APPLI CATI ON OF OPTI CAL FI BERS FOR
ROBOTI C TACTI LE SENSI NG

by
Peng- Lung Terence Chen

Submtted in Partial Fulfillment of the Requirenments
for the Degree of
Mast er of Science
inthe

El ectrical Engineering

Program
SelieTene R Rcene 6/S/%17
Advi sor Dat e
Solly 1 Not b loves Mo 5 J157
Dean of the Graduate School Dat e

YOUNGSTOWN STATE UNI VERSI TY
JUNE, 1987



/LE



ii
ABSTRACT

APPLI CATI ON GF CPTI CAL FI BERS FCR
RCABOTT C TACTI LE SENSI NG

Peng- Lung Terence Chen
Mast er of Science, Hectrical Engineering

Youngst own State University, 1987

The wuse of optical fibers as contact pressure
sensors is shown to be an effective neans of providing
tactile sensing for robots. An overviewof optical fibers
i ncluding their use as sensors is given. The attenuation of
a light signal propagating in an optical fiber due to
m crobendi ng of the fiber is investigated. The dependence of
attenuation on the extent of m crobending i s expl ai ned usi ng-
optical waveguide theory. Several designs of optical fiber
tactile sensors for robots are described. The output signal-
is converted from analog to digital form by an
Analog/Digital converter. A mcroconputer is then used to
process the signal fromthe sensor to provide contro
signals for the robot. The conplete system is described

I ncl udi ng t he design, construction, and test results.
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GHAPTER 1
| NTRCDUCTI ON
1.1 GBJECTI VE

The purpose of this thesis is to explore the
application of fiber optic pressure sensors to provide
tactile sensing for robots. In addition to and i n support of
t he main objective, these are the follow ng goal s:

1.Establish the inportance of sensors and the inpact of
their characteristics on the system design.

2.Provide a basic understanding of optical fibers and
how t hey can be used as sensors.

3.Determine the characteristics of fiber optic pressure.
sensors that are critical in designing a tactile

sensing systemfor robots.

1.2 BACKGROUND

Sensors are an inportant part in engineering
applications. Both instrunentation and feedback 66ntrol
systens cannot function w thout measurenent, and good
neasur enent nust have proper sensors in the system Sensors,
also called detectors, are defined as devices that detect,
neasur e, or record physical phenonena changes in the )

environnent. Usual |y, sensors convert one formof energy, or

physi cal quantity, to another formof energy. For exanple,






phot odetectors sense light energy and convert it to
el ectrical energy.

I n recent years, many new types of sensors have been
speci fied, designed, nanufactured, and used. As well as
other sensors, optical fiber sensors have been designed,
experinmented and used in engineering applications. As wl
be introduced in this thesis, optical fibers used as contact
pressure sensors are shown to be effective and practical.

Bef ore appl yi ng sensors in the system the designer
nust have appropriate considerations for the whole system
due to the characteristics of the sensor. However, general
considerations for the sensor of the systemi ncl ude:

1.what ki nd of physical quantity will be neasured?

2.What IS the transduction principle of the sensor?

3.what part in the sensor responds directly to the-:
envi ronment change (measurand)?

4.what IS the special characteristic of the sensor?

5.What i s the range of the neasurand?

Followed by the general considerations for the
sensor system,as nenti oned above, the considerations of the
optical fiber sensor systemfor this thesis becone: -

l.Tactile pressures are neasurands in the system

2.0ptical fibers are the sensors in the system

3.The transduction principle of optical fiber sensors is
t hat the intensities of tactile pressures are
transduced to the attenuati ons of |ight energy in the

fiber. By using a photodetector to detect the changes






of light power, which represent the changes of
pr essures, el ectri cal voltage outputs from the
phot odetector respond directly to the changes of
pressure on the fiber.

4.The ranges oOf measurand(pressure) depends upon the
desi gns of fiber sensors, which will be introduced

i n chapter four.
1.3 APPROACH

To plan the structure of the thesis, several steps
are nade. First of all, since optical fiber sensors are the
main concern, the operation and advantages of the optical
fiber system nust be studied. Secondl y, mat henat i cal

foundations of the waveguide theory , which predicts the

| ight power [|oss due to mcrobendings of the fiber, can.

support the practical performances of the system The third
area of concern is the relationship between the applied
pressure on the fiber and the Iight power attenuation of the
phot odet ect or . The relationship should be established
before the systemis built. In addition, the perfornances of
different sensor designs should be examned to inpro&é t he
efficiency of the system The final step, and perhaps the
nost inportant step, isto build the systemwhich nonitors
the intensity of the pressure and controls the signals.
The strategy in the systemis to use a m croconputer
to nonitor the pressure and process it. The choi ce between

usi ng hard-wi red Ics or a mcroconputer systemdepends upon






the cost or the desired flexibility of the system Usually,

the mcroconputer becones the better solution as the
conplexity of the system or the desired flexibility
Increases. To increase the effectiveness of the optical

fiber sensor systemin this design, a nicroconputer is used
for flexible programm ng and effective control of the system
for the sane reason.

The best way to prove the use and effectiveness of
the optical fiber sensors is to denonstrate the successful
application of those sensors. By using such optical fiber
sensors for the robot's tactile sensing ability in the
system the expected results of this thesis becones:

1l.0ptical fiber sensors are practical in detecting
contact  pressures.

2.Microcomputers are effective in nonitoring the:
intensity of the pressure, and processing the
I nf or nati on. -

3.The robot will have tactile pressure sensing ability.

1.4 SYSTEM DESCRI PTI ON

Figure 1 shows the block diagram of the éysten1
design. The system includes several subsystens such as
optical fiber sensor system signal anplification system
Analog/digital conversion system mcroconputer, and robot
system

The mcroconputer controls the operation of AD

conversi on systemand the robot. The fiber sensor, which is .






built on the robot's hand, responds the contact pressure
signals on the robot's hand. Then, these signals are sent to

the conputer through the A/D conversion system

A/D CONVERSION MICROCOMPUTER
SYSTEM SYSTEM
[T NTERFACI NG } SIGNAL
PROCESSING
| SAMPLE/HOLD |
SOFTWARE
PROGRAMMING
{ I/0 PORTS |

AMPLIFICATION
SYSTEM

SENSOR SYSTEM
ROBOT SYSTEM

| [ED_ | |
- . L A%M T
FIBER
l 1 ‘ - HAND |
PHOTODETECTOR |

Fig. 1.--Block D agramof the System






The purpose of the AD conversion system is to
convert the anal og voltage outputs fromthe sensor systemto
their digital forns for digital conputer acceptance. A so
since the signals fromthe sensor systemare too snall to
neasure directly, an anplification system is needed to
anplify the signals.

Finally, the robot is also programmed and controll ed
by the mcroconputer so that the mcroconputer can nonitor

t he whol e system
1.5 OVERVI EW

The overview of this thesis is based on the plan
which was introduced in the |ast section. Chapter 2 wll
i ntroduce the characteristics, basic principles, types, and
advantages of optical fiber sensors. The chapter will al so-
I ncl ude optical fiber transmssion systens and the
introduction of optical fiber pressure sensors. Chapter 3.
wi | | di scuss the waveguide analysis of the fiber's
bendings with both ray and wave concepts. This approach
predicts the behavior of |ight power attenuations due to
m crobendings of the fiber. Chapter 4 wll gi \;é t he
experinmental results of the relationship between applied
pressures and |ight power attenuations. Sensor designs are
al so discussed in this chapter. Since the experinental data
wll be wused to calibrate the sensor response in the
sof tware progranm ng, the relationship of the sensor

structure and the sensor response wll be analyzed in that






chapter . Chapt er 5 wll deal wth Analog/Digital
conver si on. Interfacing of the AD converter and the
m croconputer is also described. Since multi-input sensor
systens are commonly used in sensor applications, the
configuration of such sensor systemis also discussed. In
Chapter 6, matrix array configuration of the fiber sensor
wi Il be discussed. Such configuration of the fibers can be
an effective nethod for robot's tactile sensing.
Furthernore, the state-space approach wll be used to
approach the matrix configuration of the sensor system
Finally, the sumary and the conclusion of this thesis wll

be presented in Chapter 7.






GHAPTER 2
CPTI CAL FI BER SENSCRS

2.1 | NTRCDUCTI ON

In recent years, scientists have tried to inprove
the nethods of converting physical quantities into electric
signals. |In the devel opnent of optical fiber sensors, there
Is a superior way to detect environnmental perturbation:
converting physical paraneters into light signals by fiber
sensors, then converting light signals into electric
si gnal s.

Mre than 70 different types of optical fiber

sensors have been devel oped and denonstrated. Because of -

fiber sensors! conspicuous properties, it is believed that

t he devel opnent of fiber sensors will keep on growi ng. These_

hi gh sensitivity devices can neasure w de ranges of physi cal
par anet er s, such as tenperature, pressure, acoustica
energy, acceleration, etc. To lead to the anal ysis of such
sensors, section 2.2 introduces the structu;é of
transmssion fibers. Secondl y, t he opti cal fiber
transmssion link is described in section 23 since fibers
are usel ess without |ight sources and receivers. Then, the
anal ysis of optical fiber sensors is carried out in section
2.4 , Which includes the advantages, types, and

characteristics of such sensors. Section 2.5 specifies the






basi c operating principles, advantages, and |limtations of
optical fiber pressure sensors, since such sensors are the

mai n concern of this thesis.

