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ABSTRACT 

CONTACT PRESSURE MEASUREMENT WITH 
'-, 

PRESSURIZED FORCE SWITCHES 
1 • 

1 

A novel, 
/ 

automatic contact pressure maa.ur.ment system 
{"'-. 

implemltnted, 'calibrated and analyzed. This WAS conceived, 

system makes use of 1 an array of miniature pistons, 

pressurized from a common plenum. Contact force impinge. on 

the .xt.rnal, unpressurized face of th. pistona which are 

mountad flush with the surface of the pre •• ure plat. 

containing the array of cylioders in which the pistons 

.1ide. A. pr ••• ure i. gradually rai.~ -or reduc.d- in the 

plenum, a given pi.ton mov •• a very small ~i.tanc."again.t 

th. local contact force. The pr ••• ura,that .pravail. at th. 

i n.tant of th. mov~~ i. u.1td to dat.,."" na. th. contact 

pre •• ure at the pi.ton that Ju.t MOVed. Bacau •• ,only on. 
pr •• sur. tran.duc.r i-. requirttd, t.hi. d •• ign i. quit. 

application" 

chair •• at. 

...... c:t.vi lUId for 

t • e." contact pr •• IM.I1". .. •• ur-.,t. on. 7 ........ 1-

A .. tri Je of 256 pl.tan sttnaars can b. acanned 

"in .• bout. 0.4 .. cands. A th. 
,; 

pr ••• urizatlon/d~OMpr .. slon cycl. 

incr •••• , and a .v.,.~ ti_ a piston faU., NhUa 

d.cr.a.ing. 
4. 
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RESUME 

LA MESURE DE LA PRESSION DE CONTACT A ~'AlDE 
~ 

D'INTERRUPTEURS DE FORCE PRESSURISES. 

, \Un nouveau systeme automatique da ~ •• ur. de la pre.sion 

de contact a ete concu~ construit, calibra et analyse. Ce 

systeme utilise un arrangement de pistons miniatur •• , 

pressurisas a partir d'une chambre commune. La force de 

contact agit sur las faces externe., non-pre.suri ••• de. 

pistons. L.. fac.s externe., da. pi.tons sont au-niveau 

avec la surfac. da la plaque qui contient l'arrangement de 

c:y.lindre. dans lesquals les pistons -gli •• ents. Lorsque la 
n . 

" pra.sion 'da 1 .. chambre commun •• st augmente. -ou reduit.-
1 

chaque ,piston .a daplace par une petite di.tance dan. la 

direction de la force de contact Appliquee. La pre.sion 

d.tanlli n"1 

l'instànt du mou v.ment .st utilis •• pour 
/ 

la pre.sion de contact du pi /.on qui vient juste 

da sa 1eplAcer. Puisque n transducteur de 
1 

prassion' .st requis, ce _vsteme .st peu couteuH. 

A ete cancu pour des applicatiqns biomedical •• , i. s. t 

mesurer 
It 

la pr ••• ion de contact su le siega d'un. chai •• 

roulant •• Uni .... tric. d. 256 det.ct • a pi.tons peut etre , 

parcourue dans .. ~proMimativ"'nt 0f4 .. cond ••• Le'cycl. de 

cOMpr.ssion/dltCc::NltJlr: •• sion qui .... ur la pre •• ion ch..aque '*!?is 

qu 'un' piston IIIOnt. lor.que la r ... ion accroit et chaque 
" 

fois qu'un pistan bai ... lar~ue a pre.sion decroit. 
c ~ p­, 
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CHAPTER 1 INTRODUCTION 

1. 1 General. 

During the last 10 yearB~ th re haB be_n considerable 

effort in applying microcomput rs to the solution of 

different medical problems. This tendency can be attributed 

ta three main characteristlc of microcomputers= small 

size, computation capacity and 10" cast. Applications range , 
/ 

from the measurement<of il feH/simple physical variables to 

the control of complicated apparatus. 

An interesting problem in this field ia the measurement 

of the pressure distribution .~.~ted upon supporting regions 

of the human' body. 

e)(tensi val y studied .and 

number of 

However, Hhen 
, \ ' 

on .. surface ts not 
. / 

uniform, it is nac.s.ary to us ... any sansars, distributad 

ov.r the surface, in arder to obt.in • pre •• ure distribution 

contour IRap., Knowledge of th!. pr_sure distribution i'tr...,l_; 

clearly important in the Ca.e of patient. who Ar. partially 

or t~t .. lly i..abilizltd and IlUst r .... in in bed or in a wh •• l 

chair for e)(tended periods. If rwgions of eMc.ssiv. contAct 

pre.sure eKist, unrelievltd, ulcera or blld .or:-- are 

inevitAbly d.v.loped on the skin ~ the patient. 

It ha. b..., noted that th ... ulcera are ... inly due ta 

hi gh local pressur... T".,.efore th!. war"k i. cGnC8r'ned Ni th 

1 
j 
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the prototype devalo ment of an economic and efficient, .. 
microcomputar ba.ad m thod ta automatically me.sure. procass 

and di'~lay the pressura distribution axerted by a 

hypothetical patten on a whaelchair. 

1 

1.2 Review of pre~40u5 Research. 

Ischemie u cers are a permanent risk ~or people who 

have tp 

time (7) .. 

'sitting o~ recumbant for long p.riods of 

'ulcera may lead to sapsia, osteomylitis, 

muti lating .~putation. and oft&n da.'th (:5) li> Tr •• t.-nt of 
l ' 
1 

decubitus or; isehemie ulcera is 'cOMplex, costly and ti_ 

consuminga j.hltrefore effort.. to prwvlIflt. th .. -bave bllCa.e, 

very impor ant (9). I(osiak (8), d • .cribttd\~~.ch_ic, ulc ........ 

localized / ar... of n~ro.is that. develop ov.r bony 

prOMinenct subjectttd to pr .. sur_ tHtc-.ding CapUhl,..Y 

pra •• ur. ; for var,ying periods of ti_.. Th., are .. MOSt 

CO...anlY! ~ffec:tttd When pat.ients Ar. _atM ..... 'the fllChi.1 

tuber"OtIJti.. and .... cru.. I(osiak (Ci), found th.at .. pr_llUre 
, . / 

... low la. 70 _ Ho (9.4 kP.) applied ta ti.SUIt for t....a hour. 
1 

have produc" irr~varsibl. chan~ ln cel1~ t.h.t ulti .. taly 
/ h -

lead /to th.lr ~ d.ith. 'Bltvltral efforts ta ... sur. cant.act. 

pr-;:;'.)ur. di.tribution upan th. bodV have b.en .... dUr'ino 
1 --: j 

the Ip.a.t f_ y..,.. •• 
1 

One 
, 

Kmaiak(7) • 
1 

uri.,.. 

! 
1 

1 

1 
1 

t.,.'ï f<ir.t repGf"'t. ... publ!""" in 1" by 
"~\-,?' 

tilt pl..:_ t_lve fiat r&.Ibbw", bvtt.-fly valwril, 

The 
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pressure exerted at each point was considered to be equal to 
,"-

ths minimum 'l'pressure I\at which air escaped from a given 

valve. 

Lindan(10)~ in 1965, measured cont~ct pressure on the 

human body by utllizing a "bed of springs and nails". The 

davice consisted of a large fIat surface with up ta 1000 

nails. When the patient's body impinged upon Any of these 

nails it compressed the sté.l sp~irig beneath each one. Two 

types of steel spri ng&, wi th spri no constants of 0.165 .N/mm 

and o.oa N/mm, respectively, were used. A meaaurement of 

the pressure on e.ch point was Obtained by measuring th.' 

displac ... ~t of each nail or apring. The ...... ur..-nt. 

ware ·taken, Manual1y, with •• illimet.r scale. The data 

frQm aIl nails wera then used ta •• p pr.s.ure distribution 

contours prcduced by a patient in the lying or sitting 

p,?sition. 

/ 
and 1.5 heurs. Figure 1-1 shows • p~tient lying on Lind.n'. 

blPd. 
/ \ 

ln 1969 BushU) _.sur. th. contact pr_sur./ov..- th. ischtal tub.ro.iti.s 

of patient. .itting in a whaelchair with hard ••• ta. Eac:h 

transducer con.i.ted of a ... 11 variablÎt cilPACitar". An 

electronic circuit dIIt.lICted the ch.nga of .cap.ci tance. 

A c:urr .... t proportiona1 ta the pr .. ..,.. .... read an a 

.icr~t.,... Th. trantlduc: .. hact a non-li,..... rewpon_ and 

t ...... efar., a nan-lintt .. triera •••• t: .... r.~ .... utMId.. TNt 
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instrument had two scales, 0 to 40 PSI (276 kPa) and 0 to 

100 PSI (690 kPa) , with a maximum error of ±10 PSI (69 

kPa) •. 

Houle(5), in 1969, used a system similar ta that 

utilized by ~siak in 1958. Hand molded butterfly valves 

were ';connected 'by plastic tubing ta a compressed air tank .. 

'--- The pressure necessary ta force air through the butterfly , 
valves was considered to be equa~ to the lateral pressure 

compresslng the valves. The pressure at the raduction valve 

was kept at about 600 mm Hg (80 kPa) and the flow rate was 

adjusted with micrometer control ta about 7 cc. per minute! 
\. 1 . 

Each butterfly valve was connected to the air CO.12 mIls) • 

suppl y through a nesdievaive. Bras. manifolds, aach 

accomodating four val ves, .( were arranged at the sides and 
\ 1 

back of the wheelchair. 'Pressure on the butterfl y val vas 

was sensad by a commercial pre •• ure transducer. Gonnected ta 
1 

a recorder. The pressure range us.d "aS 0 to 160 mm Hg (21 
i 

kPa). ! 
t ! 

1 

~q7:~. p::::::e:~ :l':::::::.C'::!::::~: 
Knapp(6) , in 

instrument based 

produced when a pr ••• ure 1s aMert.d on the transduc.r. Thils 

transducer consistad of t~ copper plata. separated ~t 

faam plastic dielectric. Chang .. in capacitanca --or 
detacted by .n .lectronic circuit which gave a vOltagi 

proporti onal to pr ••• ur •• Thia in.tru.ent provided 

10 PSI (69 kPa)' produced 

an out.put o-f lB V. Th. pr_sure .ignal ..... ,..ad on Il 

" , 
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voltmeter and the accuracy obtained was !57.. 

