MAS836 — Sensor Technologies for Interactive Environments

Lecture 5 — Pressure Sensors Pt. 2 and Piezoelectrics
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Mattel’s Power Glove
1989

Laetitia Sonami’s Lady’s Glove Immersion’s Cyber Glove

K (STEIM, 1997) /
2




2/04 ED S . . JAP

Data Gloves

Glove

3-space sensor

5DT Data Glove 16

Black stretch lycra » Abraded-cladding
Minimum dynamic fb . b d
range is 8 bits. 1ber optic ben
Fiber optics based Sensor in the Data

14 Sensors in total

2 Sensors per finger. Abduction sensors Glove
Qetween fingers. /
3
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Data Glove by Tom Zlmmerman (VPL)

U.S. Patent
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Jun. 26, 1990 4,937,444
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Fig. 5

Cladding of a Graded Index

Optical Fiber 1s abraded at point
where sensitivity 1s desired

When fiber bent, light leaks out as
a function of bend angle

— Drop in signal at detector

Patented by Tom Zimmerman (lab
alum) at VPL in 1985 & 1990.
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Measurand’s Shape Tape

LOSS ZONE CLADDING
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Figure 3: Examples of BEF sensors. Upper left: 200/230 micron BEF, coated with black epoxy over treated zone (scale

marks: cm); Lower left: A BEF sensor attached to a thin metal substratc can be bent over large angles.; Right:
construction of BEF sensor. "5
N
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Measurand’s Shape Tape

The dotted line indicates the portion of fiber treated to lose light.
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Can pixellate with
an array of fibers,
with treatment at  Figure 1: Plastic fiber with a treated strip. Planes of of the fiber cither directly or by total internal reflection.

If the fiber is bent upward, the three rays reach the end

; ; maximum and minimum sensitivity are indicated.
different locations When the fiber is straight, only one ray is lost through the

treated portion. If the fiber is beat downward, two of the

( / ) rays are lost.
;l o This model can be extended to show that for any number
of rays contained within the core, more are lost for
= downward bends than for upward bends, and that the

straight fiber represents an intermediate case. If all the
cladding were removed, upward bends would be
indistinguishable from downward bends, and the sensor
would not be useful when straight, the most likely position

ground

power slectronics for embedded fibers.
analog output
leads and loop zone are embedded in 1 em - long
urethane between latex sheets, forming double loop zone
a uniform flexure 1 cm wide x 1.2 mm thick treated to be sensltive
to bending (curvature)
\ IBIEAM® fiber optic curvature sensor
\_ J




How ShapeTape Measures Twist

Electronics
{(mount remotely or
on steering shaft).

P_\\’“ i

Jo Steering
SBIefring ( Torque
) O W
Optical \ BEAM sensor
Fiber Coupler ~ (bends when coupler
(produces undergoes angular
angular deflactions  defiections).

with applied torqua).

: : j ?
Bend fibers near center of strip Can also wrap fibers around center:

Twist fibers near edges

SHAPE TAPE™ uses paired loops to sense twist and bend along a ribbon substrate. In
this case, sums and differences correspond to twist and bend, and there is no control
loop used in ordinary applications.
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Shape Tape
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Characteristics, S1280CS multiplexed ShapeTape™
(Specifications will vary for other lengths, number of sensors, etc.)

Dimensions of tape: 1.3 x 13 x 1800 mm nominal

Dimensions of interface box: 16 x 54 x 168 mm nominal

Operating temperature: -20 to 50 deg c

Sensitive zone: outboard 480 mm contains 16 sensors arranged in 8 pairs

Sensor length: each sensor integrates curvature over a 60 mm portion of the sensitive zone
Sensor pair: each pair resolves bend and twist, using calibration constants

Calibration: Circle, twist, & flat poses yield stored calibration constants

Data: x,y,z and orientation at 16 or more points along sensitive zone, relative to inboard reference end
Calibrated Range of each sensor: = 40 mm radius bend; +22.8 deg twist

Safe Bending radius: = 20 mm radius

Spatial sampling limits: each monotonic (single polarity) curve requires two sensor lengths
Operating range for end of 'U' shape: two elliptical volumes, 160 x 250 mm each.

Endpoint accuracy within operating range and sampling limits: 1-3% of length is a reasonable expectation for postional errors; thus,
for the first 100 mm of a tape, the error can be expected to be 1-3 mm, and if the tape is 1000 mm long, the error at the tip can be
expected to be 10-30 mm.