2.2 FI BERS

A typical fiber includes three parts: the core, the
cladding, and the buffer coating. Al though there are nany
different structures of the optical waveguide, the nost
accepted configuration of transmssionfiber is a single
solid dielectric cylinder ,whichis the core of the fiber.
As shown in Fig. 2, the core is surrounded by a dielectric
cladding having a refractiveindex that is less than the
refractive index of the core. According to Snell's law in
Ootics, those rays which have incident angl es greater than
the critical angle inthe core of a fiber will reflect at -
the interface of the core and the cladding. This Ilaw
provides the basic principle of light propagation in the.
fiber. In addition, the cladding reduces scattering |oss
due to the internal reflections of the |ight at the boundary
of the core and the cladding. The elastic plastic buffer
then encapsul ates the fiber to prevent possible danaée to

t he fiber.
cl addi ng

—) )

core buf fer coating

Fig. 2.--Structure of A Typical Fiber.
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Wth different material conpositions of the core,
there are two commonly used fiber types: the step-index
fibers, and the graded-index fibers. |In step-index fibers,
the refractive index of the core is uniformthroughout the
core and changes at the claddi ng boundary. For a graded-
index fiber, the refractive index of the core is a function
of radial distance fromthe center of the fiber.

Both the step-index and the graded-index fibers can
be divided into singl e-node and nmul ti node cl asses. A single-
node fiber contains only one node of propagati on, whereas
mul ti node fibers invol ve hundreds of nodes. Multimode fibers
of fer several advantages conpared to single-node fibers. The
| arger core radii of nmultinode fibers nake it easier to
| aunch optical power into the fiber, and easier to faciliate
the connection of simlar fibers. A soin multinode fibers -
the optical power can be | aunched by Ilight-emtting-diode
(LED sources, whereas single-node fibers nust be stimulated.
by | aser diodes. However, nmultinode fibers al so suffer from
i nternodal dispersion. Wen an optical pulseis |aunched
into a multinode fiber, the optical power of the pulse is
distributed over all of the nodes. since each of the —nDdes

travels at a slightly different velocity, the pulse spreads

out intinme as it travels along the fiber.
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2.3 OPTI CAL FI BER TRANSM SSI ON LI NK

Al optical fiber systens enploy at | east one |ight
sour ce, one light detector, and one fiber for both
communi cation and sensing purposes. The light source is for
injecting a continuous light signal into the fiber. The
detector is for receiving the |light signal which converts it
into a useful electric output. Usually, a typical optical
fiber transmssion link consists of elenments such as the
transmtter, the fiber, and the receiver as shown in Fig. 3
A transmtter conprises a light source, either a LEDor a
| aser diode, and drive circuitry. A receiver consists of a
phot odetector and anplification circuitry. Fibers connect
receivers and transmtters as signal transmssionlines. For
long distance signal comunication purposes, si gnal
repeaters are needed to guarantee the purity of the
transm ssion signals. However, repeaters are not used in

this design because fibers are used as sensors but not

transm ssi on | i nes.

Transmtter Recei ver
— c—Repeaterf—e
Driver LED or /ﬂ [‘Photo— Amplifier
Ckt. Laser Dilode] Detector ckt.

/

Fiber

Fig. 3.--Ooptical Fiber Transm ssion Link.







The optical fiber transmssion |inks, wused in sensor
systens, are basically the sane as the links used in
comuni cation systens. The only differenceis that sone
portions of the fiber in sensor systens have been designed
as sensing el enments. Depending upon the structure and the
pur pose, sensing elenents wll be stinmulated by the

particul ar environnmental perturbation.
2.4 OPTI CAL FI BER SENSCORS

ptical fibers provide an outstanding mnethod of
sensi ng t he changes of environmental paraneters. Advantages
of optical fiber sensors include snall size, |owcost, high
effici ency, geonetric versatility, and electronmagnetic
i nduction i mmunity. Because of the el ectromagnetic induction
i mmunity, optical fiber sensor systens have |ower noises -
than other sensor systens. Fiber sensors are the ideal
sensors that can be wused in high electrical noise-
environments since the light signal transmtted in the fiber
will not be affected by electrical noises. A so because of
their versability, optical fiber sensors can be suitable for
many configurations and conditions. For exanple, fiber
sensors can be designed with the length necessary for the
specified application while it is difficult for other types
of sensors to exceed a certain maxi numl ength

CGeneral |y, optical fiber sensors can be divided into
extrinsic (phase, interferonetric) type and intrinsic

(anplitude) type. Extrinsic optical fiber sensors have a






broader range than intrinsic sensors. By wusing extrinsic
sensors, light is processed out of the fiber by an external
sensing elenment. Ether light is reflected back into the
transmssion fiber, or a second fiber is used to recoll ect
the nodul ated light. The external sensing elenent is either
a mechani cal structure or a naterial, whichis sensitiveto
t he environnental perturbationto be measured. For exanpl e,
replace a section of the fiber cladding by a material that
Is sensitive to index of refraction, a tenperature sensor
set is then constructed. A tenperature change will induce a
phase shift in the propagating |ight of the fiber. By using
a fiber interferoneter, the phase change i s neasured . Then,
the phase change can be represented as the tenperature
change.

Contrary to extrinsic fiber sensors, intrinsic-
optical fiber sensors containthe light totally within the
fiber. The nodulation of this type is nade by varying the-
anplitude of light inthe fiber rather than interference
nmodul ation in extrinsic type sensors. The  physica
perturbation interacts with the intrinsic fiber or sone
devices attached to the fiber to directly nodulate the
intensity of thelight in the fiber. For exanple, the
optical fiber pressure sensor, which is thetopic of this

thesis, is an intrinsic type fiber sensor.

Because lights are processed out of the fiber, _

extrinsic optical fiber sensors have di sadvant ages such as

dirt affection, contamnation, and nechanical vibration.






Contrary to extrinsic sensors, intrinsic sensors process
light inside the fiber. The signal will not suffer fromthe
bad environnent. |In sone particular applications, fibers
can be wused in high tenperature, high stress, or high
nuclear radiation environment if they were coated wth
speci al material such as netal

The advantages of intrinsic sensors are the
sinplicity of construction and the conpatibility wth
mul ti node fiber technology. Fromthe sensor system design
poi nt of view, extrene sensitivity is not required for nost
applications. As a result, theseintrinsic fiber sensors

are conpetitive with existing devices.

2.5 OPTI CAL FI BER PRESSURE SENSCRS

A wide range of fiber sensors can be characterized -

as intrinsic (amplitude) fiber sensors. Any transduction

execution which provides a change in optical intensity

proportional to an applied signal can be classfied as such a
sensor. The contact pressure sensor used inthis thesisis

an intrinsic type of fiber sensors.

The anmount of light loss in the optical fiber is
sensitive to the curvature of the fiber. optical fiber
pressure sensors are based on utilizing this |oss-change
characteristic. Bending fiber at specific points along its
length tends to disrupt internal reflections of the light. A
certain portion of |light paths, or transmssion nodes,

escape out of the fiber core by those disruptions. Then,
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sone propagating nodes of the fiber are changed to the
radi ation nodes. Wen the fiber is bent in such a way that
the distortion has wave nunbers equal to the difference in
wave nunber between the propagating and radiating node,
strong light |oss occurs. The anmounts of light intensity
change after disruptions are then nodulated to represent
the intensity of the bending. since bendings of the fiber
are caused by the applied pressure on the fiber, optical
fibers are utilized as contact pressure sensors.

The inportant advantage of the mcrobend contact
pressure is that the optical signal is naintained within the
fiber, which neans such sensors can be used in harsh
envi ronnent s. I n addition, the transduction nechani sm of
such sensors is conpatible with rmultinode fibers. As
nmentioned in the second section of this chapter, multi-mode-
fibers can handle Ilight signals weaker than single-node
fibers. Thus, weak signal detectionis promsing in the-
optical fiber contact pressure sensor system

Finally, depending on the design, several nethods
can achi eve the bending of the fiber, such as twsted fibers
nethod and the mcrobending nethod. In this thesis, the
m crobendi ng nmethod i s used. The detail and the experi nental

results will be analyzed in chapter 4
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GHAPTER 3
VWAVEGU DE ANALYSI S

3.1 | NTRCDUCTI ON

In this chapter, power attenuation due to bendi ng of
the fiber is studied by the optical waveguide theory. Ray
anal ysis is used since the fiber, which is used as sensor,
is anultinode type in the system The radiation | oss due to
the bending of the fiber is described by | eaky rays which
are either refracting or tunneling. To lead to the power
attenuation of the leaky rays, ray invariants are introduced
in the second section of this chapter. The third section
anal yzes the 1light power |oss due to the bending of the-
fiber.