Frlsina(3) published a preliminary report, on a 

chemicat means for graphically q~~Qti~yin~ static pres5u~es" 

in 1970. The device employ~d a controlled reaction between 

an acid indicator and a mild acid. Each constituent Has 

5uspended in an absorbent flexible sheet and the treated 

sheets were stac:ked to form a composite'sandwich. When 

pressure was applied, 

change occurred as li 

the reactants/'com~ined. 

function of X(ess~e and 
--~ 

A colour 

could be 

sensed visually to obtain immediate qualitative information 
\ 

or it could be recorded with a .. filtered densitometer if 

quantitative data were desired. 

Kosiak(9) , in 1976, published a report concerning a 

dynamic resting surface which provided sitting patients with 
.1' 

local relief of pressure, at ragular intervals, for short 

periods of time. The seat, ,consifted of a SEitt oi: rollers 

operating on a continuous belt assembly. lhe system us.d 'a 

small direct-current mot or powered by four rechargeable D 

celis. THO commercial press~r. sen.ors were placad beneath 

each ischiai tuberosity and the prassures ware recorded on 

chart recorders. Bene.th the ischial tubero.iti •• pressure 

.sxtremes ranged froln 0 ... Hg ta 160 .. Hg (0 - 21, kPa). 

6arfin(4) , in 1990, ua.d 65 water filled bladders or 

ballpons connected to pressure transducers to ~asure the 

pre.sur. distribution of the human body in the recumbent 

position. The 

connected to 

... 11 (25 lINIt )( 15 _> rubber b.alloons waret 

polyethylene tubing by bonding cement and 
.,A 

.. 
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overtied with silk ligatures. The balloons were calibrated 

and filled with water ta a pressurœ of 10 mm Hg (1.33 kPa). 

Unti 1 1982, most methods for messuring seated and 

recumbent pressure distribution used ooly one or Cl few 

commercial transducers. Simultaneous measurement at many 

points usually incùrs a very high cost in transducers. Sorne 

researchers, ,like Lindan and his associates, bU11t their own 

fairly inexpensive san sor cells but thelr accuracy Has 

IOWa In addition, the results of these tests wers general1y 

processed by hand. This is a very tedious and t1me 
" 

consuming procedure., when applied ta <il large array of 

prQssure sensors. 

In September 1982, Drummond (2) and his associates 

presented the first report of a comput.,-ized system to 

measure the presllure dist'ribution of si tting patil!!'nts. ' The 

system used a hard surface with 64 resistive strain gage 

transducers. These transducers ~re connected to a LSI-
o ( 'l, 

11/02 microcomputer and the results were.printed on a LA-36 

DEC uprinter. Bidimensional ~nd tridimensional views of the 

pressure distribution were obtained on • Calcomp pIotter. 

Obviously, this. was a new generation of instrument capable 

of yield~n9 fast, accurate results with minimum effort. This 

has been brought about by "microcomputer systems whose cast 

have dramatically decr •• sed during the last feN y~.rs, 

making them more affordaDle for many neN app~ication •• 

1 
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1.3 Scope of the Research Project. 

The investigation reported in this work compris~ the 

theoretical and experi~ental analysis of a novel automated 

contact pressure measurement system. This report consists 

of three main sections: the hardware con?truction, the 

software development and ,the performance analysis of a 

prototype. The hardware construction deals with the sensor 

system and its theoretical analysis and with the computer 

hardware. The software must: 

-Scan aIl sensor ceIIs to acquire data and post-

process it 7 and 

-Display the pressure dist~ibution graphically. 

In general, this system was developed so as te be 

inexpensive and easily operated by people who are net 

familiar with cemputers. 

\ 
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CHAPTER 2 SYSTEM STRUCTURE 

. , 

A gaod syst_, llUat Qi VI! ac:c:urat. and preci •• 

.. a.ur .. ent of the ~es.ure distribution exerted by a 
)/ 

patient on the seat and other surfaces df a ..,he.lchair. 

This information is usually required in the form of listings 

and in graphie form sho..,ing t..,o and three dimensional vi ..... 

of the distribution. The slystem must be _asy te use and 

inexpensi va. 

A canvent i onal appto .. ch \to the .... asure ... lIIlt al thi s 
\ 

pressure di str i buti on 

distributed uniformly over the contact surfaces. The 

larger the number of celIs, the more detailed the re.u,lt. 
1 

will be. This numbl!!r" depends "on the di rnensions of the s ... t 

and the dimensions tif the sensing surface of eac:h cell. 

The dimensions of the wheelc:hair seat ran'iJe from 390 ta 510' 

... in-both length and width. According ta Kosiak and other 

r ••• ,archers(5,9,10) the maximum local pressure ex .. rt.d 'by 

.Uting. patients is Illss th.n 300 _ :;'40 kPa). Na 

correl.tion has been found bet..,.en local pressures and body 

... i ght or sex. 

A mic:rocomputer provide., a - gdod way to scan a large 

nWllber of sensor cell &. "1 crocemput....... make di gi tal or 

anaJag measur,ements qui~kly and'acaurately. . . 
This chap~.r desc:ribes the d.velopmant and an .. lysi. of 
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.. mini.um configuration instr-wnent syst ... The, princip!e of '. 

.. novaI sen sor and the de.ign of its sc.nning circuit are 

present.d in datail. 

2.2 A Minimum Configuration. 

Every microcomputer configuration requires a micro-

processor, memory (ROM, RAM, etc.), support circuitry (pONar 
, 

supply, clock, etc.) and various peripheral" equipm.nt. 

Inexpensi ve, single chip microproce5sors, consisting of 20 

by 60 mm packages, are currently available. Large capacity, 

inexpensive ROM and RAM memories, similarly packaged', are 

also available. Therefore, the micro~rocessor, ROM and RAM 

memories and support circuits occupy little space and they 

are the less expensive part of a complete computer system. 
o 

Peripheral equipment such as CRT display, keyboard, printer, 
~ 

pIotter, diskdrive, ,etç, are the more expansive parts and 

they are usually the only components visible to the user •. ' 

Two system configuration alternative. w.re consid.,.~ 

anG the simpler was impledented. 

,. 2.2.1 Option AM 

An instrument intlHldlid for 1 Abor.tory u_ will b. 

tnstalled, more or lItSS p ........ nentl y wh.,.. aIl tests are 

perfor.ed. It reguires the followinv periph.rals: 

A keyboard to allo... the user to communicate ",i th 

the co~uter, i.e., to issue cbmm~nds and to input 



c 
.. 

- 11~ .. 
..-.... . 

t. .. t. para •• t.,. •• 

A printer te produce hard copy of results viz., 
/1' 

pressure values at each point being measured.~ • 

A CRT display and/or piotter to get a graphie 

representation of the pressure distribution. 

A disk or diskette unit to provide permanent bulk 

storage of programs and data. 

The sensor uni t. 

FiQure 2-1 shows a typical 

architecture Hith the peripheraL .quipmant indicat.d abev •• 

2.2.2 Option B. 

( ) A small instrument will b. install.d in wh.el chairw to 

a.ke long duration tests. It will only acquir. and store 

data for subsequent processing. 

Option B is more suit.d te an eKhaustive t •• ting 
1 

" progriilm .. patients, each previded with .. separat., 

• icroprocessor equipped chair, can ~e tested simultaneously. 

Th. cost of a computer sy.tem· for each chair is 

BtlPCalhin!.' it is intended only for th. acquisition 

and sterage of data its configuration can be simple. The 

only peripheral, a data storage device, could be a cassette 

tape recorder. The system must, of course, Hork 

automatic.all y:' AlI its programs wouid be ROM resident and 

it would hiilve simple front-panel contraIs. Figure 2-2 shows 

the configuration of a dediciilted system. 

( Datiil processing operations are the same 1n both options 
• 
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FIGURE 2-1 STRUCTURE OF A MICROCOHPUTERtZED LABORATORY 

INSTRUMENT 
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but in option B postprocesslng is carrled out seperately~ in 

a second stage. On-11ne postprocessing i5 slcrificed in 

favour of data acquisition capacity. ~&vertheless, the 

mInImal cost deditated systens each incur the cost of a 

power 5upply, p')ssibly with rechargeable batteries. 

,Furthermore, the second, postprocessing stage, is also 

necessary ta transform acqulred data into readable forme 

Thpre eXlst, tao, the addltional complicatIons posed by 

using untripd equipment in a clinical environment. It was 

ther~fore dppmed more convpnient to begln by Implementing 

optlon A. 

2.:3 Thp Sensor. 

A reVlew of previous research reveale~ that many klnds 

of sPonsors have been used to measure the pressure 

distrIbution of body weight. These~range from Lindan's bed 

,of nails and springs ta Drummond's strAin gage sensor. 

Sorne of these used variable capacltance to detect the 

pressure, others used rubber butterfly valv.s, while stIll 

others tried chromochemical r.actions. Most sensors or 

transducers provlde an electrical signal proportional to the 

pressure measured. 

Uaually this analog el.ctrlcal signal ha. to be 

amplified 50 as to drive an instrument or to be measured by 

a computer controlled AOC. The use of commercial 

transducers i s generally expensive, ~~RCially when many 

.. 
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MICROPROCESSOR 

RON 

RAM 

INTERFACE 

INTERFACE 

\ 

PRESS. 

SENSOR 

FIGURE 2-2 STRUCTURE OF A MICROCôMPUTERIZED PORTABLE 

1 NSTRlJI'IENT 

1 
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are ngeded ta gimultaneously saose a large number of points. 

2.3.1 Number of Sensor Cells. 

Figure 2-3 shows how the number of pre.sure sensors to 

be placed in a •• at, was arrived At. Five was considered ta 

be the minimum number which should be placed paraI leI to th. 

front line of the geat 50 as ta lie within the c~tact 

reglon af aach thigh. It Nas decided ta add to this row of 

five s.hsors one on the seat .dg. side and two on the inner 
, 

side, near the anterior/posterior lin. of symmetry. This 

glV~S 16 cells paraI leI ta the front lin. of the seat, 

counting both halvas. If the seat is square and a unifarm 

distribution of the sen sor cells is desired, the minimum 

total number of cells is 16 x 16 - 256 cells. 