Endpoint resolution: 0.3 mm rms, x,y,or z; 0.5 deg, roll, pitch, or yaw

Other locations on tape: errors reduce toward inboard reference end, within range and sampling limits
Maximum data acquisition speed: 110 Hz

Included: Wall mount power supply (60 Hz, 120VAC), serial cable, interface box, and tape

http://www.youtube.com/v/ZMZr1INDVGY &color1=0xblblbl&color2=0xcfcfcf&hl=en US&feature=p
layer embedded&fs=1

N— 8



http://www.youtube.com/v/ZMZr1jNDVGY&color1=0xb1b1b1&color2=0xcfcfcf&hl=en_US&feature=player_embedded&fs=1
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Shape Tape Products

S720 MINIATURE JOINT ANGLE SHAPE SENSOR™  S700 JOINT ANGLE SHAPE SENSOR

Revision 20020912 Revision 20020912

le——83—H
iy —| 8700 200

[ EHAPE EENGOR™ T
)L ©0 vinyl oovarsd 0.264mm l/l:n ateel 1.2

offset asin
N2
)
=] — ]
4.Bmm x 40cm cable ?

{dimeneions in millimeters unisss viherwies indicated)

-

Sha =\ "1
measurand o 55

the portable go anywhere motion capture system




7/~ Fiber Optic Pressure Sensors

(www fiso.com - .03% T-co, .55 mm ¢, FP resonant readout)

pressure
mirror l i l cavity
, K0S ) /
Yo
Monitor reflection

i= Can use LED as gap is selective
) Width of air gap changes reflédtion spectrum

Fig.7.31. Construction of a Fabry—Perot pressure sensor (A) and view of FISO FOP-M pressure
sensor (B). -

EXTERNAL PRESSURE H'gh pl'essure -

COMPRESSION
PLATE 7
Fiber ~ Light output
Light ; X
-sasm 2> XMIT FIBER k: }I RCVD FIBER v ov ™ gh w \ ‘
Low
POLARIZERS
PHOTOELASTIC MATERIAL
% TYPICAL
Pre SSUTe- E PERFORMANCE
2 Heavy microbendin
dependent B \ ? -
. 3 Q
polarization | . : .
PRESSURE FIGURE 1. Fiber pressure sensor depends on microbending in a fiber
mounted between two grooved plates. Increasing the pressure increases
Fi 111 trinsic fiber-opti based larization, i lied t late that : . ;
B oot st il otz gh i ent i te hototsstc maers, whicnthen ~ TMICODENCING l0SSES, S0 Pressure can be inferred from measurements of
rotates the polarization state of the light as the pressure changes. Another bulk polarizer (when used in this con- transmitted Optical pOWGr

figuration it is called an analyzer) only transmits light of a certain polarization rotation. The sensor works in the
following manner: with no pressure applied, there is no polarization rotation, hence the maximum field intensity
emerges from the analyzer. As the pressure increases, more and more polarization rotation happens, resulting
in decreasing intensity emerging from the analyzer. 1 0
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AXIS - Alignment Transfer By Integrated Strain

2/04

P = sensor welghting (uniform) , L
b(x) = half diameter AlL=¢= I P bix) wi(x) dx
w"(x) = rod curvature : ° L
X = distance a'ong rod = P b(!)vf(ﬂ': -P bam W)I: +J P b.“)W)dx
. o
Kbix)= B
)
¢ = PBWw()-w(o)] = PB{, -6,) (ANGLE OUTPUT)

° H b = K (- 1)

> S = -K Pw'(0) + K P/Liw(L) - w(0)]
OUTPUT OF INTEGRATING STRAIN SENSOR = -KP(8,-D/L) (DISPLACEMENT OUTPUT)

WITH WEIGHTINGS FUNCTION p(x)

Figure 1. AXIS Analysis.

* Invented by Len Wilk, Draper Lab
— US Patent # 4,788,868 (1988)

* QOutput of a strain-measuring loop draped across a beam depends only
on the difference between the angles of the ends ”
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Three-Angle measurements with twist

As shown in Figure 2, a pair of fibers in the (nominally)

| . 4 : ; ; ; r or l ye Yzplanewill provide a measure of the relative rotation about
Note: D must be fairly small to avoid snapping measuring fiber or w e x i e Momichm gy

2/04

6p = ALy/D @

The pair of fibers in the (nominally) x z plane provide the
yaw angle,

8y = ALx/D A3)

while a clockwise helical fiber compared to a counterclock-
wise helical fiber provides the roll (twist) angle,

r = ALz sina /D @)
where o is the helix angle, D is the diameter separating the

pairs of fibers, and AL is the difference in length between the
fibers of a pair.