3.2 RAY | NVAR ANTS -

Snell's Lawin Qptics describes the relation between
the refraction angle and the incident angle as |light rays
travel between two different refraction index natefials.
From snell's Law, one can define the translational
I nvari ance of the wavegui de.

As shown in Fig. 4, theray invariant for the step-
profile planar wavegui de i s expressed as:

B = ngcos 8, = nycosé,. (1)

where n, , n, aretherefraction index of the core and

co
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of the cladding respectively.

Mel / /9o
/\4"1\/\\"

Fig. 4.--Light path of a step-profile planar wavegui de.

The relationship between the ray invariant and the
propagation direction classifies rays as bound rays and
refracting rays. Bound rays satisfy the condition

ng < B < Neos , Whereas refracting rays satisfy the condition

06E<"cl
The refraction index of the graded-profile planar

wavegui de i s a function of the core radius. This causes the
bound rays to propagate along a sinusoidal-like path in the

core as shown in Fig. 5

Fig. 5.--Ray paths of a graded-profile planar wavegui de.

As the rays bend when they propagate in the core,
these rays will reach the turning points at x, or they wl

reach the interface where they refract out of the core. The






classification of those bound rays and refracting rays is
al so described by ray invariants. Since the refraction i ndex
is a function of the core radius, the ray invariants for the

graded-profil e planar wavegui de are defined as:

B = n(x)cos0,(x) = n(x):——: (2)

As =0 and 0,000 =000 in Eg. (2), bound
rays satisfy the condition na<Bsgn,, , wher eas
refracting rays satisfy 0<3<ng

ptical fiber wavegui des can transmt |light signals
over | onger distances than planar wavegui des. However,
as far as ray tracing is concerned, the only difference
between fibers (circular wavegui des) and planar wavegui des
iIs the dinension, i.e. circular waveguides have three

di nensi onal structures.

Fig. 6.--Ray path in a step-profile fiber.






According to snell's Law, a ray will refract at Pif
osa<a, INFQg. 6, where a is the critical angle which

I s defined by
Sna, = ny/n,, = COS4,, (3)

Al so, for the rays that satic® 0<9,<8, , they will be
bound in the fiber. However, since the fiber has a three-
di mensi on configuration, it represents a cone of angles at
each position in the core cross-section, and includes both
nmeridional and skewrays. The renai ni ng skewray directions
which are neither bound nor refracting rays belong to
another class called tunneling rays. The tunneling rays
satisfy the condition 2. Sa<n/ and 9.,<9,<n/2
Both refracting and tunneling rays are known as | eaky rays.

To analyze the ray invariant for the step-profile
fiber, it is convenient to define two invariants in terns of.
the angles. |f one defines the skewness angl e accor di ng
to the symmetry of the fiber, then the ray invariants-

becone:

B=n,cos8,; T=n,sind, cosd,, (4)

B +T? = n? sin’a,
Therefore, the classification of rays in step-profile fibers
becones:

Bound rays: ng <f<ng,

. 5
Refractingrays. 0 B2 +12 < nd, )

Tunnelingrays ni <B*+12<n? and 0<B<ng






Fig. 7.--Ray path in a graded-profile fiber.

For graded-profile fibers (as shown in Fig.

which has a refractionindex that is a function of

radius, the ray invariants are:

=i = T="ande_tL
f= n(r)d—s = n(rycos d,(r). , p n(r) s,

and the classification of rays becones:

Bound rays: ng < B < ng,
Refractingrays  0< B2 4T <nd,

Tunneling rays Pma < B <ng aNd nd-F2 <P <Tu(B)

where . g, and T_,@® for tunneling rays depend on
profile.

3.3 POWER LOSS OF THE BENT FIBER

n(r) sin 8,(r) cos0,(r),
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7.)

core

(6)

(7)

t he

For bent planar or circul ar wavegui des, the [ight

radi ation

| oss i s described by | eaky rays which are either

tunneling or refracting. A so, since the propagation of rays

in a bent planar waveguide is identical to the propagation






of rays in the cross-section of a circular wavegui de, and

Fig. 8 can represent both cases.

"

Fig. 8.--The cross-section of a bent wavegui de.

As shown in Fig. 8, the cross-section of bent fiber
has a curved section of radius Rand a straight
section of length d. Alight source S illumnates the
waveguide at 2z=0, The distance d I's considered-
sufficiently large conpared with the curved section so that
the light in the waveguide can reach the spatical steady
state. In addition, the core profile shape n(x) is assuned
unchanged by bendi ng. -

There are two interfaces between the core and the
cladding. The symmetry of the bend guides every ray to
follow a curved sinusoidal-Ilike path. If the core is
graded, then the light path has a shape as in Fig. 8, and if
the core is a step-index core, then the light path has a

zi g-zag shape as in Fig. 9.






Fig. 9.--Ray paths on a bent step-profile wavegui de.

To showthat all rays in the bent section are | eaky,
the ray invariant for the bend has to be anal yzed. The | ast
section gave the definitions of the ray invariant for the
wavegui de theory. FromEq. (6), the ray invariant of the

ci rcul ar wavegui de is:

2 d dz
T= %"(’)f = ;:J"(r) sin 0,(r) cos 8,(r), , A= n(r)-&; = n{rycosO,(r).  (8)

To find the radi ation caustic on the bend, one should set-

0, ()= n/2 and define the bent ray invariant as

T = {r/(RTp)]n(r)ycosO,(r), (9)

wher e R+p is the radius of the outer interface and
is the angle between the tangent to the ray path anci t he
azi nut hal di rection. At the beginning of the bend,
0.(x) = 0,(ro) , Where r, isthevalueof r at ¢=0 , SO
i n the strai ght wavegui de

B, = nix)cos 0, (x) = nlry) cos 0, (ro). (10)
when r=r, , the ray invariant becones

T, = (ro/(R+p)) B, (11)
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FromEg. (7), bound-ray invariants satisfy n,<B <n, ,
so the bent ray invariants are bourded by
ng(R=pl/(R+p) < Ty € ngg, (12)
since r, nust lie between R+p and R -,
From Eg. (7), rays which satisfy the conditons
F<ng and nd<f?+T? (13)
are called tunneling rays, since these rays appear to tunnel
a finite distance into the cladding. For tunneling rays in

t he bend, the value of radiation caustic is given by

’ud=pT/("c2|-Ez)“2 (14)

In the bend, since B=0T=T and 7 js replaced by
R+yp , then

Fag = (R+ P/ (15)

Since T, isfinite, the value of the radiation causticis
finite. Therefore, every ray inthe bend is l|eaky. In.
addition, all rays are tunneling rays even in a slight bend.
Every ray in the bend radiates either by refraction-
or by tunneling. This radiation | oss can by described by a

transm ssion coefficient T. The definitionof Tis

power in the reflected ray

T= 1= ower in the incident ray °

-~ (16)

Each ray loses a fraction of its power at each refraction.
By summ ng the N transmssion coefficients, then the power

attenuation coefficient is defined by

T

Zp

where : is a ray half-period.

“p






The power in any position of the fiber distance Z wth the
initial power P(0) then becones
P(z) = P(0) exp(—yz) (18)
when t he power attenuation coefficient Y is constant.
By replacing Z with the angul ar di spl acenent , the
power attenuation al ong the bend becones
P(¢) = P0)exp(—r¢d) (19)
where p(0) is the bound-ray power on the straight fiber.
In BEg. (19), the power attenuation coefficient is
Y =T/ (20)
wher e ¢ I's the angle between CP and ¢cg in Fig. 8
The total ray power P, at angle ¢ around the bend
Is determned by integrating Eg. (19) over the core cross-

section and all ray directions. Thus,

R+p O.tr)
P, (¢) = P(O)f drf exp(—y¢)do,, (21)
R-p -

(A L)

where 6.1 is the conplenent of the local critical angle

referred to the center of curvature.






GHAPTER 4
SENSCR DES| GN AND EXPER MENTS
4.1 | NTRCDUCTI ON

The purpose of this Chapter is to use the optical
fiber as the transducing nedium to sense an applied
pressure. The characteristics of the receiver circuit
which are inportant factors for sanpling signals are
discussed . Different types of sensors are used in the
experi ment to conpare the signal di stortions. The
experinental results are analyzed in the last part of this

chapt er.
4.2 PHOTCDETECTCRS

The photodetector is a semconductor device that
converts optical signals into electric currents. In this
experinment, a pin photodiode is used in a KOP-100 fi ber

optics kit (its «circuit description and conponents

characteristics are shown in Appendix aA.). The pin
photodiode is the nost comonly used photodiode. Its
depletion region thickness (the | layer) is adjusted to

optimze the quantumefficiency and frequency response of
the detector. The intrinsic (or 1) layer of a pin photodi ode
Is | ocated between p- and n-type sem conductor naterial. The

| layer supports a high electric field which causes






el ectron-hol e pairs to separate quickly.
4.3 PR NG PLE GF CPERATI ON

Wen a photodiode is illumnated by photons,
electrons are punped from the valence band into the
conduction band. These electron-hole pairs are generated
within the depletion region. Nornmally, a | arge reverse-bias
voltage is applied across the photodiode. The resulting
high electric field inthe |l layer causes the pairs to
separ at e. These charge carriers are then collected
across the reverse bias junction. If we ignore the
reconbi nation current loss in the depletion region, we can
wite the photocurrent as

I=enP/h (22)
where e, P, h , and n are the el ectronic charge, optical
power, photon energy, and quantum efficiency respectively.