2.3.2 Strain Gages. , 

Strain gag •• are wid.Iy u •• d in various pr •• sure sensor 

app 1 i cati on •• Howev...-, when u.e singly, they .. re strongly 

Tharvfore, it is fraquently n.c •••• ry to .rranga two or 

four gag8. in a bridge to cOfftPltria.te th.e effec:;t of 

t.~eratur. ch.ng ••• Th....... Ar. two .ain typ •• of strain' 

Wh.n a .train gage i. strained, a chanvv in its 

electrical resi.tance accura. Gage factor is an i~ort.nt 

.train Oa08 property. It i. d.fined a. th. ratlp of th. 
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change ln length. I.a., strain. Gage factor i~ therefore a 

dimensionl •• 9 quantity and a larger value lmplles a more 

sensitive _triun gaoe. Gage factor Hi fi!'x~re5s.d i,[I equatlon 

forta a.: 

flR/R MIR 
HF "" (1) 

flL/L f.. 

Me-tal1 i c:: st,-ai n gage. have a 1 m .. gage factor. Two 15 il 

typical Qage factor for comm.rcial types. Th •• ",ean!' that .' 
for a small strain., the outJfut voltage i5 usually too low 

and th.refore, th. .i gnal-to-ncn.e 19 often 

have a higher gaO. factor. Typical valua. are 130 to 150. 

de.igned with the.. gage. provide very good 

r •• olution aven at Iow strain values. But unfortunately 

th... devic.. coat aver $10 eaçh. in 1983, and they .re 

Whlm the numb...- of cells is larg. 9 the systeM becoaes 

very axpenaiva. S.side., th. proc... of ceMenting the 

gag •• ta the sen.or- .upport i. cri tical and r-.quir •• 

car.ful surf.ac. and adh.siv. t.chnique •• 

Improp .... cRlMmtinQ i. a cbMMon cau.. of ... sur..-nt 

probl ..... C~ci.lly ..aunted 

Th..,..for-a.. nov.l _thod ta _ ... ure pra.aura distribution 

( 
has been proposed. It proai... good r •• alution. i. nct 
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affected by noise and ls lnexpenslve. 

Slnce Uns !'iystell'l 15 to ba computar controllfl'd, a 

be an attractive Nay to acqUlre pressure distrIbutIon data. 

The proposed sensur is almo~t dIgital ln the .eose that. the 

output of each sensor cei J j 5 <lA blnary varlilbl'e; 1. e., a low 

or hiqh voltage 91gnal. An analog pressure transducer i5 

oevert.hele'ii9 ,-'aquired. A good pr .. sur~ transducer ~s 

. ' 
expensive but the system requ\r •• only one. It 1~ highly 

de.trahle that 

1 nexpen!'u Viii. 

The principle of the proposed sen_or cell is thilt of il 

pneumatic pressure switch. 

appliad. They Ar. often u.~ as .afety devic... Figure 2-4 

surface. Each cell "COntsÎ st. of .. pi .ton/cyl i nd..,- .... .......,1 y 

mave up. and dowo through .. very SMall di.place .. nt; the 

miollm~m required ta operate a motion detactor. 
" . 

Figure 2-5 shows a diagr .. m of • tVPic.l sensor cell. It 

At the baginnino of il 

... a.ur_nt an .ai r pre •• ure greater than the ffttaM i au. local 

pressure to be _.sured la t1lPpiled to the plenum und.,. the 

" 
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sensor plate. ThlS causes aIl plston. ta rlse and ta remain 

ln this riused position. ThEm., a solenoid valve closes the 

. ~ compressed aIr admisslon port and opens a restrlcted vent 

through Whl ch the alr bltM!ds to atmospher e. The 

J" capacltance of the sentior plate pl .. num., defined 00 p.24., 

and thp rp51slanLe of the restriction, defloed on p.22, form 

an approximate first order system. The time constant lS 

glvpn hy the product of the capacitancè of the plenum and 

the r~51stance of the restrictlon. Therefore, the air 

pressurE> d@crea5es pxponertiallY from the prE'chlc\F"ged 

maximum value to oïl nunlmum value, which corrp.sponds t.o the 

atmuspheric pr~ssuFe. 

DurlnQ the test, th. computer continuously scans the 

alr pressure in the plenu~. If the air pressure 1s 

there will be an instant at, which the external 

pressure exerted on a particular cell, i •• qual ta the air 

pressure. Therefore, this air pre.sura .ea.ur~nt ls the 

pressure exerted on that celi. Aft~"ards the air pressure 

fal1s balow the externat pressure and the piston starts to 

move down. 

the moveaent begins until the instant Nhao it ts d.tected, 

is known, then the correct.d pr •• sure .xert.d on a 

particular cell can b. obt.ined. A~silDilar situation.,' 

requiring a slightly diffarent correction procadure, Dccurs 

jf the air pr •• sure is increa.ing, i.e., during a charging 

cycle. 

( 
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FHiURE 2- 4 SENSOR PLATE 

force F, due to external pressure 
" 