Some topological comments are in order. (1) The above
configuration will provide the three angles independently

oY) - . ’ given that the magnitude of the angles does not get too large
o - m_m_ (of order 30 degrees). (2) Bending and twisting that is
’ D e constrained to one plane can be accommodated to large

angles without topological limit. (3) Several rods can be

joined in series: if the rods are joined at fixed right angles in

(Ql’ - !-l’ 3 cardinal directions, then the fiber pairs, rod to rod, can be

0' - *‘ a joined so as to provide the proper angular transformations; if

o the rods are constrained to lie in cardinal planes, butat (fixed)

arbitrary angles in these planes, and a double set of fibers

f . implemented, the double pairs of fibers can be proportionally

° 1 1 1 1 combined for proper transformations; with a triple set of
Helical windings provide measurement of twist e s o el o W Bl
proportional combinations among the fiber pairs will pro- 1 2
vide the correct transformations.
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Measurement of displacement with weighting

JAP

If the strain sensor has
proportional weighting (i.e., the sensitivity diminishes uniformly from the left end
to the right end, i.e., p = K(1 - x/L), then the integrating strain sensor's output will
be linearly related to the angle and the deflection D, regardless of the shape of the
cable:

a— w' ﬂ - = -
e = -KB w(0) + 3 (w(L) - w(0)) KB(6g + D/L) @)

Add another fiber loop with graded sensitivity to disambiguate displacement

\_ M,
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AXIS Interferometric Readout

Thus, we see that angle and displacement of two reference points can be measured
by integrating strain sensors. In the case of an optical fiber, the optical phase shift
as a function of strain is given by the photoelastic effect

o(e) = knL(1 +E)-k—“§L(Plz-V(Pu +p12))€ .

where k = 2n/A, n is the refractive index, v is Poisson's ratio, and p,, and p,, are
the photoelastic constants. The cable would be instrumented with pairs of

integrating strain sensors on opposite sides of the cable, operating in a differential :
- Results in an arcsecond of

| deflection per fringe
Single-Axis Interferometer

Schematic Differential measurement!
: FRINGES
C - \ d o” l
CC — L o’ -”

SOUROE——( W ;‘:". A
[ - J‘ J_T ~‘s~ T

) ) e aens

Bend




2/04

T . - JAP

Bragg Grating Fiber Optic Strain Gauges

INTERFERING LASER

Rl
T

PATTERN WRITTEN
INTO SM FIBER

Figure 9. It’s possible to write a
diffraction grating into the core
of a single-mode fiber. The most
common fabrication procedure
for such gratings involves gen-
erating a high-energy, light-dark
diffraction pattern using laser(s)
whose output wavelength corre-
sponds to an absorption band of
the germanium-doped single-
mode fiber. The pattern essen-
tially damages the core by
locally changing the index of
refraction in the high-intensity
dark band of the fiber. The spac-
ing between the pattern’s dark
(or light) bands is called the
grating period.

BROADBAND LIGHT INJECTED SENSING REGION, SPACING D

OPTICAL FIBER /

REFLECTED LIGHT: et otk
1 = (D/m) sin
BROADBAND LIGHT INJECTED . +

OPTICAL FIBER /

€ [ [ [ ] R R

REFLECTED LIGHT: AFTER STRAIN
2=((D+ )Ym)sin

MULTIPLE WAVELENGTHS IN

11
Jr’?
14
15

16

=d sin

Figure 10. Strain sensing using fiber-optic Bragg gratings may be thought of as analogous to playing an accor-
dian. In an accordian, the tone coming from the instrument changes as it expands and contracts. In the Bragg
grating case, the grating was initially fabricated with a certain grating period, which means that when broadband
light is injected into the fiber, only a certain wavelength, corresponding to the period, is reflected. When the
grating is strained (or stretched like an accordian), the period changes, causing the color of the reflected light to
change. Strain sensing happens by monitoring the color of the light being reflected—a color change indicates a

certain strain level.

< mA =dsin 6 (24)

where:

Figure 8. Diffraction gratings, like prisms, force light of different colors to be directed into different angles.
Alternatively, if light of different colors enters the grating at the correct angles, all the colors will emerge from
the grating traveling in the same direction. This provides an easy and passive method of combining/splitting
wavelengths.