The output current froma photodetector is |ow This-
neans signal anplification and processing are required. A
t ypi cal optical receiver, therefore, will contain a
phot odi ode, an anplifer, and a filtering circuit.

As shown in Figure 10, a reverse-bias voltéée S
applied accross the pin photodi ode. The current, which
flows through the pin photodiode , is proportional to the
i ncident optical power. This current is sanpled by the
resistor R allowng the photon flux to be neasured as a
vol t age. By using this nmethod, optical signals are

transformed into el ectrical signals.






PIN PHOTODIODE

APL.

<

Fig. 10.--The pin photodi ode receiver circuit.

Certain characteristics of photodetectors such as
quantumefficiency, sensitivity, and linearity are inportant
considerations in the system Quantum efficiency is
defined as the nunber of electron-hole pairs generated by.
each incident photon. Sensitivity (S is defined as the
current which is generated by the photodetector per watt of -
I nci dent optical power (P),i.e., S=Current intensity/Light
power. If the quantumefficiency i s known, we can obtain the
sensitivity froms=qe/hs/, where h is Plank's constant , and
/Vis the light's frequency. The equation I=sp fdlloms
directly. The  nost i nportant characteristic of a
phot odetector is linearity. The photocurrent varies linearly

with the incident |ight power.
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4.4 SENSCR DESI GN

The bending of the fiber at specific points along
its length tends to disrupt the internal reflection. To
anal yze the relation between the applied pressure and the
light intensity, we concentrate on the attenuation
which is caused by the fiber distortion. To distort the
fiber, several nethods nay be used such as the m crobendi ng
nethod, the streched chain nethod, the tw sted fibers
nmethod, and the spiral method. 1In this experinent, t he
spiral nethod , the mcrobendi ng nethod, and the streched

chai n net hod are used.
4.4.1 M CRO BEND SENSCR

M crobend sensors are constructed as shown in Figure
11. A wave shaped clanp is used to apply pressure to the
fiber. Alinear notion of anplitude A of the clanp inposes

a distortion of the formasinx x on the fiber.

l PRESSURE

o

WAVELENGTII

l A :DISI'LACEMIEENT

F1BER

Fig. 11.--Mcrobend Sensor.






4.4.2 SPI RAL SENSCR

A spiral sensor is nmade by winding a wire around
the optical fiber at the critical spiral pitch as shown in
Figure 12. Wth a different helix width B or a different
core radius of thewinding wre, the fiber will respond to
different types of distortions. The performance of the
fiber distortion for different radius wires and different

helix wdth is tested in this experinent.

{ rREsSURE
WIRE
T@Q//LT{/’A__— FIBER
4—— B —n
HELIX WIDTIil

Fg 12.--Spiral Sensor
4.4.3 STRETCHED CHAI N SENSCR

| nstead- of the wave-shaped clanp of the microbend.
sensor, aroller chainlike device is used in this sensor as
shown in Figure 13. The notion of the plates caused by an
applied pressure at the top and bottom of the chain sensor

forces the fiber to have a constant curvature distortion.
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FRIESSURE

l TOP FLADE
__F11ER

o=
[ 3% < )

//",ﬁ,
ROLLER / TRACK
CONNECTLER

| N @ )ﬁ r ROLLER
CONNEC:OR ) M FITBER

BOTTOCH PLATIE

Fig. 13.--Stretched Chain Sensor.

FJ BER

Fig. 14.--Ceometric Diagram Of The Stretched Chain Sensor.






If the light loss per unit arc length is constant,
the formof the | oss vs displacenent function of the sensor
can be determned fromthe geonetric diagram shown in
Figure 14. The angle g is defined as the angl e between the
hori zontal axis and the roller connector. This angle wl
tend to zero as the sensor is fully stretched, and it
will reach a maxi numval ue: arcsin(2r/R), ( Where Ris the
| ength of the connector, r is the radius of the roller, and
the dianmeter of the fiber is considered snall conpared to
the dianmeter of the roller).

The fiber is tangent to the rollers when the sensor
is not stretched. As the sensor is stretched, the change in
contact arc length Cwth extensi on L becones:

dc/dL=(dc/de)/(de/dL) .
Since (dc/de)=-2r, and (de/dL)=-Rsing,we deri ve:
dc/dL=2r/Rsin (23)
Thus, the light transmssion vs the displacement function_
needed to calibrate the sensor systemis:
dT/dL=N (dT/dC) (dC/dL)
=N Constant) (2r/Rsin#) (24)
The val ue of ars/dc is a constant because it is assune&’ t hat
the light loss per unit arc length is constant, and Nis the

nunber of rollers.






4.5 EXPERI MENTAL METHOD

For neasuring the relation between the applied
pressure and the |light power attenuation in the fiber, the
nodel shown in Figure 15 can be used. Consi der an
infinitesimal I ength dx of the fiber, the incident optical
power P(x) attenuates dap as light propagates wth the
di stance dx. Then, equation dp/dx=-alX) expresses the
attenuation of the optical power, where a is the attenuation
coefficient. As the |light propagates L di stance, the opti cal
power becomes HL)=P(0)e(-alL), i.e

logP(L)=1logP(0)~-0.434al.
Since the voltage output of the KOP-100's PREAWP is
proportional to the optical power incident on the pin diode,
SO log( V(L1)/V(L2) )=0.434a(L2-L1) (25)
whi ch al so neans a=log( V(Ll)/V(L2) ) / 0.434(L1-L2), Wwhere
v(L1),v(L2) are the anplitudes of the signal correspondi ng
to lengths L1, L2. By specifying the linear attenuation A in-

dB/m, the equation A(dB/m)=4.43a can be deri ved.

M- dxH

FIBER

-

P(X) P(X)-dP

Fig. 15.--Mdel O Light Power Propagation.






The output voltages of the KCOP-100 vary wth the
| oads applied to the sensor. Since the pressure is defined
as force per area, the load over a given area will determne
the magnitude of the pressure whichis nodulated by the

out put vol tage attenuation.
4.6 EXPERI MENTAL DATA

The results of this experinment are based on the
POCATEC nodel KOCP-100 kit for light transmssion and
anplification, and SATEC nodel uTc-soHvL for the |oad

testing.
4.6.1 TEST 1- D RECT LQAD ON THE Fl BER
SPECIFICATION: (1)Direct | 0ad on the fiber

(2)Fiber di ameter: 0.055inch.

(3)Load surface area: 3.72 square-inch.

TABLE 1
LQAD VS VOLTAGE ATTENUATION(Va) OF TEST 1

Load(1lb.) Va (mV)
5.0 0
10.5 1
14.7 2
20.3 3
25.0 4
29.7 5







4.6.2 TEST 2- M CRO- BEND SENSCR

SPECFICATION: (1)Fiber di aneter: 0.055inch.
(2)Load surface area: 4.72 square-inch.
(3)Wave |l ength of the clanp: 1.32 inch.

(4)Amplitude of the wave: 0.39 inch.

TABLE 2
LQOAD VS VA O M CRO BEND SENSCR

Load( | b. ) Va(mV) Load | b. ) va(mv)
0.2 0 4.5 113
0.5 3 50 130
1.0 7 5.5 155
1.5 12 6.0 194
2.0 21 6.5 216
2.5 31 7.0 249
3.0 44 7.5 275
3.5 58 8.0 312
4.0 80

TEST 3- SPI RAL SENSCR ( 1)

SPECIFICATION: (1)ioad surface area: 3.72 square-inch.

(2) Wre dianmeter: 0.022 inch.
TABLE 3
LOAD VS Va (B=0.5INCH) OF TEST 3
Load(1lb.) Va(mV) Load(l b. ) va(mV)

2.0 0 7.3 8
3.1 1 8.3 11
4.3 2 9.3 15
5.0 3 10.2 20
6.1 5







TABLE 4

LOAD VS Va (B=0.78INCH) OF TEST 3

Load (1b.) va(mV) Load(1lb.) Va (mV)
1.0 1 10.1 33
1.5 3 11.1 35
3.1 6 12.5 37
4.0 10 13.2 38
5.2 14 14.5 41
6.1 18 15.2 43
7.1 24 16.0 45
8.1 27 17.4 48
9.1 31

TABLE 5

LOAD VS VA (B=1.18INCH) OF TEST 3

Load (Ib.) Va (mV) Load (I b.) va(mv)
1.0 1 11.3 15
2.1 3 13.5 16
3.5 5 15. 2 18
4.6 6 16. 3 19
5.8 8 18.2 23
6.4 9 20. 6 25
7.5 10 22.6 26
9.7 12
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4.6.4  TEST 4- SPI RAL SENSOR ( 2)

SPECIFICATION: (1) Fiber dianeter: 0.055 inch.
(2)Load surface area: 3.72 square-inch.