1Iloh';..ç".c,..r..At'- sman displacemenf XI 
Vlscosif)' 
friction F3~~;.oM. 

~~~L~~~~I~~~ 

, 

"! 
(, " 

l FIGURE 2-5 SENSOR CELL 
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2.4 Dynamic Analysis of a Cella 

<li 
A sensor cell i5 shawn in Figure 2-5. The air pressure 

D 
exert5 an internaI force equal ta APo<t) which 15 opposite 

ta the external force F., exerted by the patient, the cell 

weight F, and the dynamic friction force F3. 

Sy applying Newton's second law, the motion of a cell 

may be expressed by the following equations: 

(2) 

when pressure is increasing and: 

(3) 

when air pressure i5 decreasing. 

Force F. i5 consid_rad ta be dur;ing a test. 

Force F2 is equai to "2g. M. i5 inc uded to acknowledge 

that some small region of tissue must be oved by the piston 

face. The modeling of this difficul aspect of sensor 

dynamics was not attempted. However its ~ffect, though not 

)' \ negligibla, is believed ta be small. 

If the external force is approxi~at.d ~y the weight of 
, \ 

a single rigid body, e.g., a calibrating weight placed on a 

" J 

'" 
- 1 
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'" sensor cell , then the, mass pf this body undergoes 

accelleration together, wi th tha,t of the piston. 

Finall.y the dynamic. friction F:s is equal t.o: 

,1 

" 

dxct> 
.; 

, . 
F~ = K----- (4) 

dt 

1 
~, 0" 

'" Therefore equations (2) and (3) may be rewritten as: 

d!Zx (t) dx Ct) 
APoCt)-F,,-M:zg = M------ + .J(-----

~ dt2 dt 
(5) 

"" 

d 2 x Ct) dx ct) 
Ft,+M:ag-APo Ct > = M------ + K-----

dt2 dt '1 

(6) 

!tj.~ 

2.4.1 Plenum Air Pressure. 
1 

Consider the derivation of the expression fan 
-, 

pressure Po <1:.). ' According ta the pressure system model 
1 

shawn in Figure 2-6, the air flow, 
, 

q, through the 

restr1ction is a function of the pressure diffe~ence p~-po. 

The air flow resistance is defined as: 

change in air pressure ?if~erence 
= -~-------------------------------change in air flow'rate 

" 

1 
t 

i 
f 

1 
1 
\ 

" -1 

l 
" 

~' , 
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FIGURE 2-6 PRESSURE SYSTEM MODEL 
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(7) 

Mh.,.. d<t.p) i. a ... 11 chano- in the air, pr_ ...... and dq i. 

.. ....11 chanljl. in th. .ir flCIM. Trut cAPACi~anc:. of thtt 

pl.,..~ i. driinlld ... .: 

c. _ ~~~!2.!!~~~, air .tared 
,chanV. in '.i r pr ....... 

cHt Vd6 C.· ---dp dp 
ce, 

nw cap-=it.anc. of tt.. pr_..,. ~_ ........ an t .. 

type of .,.p~.i IX' prac_ inval V8d but. i ~ My bit can.i~1Id 

c:~stant .i nce the pr .. sure ch...-.ges .,.. _11 ..,d the 

Foe... i. approx i ... t.1 y i soth ....... l . 
Th. s.".t" shOlCl Figure 2-6 ... y b. cc::wasidtlr.ct li.....,.. lof 

values are 

lHr expr_a.d ... 1 

" , 

Ra • 
pa-p. 

(9' q 

. -, ,,' 
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dia ..... -
cft 

c... -
.dpo c.- -, dt. 

... 
RaCafi 

.... dq. dt. 

.. 
dq-

dCAp' 
R .. 

.p. -pl, 

p.Cs' t 
-..;.---~. .._., _. - ~. 

, p. Cs, R .. Ca ... ~t 

no, 

, 
~ 

-P ....... 
R. 

ctu 

(12' 

, . . 
..... p.Cs) is t.he tApI.:. tr __ fcr. of t.he t.i_ ~tan of 

U. internat ai,. pr_ ...... and p. (s) ts the tApI.:. tr ..... fare r, 

Ile validly apP,.OXi,...ted bV .. st. .. ofunct.ian. Tlwn t. ..... u· ..... _sur. ins. de thtl plllftUe, ••• 

p. Cs) - P .. /s (13' 

.. 

'. 

1 
\ , 

l' 

! 
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... 

\ 

Pa - canst: .... t: 

Po (.) 
Pa . -------

s<R .. C .. s+l) . 

-26-

i. 
\ 

(14) 

Fi....... 2-7 shows the variatian of t.he pl.., .... air 

. pr_ .... r. 1IIh." •• tep function i. appl ilKt to th. input.. 

On ..... y te ... t.bl ish the .xtern •• pr •• sur. ItlCerted on a 

i. equal pressure. At to th. pi.ton 

~t is illllpltOding, but th. pIston i. stationary. 

~a4cr., it is highly d .. ~rabl. that the MOv ... nt detecter 

eparatas in a minimum di.taneR of piston tr.vel. 1 ••• , 

" ~ . 
wlt.hln a .ini~ d.lay from t~. 

Sine. piston motion, however •• all, rRquir •• sa ... ti_ 
;r 

to accur, the air pressure mea.ur-ed at thi. tl me, aft .... 

diffarent from th. ext.rnal pressure exerted on th. eeli at 

Nevarth.Iess, if ,the 

proportional 'te the .xternal pressure, then this external or 

cont.act pressure ean be r •• di 1 y inferred froa the .air . ' 

pr ••• ure whieh prevails Nhao piston action is detected. It 
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i. sha.n in what follONs th.t thi. proportion.lity .xiata 

and the factors that affect it can be determin.d. Th. 

followiog analysis considers that th. air pr ••• ur. is 

2.A.2 Ti_ of I-.pllndinCjl ftatian •. 

)Thtt ti_, tao, At. Nhich th. MOtion b_~ina 

.k ...... intld atartinv fra. the followiog condition. 

- . 
AIR PRESSURE • EXTERNAL PRESSURE 

-------
A' 

."d f i oa11 y 

N"_ ... 
to - ~1C. log ------

1 F .. +f"Iag 

(16) 

(17) 

( 18) 

(19) 

. " 
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constant of the pres~ure ~y~tem, the maximum air pressure 

P m _" and the external force F 1 applied ta that cel1 .pl 41 

plus the cell weight. to 15 lndependent of A because thls 

area 15 the SAme on the external as well AS the lnternal 

pIston face. 

Th" rllstancp moved by 

EquatIon 6 becomes: 

d:;tx(t> 
:: M------

dt Z 

d 2 )( rt.) 
1'1------ + 

dt2 

dx(t> 
+ 1<----­

dt 

dx(t> K-----
dt 

.;Any partlculilr cp}} 

bp~p nc; a1.. t -- O. 

d:;tx ft) dx (t) 
:=- M------ + 1<----- (20) 

dt:;t dt 

(21) 

(22) 

\ 



th.m 

(F ..... M,g) (1-e-""""1 c .. ) 

Tho Laplacp tranGform of 

-- 29 -

d 2 x (t) "" M------dt 2 

d)( (t ) 
+ 1(-.----

dt 

~qu.ti7 Hl is 

-. ..,. (Ms -f K ) X ( '" ) 

and fl n>ill y 

(F .. +M:ag ) II'1R sel. 

repl flCl ng: 

b "" KIM 

X (s) becom •• 

X (50) ... 
K. ------------SOR (s+a) (s+b) . \ 

(23) 

(25) 

(26) 
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The distance moved by a piston 15 obtalnpd~ by applYlnQ th. 

Inv~rse Laplace tran~form, as: 

xet) 

2.4.4 Ti~~ to Trlgge~ thg Motion Detpctor. 

1 
---(a2e-·~-b~R--~) 
a-b 

replaclng the left hand fild. by 

Ko 
X"a3b 2 

"" ------ + a + b 
K. 

.-.- + abt 

and multiplying thia equation by .--

b a 

+ abt 

-~- ._t-__ + .bt.-t 
a-b a-b 

en> 

(7fH 

(29) 

'1 

(30) 

(31) 

, , 

"" 

~ 
.5 

~ 

~ 
i' 

; 
", 

-l' 
-~ 
'$ 

'i 
~i 

'1 
,4A 
~~ 

~-!i "::::.: 
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EquatIon 31 may b@ solv.d by uSlng ~ Taylor series: 

@ .. "" 1 + )( + ... + ••• 
2 1 3 1 

For ~mall x. eN may be approximated by: 

For x 0.1 thI~ approxImation sustalns an error of le!i'l!i 

than O.5'l.. fher erf or. , th. fol1 OW1 no contôtr al nt s must be 
1 

1. 0 '. ".t ' J 110 il ..,.. l/RsC s 

11. r) '. (at-bt> < 1/10 b "" I(/M 

The fi r'l!it const,..-aint !italll'fi that th. tune d.l ay t ffiU ... t 

The second constraînt e.tablI.hes il relatIon 

b.t~ two fîrst arder system tim. constants, 1 •••• that of 

ttle plenwa pr •• sure, R .. C.. and t.h. dynamlc c~.tant, of a 

piston, It wIll b. shawn that the exp.riment.l . 
p,..-ototyp. • ... ily satî.fi •• this condition. 

<at-bt) > 0 implie. a > b Hhich ... ns Rte. > M/K 

From the flrat constraint, at < 1/10 sa if .. > b th.n, 

at - bt ( 1/10 

.2 
Ko<l+at) ~ ---(l+at-bt) 

a-b 
... abt (l+at) (32) 
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Rearr~nglng pquatlon 32: 

a--b a-b 

t::::t .. ~ -- J ------- =- 0 

Xia!:> 

and replaclng thp valup of ~1. a and b: 

X .2K2 .. ------ ----- + 
2CF.+M:2qi 4(F.+M,g}2 

t cannet be negatlve and there/ore, 

X1K x.:lo'V 2 

-----_._---- + --~---- .. _- ~ .. 

2 CF l +1'1,g) '- 4 <F" +1'1,g) :2 

X l i~ 
------ R,e s 

F, +f'1,g 

(33) 

(34) 

(36) 
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1 

1 

2.4.5 prt5sure at Instant of Movemeot Detector Operation. 

Th('> <'tir pressure measured when the movpment dptpctor ... 
i5 triggered, i5 'the pressure at time to+t, 

thp tamp. plapsed from the instant that the aIr 

preS<iurp le; <~pplled ta thp. system untl.l the air pn''';surp 15 

la the pxtprnal pressure 

1 

including th. weight of thp ceIl. 

elapspd from that 
\ 

delectE"d. Hu·n 

or 

instant 

but accordlng ta equatloo 18: 

so: 

untl] thn cp!1 

(,)9 ) 

(40) 

/ 
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1 
1 
1 , 1 

1 

./ 
, 

l ' 

(1' 
1 
1 

J , 
i 

;' 

and 

1 
Eq. 37 1 

ti-

/ 
/ 

ri 

XsK ---------2<F 1. +P'bg) 

-, 34 

X1 2K2 ----------4 CFI.+M:ag) '2 

X.K 
+ ------ RsCI. 

F 1 +"29 

Th.,..,fore, the mea9ured pressure depends on th. 

~ternAl force F s plus the cel] welght, the viscous friction 

ca.fficient K, the trlgger distance XI. and the tlme constant 

A.Slmllar analysis for thp. case of increasing pressure 

yi.lds the follow~ng Pxprp.sslon~ whlCh are derlverl in 
~ 

Append 1)( A.: " 

(41) 

Po Ct)""p_ .... -

(42) 

(43) 

then 

Po<t) - ,;_ .. 
AP _ -F :& -1'taQ ----------A 

(44) 

\ 
and 



( 

( 

( 

. : 

"-a.ured ,pressure for the increasing case depend~ on 

the same factors as ~or the decaving case. Ital so depends 