Can use PSD with grating for readout (above)
Or a resonant source (laser) and interfere with a reference
Can WFDM - code different parts of the fiber to different wavelengths

m = an integer (e.g., -3,-2,-1,0, 1, 2, 3)
A = wavelength of the light
interacting with the grating
d = physical spacing between the
lines of the grating
0 = angle at which the light of wave-
length A will emerge from the grating
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Resistive Wire Strain Detection

JAP

ductor and its resistance.

o=—=F—,
a l

where E is Young’s modulus of the material and F is the applied force. In this equation,
the ratio dI/l = e is called strain, which is a normalized deformation of the material.

Figure 3.19 shows a cylindrical conductor (wire) stretched by applied force F.
The volume v of the material stays constant while the length increases and the cross
sectional area becomes smaller. As a result, Eq. (3.54) can be rewritten as

R = p(l/a)

Resistance /

Resistivity

Length over cross-
sectional area

— R=2? (3.61)
v
After differentiating, we can define sensitivity of resistance with respect to wire elon-
gation:
dR
R 28 (3.62)
v

It follows from this equation that the sensitivity becomes higher for the longer and
thinner wires with a high specific resistance. Normalized incremental resistance of
the strained wire is a linear function of strain, e, and it can be expressed as

dR «—Gauge Factor

R = See, (3.63)

where S, is known as the gauge factor or sensitivity of the strain gauge element. For
metallic wires, it ranges from 2 to 6. It is much higher for semiconductor gauges; it
is between 40 and 200.

7  Fig. 3.19. Strain changes the geometry of a con-

Piezoresistivity is successfully employed in sensors which are responsive to stress, o':

Strain (e = dl/])
F_gdl & (3.60)

16
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Strain Gauge Materials

JAP

For small variations in resistance not exceeding 2% (which is usually the case),
the resistance of a metallic wire is

R =Ro(1+x), 9.5)

where Ry is the resistance with no stress applied, and x = S.e. For the semicon-
ductive materials, the relationship depends on the doping concentration (Fig. 18.2A
of Chapter 18). Resistance decreases with compression and increases with tension.
Characteristics of some resistance strain gauges are given in Table 9.2.

Material Gauge factor  Resistance, @  Temperature coefficient Notes
(Se) of resistance
C 1 x1075)
Se is constant over a
57% Cu-43%Ni 2.0 100 10.8 wide range of strain;
for use under 260°C
Platinum alloys 4.0-6.0 50 2,160 For high-temperature

use

High sensitivity, good
Silicon —100 to +-150 200 90,000 for large strain
measurements

* Readout strain gauges via a Wheatstone bridge
* Temp. effect: p = py(1 +a(T-Ty))

— Must compensate with backing strain gauge or T measurement
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Cheaper AXIS with resistive wire

JAP

voP
"EQ. BEAM | O:
SOTTOM
L
o =.AL - ALL , ARR
D DIL D/L
OR/R
00 o8 DIL
SR/R 10°6 1077
L 6m 6m
D 2cm 2cm
60 | 0.30 mrad | 0.03 mrad
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AXis Results

2500 T

SENSITIVITY

1.46 mrad/mV
2000 T
1500 =
‘m =

BRIDGE
VOLTAGE 30V
m -

Figure 4. Test Configuration 2 Results.
(Optical Axis)

e 'l i L 'l
1 T T T 1
BRIDGE OUTPUT (mV)

Figure 6. Resistive AXIS Test Results.
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Strain Gauges

JAP

Simple strain gauge

A wire strain gauge is composed of a resistor bonded with an elastic carrier
(backing). The backing, in turn, is applied to the object for which stress or force
should be measured. Obviously, that strain from the object must be reliably coupled
to the gauge wire, whereas the wire must be electrically isolated from the object. The
coefficient of thermal expansion of the backing should be matched to that of the wire.
Many metals can be used to fabricate strain gauges. The most common materials
are alloys constantan, nichrome, advance, and karma. Typical resistances vary from
100 2 to several thousand ohms. To possess good sensitivity, the sensor should
have long longitudinal and short transverse segments (Fig. 9.2), so that transverse
sensitivity is no more than a couple of percent of the longitudinal. The gauges may
be arranged in many ways to measure strains in different axes. Typically, they are
connected into Wheatstone bridge circuits (Section 5.7 of Chapter 5). It should be
noted that semiconductive strain gauges are quite sensitive to temperature variations.
Therefore, interface circuits or the gauges must contain temperature-compensating
networks.