(3) Wre dianeter: D=0,035 inch.

TABLE 6
LOAD VS Va (B=1.18INCH) CF TEST 4

Load(1b. ) va(mv) |[[ 1load(lb.) Va (mV)
0.5 2 7.0 31
1.0 4 7.6 34
1.5 6 8.0 37
2.0 8 8.7 41
2.5 11 9.0 44
3.1 14 9.6 48
3.5 16 10.0 50
4.0 1l¢ 10. 8 53
4.5 A 12.1 55
50 22 13.1 57
5.6 14. 4 59
6.0 25 15.2 60 !
6.5 29 17.3 63 |

TABLE 7
LQAD VS Va (B=0.65INCH) OF TEST 4
Load(lb. ) Va (mV) Load(l b. ) Va (mV)
1.1 0] 10. 8 9
2.5 1 12.1 11
3.7 2 13. 2 12
5.1 3 14. 4 13
6.1 4 15.7 15
7.1 5 16. 7 16
8.3 6 17.3 17
9.6 8 18. 2 19







4.6.5 TEST 5- STRETCHED CHAI N SENSOR

SPECIFICATION: (1)Load surface area: 1.90 square-inch

(2)Rol l er diameter: 0.39 inch.

(3)Number of rollers: 5.

TABLE 8
LOAD VS Va OF STRETCHED CHAI N SENSOR

Load(1lb.) Va (mV) Load(l b. ) Va (mV)
0.4 0 6.8 31
0.6 1 7.0 32
0.8 2 7.2 33
1.0 2 7.4 34
1.2 3 7.6 35
1.4 4 7.8 36
1.6 5 8.0 37
1.8 5 8.2 39
2.0 7 8.4 39
2.2 8 8.6 40
2.4 9 8.8 42
2.6 9 9.0 44
2.8 11 9.2 46
3.0 12 9.4 47
3.2 12 9.6 49
3.4 14 9.8 52
3.6 15 10.0 55
3.8 15 10. 2 59
4.0 17 10. 4 63
4.2 18 10.6 65
4.4 19 10. 8 69
4.6 21 11.0 74
4.8 22 11.2 79
5.0 22 11.4 85
5.2 23 11.6 92
5.4 24 11.8 100
5.6 26 12.0 108
5.8 26 12. 2 116
6.0 27 12. 4 124
6.2 29 12. 6 132
6.4 29 12.8 140
6.6 30







4.7 ANALYSI S

Because of the naterial characteristic of the
specific fiber used in this experinment, all results of the
experinent indicate that thereis a cut in pressure |oad.
This cut in signal attenuation has a different value for
each of the different nethods of distorting the fiber.

The vol tage attenuation(va), which is nodul ated for
the light power transmssion loss, of test 1 increases
approximately linearly as weight |oad increases. Since the
weight is directly | oaded on the fiber without spiral wre,
the linearity of the signal output vs the pressure i s good.
However, the sensitivity of the pressure is not hi gh enough
for the sensor system As shown in Figure 16, the cut in
pressure | oad of the specific fiber is about 5 pounds over

3.72 square-inch surface.

VA(qy)

& oe

a

v v - » —lr LOAD(‘ bv)
5 lo 15 20 a5 3c

Fg 16.--Load VS Va OF TEST 1.






Intest 2, the mcro-bend sensor is very sensitive
to the applied pressure due to the anplitude and the helix
length. Wth the load range fromzero to ei ght pounds, the
vol tage attenuation i ncreases fromzero to 312mv. As shown
in Figure 17, the shape of the voltage-load -curve
increases significantly when the |oad i ncreases over 2.5
pounds. After 2.5 pounds, the voltage increases
approximately linearly with the | oad.

VA LmY)
'y

3004
150 4
Lio 4 »
/Sv

/o0

‘ . -_— -
L2 1. - r - - - - ~r" — L0 » ‘
© T 2 3 4 £ & 5 2 ADCI6 )

Fig. 17.--Load VS Va CF M CRO BEND SENSCR

The helix width B of the mcro-bend sensor
det erm nes t he nunber of bendi ngs. The nore bendi ngs on the
fiber, the nore sensitive is the sensor to the applied

pressure.
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Fig. 18.--Load VS Va of test3.
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Fig. 19.--Load VS Va OF TEST4.






Figure 18 and Figure 19 showthe results of test 3
and test 4. In test 4, the sensor exhibited a good |inearity
due to the dianeter of the wire. The helix w dth determ nes
the nunber of bendings on the fiber. A snmall helix wdth
sensor has a higher sensitivity. However, test 3 indicates
that the helix width B under certain value will nake sensor

out put be nonlinear due to the defornmation of the fiber.

VA (mV)
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Fig. 20.--Load VS Va 0O Stretched Chain Sensor.

The last test of the experinent is the stretched
chai n sensor. The experimental result shows an approxi nately
| i near property for |oads under nine pounds. For the | oads

over nine pounds, signal attenuation increases rapidly due






to the plastic property of the fiber material. For the sane
reason as the case of the spiral sensor, the linear range
of the sensor can be used for the tactile pressure

det ecti on.
4.8 SUVMARY

The approach for the sensor design has consi derabl e
| atitude. Several nethods can be used. However, the general
considerations to obtain sensor design and linearity
I ncl ude:

(1)The di areter of the fiber.

(2)The surface area of the applied pressure.

(3)The nunber of bendings, and anplitude of the wave

for the mcro-bend sensor.

(4)The nmaterial properties of the fiber.

(5)The diameter of the wnding wre, and the helix

width for the spiral sensor. _

(6)The radius of rollers, the connecter |ength, and

the nunber of |links of the stretched chain
sensor. )

In this chapter, several sensor designs to aéhieve
fiber distortion have been tested and anal yzed. Experimental

results indicate that the optical fiber sensors for tacile

pressure detection are effective and practical .






GHAPTER 5
DATA ACQU SI TI ON
5.1 | NTRCDUCTI ON

Traditionally, sensors convert envi ronnment al
variables into electric signals such as voltages and
currents. As digital conputers are used in sensor systens to
nonitor and processor these signals, it is necessary to
convert these analog signals intotheir digital formats. For
this Aanalog/Digital conversion purpose, a data acquisition
system is used to interface the sensor and the conputer.
Usual |y, a data acquisition systemincludes an anplification
circuit, a sanple-hold circuit, a nmultiplexer, and an-
Analog/Digital converter. These interface systens and their
conponents nust be considered for good functionality, |ow
cost, and high efficiency to neet the specific requirenent.
An interface systemincludes software and hardware, where
software controls the operation of the systemand gives the
successi ve instructions for the hardware. h

Sonetines in a sensor system it is desired that the
system has nultiple-input channels. |In other words, there
may be several different sensors in the system For exanpl e,
iIf the systemneeds to nonitor tenperature and pressure
changes of the environnment at the sane tine, then the system

nmust have nmultiple-input capability. To achieve this .






pur pose, the AD converter coupled with a miltipl exer can do
the work. One convenient way to digitize datas from several
sensors is to use the tine-sharing process, i.e., the

conput er nonitors those sensors in sequence.
5.2 ANALOG/DIGITAL CONVERSI CN

As nentioned above, nost anal og signals com ng from
sensors are either electric voltages or currents. |If these
signals are too snall to be neasured directly, then an
anplification circuit nust be used to match the AD
converter input range. Usually, the full scale input range
of the converter nay be sv, 1iov, or 25V.

There are several different types of AD converters,
and each type has different characteristics which depend on
the specific systemapplication. For conputer interfacing, .
the successive approximation type converter has been in
w de use because of its high speed of conversion which is in-
the Mz range and its high resol ution.

The successive approxinmationtechniques in an AD
converter consist of conparing the internal ref erence
voltages with the unknown anal og i nput voltage. Fi{stly,
the nost significant bit (MBB) is assignedto a logic 1
(high voltage level, 5V) if the analog input voltage is
greater than the voltage fromthe conparator, and MSB bit is
assigned toalogic o(low voltage level, ground) if the
input voltage is less than the voltage of the conparator.

Then the next nost significant bit is conpared. After the






| east significant bit (LSB) is conpared, the conversion is
conpl et ed. During the conversion, the EOC (end of
conversion) pin of the AID converter will output a logic o
to indicate the processing of the conversion, where an | ogi c
1 on the ECC pin indicates that the conversion is conpl eted.
In addition, the analog i nput vol tage shoul d not be changed
to acquire accurate digital outputs. To guarantee this, a
sanpl e-hold circuit can be added to the input of the system
If a multiplexer is used inthe data acquisition
system then this multiplexer nust be addressed by the
conputer. For exanple, an 3-bit address decoder can decode
the address fron the conputer and deci de which one of the
eight channels is the input channel. Table 9 shows the
relation of the address and the assigned channel. If the
Input address is set to all zeros fromthe conputer, then:

channel wom will be the anal og i nput channel

TABLE 9
ADDRESS AND ASSI G\NED CHANNEL CF A 8-BI T MLTI PLEXER

Channel Addr ess code

~NOoOUNWNEFO
PRPRRPROOOO
RPROQORRFROO
RPORORORO
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The converter has a high i npedance stablized conparator, a
256R voltage divider with analog switch tree, and a
successive approximation register. The 8-channel i nput
mul ti pl exer can access any one of 8-single-ended anal og
Inputs. As indicated in Fig. 21, the block diagram of the
Ascogos, an external clock nust be added since thereis no
internal clock to trigger the operation. Since thereis only
an optical fiber sensor used inthe thesis, it is convenient
to ground all 3-bit address pins of the multipl exer and use
t he channel o as the input pin.