on the value of the maximum air pressure sinee the 

exponential pressur./ti.. eharaeteristic is asymptotie to 

2.4.6 Analysis 

Air pr~ssure r ti_a to 
, 
is equal to the extttrnal 

pressure. Howevltl, due t.a t.he t.ime delay required to 

tri Qger the motion dltt.ector, the measured pressure i. 

different from t.he applled pressure. Suppose that the tilDe 

delay i5 t.he same for aIl values of pressure to be measured. . ~ 

Theo, the di fferenc~, bet~e2n t.he e}{ternal appl i ad 
""-- ?~// 

prlHisure and the pre-ssure measured at the instant of moti,on 

detector trlggering "ill be higher for higher pressure 

values. ThIS 15 shown in Figure 2-8. 

However, the time delay i5 not constant but varies 

inversely l'41th the appl i,ed pressure, or force F 1.. This i5 

descr1bed by equatlon 37, for deeaying pressure and'by 

equation 45 for inereasing pressure. 

Eq. 37 

t = 2(F;;~t) +j 4{F:::~); + F:~~O RlLC lL 

f 

. 
" 
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1 air pressure 

PB 1---'"""""'---11 

p. ~ BI---+---J----l~ 

,at At 

. ' , 

• P 
A 

36 -

! • 

.rror for pru,ure A 
Q 

" 

t' 

! 

applled pressure 

measu~.d pressure 
.t 

l 'rror for prlS.ur. 8 

« 

error for pr.,sur. C 

. ' 

, 
At = eonltant tlme 

o 

FIGURE 2-8 EFFECT OF A CONSTANT TIME DELAY 

) 

4 
; 
1 

1 r 
i 
1 

'. ' 
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XI.K 
c :0: ---------

2 (FI.+tbg) 

':'" XI.K 
d :0: ------ RI.CI. 

FI.+~g 

This equation shows that when the .~t.rnal pressure 

incr.A.es, i.e., FI. lncreas.~, the ~ime delay decreases. 

Typ1cal values' for c and d are)'n the range 0-1 10-:S, 

therefore, the, value c 2 is very small compared with d and it 

may be rll;~glected. In the same way, c 15 very sma.ll compared 

( with d and lt may also be neglected. Then, the exprefision 

for the time delay can be simplified tOI 

(48) 

Th~. means that the ti .. delay varies approxi.ately a. 

the inverse of the squilre root of the .xt.rna1 force or' 

pressure. Evaluation of this expression shows that the air 

pressure at the instant of the movement detector operation 
/ 

is approximately proportional to the externai applied 

pressure. Deviation from linearity is less thiln 0.5% for 

prilcticai values of the syst .. paramater •• 

(. 

" '. , . 
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2.5 Th. Scanning Circuit. 

Tc detect ~hen a cell triQgars and ta associat. the 

·prevailing air pressure te that cell, the air pressure must 

be scanhed centinuously during a test. It is pos~ible te 

use a variety of scanning circuIts to determlne the st~t., 

i.e., open or closed, of the movement detectors. One of the 

simplest methods makes use of a 256:1 multiplexer. This 

method checks the state of the detectqrs sequentially,.one 

at a time. The data required to control the multiplexer rn.y 

be generated by software. However, as an a-bit IItI cro-

computer wit-h 8- an'd 16:-blt reglsters i5 btnng uséd, it i. 

.-or_ efficI@f\t te check the state of 8 or 16 d(lft et: t 'or !i> At .. 
ti.-. 

Anether- al ternatl ve is to arrange the sensor Jcell s in • 
~ 

.. tr~x, ·for exa.ple 16 x Ip •• 5 IS fr~u.ntly done for a 

ThiS . solution requir.. lb llJ\4tS for~ 
'1 -

addresslng the '~,tr~h.' DUtput 'i5' obtai,fled do AnOthllr 

16 li nes. J\ ~ 

A nrc:uit, î to SCAn the .t.ate of 2:56. det«.:tor-s utltnv 

... .tI'tipl ex"". , is shOW! '1n Figure 2-9. Thi. circuit reqÛir .. 

Tc cont.rol the s,::..-ming of, .' 

det.,ctor data.. A 4-bl t bl: l'lary c:ount...- 1 s usttel. 

Tharefore,' by l,J_ing the 16-bl t ind.xlnv r .... t.t:. ...... of 

th. .icroprocessor to aèquir. aIl statu. ihfor .. tian .. the 

-aVlttH!nt. d.t.ctor statIfS tIIi Il' ~ con.talnaG 1n lb twtqUM'\tl.l, 
" ' , 

It. ... 

, .. 

. ' 
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ta vary the .canning rat. by soft~. which 

alternates pressure .. asur • ..nts and cell status scan 

'" cycles. In thls way it was possible to tailor the scannino 

rat. sa that acquir~d pr~ssur~ and status data will be 

stored ln a table of fixed size at approximat~l~ equal 

intervals of pr~ssur~ from p __ " to O. Th~ cholee of the 

best scannl~g procedure depends on a tradeoff between 

sc4lllning speed and the mQst ~ffective use of m..ary 

For optimum resolution of 

Qtransi~t pr.ssur~ distributions, entlr. scans must be don. 
" 

,acquired at .qual 1ntervals of tiae. rathar than prRSsur., 

.,d pr ... aure l nt",v.iIl S b.t....,,' succ .. _i 't.. scan. ...aul d bec:a.e 

, 1 ... 9 .... as th. t t progr ... ". 

) . 

"! 
\ , 

a, , . , . 

>, 
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" 
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CHAPTER 3' SOFTWARE STRlCTURE ' ,/ , 
: -, 

3.1 Introduc~ion. 

THE DATA ACQUISITION PROCESS scans the statu. of al1 

pressure at the ~nst.nt of tr&n.it~on. As a r.sult of thl • 

. 
of pressur. corr.sponding ta the pre.sure exerted on .Ach of 

th. iseo.Of'" cells. The provram, DATACQ, ..mIen perforas thi. 

t •• k wa. wrltten ln As..-bly· lAngUAge sa a. to achiev. th. 

f •• t, efficient bit .&nlpulatlon which lS nec ••• ary if 

u •• ful d.ta are ta b. obtai OI.d wi th thl s 1 nstrulMtOt. 

THE DATA DISPLAY PROCESS us.. the re!!Wl t of the 

d.t. acqui si t i on proc ... s to prestH\t prltSsure 

di str i but i on to th. optIr .ter. Th. progr.. DI SPL Y perf or •• 
~ 

tht. t •• k and it ~ written 1,\ BASIC. BASIC convanitmtly 

i..,l'~t. graphies and is .. ch ,"'illPl.,. to lIÏodify and debWjJ 

.. 
'This proc ... can be dJ.Vldtrd into two ph ..... . 

DATA READING, which lnvolv .. the .x .. inatian of the st.tus 

of the cella and th. reading of th. air pr •• sur •• 

.... 
• 

.. 

" 
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cell stAtus dAtA, of c.ll trAnsitions And the Association of 

the approprlate air prassure r@ading with Rach transition. 
, 
Two alternative impl .. antations of th1s proc.ss .r. 

consid.red as follows: -.. 

3.2.1 Alt@rnativ@ A. 

that A byte, contalnlng bit IMAges of the status of eight 

' . 
.ost recenl. prpvlOUs, Imagp ot the ~ame .lght cella ln' 

1 

ord~ ta detect any cpIl transItIon Whlch may have ta~en 

plAca ln the lnterval betweoen -;ucceSSOlve f?X;1mlnatlofls. The 

Ev~y tune t,hp AOC q@ne>rate<; an EUe signal, tt'lP progr~m, in 

, 
re.panse ta the eflsulnq Intprrupt, updàtes thaï mplftory 

locatIon. 

possible fiOvents betweèn SUC:C&'!i>lve prt?5sur@ 

_asurements. 

Optlonall y, thp. air pressure ~ay bl? upd.at9'd mc:,~p. 
/ 

slowl y, and, at a non-unI forro rate, by nat uSlng the EDe 

inlerrupt but by programmlng il flxed scan cycle Joop whic:h 

Identlflf?S cell tranSita ons. 

-, 
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This solutton rêqulre~ 

. 
pr •• aure mea~urem~nt~ arp afisor-lat~d wlth cpll tran~ltlon~ 

in t l ffiP-. Cf? 1 1 

i _adi at!'?l y 

auccesC:;lVf? tilt I!'i'lp!> oi' .i'\ll cpll st,,'ltos, ooly il single cell 

3.2.2 Al tf:>rfl •• ! l vr [' • . , 

in sucrrS~l J~ bloL~S of 32 byt&~. In thl!'> proccdul'"'f:" each 

block r: Llr r li'c'spond <;PPI l f le. 

takFm hefore and aftpr fl'clch blDcl-< scan. A 

plenum aIr pre5SUrfl'. 

the lodl."idual rc~ll trnnsltlon wlth lhe apprOp'-late plenum 

pre"isurp. R@call ln Al llu"nate A the pres.urli'/celi 

transi t l on as.oc 1 at Ion was carrled out ln ntal 

Alternate a cleBrly raoqulres far more memory space, but the 

tlme rS'qulred ta complete a test 1s much short .. ,.. ThE!' data 

1& fI nA shfli'd. l t l S 

lmportant ta carry out _ test cy,.-ls .s qUlckly .s pOlnuplll' 

1 n arder ta reduce tranSlltflt e-ffectm. 1 ...... moye_nt of the 

and the l ntorv.l b .. twtiHlN1 .the det.ctlon of a cell 
, 

tran!:1atlon and the acqtJlsition of th. correliopondlng pretUiUre 

-, 
ê.,. 
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data. Altp-rnative B was selp.ctpd as the moré appropriate 
• 

because the spurious influence of thf? transient effcocts wer@ 

cun~ldered more crltlcal than wa~ the dl~advantage of 

limited memory test data storage. ~otic@ that altprnative B 

st"'lke~, il compromIse between A, i.e.,'Slowest teU'itlnq with 

mUIÎ/llum memury rF'qlpred and il thp"d altprnative; scanntnq al 

Thp ;'ystFli'l seant; th'!? statut:; of aIl th€" cell os 400 

t l mt:'<;;; yl~lds 37 bytes of cell trahsltlon data. 

Th(;> program must complete il scan ,ln th"" shortest llme 

posslhle. A Motor 01 il 6909 ml crocnmputer was ufied and the 

programs were wrltten ln Motorola 6809 Assembly language. 

Fl.gure 3-1' 'liihows a flowchart of program DATACQ. Thp 

program conslsls of three mAIn parts: the lnltiallzatlon 

r out 10P.. 

r outi ne. 

A. -InitiaI lzatlon Routlnp. Dur 1 n9 the 1 n 1 t 1 aIl;: <il t 1 on 

.,.tage. v .. ru,bletS, pOlnter'S and referttnce values are- def1nud. 
1 

Th. counte,- lfi resat and 

the flrst SOC SI gnal 15 sent. Th811, the fu"st prlt"sure 

readlng 1 <:> taken. If 

tnltlal value, a c~and to open the output ~.lv~ 1. l55ued. 
