 1T T 1T

5

records
0
~~ 0.25
b
3 c
9 0.00
T o, | %
~ 25 = .
oh 025 , , , time record
[an) 0 10 20 30 40
o time (s)
N’
S 50
S
S T Al
O
95
o v
S 75 S S
= 2 3 4567 2 3 4567 ) 2 3 4567
0.1 1 10 100
frequency (Hz)
interferometric optical accelerometer
* 2 ug/Hz"> resolution at low-mid freq.
* electronic noise rise at low freq.
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Cross-Axis Sensitivity

Design imperfections often cause the intended sensing axis to be misaligned with the actual
sensitivity vector, leading to cross-axis sensitivity:

7Z |[¢&—| Primary sensing axis

X

The sensitivity vecto rfor a single intended axis may be characterized by its orientation in
0 and ¢:

S = { K sin(¢)cos(0) }i+{K sin(¢)sin(0) } j+ {K cos(¢) }k
m&m& = Kk
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Cross-Axis Sensitivity

Given this general sensitivity vector, let’s consider a general acceleration input vector,
givenby a=a_ i+a j+a_ Kk where we will assume the primary direction is in z.

The measured output M is just the dot-product of these vectors:
M=S-a=S§,a,+S,a,+Sa, where
Sy =Ksin(@)cos(0)  +—__ roes-axis terms
5, =Ksin(@)sin@®) <

S..=Kcos(¢p) < intended axis term

* Ideally, measurement should be M = Ka,

* Accelerations from other directions corrupt measurement

* Even dominant axis sensitivity attenuated (by cos¢)

* A calibration may be performed to get the sensitivity vector in a least-squares sense; put
accelerometer on a shaker (with characterized directionality) on all its sides for N tests:

M, Axl  dy1 4z Mﬁ

S sy ) eesas.s. [0 mK6g

-Q?Z Q?Z QN,Z %NN- least-squares,

- pseudo-inverse above m@:@:@iu
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80
—— measured response
\\\\\ theoretical prediction
60 —
b
=]
m 40 —
=S
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Cross-Axis Sensitivity

Primary axis sensitivity of
FBG accelerometer
(from previous viewgraph)

(3/pergp) s

Out-of-plane axis sensitivity
of FBG accelerometer
(obtained by placing sensor on
its side on a shaker)
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Multiple Resonances

* In reality, most sensor transducer elements comprising the “mass” and “spring” elements
are themselves continuum structures and thus have multiple resonances

* Case of FBG accelerometer: elastic beams used as springs, and the full-spectrum

frequency response diagram is

the beam/mass system
has multiple resonances
and multiple transmission
bands
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Sensitivity to Extraneous Measurands

* The elements of many sensors are often sensitive to unintended inputs (due to their
construction, operation, or connection to other elements), making the sensor produce a
signal even when an actual intended signal is not present

* Some examples include temperature, pressure, or strain dependences; for example,
with the FBG accelerometer, what if the ambient temperature changed? FBGs are just
strain gages, so they will measure temperature.

* Some force transducers (which are just like accelerometers in design!) have bending
moment sensitivity and base strain sensitivity...local bends or strains applied at the
attachment points can cause a signal because the housing is coupled into the sensor
dynamics

* How sensors are attached (and to what they are attached!) are CRITICAL!

The force transducer ”u ,
IS SUpporting a structure T i :” 1
with large inertia, and L I

§ steel bar r A I 7

its modes (translational, ok RN JAY i
bending) are being detected”. FT oot 4 ™, TP ]

*K. G. McConnell and P. S. Varato, 110 8- .:,
“A Model for Force Transducer Bending w7 Q
Sensitivity and Response During Calibration,”
MVH.OO. H Hﬂ_‘w HZ}O Huw m _VQIMNH H@@W 0 20 40 60 80 100 120 140 160 180 200
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Some Current Trends in Sensing

e SMALLER, SMALLER, SMALLER

v’ Microelectromechanical systems (MEMs) have been and continue to be developed to measure

fields such as force, acceleration, and strain

v’ These sensors work on same seismic principles mentioned, just on much smaller scale

v" The challenges are in engineering parts to required tolerances at these scales (and dealing
with significant static electricity build-up problems due to Coulomb interactions)

* Ride the light (with apologies to Qwest, Inc.)

v" Utilizing fiber optics for various sensing applications began in the 1970s and exploded
in the 1990s during the telecom boom
v Fiber optic accelerometers and force gages STILL have to utilize seismic design principles
v’ Electronics more complex than conventional sensors...that just means more transfer
functions to fully characterize system performance
v Huge performance gains in many applications due to eleectromagnetic insensitivity
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