After the channel of the multiplexer is assigned,
the next stepisto start the analog to digital conversion.
Wien t he START pin of the converter goes to a logical 1, the
M5B data latch is set toalogic 1 and all other data
| atches are set tologic o. As the START pin returns to | ow, -
t he conversi on sequence begins. After the START pin drops to
| ogic O, the nicroprocessor shoul d check the ECC pin before.
entering the data into the conputer.

In this thesis, an Intel SDK-85 is used to test the
AD conversion. Aso, the high voltage Ievel is assigned to
5V and the lowvoltage | evel is assigned to ground((loi I n
addition, all ground points of the circuit should have a
common ground for both analog and digital. Fg. 22 shows the
interfacing of the &apcosos and the Intel SDK-85 of the

syst em
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The external clock frequency is designedto 6 Mkt
since this value is the typical frequency for the abcosos.
The REF(-) pin of the Apcogos is grounded because the
uni pol ar operationis used in the system, and the analog
input pin (AIN) is designed to have the input range from O/
to 5V The

potentioneter of the circuit to acquire the accurate 5V full

reference voltage is adjusted by the

scale. To achieve this, one should set the anal og i nput at
5V and continue the conversion by the Intel SDK-85. Then,
adjust the potentionmeter until the LSB bit output is
fl ashing between logic 1 and | ogic o.

To handshake the apcosos and the Intel SDK-85, the
flowchart in Fig. 23 follows the steps which are di scussed

above. The assenbler programfor the SDK-85 is witten as

fol | ons:
SOURCE STATEMENT COMWENT
MVI a,05 *ASSIGN BI TS 0,2 CF PORT 01 AS
QuUT 03 QUTPUT BI TS
MVI a,01 *SEND A PULSE TO START PI N
aQuTr 01 THROUGH PIN o0 CF PORTO1
MVl a,o00
QuT 01
MVI A,02 . *ASSIGNBIT1 GFPOCRTO11S--
IN 03 | NPUT
MVI 34,00 * CLEAR ACCUMULATCOR
LoorPl: IN 01 *CHECK ECC PI N OF Apcosos
CPlI 00 *COWPARE [A] W TH "oo"
JZ 1OoOP1 *I F CONVERSI ON | S NOT COVWPLETE
JUVP TO LooP1
JMP LOCOP2 *I F CONVERSI ON | S COVWPLETE
JUMP TO LOCP2
LOOP2: :\/kN/I SéFF * ASS| GN PORT 02 ALL | NPUT

IN 00

*| NPUT 8-BlI T DATA FROM aADcosgos






( START )

ASSIGN OUTPU
PORT

[SEND A PULSE !
|TO START PI

ASSIGN INPUT
PORT FOR EOC PIN

INPUT DATA
FROM EOC

ONVERS}&'

OMPIV NO

YES

ASSIGN INPUT
PORT

INPUT
CONVERTED DATA

INTO SDK- 85

e

Fig. 23.--Flow Chart Of Handshaking.
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5.4 SUMVARY

Conputer-control | ed sensor systens have evolved to
the configuration that one single conputer can perform the
effective data processing and signal control. The data
acqui sition systemwith one single conputer has had a najor
influence on developing instrumentation and contro
software. For optical fiber pressure sensing systemof this
thesis, the tactile pressureis nodulated by the voltage
signal and processed by the conputer. Finally, the systemis
fl exi bl e enough to have the ability to process signals from

different sensors at the sane tine.






CHAPTER 6
RCBOT GONTRCL AND NATRI X GONFI GURATI ON SENSCRS
6.1 | NTRCDUCTI ON

As introduced in the abstract, this thesis presents
potential applications of optical fibers as tactile pressure
sensors. So far, the fiber sensor , the sensor system and
the conputer interfacing have been discussed. In this
chapter, the fiber tactile sensor is built on a robot hand
to denonstrate the practical application of such a sensor.
To lead to this discussion, section 6.2 wll introduce the

controlling of a robot armw th a fiber sensor on its hand.

This robot system wll perform the tactile sensing

capability to nonitor the magni tude of the contact pressure
whi ch i s caused by grasping the object in the robot hand.
section 6.3 discusses the possible application of
such fiber tactile sensor with a natrix configuration. This
matrix configuration of the sensor system consists of
several fibers- in the systemto build a tmo-dine&éional
pl anar sensing, and this configurationis proposed to be one

superior nmethod for the robot's tactile sensing capability.

6.2 ROBOT CONTRCL

Inthis thesis, a MiniMover-5 robot arm nmani pul at or

(Micorbot, Inc.) is used to denonstrate the practica






application of the tactile fiber sensor. The MiniMover-5
mani pulator is a five-jointed mechanical armwth a lifting
capacity of 8 ounces when fully extended. Each joint 1is
controlled by a stepper notor nounted on the body. In this
denonstration, the fiber sensor is built on the hand. A so
since we are concerned wth the tactile pressure sensing,
the stepper notor, which controls the hand, is the nain
consideration in both the driving circuit and the software
pr ogr amm ng.

The conputer interfacing of the MiniMover-5 IS
designed so that an 8-bit conputer can drive the 6 stepper
motors of the robot armby sharing the 8-bit parallel
address buses and 8-bit parallel data buses with the use
of an address decoder. As shown in Fig. 24, the structure of
the MiniMover-5 conputer interfacing, six stepper notor
drivers and two input/output ports are addressed by the
proper codes fromthe conputer address buses. Then, as one_
of these eight drivers or ports has been addressed, the
data on the data buses can be | atched to the driving
circuits. Notice that the |owbyte of the data buses (bit
0,1,2,3) is used for sending the sequential data for the
stepper notors, and the high byte of the data buses (bit
4,5,6,7) 1S reserved for the auxiliary input port. The
detail of the stepper notor operation and the driving codes
is in Appendix B Also, sincethe circuit has input/output
ability, the sensor signals fromthe AD converter can be

sent into the conputer by the auxiliary input port.
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24.--The MiniMover-5 conputer interfacing.






The address decoding circuitry of the MinoMover-5 is
shown in Appendi x B The address |ines AG A2 specifies which
one of the eight decoder output will go low As one of the
outputs fromthe decoder is low, the QUJT pulse is present.
Then, a positive driving device sel ects pul se results. These
pulses (DEV o to DEV 6) are used to latch data into one of
the 6 notor driver circuitries. The tabulation of the

addresses for the MiniMover-5 is given in Tabl e 10.

TABLE 10

TABULATI ON CF THE ADDRESSES FCR THE M N MOVER- 5

Addr ess Port
Deci mal Binary
152 10011000 Base Mot or
153 10011001 Shoul der Mot or
154 10011010 El bow Mot or
155 10011011 Wist R ght Mtor
156 10011100 Wist Left Mtor
157 10011101 Hand Mot or
158 10011110 Auxi | i ary Qut put
159 10011111 Auxiliary | nput .

For nmonitoring the nmagnitude of the tactile pressure”
from the AD converter, one should build a table for the
relationship between the input voltages and the output
digital representations of the AD converter in- the
program For a 5V full scale AD converter, its analog
inputs vs digital outputs are shown in Appendix C  Since
the magnitude of the pressureis already built in the
program , the digital signals wll be conpared wth
the pressure-digital representationtable in the program

Then, the magnitude of the applied pressure i s decided by






the software.