" 

A deI ay l requlred 
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INITI ALtZATION 

DATA REpDING 

--,-­
,-----~---_.-

DATA PROCESSING 

STOP 

FIGURE :5 - 1 FUJWCHAR T OF PR06RAI1 DA T ACQ 
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dlfiA' stocK, voriablutPoi!1ter, and 
r.htenc •• 

.------::I __ _ 
d.fto_ PI A oddreues J 
confi;ure PIA 1 - PIA 2 

~~::~ ~~~;-~~2--=~:==J 
~-=~~I--=------. 
.end first $tart of conversion "' 
ord.r 

~ ....... _---- ..,..,--~_ ..... _ ... -

no 

no 

Y·' 

.end arder to open volve 

" " r ~ 

1 

1 
1 , 

1 

FIGURE 3-2 FLOWCHART OF INITIALIZATION ROUTI~ 

1 
1 

/ 

/ 
1 

/ 
1 
/ 

• 
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initialization atave. 

no.1n.l 
1 

initial valu~, • ... ··v· . 
.. lfunction condition 1s print~ and th. progr •• r.turns 

control ta the operator. 

routine. 

B.-Data Reading Routine. The data reading phase begins 

Nith an SOC signal. The program reads the status of calls 

through port A and B of PIA *2. ThiS data is stored l~ the 

address glven by indexlng regist~r Y and the coun~er that 

controls the multlplexers, shown in Figure 2-9, is 

1 Incremented. The t i me requ 1 red by the coun~er to 1 ncrement 
# 

and for the multiplexer to respond 15 less than 1 us, 

th.refore it IS not necessary ta use a walt IOQP. 

tNO bytes of cel 1 transition data are read and stored 

•• quentialIy. This process is repeated 16 tlmes ln order ta 

parfarm a whole scan cycle. Figure 3-3 shows a flowchart of 

r the data reading routine. 

After a complete scan, the air pressure is read and 

.tored. Indexlng register X contains the air pressura 

address. The elapsed tlme between Issulng the SOC SIgnal and 

reading the air pressure IS substantially longer than the 

time required for the AOC ta make a conversi on. The program 

issues a new SOC command only after reading and storing aIl 

switch position images. Therefore, updated air pres.ure 

data wi 11 always be ready and avallable for storage. The 

test IS fini shed when the air pressure has been read 400 
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r.ad air pru.ure and stor.- It 

s.nd a new aider of start' of 
conversion 

r.od data byte and .for. It 

•• nd pul'. to Cou"t,.r 

.f 

no 

no 

.... d ord.r tu cio ... output valve 
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.. t '.gllte,.. 

point = 8 

• ween ne. 

y .. 

rotat. ri9ht 

no 

Y" 

Increm.nt final tabl. addr. 1 1 d.cr._ po'''' 

no 

no , .. 
FIGURE 3-4 'FLOIDtART (F DATA --
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r' 
ti..s, ~.e., 400 co~plete scans. At this point, the program 

. has sequenti aIl y " stored 400 x 32 = 12800 byte. of cell data 

and 400 bytes of air pressure data. Appendïx B contains a , 

listing of program DATACQ. 
~ . 

Not aIl instructions are executed in the same number of 

c:loel< cycles. Typically, a Motorola 6809 has a clock cycle 

of 1 us. Instructions take between 2 and 20 cycles to be 

exeeuted. About 1 ms is required to complete an entire 

scan. The time required to carry out the data reading 

proeess corresponding ta the determination of pressure 

distribution among 256 cel1s, is approxi~tely 400 ms. 
.:: 

C.-Data Proc:essing Routine. After' the data read~ng 

proee5S is 

• G processl.ng 

, transi ti onli 
. ,!, 

pr •• sure. 

finished, the program executes the data 

routine, whieh detects particular cell 

and a~sociates them with the appropriate 

The princ:iple of this rout:'ine is the comparison 

of a gi ven cell 'data byte wi th i ts next value, obtained 

during the following scan. If values differ, it means that 

on. or more of the eight cells corresponding to that byt~ 
. 

have been 9perated. The comparison is made through an 
'. 

EXC~USIVE-OR function. Therefore, this operation produces a 

byte in which the ONE bitg correspond to those ~ells that 
é 

have undergon. transition during the inte~val between the 

acquisition of the sequential byte pair that was ~clusive-

Drltd. 

Figure 3-4 shows a flowchart of the data processing 
1 

routine. The f!rst step i. to load'the pointer, POINT, with' 

,r 

, , 
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the value eight, th. nu.-ber o-f bits ta be shiftltd. 

Th en , the data byte and its next sequantial valu. ara 

Exclusive-Ored. If the resulting byte IS ZERO, it .. ans th.t 

there was no change in the status of the cell s durl n9 the 

interval implled by the sequential byte pairs and the 

pointers which address bytes ln the two sWltch Image maps 

being compared, are 1 ncremented. If the resul ting byte 1 s 

npt ZERO, it means that one or more cells have chanqed 

st~te. To i dentl fy these cell s, the resulting byte i5 

rotjted one bit ta the right into the carry bIt. If thi~ bit 

is· ONE, then the 'air pressure corresponding to that scan i5 

loaded ln the position corresponding_ to that cell in the 

final data table. If the shifted bit i5 ZERO, th.n th. 

pointers are updated. If aIl the bits have not bean tested, 

the next bit is shifted. If ail eight bits of the resulting 

byte have been tested, the process i s repeated as the 

program goes on to detect changes in the next pai r of bytes. 

When aIl data bytes have been checked, a final table with 

the pressure correspondjng ta each cell i5 obtained. Figur. 

3-5 shows the memory map til5siQned to thlS progr", 

3.3,The Data Displaying Process. 

The final resul t of provrall DATACQ i. • z.:56 byte t_le 

of prestiure values exerted 00 .ac~ of thlt 2:56 IIIII1t1Gr caUs. 

This t •• t record can be stored in a file on diskatt •• 

" 

'Î 

, " 



{ 

," 

1 • 

1 i.~l"9. of th1 • .....a;,prOQl""_ i. incluct.d in App.,d1M C. 

PrOQr ... DISPLV dj,..,l.y. and Jl.t. th. r..ult. of a 

t .. t ftltPd by SAVE. Th. proor •• corunsts of the follCIMing 

·~ACJIHO: 

and store lt ln an Arraye 

Dlsplay the 8-bIt lnt~ .... pressure valu~. 

Prlnt: the cell numbtitr and 

conv...-ted te engIneerIng units. 

Figure 3-6 shows a flowchart of program DISPLY end 

Figure 3-7 shows a very SImple Vlew of the pre •• ura 

d~.trlbutlon. The program lIsting is Included ln Appendix D. 

Kere sUltable graphIe dlsp~ay procedures are avallable, 

e.g., the routine developed by Louis C. Vroomen(11) that 

plot. a trldlmenslonal Vlew of the pressure çtjstrlbutlon 

ex .... ted on the sensor plate. ThIS routIne uses an lsometric 

coordlnate representatlon to Indlcate the pOSitIon of th. 

cells and thelr pressure value. 

ThiS progra~ Incorporates a hldden line removal f.atur • 

.... n deplctlng a "net" of the p .... ilssure dIstrIbution ln th. 

pictorlal plane. Coordinates X and Y identify the poslt~on 

of __ cell on the sensor plate and coordlnate l ldentifl •• 

the pn~ssure exerted on It. The program starts,wlth the 

'10MeSt: value of Y~ plottlng the pre.sure correspondlng to 

aIl th. values of X. 
'8 

Theo, the Z coordlnate& for the n.xt hlgher Y levaI ara 

calculated and ca.p .... ed on • peint te point b.sts with ~ 

. / 

1 -, 
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plcrtted. If th. point 1. InVI.lble, 1 ••• , current Z l~ 

plot:tttd "dl sp 1 .ced" .ccordtnQ ta 
, . 

the ' •• 1 ected .1;;... and 

",,,,.y·· The dlspl.c..-nt 1 nde" 1. • funct Ion of th ... ' , 

angles, the nu.b.r of cuts ln the Y dIrectIon And the length 

of the Y .)( 1 li. 

FiQur. 3-8 show-. (jJraphic. obt.lnt1d ..,lth thls routllMt 

".1"9 .-bl tr..,... y pr ....... e dat •• A pravr- 1 i.t.1"9 1. 1ncludecf. 

in Appendl Je E. 
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4.1 Introduction. 

ln ord.- ~o .,..1 YZ. the p..-for-.nc:. ~ the pr~ 

avat .. , a ... 11 prototype canalstin9 of 16 cell_ ... built. 

A' Motorola ô8()Ç aicroca.puter wlth CRT d.splay, ..... ybOArd, 

c:ircuJ ts 

•• ...11 

___ ~tlc 

, 

printer and piotter ... s us.ed. 1 nt.,..f ace 

for the pressure •• nsor and the .av ... nt d.tactor, 
,1_ , 

as the .. nlfold requlred to c~~rol pianu •. .. 
Nera also bUllt. F1Qure 4-1 shows a 

di.gr.. of the system. Alr 1$ supplled throuQh 

an. air rRQulator. Two .olanold valves control the alr fla. 

"nput and output. The ou t pu t 

A needle provlde5 an adJuutable 

restrlctlon ta vary thp time con~t.nt of the pre~sure 

plenum. A pres~ure gaug& 15 used as .. 

rltf .... ..,cp lnstruaent. The output 51gna1 of the pressure 

transQuc.e-r and the output S190,)1 of the mavement detector'lii 

.,... 5tJpplled VIll the Interface Clreu! t ta the '-omputer 

Nhich provldas the .olenold valve control slgnals. Flgure 

4-2 lS a photograph of the prototype system. 

4.2 ~.l FabrlcatLon. 

A •• chlnad AlulIllnu. pr·ototype, Flgur. 4-3, .. asur1ng 
p 

\ 

1 

-' 

f 
l' 
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l00xl00xSO _. ... •. f_rie.tN. The _iQht: of- each ..nsor 

pist:an t. 11.2 Cl and th. Nhol. sentlCJr and pianu.- a • ...-bly 

on a 25 mm square pltch. A small rad, te actlvate the 

.av...nt det&cter, pretrudes 12.5 mm from the base of e .. ch 