Many manufacturers (e.g., JP Technologies), many patterns...

Torsional strain gauge
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Strain Gauge Patterns

JAP

\_

[ Em 3

Linear gauge T-rosette Double shear

Strain Gauges want to be bonded onto a hard surface, so they can be
forced into strain when the surface is deflected. Soft materials won’t
strain the gauge enough

M
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Current Work — Diana Young’s wireless bow

JAP

i ‘f"a“auu“ '.‘,;“a“,l“.ww"-ul“; dt““ ‘““l,‘ ‘f“

N
g

X Acceleration/Velocity

Y Acceleration/Velocity

Z Acceleration/Velocity

T
4 {1 e
pY) o

\ fﬁ by 'm‘4 ."“q - "
‘L‘f «‘ f\‘f 13, “r‘t‘; “\..
g \

“
3 f

| 1y 14
ALl A A
1AL e _‘J 'k',..d‘ 1{ o ’.’r 5.&{ “‘,ﬁ. f

3

S |
y

Yy
PREELIE "N'a\

Lateral Force

« Strain gauges on bow for bow bend (in x,y) and twist.
» Accelerometers for 3-axis motion
« Capacitive transmitters as before for position
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Load Cells

Simple, “naked” load cell from Ohio State

* Bond strain gauge to cantilevered beam

— Force deflects beam, bends strain gauge,
creates signal

e (Can be quite accurate
— Compensate temperature effects Load Cell assortment from DHS
23
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Silicon Pressure Sensors

Fig. 10.4. Position of piezoresistors on a silicon

diffused
P Fesistors

"‘*-.:"'\:"'-.

=R N
N, "‘\_C_‘-

Piezoresistors diffused onto silicon at R1, R2

— Boron doping typical...

Mechanical stress changes bandgap hence
conduction....

Piezoresistors couple into longitudinal &
transverse stress

— Coupling is opposite for each mode

R1 and R2 essentially subtract in a half-bridge

Vent Hole

where 71 and 7, are the piezoresistive coefficients in the longitudinal and transverse
direction, respectively. Stresses in longitudinal and transverse directions are desig-
nated oy and o;. The 7 coefficients depend on the orientation of resistors on the silicon
crystal. Thus, for p-type diffused resistor arranged in the (110) direction or an n-type
silicon square diaphragm with (100) surface orientation as shown in Fig. 10.4, the
coefficients are approximately denoted as [7]

1
T =1 = 57144. (10.11)

A change in resistivity is proportional to applied stress and, subsequently, to applied
pressure. The resistors are positioned on the diaphragm in such a manner as to have the
longitudinal and transverse coefficients of the opposite polarities; therefore, resistors
change in the opposite directions:

ARy _ ARy 1

R R—2=§7f44(¢71y—01x)v (10.12)

When connecting R and R; in a half-bridge circuit and exciting the bridge with

E, the output voltage Voy is
(10.13) 24

1
Vout = ZE”M(Uly —0lx)-
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Motorola MPX Pressure Sensor

JAP

[ e e e s e v e
{

(e ETCHED
DIAPHRAGM
BOUNDARY

TRANSVERSE i
VOLTAGE STRAIN
GAGE RESISTOR

!
I
t
|
|
f
|
|
|
|
!
|
i
{

(Copyright Motorola, Inc. Used with permission.)

(hence voltage)
— Analogous to Hall effect

— Essentially already a bridge

Si chip frame !

Voltage created when
current bends due to

out pressure distrubution

PIN #
1. GROUND
2. POSITIVE QUTPUT
3. SUPPLY
4. NEGATIVE QUTPUT

Fig. 10.5. Basic uncompensated piezoresistive element of Motorola MPX pressure sensor.

« Pressure sets up electrical field in non-excited connections

— Everything 1s on one substrate - simpler T compensation

spatial R gradient from
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Pressure Sensors

JAP

AT P

D, T, i) i, NI, D

..................

////////,

Hydraulic Load Cell

/

: 2 /
1S

g

Loading
surface

Hydraulic
fluid

Pressure
output

Link to UW paper on elevators

Many manufacturers: Bosch, Freescale, MSI, Silicon Designs...