A sanpl e Basic program of controlling the MiniMover-

5 wth an optical fiber tactile pressure sensor is witten
as foll ows:

1 REM *** BEQ N ***

2 DATA 6,10,9

5 meM *FACREAD DATA ***

20 DI M A(8)

25 FOR 1=1 TO 8

30 READ A(I)

38 A(9-I)=A(I)

40 NEXT |

50 REM *** | NPUT FROM KEYBOARD ***
510 AS$=INKEYS:IF A$= " » THEN 510
520 NA=ASC(AS)

525 | F NA=53 THEN 1000

530 | F (NA>=49) AND (NA<=54) THEN 600
540 | F NA=9 THEN 560

550 | F NA=8 THEN 580

555 GOTO 0

560 REM xRk DATA FOR MOTORS ***
561 FOR J=I TO 4 OUT 1,A(J)

562 NEXT J

565 AS$=INKEYS; |IF A$= » » THEN 560

570 coTo 510
580 FOR J+| TO 4: OUT I,A(J+4):NEXT J

585

AS=INKEYS$:IF A$= " » THEN 580

590 GO TO 510
600 I=NA+103

610
620 GoT0, 10
630 REM I NPUT SENSOR SI GNALS

PRI NT "MOTOR";I-151;"READY "
**k*%

1000 | F NA=9 THEN 560

1010 | F NA=8 THEN 1020

1020 DATA 0,5,0

1030 DI M B(3)

1040 FOR 1=1 TO 3

1050 READ B(I)

1060 NEXT .|

1070 REM *** START CONVERSI ON ***
1080 OUT 158, B(I)

1090 C=INP(159)

1100 | F ¢<=SETPOINT THEN 1600
1200 | F C>SETPOINT THEN 1300
1300 FOR J=I TO 4; OUT |, A(I)
1400 NEXT J

1500 GOTO 1070

1600 PRI NT "SET POl NT PRESSURE"
1700 GOTO 50






Fig.
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25.--Flow chart of the basic program for MiniMover-5.
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6.2 MATRI X ARRAY OONFI GURATI ON GF THE FI BER SENSCR

The robot with sensing capabilities will beconme nmuch
smarter than just a duplicate-nachine. So far, the current
robot system has a vision sensing capability or other types
of relatively sinple sensing devices. However , t he
devel opnent of tactile sensing for the robot has been
researched to sinulate human tactile capabilities. The
robot wth such a capability can handl e sophi sti cated tasks
nore efficiently than those robots which are now used in
i ndustry. Although there are nmany tactile sensor
configurations which have been used in devel oping such
tactile sensing capability, mnatrix array configuration of
t he fi ber sensor can be the one efficient nethod.

As discussed before, one single fiber sensor can
detect the anmount of pressure which is applied on the fiber.
However, there is a big difference between sinple touch
sensing and tactile sensing. Tactile sensing i nvol ves
continuous and vari abl e nmeasuring of the contact pressure.
I n other words, tactile sensors should have the capabilities
to report graded signals and parallel patterns of touching.
I n an advanced robot system the robot shoul d have the two
di mensi onal tactile sensing capability which is proposed in
thi s section.

Consider the matrix configuration of the fiber
sensor in Fig. 26., the fibers are constructed as a tenni s

racket structure. Wth eight light sources (T1 to T8) and






ei ght

consi sts

phot odet ectors (p1 to D8)

in the area A

intersection points (S1to sie).
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system

of a 4 by 4 matrix configuration which has sixteen

26.--Matrix array configuration of the fiber sensors.






As pressure is applied to area A photodetectors can
nonitor the pressure changes on these intersection points.
For exanple, if the pressureis applied on s1 point only,
then output voltages of the photodetectors b1 and D6 w |
respond to the pressure changes. By using this nmethod, one
can know the pressure | ocation over the area A As a
graded pressure is applied to the area A each two
phot odet ectors will respond to the pressure on one S point.
Wth the help of a digital computer's high speed scanning
skills which were discussed in Chapter 5, the output
voltages from these photodetectors can be sent into the
conputer and then be anal yzed by the software programi ng.
Thus, a two-dinmension fiber sensor can be constructed whi ch
can be a superior nethod for robot's tactil e sensing.

The advantages of matrix configuration sensor are-
the sane as single fiber sensor such as small size, |ow
cost, and el ectromagnetic noise imunity, etc. However, by-
using snall radius glass fibersin the system one should
not be surprised by howsnall the sensor size can be built.

For analyzing the matri x array configuration of the
fi ber sensor, the state-space approach of the control_fheory
Isused inthis section. Al so, sone assunptions are
required to sinplify the approach. First of all, the system
I's assumed to be tine-invariant. In other words, the inputs,
the outputs, and the state variables of the system are
I ndependent of the tinme change. Secondly, it is assuned that

there are no exogenous inputs present in the system Then we






are concerned only wth the |linear range of operation.
Finally, it is assuned that there is no direct connection
between the input and the output w thout the intervention of
the state variable. |n state-space nethod, a |inear dynamc
systemis represented by equations:
Y = CX +DU (26)
X = AX+ BU + EX (27)
where Y i s the output vector,
Xis the state variabl e vector,
Uis the input vector,
and A,B,c,D,E are transfer nmatrices of the system
According to the assunptions of the system D matrix is
assuned equal to zero because there is no direct relation
between input and output without the intervention of X
Al so, since there is no exogenous input, X,is equal to zero. _
Then, E. (26) and E. (27) becone:
Y = CX (28)
X = AX + BU (29)
Inthe matrix array fiber sensor system the applied
pressure changes (s2p) are defined as the state variables,
and the output-voltage changes (ava) are defined as outputs
of the system Since a 4x4 nmatrix has sixteen intersection
points and each two phot odet ect ors deci de one out put of the

system then the B. (28) becones:
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" Val p1 ]
Va2 P2
Y = - [Cl,C2...... ,Cl6] . (30)
valeé Plé6

where C matrix is thetransfer function of the state
variable and output. |If the configuration of the fibers in
this system is constructed symetrically, all sixteen
elements of the ¢ nmatrix wll be identical, i.e.
Cl=C2=..00uss. =Cc16. Notice that each el enment of the output
vector is conbined by two photodetectors' voltage changes.
For exanple, the output Val is the conbination of the
vol t age changes of D5 and p1 in Fig. 26.

To derive the state equation, one can analyze the
stress, pressure relation on the fiber, and derive the
transfer function A and C However, this thesis is concerned
mainly wth the sensor system, and the control theory of

the systemis |eft for further study.

6.4 SUMVARY

In this Chapter, the robot control and nmnatrix
configuration sensors are discussed. |n Appendix D, the
actual robot control which was built with a spiral fiber
sensor is denonstrated. In addition, the assenbler program
of the robot control and the analysis of the systemare

|1 sted.
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CHAPTER 7
CONCLUSI ON

The objective of this thesis is to exam ne potenti al
applications of optical fiber pressure sensors, and to
provide a tactile pressure neasurenent nmethod which is then
used in a robot system Mbdeling, neasurenent, analysis, and
application of the fiber pressure sensor are presented.

The intrinsic type of fiber sensor used for tactile
pressure sensing is discussed in Chapter 22 This type of
sensor utilizes the mcrobending of the fiber to nodulate
the applied pressure onthe fiber. The light loss in the
core of the fiber is sensitivetothe curvature of the
fiber.

To nodel and devel op a mathematical representation
for the fiber pressure sensor, the wavegui de ray approach is
used. Chapter 3 derives the power attenuation equation due
to the leaky rays of the fiber. The radiation [oss due to
these I|eaky rays, either by refracting or tunneling, are
t hen described by the ray invariants of the ray approach

Depending on the design of the sensor structure,
different structures wll have different responses to the
applied pressure on the fiber. The experinental results in
Chapter 4 indicate that the sensitivity of the sensor s

related to:






(1)The di aneter of the fiber.

(2)the nunber of bendi ngs on the fiber.

(3)The surface area of the applied pressure.

(4)The nmaterial properties of the fiber.

(5)The structure of the sensor design.
The experinental results also indicate that the sensor
designs to achieve fiber distortions are effective to
neasure the tactil e pressure.

Conputer-controlled sensor systens can perform
effective data acquisition processing and signal control
These conputer-controlled sensor systens are discussed in
Chapter 5. This tactile sensor systemwas built and tested
in order to denonstrate the feasibility of the system The
results of this denonstration is described in Chapter 6.

For further I nvestigati on, a nmatrix array .
configuration of the fiber sensor could be considered to
provi de the robot systema two-dinensional plannar tactile-
pressure sensing. Such fiber tactile pressure sensor coul d
be used i n nmany engi neeri ng appl i cations dependi ng upon the

devel oprrent engi neer' s i nmagi nati on.






APPENDIX A

Descri pti on of KOP-100
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COMPONENTS CHARACTERISTICS

FIBER

Plastic core and cladding

Step index type

Outside diameter: 1.52 mm (0.060 in)
Core diameter: 1.42 rnm (0.056 in)
Numerical aperture: 0.48
Attenuation: 1000 dB/km at 650 nm

TIL 24 LED (12)

Emitting wavelength: 940 nm
Spectral bandwidth: 50 nm
Half-power angle {0 é): 35"
Output flux at 50 mA: 7 mW/Sr

TIL 221 LED (13)

Internal resistor: 39 N
Maximum current: 50 mA
Maximum voltage: 4 V
Wavelength: 650 nm

TIL 99 PHOTOTRANSISTOR (15)

a- Phototransistor configuration (fig. 1)
-photocurrent: 5mA for 20mw/cm? from a 2870" K source

- risetirne t, (fig. A2.1b}: 8 us
- falltime t;: 6 s

b) Photodiode configuration (fig. 2)
- photocurrent: 40 gA for 20 mwW/cm? from a 2870"K source

- risetirne: 350 ns
- fall time: 500 ns






output

C 30808 PIN PHOTODIODE (14)

Type: RCA C30808
Photosensitive surface: 5mm?
Spectral response {10%) 400 to 1100 nm
Peak inverse voltage: 100 V
Photocurrent density: 5 mAlmm? DC