Two 0.2 mm thlck polythyl~e fIlms, wlth 5e.llng 

control 

a thr .. -layer g,.andwlch, with .adJ.ac.nt l.ay .... s sep.arated by a 

v··k
•

t . FIQure 4-4 15 ,a section of thlS as..-bly Nhi'ie 

Figure 4-5 shows th. correspoodlng thr .. PIston co.ponents. 
.r. 

A loop of pla.t1c fIlm WA& .aintalned b.tNeen th. c.ll~ te 

a11011t fr_ ax i.al IIOV....,t of the pi .~an •• 

4.3 PIov...,.,t o.t.ect.or. 

}., : 
Or 1 QI nall y • ..1 cre ... 1 tehlt. ....... -1 n.tall" btlcau_ t~ 

" 

....... considerlHt te be a .i.,l. and obviou ...... y te ....... air 

pr ... ure/contact force .qullibriu.. However, they requir~ " . 
• eim-.am ~ù.ton di.plac~t of about 0.4 _ .and, .".e . 

/- ..,.-iously, an aetu.tien fore. of 0.69 N. 

Very .-n&ltive .icrOtiWltch •• .are e,.pensiv ... 

Optoelect.roru c sensors 

.i cr 0..., i t.ches, '.bout US $3 in 1983. As ahOMn in Flgure 4-6 

• , ... tai shie wa ... tt.chltd to the prot.ruding .xl .. 1 rad on 

INCh pi tit.on ta accul t. and expo_ the opt.oelttetroni c seneor. 

\ 

1 
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"-FIGURE 4-6 SCHEI'IATIC DtAGRAI'I OF THE MOTION DETECTOR 

OPERATION ) " 
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thlP 1 clPl l 1" r.l~ 

blocks thp~ blPa~ from ~n the ,. 
"', 

, 
j-

T hfi' c: • sp l dr pmtll'nt 

! S Slml1ar to actlvate the 

dl sp lacement -

r n gE"ne>r" al, loglC 

vol tage of 5 v and 1 Ogl C 1 evel ZERO corres.ponds to dl nOlln nal 

vol tage of {-, 'J. Howeve,.-, the dlgltal lntprface used ta read 

the output of the movement det ec tor. a PIA wlth Input-

buffe,-s. rep,.-oduClbl'l dlstlngulshes betwéen ONES and ZEROS 

tilt a threshold of about 1.1 V as shOHn ln FIgure 4-7. 

On the othe,.- hand, the output sIgnal of the opto-

electronlc sensor IS 10 mV at the upp'er pOSI tIan of the 

cell, levél ZERO, and 180 mV at the lower pOSI tIon, level 

ONE. 

Therefore, an amplifier with a gaIn of 100 was inserted 

between the sense,- and the digital interface so that, in the 

upper position, the output voltage was 1.0 V. With this 

gaIn, the amplifier output volta~e, for a photodetecter 
\ 

outp'ut of 100 mV, saturates to the power supp'ly voltage of 

12 V. A zener diode was added to limit this output te 5 V. 

In thi s way, the di splacement required ta detect th. 

movement of a cell i s reduced by a factor of about four. 



• 

. ( . , 

OC 
VOI.,TME 

4 • 

3. 

67 -

\ \ 
", \ 

'. 

1.' y 1-4~~~+--+-+-+--4---':~+--+--+-+~-+-
1 y 

( 

--

ONE8-

ZEROS 

FIGURE 4-7 VOL4AGE RANGE FOR LOGle ONES AND ZEROS 

\ 

" 

f 

.. 



l 

,1) 

( 

- 68 -

.. y 

by 

4.4 Pre5sure Transducer. 

'A ';'-'0 PSI (138 kPa) full scale Stath."" unbond.d .train 

~ 
gage pressure transducer, was usRd to measure the air 

appll ed to the sensor cell s. The 'traflsdut:er 

S~SltlVlty 15 20 uV/kPa./V. An amp 1 1 fIer Wl th a gain of 

1080 was added to obtaln the maX1mum voltage of 5.4 V at a 

cell pressure of 6 PSI' (41 kPa) . ThIS was the maXImum 

requlred to explolt the full scale range of the AOC. 5.4 V 

Q 
corresponds to a full scale 8-blt blnary output of 255. 

Figure 4-9 shows the pressure transducer cirCUIt and 

the ampl i fIer stage. Potentiometer ~1 provides zero 

adjustment an~~~iometer .2 provldes o~~s.t adjustment. 

4.5 Solenoid Valve Circuit. 

A 110 V Skinner solenoid valve, controls air eSC4pe 
r:·. 

from the cell plenum. A Hamlin HE 721 ca5-10 relay 

prevides soleneid current te the valves. The ~elay coil i5 

Bupplied '" . through an~epen collector lnverter gate, connected 

ta a digi tal output lins of th. interface circuit. A 

". 
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--=ond, air input, .olenoid valve 1. controlhtd tunually. 
" . 

I.e., dùring" experi...,ts Ml th the aenscr ..... 1 y t~. pleylu. 

, .... chargltd •• hually .and tr~.lhon 

-nil. pressure was decr ••• in~ !,he 
lB shown ln FIgure 4-10. 

4.6 Int~rface Circuits. 

~ 

solenoid vaÎve CIrcuit 

The Interface cirCUits conriect th. transducer, th. 

movement detector and the solenoid valve circuit, to the 

lai crocomputer. 

4.6.1 Pressure Transduc.r InterfAce. , 
The amplified pressure transducer output signal is an 

analog voltage of 0 5.4 V. A commercial 8-bit ADC system, 

JPC AD-lb, converts this voltage into a binary number. The, 

microcomputer takes ~'ADC readi ngs vi a ~ PIA. This small 

data acquisition system has a 16 channel multiple~er and 

programable gain selection. Figure 4-11 6hows~the inter~ace 

schema\:.ic. \ 

4.6.2 Movement Detector Interface • 

The' outp~t of each moyement detector i5 connected 

through a 256:16 multiplexer to the 16 inputs of a second 

PIA as shown in Figure 4-11. Ta scan the status of the 

movement detectors, a 4-bit counter selects multiplexer 

channels ln blocks of 16. The counter is incremented by a 

\ 

i 
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PI A output control Il ntI ..... lI ch pul_ ""'."ev.,. the PIA input:. 

T 0 op.,...te th. 

16 cell p~ototyp., was not necessary to use the 

~ multlplexer because the output 11nft. of the lb mov ... nt 

detèctors were connectad dlrectly to the 16 parai leI 

inputs of the second P~A. 

4.6.3 Solenold Interface. 

SolenOld valve operation is control1ed through another 

control 11ne, CA2, of PIA 2. This is a1&0 shawn in Figure 

4-11. 

4.7 Callbration. \ 
\ 

The system wa. calibrated in stage.. The first stage 
, !!'" '\ 

consisted of the calibration of the pre.sure transducer and 

its amplifier unit. The AOC was calibrated next. Afterwards, 

the movement detectors were adjusted so as te produce an 

output signal of 1 V when the cells are raised and a maximum 

voltage of 5 V when they are in the lower position. 

Finally, an overall system calibration was performed. 

4.7.1 Pressure Transducer Calibration. 

Air pressure was applied tbrough a regulator in 

increments of 0.5 PSI (3.45 kPa) up to 6 PSI (41 kPa). The 

average of three voltage readings was plotted against the 
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AIR PRESSURE OUTPUT VOl. TAGE 

(PSI) (kP.) (V) 

0.0 0 .. 0 

O.~ 3.45 0.45 

1.0 6.90, 0.95 

1.3 ~ 10.34 1.40 

2.0 13.79 1.90 

( 2.5 17.24 2.25 

3.0 20.68 2.63 

i 3.5 24.13 3 .. 10 

t 4.0 27.58 3.60 

1 4.5 31.03 4.05 

1 5.0 34.47 4.55 ! 
i 
t 3.5 37.92 4.95 
1 6.0 41.37 5.40 

LINEARITY ... 
MAX. DEVIATION 

---------------- X 100 = MAX. VALUE -
0.05 ------

5.'4 
X 100_-- 0.93% 

TABLE 4.1 PRESSURE SENSOR CALIBRATION DATA. 
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applied pressure. Table 4.1 shows the calibration data and 

Flgure 4-12 shows the caiibration curve of the pr.ssure 

.enser and ~mpllfier. Its-Ilnearlty devlatlon 15 0.93 x. 

4.7.2 ADC CalIbration. 

The ADC w~s callbrated with a variable DC po~r 

supply. The flrst step was--to flnd the analog input 

voltag. that produces the maxImum blnary output, I.e., 255. 

This value IS 5.4 V. Then, Increments of voltage of 1/16 of 

thls value, startlng from zero, were applled. Tabl e 4.2 

shows the callbration data and FIgure 4-13 shows the 

( calibration curve .of the ADC. Llnearlty devlation is 0.78 7.. 

Then, the pressure transducer and amplifier and the ADC 

Nere callbrated as a unIt. Table 4.3 shows thls calIbratIon 

data which is plotted in Figure 4-14. In 1 thi s case, 

linearlty devlatlon is 1.18 7.. 

4.7.3 Movement Detector Calibratlon~ 

This calibration consisted of two stag.s. First, the 

position of the plates that olock the light beam of the , ' 

optoelectronic sensor was, mechanically ad~usted. Then, the 

differences which still remained wers corrected by 

adjusting'the gain of the corresponding amplifier. 

4.7.4 Gverall Calibration. .. .. ', 
{ '. A set of standard wei9ht~, from 50 9 te 500 9, were 

used to calibrate the system. A problem arosa during this 
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D.C. VOLTAGE A/D CONVERTER OUTPUT 

CV) (Hexadecimal) 

0.34 10 

0.68 20 

1.01 30 " , 
t 

1~35 3F ) 

1.69 4F 

2.03 60 i 
2.36 70 

2.70 80 

3'.Q4 8F 

3.38 AO 

3.71 AF 

" 4.05 BE 

4.39 CF 

4.73 DF 

5.06 EF " 
5.40 oFF r 

2 , l LINEARITY = ----- X 100 - 0.78 X 
255 -- 'i ... 

". <. TABLE 4.2 ANALOS TO DIGITAL CONVERTER CALIBRATION DATA. 
a 

-
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calIbration. Th@ transducar signal &xi bi t.d 

exc.ssive nOl •• levels. 

Ta solve this probl.m It was nece.s.ry ta minimlze the 

length of aIl analog s19nal conductor •• nd ta use ghlelded 

HIre. A low nOl.. p~ supply wa. required and. s •• 11 

capaciter "a. connect~ .cros. the pr .. sure transduc.r 

outpuW This fllter capacitor rltduc .. noise but it also 

reduca. fr~uency rtnpon... FI Qure 4-15 shows th. efflPCt of 

• 220 uF filtwr c.p.citer on th. output SIgnal. A 47 uf 

cap.citance provide. &n accaptable c~roai ... , Figure 4-16 

shows th. tri fect of .. 47 uF fil t__ cap.ci tor .nd th. 

respon.. of the MOV-.nt d.tector to four di ff.,.ent c.ll 

cal ibr.ting, la.-da. 

T ab t. 4. 4 IIhCllWlt th. val u.. of forc .. and pr .. sur_ 