* Absolute and Differential (air or fluid) pressure
K— Back of diaphragm open or closed to the air/mediun%




UW/Intel Wearable Monitoring
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Outside Paul Allen CSE Building

'd g W / H_/
Floor 1 Floor 3 Floor 6 Floor 3

~ v ¥ R 3 v v W_/ \ v v v . v /S
Walking Up Stairs Up Elevator Walking Down Down Stairs
Elevator

Brunette, W., Lester, J., Rea, A., and Borriello, G. 2005. Some sensor network elements
for ubiquitous computing. In Proceedings of the 4th international Symposium on
information Processing in Sensor Networks (Los Angeles, California, April 24 - 27,
2005). Information Processing In Sensor Networks. IEEE Press, Piscataway, NJ, 52.
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Force Balance Platform

.Fa??g.gf aﬁZF.oz' F\A - E " F2 e F3 N Pz‘
et FO. =F0,+F0, +F0, + FO0,
_ (Fz_FOz)‘l'(F3_F03)
nax (1_7\ . FO\)
.af"ié.ef“) aF?ze.;H). — (F3 _F03) T (F4 — FO4)
"~ _ L , YV = Voax :
Forces on a surface used to determine the 2 -Dposition of objects. (F\ — FO\)

Time

By looking at the dynamic pressure balance on
the table, objects on the table can be 1dentified e oo e oo i wm e
by weight change and tracked by force balance. 1T "~

Ditto for people moving around the floor

Albrecht Schmidt, et al., Ubicomp 2002



http://ubicomp.lancs.ac.uk/smart-its/Weight_Table/weight_table.html
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Piezoelectric References

JAP

Piezoelectric Ceramics:
Principles and Applications

e APC International
— Piezoelectric Ceramics: Principles & Applications

 Websites:

— MSI Tutorial, Piezo Systems Tutorial
« See Class webpage for links and downloads

M,
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Piezoelectrics

JAP
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Piezo Axes under Strain

JAP

Electrodes aluminized, silver inked, carbon (high strain)
Piezo Strain Coefficients:
d;,,d;,,d;; -> Coulombs/Newton (charge/force)

K Front of

Piezo Voltage Coeficients:

Electrostatic

poling drection 231,237,233 - Electric Field Strength/Pressure
e ([V/m]/[N/m2])
@
Zmnn = dmn/€
Expansion strain along 1-axs
- — —— T
e I D fo Pressure <-> Stress
e S i e B o, = it 3hong Stress is for solids
of D -axis
e / AR e Can be in plane too (shear)
Metallized
) pezoekacing laminale View from side ol shoe
Note: Connected
here in parallel for
Compression stran along 3-axis .
B I ’ ower generation
Plezoeactric _ L ' L ] ‘ “‘-" Thickness p g

NI e — of hoel

nsoke

Capacitor - charge collection electrodes along 3 axis
In polling process, material heated, electric field applied along 3, strain along 1




2/04

Piezoelectric Coefficients

JAP

Piezoelectric materials create electrical charge when mechanically stressed. Among the natural materials with this property

are quartz, human skin, and human bone, though the latter two have very low coupling efficiencies. Table 2 shows properties
of common industrial piezoelectric materials: polyvinylidene fluoride (PVDF) and lead zirconate titanate (PZT). For conve-
nience, references for data sheets and several advanced treatments of piezoelectricity are included at the end of this chapter
[3, 6,33, 58, 80, 133, 49].

Table 2: Piezoelectric characteristics of PVDF and PZT (adapted trom [3, 58, 4]).

Property Units | PVDF PZT
Density P 1.78 7.6
Relative = 12 1,700
permitivity '
Elastic LN | 03 49
modulus
Piezoelectric % d31=20 | d31=180
constant d25=30 | d33=360
Coupling L 0.11 | k3,=0.35
constant k25=0.69

3y, = 23 P

e :| .

PooF: Oy 22 7% 340 3P e -mA

2

32
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Voltage from Strain

JAP
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3-1 mode generally much more responsive than 3-3 |
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Piezo Foll (PVDF)

http://www.meas-spec.com/myMeas/sensors/piezo.asp

\_ A,
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Equivalent Circuits

JAP

Charge Model

Voltage Model

High and reactive Impedance!

Capacitive Signal Source
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Circuits, etc.