20 rnA/mrn? peak
Forward current (lf): 10 mA DC

100 mA peak
Dark current: 30 nA
Sensitivity at 900 nrn: 0,6 A/W

at 1060 nm: 0,15 A/W
Quantum efficiency at 900 nm: 807
at 1060nm : 177

Equivalent noise power: at 900 nrn: 15 x 1073 W/Hzi
(at 1000 Hz, Af = 1 Hz) at 1060 nm: 65 x 1071 W/Hz?3

Risetime: at900 nm : 5ns
(with reverse bias) at 1060nm : 8 ns

output
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APPENDI X B

STEPPER MOTOR AND M NI MOVER- 5
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STEPPER MOTCR

The stepper notors of the MiniMover-5 use 4 coils
structure, and each coil is driven by a power transistor.
Wth the transistors either turned on or turned off to
obtain the desired pattern of currents in the notor
wi ndings, the conputer drives the notor. By changing the
pattern of currents, a rotating magnetic field is obtained
Inside the nmotor. This causes the notor to rotate in snall
I ncrements or steps. In the Mninover-5, each of the four
coils in a notor is individually controlled from the
conput er. The schematic diagram and the binary phase

patterns of stepper notor are shown as foll ows:

*12 b, 4, ¢ ¢
O | O I |,
O I o o |¢
o | 1 O |¥
2l o o 1 o |
el I O I O g
51 O O O |
I O o 1 |3
O O O |

Fg. 27.--Bnary phase patterns of stepper notor.
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APPENDIX C

DIGITAL OUTPUT CODES OF ADC0808
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TABLE 11

DI G TAL OQUTPUT CODES OF ADCO080S8

ANALOG | NPUT VOLTAGE DI G TAL OUTPUT CODES
5v 11111111
2.5V 10000000
1.25V 01000000
0.625V 00100000
0.3126V 000100O00O0
0.156V 00001000
0.078V 00000100
0.039V 00000010
0.0195V 00000001
ov 00000000
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ASSEMBLER PROGRAM AND ANALYSI S CF THE SYSTEM
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The control program of the MiniMover-5 W th an

spiral fiber sensor by an INTEL-SDK85 iS witten as foll ows:

SOURCE STATEMENT COMMVENT

2000 LXI SP 20c2 BEA N
MOV A, 08
SIM
2006 BEA N CALL RDKBD ASS| GN MOTCR
MOV B, A
CALL UPDDT
INR B
MOV A, B
aJr 21 ASSI GN QUTPUT PORT
CPl 00 MOTCR o
JZ TURN
CPl 01 MOTCOR 1
JZ TURN
CPl 02 MOTOR 2
JZ TURN
CPl 03 MOTCR 3
JZ TURN
CPl 04 MOTCR 4
JZ TURN
CPlI 05 MOTCR 5
JZ TURN
JVP BEA N VWAITTILL MOTCR I S

* ASS| GNED
2032 TURN W A G
aJr 20 ASSI GN QUTPUT PORT
MOV A B
aJr 21 QUTPUT MOTOR ADDRESS
2039 LOCPQ CALL RDKBD ASSI GN DI RECTI ON
MOV B,A
CALL UPDDT
INR B
MOV A B
Pl r
JZ RLOOP R GHT TURN
CPl e
JZ LLOCP LEFT TURN
JMP LOCPO WAL T
204F RLLCP: MVI A 05 R GHT TURN DR VI NG
CALL oUTLoOP QUTPUT PATTERNS AND
Wl A, 06 *TI ME DELAY
CALL ouTLoOP
MVI A, QA
CALL ouTLoOOP
Wl A, 09
CALL ouTLoOOP






SOURCE STATEMENT

2071 LLOOP:

20BO OUTLOOP:

MVI A, 0O

IN O1

CPI 0O

JZ BEGIN
JMP RLOOP
MVI A, 01
CALL OUTLOOP
MVI A, 09
CALL OUTLOOP
MVI A, 08
CALL OUTLOOP
MVI A, OA
CALL OUTLOOP
MVI A, 02
CALL OUTLOOP
MVI A, 06
CALL OUTLOOP
MVI A, 04
CALL OUTLOOP
MVI A, 05
CALL OUTLOOP
MVI A, 00
OuT 02

IN 01

CPI 0O

JZ BEGIN

IN OO

CPI SETPOINT
JM BEGIN
JMP LLOOP
OuUT 22

LXI D,05,05
CALL DELAY
RET

COMMENT

ASSIGN INPUT PORT
SWITCH PORT

STOP DRIVING?
STOP

LEFT TURN DRIVING
OUTPUT PATTERNS AND
*TIME DELAY

ASSIGN INPUT PORT
*FOR SENSOR SIGNAL

STOP DRIVING ?

INPUT SENSOR SIGNAL
COMPARE WITH SETPINT
SMALLER THAN SETPOINT
DRIVING

MOTOR SPEED






SWITCH BIT
/ e
i 7
= 6
5]
SENSOR SIGNAL T PORT 1
S
3
r-—-l
2
1
0
=
7
6 |
3 |
4 PORT O
-
5 |
2
1
0
MINIMOVER=S ? INTEL~
- SDK85
6
e
5
7| PORT 22
D3 3]
D2 >
)| T
Do 0
=
7
6
5 .
41 PORT 21
4+
3
A2 o]
2
A1 —
1
AO o

Fig. 32.--Interfacing circuitry of the system
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Errors in the sensor system occur due to:
(1) the delay in the conputer generated signal to stop
the notor after the set point pressure is reached,
(2) the instability of the Iight signal, and
(3) the nmechanical vibrations of the robot.
There are two ways to reduce these errors:
(1) reduce the speed of the notor while the robot is
graspi ng the object, and
(2) wuse electronic circuitry to anticipate the errors
and correct themw th software program ng.
The sensitivity of the sensor is determined by the
follow ng factors
(1) Sensor design.
(2) Modtor speed.
(3) Set point of the program






Fig. 33.--Set up of the sensor system

Fig. 34.--A spiral fiber sensor on the robot hand.






Bl BLI OGRAHPY
Books
Barney, CGeorge C., Intelligent Instrunentation, Prentice-

Hal | , I nc., 1985

Cheo, Peter K., Fiber Optics Devices and Systens, Prentice-
Hal | , I nc., 1985.

Dal |y, James W and McConnell Kenneth G, Instrunentation
For Engi neeri ng Measurenents, wiley, 1984.

Hor deski, M chael F., Design of M croprocessor Sensor &
Control Systens, Reston Publishing Conpany, ITnc.,

1985.
Kei ser, Gerd., ptical Fiber Comunications, Chapnman and
Hal |, Inc., 1983

Snyder, Allen W and Love, John D, Optical Wavegui de
Theory, Chapren and Hal I, 1983.

Wist, Aboud O. and Meikson, z. H, HE ectronic Design of
M croprocessor Based | nstrunents and Conirol Systens.
Prentice-Hall, Inc., 1986.

Articles

Bak, David J. "optic Fi ber Senses Pressure.", Design News,
3, March 1986.

Dandridge, A, "Fiber Qoptic Sensors. "™ CEP. , January 1986.

Das Santanu, Collin G Englefield, and Paul A Goud,
"Power Loaa, Mddal Noise and Distortion Due to._
M cor bendi ng of Optical Fibers.", Applied optics.1,
August 1985, \Vol. 24.

Giallorenzi, Thomas G and Bucaro, Joseph A, "optical Fi ber
Sensor Technology.", | EEE Quantum Electronics., 4,
April 1982, vol. 18.

Marvin, Dean C and lves, Neil A, "Wde-range Fi ber-optics
St{aln Sensor."”, Applied Ootics., 1, Decenber 1984,
Vol . 23.

stafffer, Robert N.,"Progress in Tactile Sensor
Devel opnent. ", Robotics Today., June, 1983.







REFERENCES

Books

Bar noski, Mchael K. , Fundanentals of Ootical Fi ber
Communications., Academc Press, Inc., 1976.

Cherin, Allen H, Introductionto optical Fibers., McGraw-
H Il Book Conpany, 1983.

Friedl and, Bernard, Control System Design., McGraw-Hill
Book Comapny, 1986.

Nort on, HarY N, Sensor and Anal yzer Handbook., Prentice
Hal |, I nc, 1982.

Seippel, Robert G, Transducers, Sensors, and Detectors.,
Reston Publishing, Tnc., 1983.

Articles

Ady Arie, and Mbshe Tur, "Measurement and Anal ysis of Light
Transm ssion through a Modified d addi ng Opti cal
Fi ber with Applicationsto Sensors.",Applied Qptics.
1, Jane 1986, Vol. 25.

McMahon, Donald H, "Fiber-optic Transducers.", | EEE
Spectrum, Dec 1981.

Rourke, Mchael D, "Measurement of the Insertion Loss of a-
Si ngl e Microbend.", (ptical Society of Anerica.,
Sept. 1981, Vol.6.

Tetsuji Abe, "Strain Sensor Using Twi sted Optical Fibers.",
Ootical Society of Anerica., August 1984, Vol. 9.