Non-Inverting Amp

Source Follower , -

Some use charge-
sensitive (integrating
£ — O or trqnsimpedance)
A amplifiers - e.g., to
Fo-—Anp approximate steady-
State pressure

[ tend to use high-impedance amplifiers for piezoelectric elements
K /%

I
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Applications

JAP
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1995 - Interactive Audio Media

JAP

Copper tape
d ibrati (attaches outer PVDF electrode ~1o"
31 Vibration to aluminized balloon) P ——
20 ym @ +100 V \ 1
T pvDE . Thin | |
Decoratorive decal w.inked _ insulating || 2 \
(hides PVDF foil) electrodes foil Aluminized
Copper tape \ Mylar Balloon
(grounding)
Decorative
decal Sy
i dgs vibration ~27"
*2pum @ +100 V
10" x 7" Riveted
PVDF Sheet - cable \
Aluminized connections N\
Mylar Balloon 28 um
Aluminized tape thermally sealed; PV@)F
(hides cable) conducting side out thickness
<>
Balloon valve and ) / Valve
strain relief AN _Shielded cable dgg vibration - |
with mini phone jack +3nm @ =100 V Aluminized \

tape

Shielded
cable
(Tether)

Mini ——>/]
phone jack

Front View Exploded Side View

-PVDF strip laminated onto balloon surface forms speaker and microphone
- Simple electronics enable very simple “behavior”

- All over Media Lab for 10°th birthday (60 made)
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Aluminized Mylar
l_‘ | / Balloon
= N e — (surface grounded)
——-» PVDF [
Foil Rz
L}
PVDF Equivalent Circuit wV
S B e
roy
c1 A1 100K ¢ T |
Audio In o AN ‘\X/\v
From 01uF 12K Balecn Spaaker Gain +8v
sound storage AN
cirut —
- 9 ) H3
RZ 7 - . \
cl AN i\'_”\ TR1 W A + © Balloon Mic Out
Audioln  o—{}—AAA 2 G 1:10 e v =
Fomextemai  01pF 51K 4 + - Da [ - / | mose | T2 To Trigger
line source P32_ - ‘ Conditioning
A3 A = c2 Re L
LAY F—WA——s VA Trigger Throshold
4700 Q2 0147 22K 1 Meg = Agust
\4 '
-av

Transformer output boost, diode-based TR switch, and HP input response
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invevied Gate

Tralling-Edge
Delector

I e e

™~

Trigger Pulse

- .

Lag Removes Word Breaks

PVDF Conditioning Circuit; See Figure 3

_[IITE

Diserirminated Enveiope

ot WL

DC-Biockad Envelope

Barloon Audio

Detectad Enveiops

\

2/04 JAP
in Analog(!)
Trig
:q =100 msec| | 20sec OV
Out| Timer Deadtimer
Trigger In Rasst In Advance In
ini 2-blt
et Sound Finished Out aza4| 8
neoorg_ Sound Record & owt | counter
In ] © Playback Loglc
o W] Circultry Segment =@
—0 Racord M?’e“ Sat # of
Record Audio n sounds
Oncard Source  In 20 Secs. In
Mic Soloct PO RBENTIONE | ra i o o i i s e e e i o e e T s e
|
Rocord| Based sround ! PVOF on Balloon S | _
Gate In bl 1 o | | , | %o Bsiloon Mic
1 I | | Batloon | | our
. L fe A |
| T + - | Gan Agy. . a5 \ )
Record i Audio | 2 X0 I")’d’_ g | & _L_ 130l - ‘)’d ! S
Pushbutton Trigoetl/:ctwalc Out | = | al i : | |
| a | I ngGey |
>l L Bufter, Decoupler | 9336 %0 1% o | Thrashold |  x20dB
-_ S Ext. 1'st orcer HP fiter | Xtermer  Circult I fog (1) | | Adj |
|— |At‘}d'm =100 Hz | e R NP ] I :
Man. Play | !n
Pushbutton e PVDOFMicPreamp = 1

i'w"_ =

Envelope Follower
T=0.2sec

Discriminated Gats / \
\ | \ Rellive 1'st order HP titer
vialt — o
PP S :F T _I S T=58ec
o— = Absolite e
immedigie SR ,
Discriminator L s’: ords;;;{g Discriminator Tlrlgge|r

Trigger A ,'a,;pcam Mode
Timing Y

Mode _‘<]
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Demo from ~2002
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The Magic Carpet

JAP

Doppler radar
motion sensor

®

Doppler radar
motion sensor

%

Performer

PVDE Wires Sensor Carpet

i NSy S

.

* Foot position, dynamic pressure captured by 4” grid of piezoelectric wire

« Pair of orthogonal Doppler radars measure upper body motion

* Not currently in the Brain Opera...
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Sensing in the Carpet

10/96

FE. Gain Profile

x1 /\ /\ Master
x4 v/\\/ Signal Gain Ad.

0 1 2 3 4 5
Input Voltage \ 64-Channel
Analog Multiplexer

Output Voltage
- N W A O

Gossssanmmmesmns s S, * % f O
PVDF Wire 54 > = —0 68HC11
l E% Fl;:'gahr;z 1'st order Lag —o0 \ H-computer
=] p %’?ZL ?Zi%’;y — 0 Scans all wires
) e —0 Finds peaks

— 95 VGA Output MIDI note cmds. MIDI

. Note = Wire #

W/ : < Velocity = Peak height
Address
In

[ X 64] 17 msec per scan

 Up to 64 PVDF wires are sampled at 60 Hz
 MIDI note events generated at every peak

e Simple electronics...

\_ M
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Carpet Data Analysis
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X Position (ft.)

sec)

(
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Data after time clustering

Raw data from carpet wires
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Smart Flooring at the MIT Museum

JAP

Stomping Ground

Collaboration with John Maeda’s A&C Group (graphics)

\_

Permanent installation at the MIT Museum, opened 4/30/02

/45




First Demo (1998)




Heel Strike

120  Heel Strike Toe Off

ANA
100%

100 |
{\/ Body Weight

Reaction Force (% of body weight)

20 +

;]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (seconds)

* Force at heel strike and toe off exceeds 100%
K — Heel can compress by 1 cm — Watts possible? /
47




Power Harvesting Insoles - 1998

PVDE Stave Walking Powers Electronics
High-tech shoes harvesting old-fashioned foot power

Molded [nto SOIe could someday generate enough electricity for portable

phones and computers.

Energy from bend _MIT scientists led by Joseph Paradiso, technical

director of The Media Laboratory’s Things That Work
Consortium, have powered simple el antifica-
Ppeak ~ 10 mVV ium . p simple electronic identifica

tion tags with two different devices that resemble

<P> ~ 1 mVV cushioned shoc mscﬁs. ' P .
= Both use the piezoelectric principle by which a physi-
cal distortion to a substance produces an electrical
potential between its surfaces. One device harvests
heel strikes' energy with a stiff piezoceramic material.

“Th deru PZT The other dewcg turns the flex in a sneaker's
un insole into electric power via a multilayered
laminate of piezoelectric foil.

C Iams h e I I U n i mo rp h Power is measured in milliwatts,

i With a potential yield of 67 watts,
Under [nsole researchers have room for
improvement.
Pressed by heel
Poeak = 50 mW

<P>=10 mW

Raw Power inset) can power

an electronic
ankle ID

circa 1% efficient e
Unirersh | Unnoticable

H & Responsive Environments Group

A U WIS, MIT Media Lab
° 02 04 06 0% ERERCRENE: [ 998 [EEE Wearable Computing Conference

Seconds




Voltage on
Storage Capacitor
(C1 =47 uF)

transmitting transmitting transmitting

Regulated
5V Supply
Output

* Use Piezo-shoes to charge up capacitor after several steps

 When voltage surpasses 14 volts, activate 5 V regulator
— Send 12-bit ID 6-7 times with 310 MHz ASK transmitter

« After 3-6 steps, we provide 3 mA for 0.5 sec

— Capacitor back in charge mode after dropping below output

Responsive Environments Group - MIT Media Lab
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Passive Hydraulic Chopping to Excite PZT at Resonance

JAP

e HYDRAULIC
= ' PULSER/AMPLIFIER

hoe generator within midsole. Plezoqae

L Antaki, et al. ) 1 995 tricfis?:;s iz.aifgsggtti)it%fy;aunc amplifiers coupled to heel an ;._.;u\-,_-f
— Passive hydraulic resonant excitation of piezoceramic
stack during heel compression
— Big, kludgy shoe
* Developed to power artifical organs

» Developed order of 0.2 — 0.7 Watt average power
« 2 Watts from simulated “jogging”
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Electro-active Polymers under the heel

* Electrostatic generator with silicone rubber or flex
acrylic elastomer between the plates

— Placed under heel

— 2-4 mm of squeeze gives 50-100% area strain

— 4 kV across them!

— Saw 0.8 Watt per shoe (2 Hz pace, 3 mm deflection)

K— Estimate that 1 Watt 1s possible with more deﬂection/
51

Ron Pelrine, Roy Kornbluh - SRI International