differ.nt stAndard tCNds. Table 4.5 correspondtnQ 

result., 

ta 

.v ..... -o- of thr_ hexachlci_l r.adinvs, 

needl. "al vtt ",""st restriction is 

ad.Justltd ta obtain a t1_ constant R,C,-sG _ ......... ed 

pr .. ....,.e v.-su. <llPplied pr_..,.. 1s tIhcMn in Ft ....... 4-17. 

Ta obtain th • .:tuaJ pr ......... value, it: is ntN::_sary ta 

apply a calibration fact'.Qr. Fi ...... 4-17 1Ihc:M. the curves 

far th. 1 .. 1 tVld r_l autput: pr_...... The equation fQr 

ideal output pr ......... is 1 

YIL - ka. (49' 

........... Je • ....,11_ ... _ ...... 
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FI~ 4-15 EFFECT CF A FIL TER CAPACITOR (220 uF) ON nE 

OUTPUT SI--" 

- - ---- .-.----- - ______ . ______ ---J 

MOTI ...... ,acldlt 1'0 FQlM DIF.~ u'a,n.. 
, .... ..... 
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APfL 1 ED LOAD 
1 

(standard .. iVhts) 

v 

50 

100 

150 

200 

2!50 

300 

3SO 

400 

4SO 

SOC) 
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/ , 
, 
'\ , 

EXTERNAt- APPLIED PRESSURE 

PSI -Hg 

3.86 0.:56 28.96 

7.72 1.12 ~7.92 

11.:sB 1.68 86._ 
1:5-:.44 2.24 11:5.i84 

19.31 2.80 144._ 

23.17 3.36 173.76 

27.10 3 •• 3 203.-24 

30.89 4.48 231.68 

34.82 5.0:5 261.16 

38.68 5.61 290.12 

Cel\~ Ar ......... pr_ ...... t .... 11_ • 127 _ 

• 
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STANDARD NE 1 SHT 

9 kP. .... x Dttc' kP. 

!Ï~ 

.\ 
50 3.86 OB 11 1.78 

100 7.72 2S 37 6.00 

ISO tl.sa 1 3D 61 9.90 

200 15.44 's:s 85 13.79 

( 250 19.31 6C 108 17.52 
l 
~ 

300 23.17 .. 134 21.74 1 
1 

3!10 27.10 9E U511 25.63 1 

400 30.89 86 182 29.53 
, 

4SO 34.82 CF 207 ~.S8 f 
i • 500 38.68 EIJ 232 37.64 i 
t 

t , 
1 OK Ile 41.37 

1 leP. - . 
~ 

r 
',' 

LI~ITY DEVIATION • 
0.3 , • 100 - 0._ X 

37.64 

T ..... 4.5 n ...... CIL..-'I'" MTA. 

( 

,~ 

• 
Il 

l 



r 

"' ..... , ... 
pr •••• rt 
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40 .}I7 _ 

,. 
'2 

21 

24 

20 

1. 
12 

1 

4 

u 

• 
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7 
.. Il Il 20 14 21 32 5. 40 

.. ter •• ' ...., ..... ........ ,. 

FI" 4-17 ...... P ... IIM UW" EXtLs .......... 10 

,. FIIE_ 

È 
'! 

f 
! 
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... a. :::: i deal si Op. "" l ' 

Th@' equat 1 on for th. actuAl output. pressure 1 s: 

where: K2 :::: actual cur",. slop. 

Et ::: dl -f fer.nc. bat",een .-easured pressur e 

Then y 

Y. = :oc 

And 

v. -V.+B 

Fln.ll y, 

Ya -

correspond1 nv to a .1 nllftUlJI apP)l ad 

pre!Juiur • .and th. th.or.tic.l ",alue 

ObtalnRd -fra. th. actual cur",. when 

)( := 0 

(50) 

(51) 

(~) 
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.......... ..... ~ _~ air pr-.r_. ",.i ... '$1 .... 40 

~li" the ~lc.l ~l_'- 1I1It1l •• ft U- ... ..... 

CJ .... __ ..... t'- .... -':..... .,... frirtiM ~fic'WIt .. dt 
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4.8.1 EfftICt: of thtt V.,..iatlan of th. Ti_ Can.t.ant RaCa. 

The ti_ con.tAnt: R.C. My b. • •• Uy lMldi-filtd by 

c:tNane1 nv t.tMr r_i .t.ane~ Ra. . "[hi. r_i .tane. dtlpend. an th. 
1 

-':tl.... of t:h. n..cll. valve. Four diff.,....,t t.i_ const.ant.s ( 

( 

<" , 

... 

__ • u .... and for INCh c._, the .. t:. of st:.andard loads fra. 

50 g t.a SOO g .... .-ppli.c:t. Table 4.7 list:. the r •• utt.. and 

Fi ...... ~-lB lIhDMI the earrHpcftding eurv_. 

It ... s ...... vect t.hat ......... pr"sure iner •• _ .. lt.h 

incr ... inv tl_ c:anstant:. Equation 48 st.a'\:_ t.hat t.h. ti_ 

detay .. t.a the .... ace.t.,..t:ian ..,-fed: incr-. ..ta.n th. 

t.i_ const.ant incr...... HDMev .... , ". ..y btt...., fra. 

....... ian SS the ........ 1Id pr ......... incr __ tIII1wl the U_ 

cClftllt.Mtt i ncr..-. 
... 

"'''-' ~ "fllC~ of ~l_ cCWMltant v .. tatlan i. aini .. l. 

_Ii. 

,/ 

.. 
•• '~) _ ........ ft .... ,..... • 

, p, 

\ 

.... ) -•. :;' ........... -. 

,. 

~'''i: 
, '-,te ... , 
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~ 

() ~ 

1 
\ "-

1 

C-) 

"" 
'1 

. -.' "" - K '.u~.- f,_:",l~_ 

APPLIED 

LDAD 

Q kPA 

~ 3.86 

100 7.72 

1.50 11.!58 

200 lS.44 

2SO '19.31 

300 23.17 

3SO 27.10 

400 30.89 

450' 34.82 

seo 38.68 

,-, 

--- ...... 

40 _ 

htbc leP. 

OA 1.62 

. 24 S.80 

38 9.57 

54 13.63 

6A 17.20 .. 
7E 20.44 

98 24.66 

B3 29.04-

'CE 33.42 

E4 36.98 

~ ... -
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PEASURED PRESSURE 

, ' 

100 _ 150 _ 

heJe kPa ha kP .. hex kP .. 

~8 1.78 OF 2.43 10 - 2.60 
, 

25 ' 6.00 29 6.615 28 6.98 ~. -

3D 9.90 40 10.38 42 10\70 ' 

~ 13.79 S9 14.44' SA 14.60 
" 

6C 17.152 70 lB .. 17 72 IB.~ , 
S6 21.74 B7 21.90 SA 22.,29 

9E 2S.63 ~9F 2S.SO AO 25 .. 96 

86 29.53 87 29.68 - 87 ,29.68 

CF 33.58 CF 33 .. S8 DO 33.74 

ES 37.64 E937.80 E9 37.80 

'" 
-.../ 

-" 

{, 

-Ti.LE-, •• 7 PIIIS .......... F1I't DIFfi/1H&"NT T'" ~1IIIiITS~.' 

-
1 

'\ -
" " 

! ~. --
~:'''''' 

~ . ~ -..: 
7 ~ •• 



.... a.ur.d 

"'-Da 

40 

3. 
32 

21 

24 

20 

() '1 
12 

It 

4 

O. 

-

C-" 
J 

... 

pr ... ure 

1" 

R.C,= 150 .... 
R, C,- 100 ... 
R,e,- 50 •• 
R,C.- 40 ... 

• 
•• 
• •• 

".­
- 92 -

.. , 

4 ..... 12 •• 10 24 .8 51 .. 40 Il.,. 
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and accarding to th. witlpU-flttd .xpr_.ian fc::w'" t CEq.48h 

and -final 1 yi 

CF 1 +M.g' - /eF-&~~::-)R&C-:- 1 poet). -----. \le","""_ • 
A 

CSS) 

4.8.2 Eff-=t of the ".riatian af ttt. Tria .. Di.t.nc •• 

Eac:h pr-*ot:yp. pi.tan Cali .av. a "MI .... di.'tance of 

apprCIICi_tely 0.4 _. Th. out,ut: voltag. of thlt IIOtion 

dttt~c:r ..... cts an the di.tanc. ItOvltd by th. pi.tî6n and th • 

........ th. pi .tan i. in i t • ... 
~ poei tian, the output val t.., h •• a .inl ..... value. 

liIMIn the pi.tel. beVin. tc:a .ove dONn" i ••• " during .. pr_sur. 

lIee.y t_t. the autpu~ voltage begi". ta incr .. _. A z..,.,. 

dil:llle liait. t .... autput volt ... ta 5 Y. ~ thi. voltAQ. 
\, 

'"al.. as. lagic mE. Thi. 'nst."t i. t_-. •• tM ln.1::"ant 

of te. eDt.lan Mt.ectar ..... ~i... ,lhw'efar." ~i" U. 

"n of U. ~tcr ""Uf,lW 1. ~v.l ... t ta c:hMgt .. ttMt 
• . tri~ di 1ItMw:tt. Ta ... l YZ. tille -*.-=t of the Ù"i..,.. 
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di .t..-.c., fc::ar' di ff~.,t: c:t.tectar ...,1 j fi..- .-ine ..... UtIIId. 

The _'t of .tanct.rd 1 aedtI .... appl i'" far -..ch c_. The 

ti_ cmt.tant ...... lntained At. 100 _ ..ca • 6 Ipsl _ (41 kPa) 

.. d... air pr_s .... e .... applittd. RtMult.. are li.~ed in 

Tele 4.8 .and Figure 4-19 show. t.he carrftpandinQ curv_. 

It wa. abllttrvttd that a. th. oain decr ..... , ..... ich ...... 

t.hat the triouer di.tanc. incr .. _., 'the obtained valuew of 

48. 

4.8.3 Effect a4 the Varia'tian of th. ~i~ Air Pr .. .ur.~ 

Th. air pr_aur. waa incr •• " bV 16% ta 7 psi (48 kPa) 

and the s.t of .tandard loada NA. applied Nhil. th. pr_aurw 

t.ranaducer a.plifier oain Naa .. intained conatant and 

thttrllfarw, th. output. volt.aoe incr •• tHtd t.o 6.3 V. Tabl. 4.9 -
~ li.t. t.h. value. obtained far th!. condition. It ... 

ob • .,rvwd th.t:. th_ rllSUl t.. are very .i.l 1.,- ta those 

obtain" .dth 6 pai (41 kPa). TtMI .... i ... diff ..... c. i. 1 

0.32 
37 .. 64 

, 
Thi ....... that -4: .. air pr ....... v ...... ft U. .... 'nrti .. 

j' 

of • t_t ls nat. ~it:ic.l ...... tAon ....... 11 .... tha1: ~ 

_ ....... pr __ re 1. ind ..... d_t of ~ vaJ_ of t .... _'. 
r 

air ,.,.. ....... in tIw c:aa of dIIca ........... ....-r .. 

, 

• 
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APPLIED ......., •• 11 .. 

leP. heM leP. leP. .... 
50 3.,86 OB 1.78 DA 1.62 08 1.30 06 0.97 

100 7.72 2S 6.,00" 21 5.3S IF 5.03 18 4.38 . 
150 11.51 3D 9.90 38 9.09 33 8.27 32 8.11 " 
200 15.44 55 13.79 52 13.30 49 11.84 49 11.84 

2SO '19.31 6C 17.52 68 16.87 SE us. 215 ~ 14.93 

,( 300 23.17 86 21.74 82 21.09 7,. 19.79 7'1 18.63 

3SO 27.10 'le 25.63 .. 24.82 94 24 .. 01 8F 23.20 
-', • 

400 30.89 .. 29.53 85 29.36 ,. 28.;$9 ... 28.23 

4SO 34.82 CF l3.SB C8 32.93 CA 32.77 C9 32.61 

SOC) 38.68 EB 37.64 El. 37.31 ES 37.15 E4 36..,. 

/ 

..... 4 •• i:a. .... TI_ MTA ............. _ 

.'C' ....... 'F_ Mil •. 
• 

,,- , 

Jo 

. t~ .... t- > .. d .. 
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" 
",-wP- ......... 

" , 
•• r Il 111 Il .8- t JS 

- .. -

•• ---'·IW ...... . - \ 

•• 
H \ -. .a," . 
• . -.... 

1- ••••• 

14 k- ." •••• 

.e 
~) t. 

" 
• 

'1 • 
0 

• . .... ..... • ••• 
~k "', 

-UIU ..... "11 __ 1 __ ca&. -.IBL __ ... ' IL' a •• _.11 c' 

r) 

" . 
1 • 't. ~ ~ _ l. ""., ~~ ~ •. ,~ r_. ~ 't~ ! ..... ,;~ .~-i'r 
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. 

APPLIED 

PRESSURE 

'il, kP-. 

50 3 .. 86 

100 7.72 

150 Il.:58 

200 15.44 

250 19.31 

300 23.17 

~ 27.10 

400 30.99 

450 34.82 

500 38.68 

R .. C. - 50 _ .. 
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l''IEASURED PRESSURE 

MX. AIR PRESS"" b PSI 

(41 kPa) 

kP-. 

08 1.78 

?5 6.00 

3D 9.90 

S!5 13.79 

6C 17.52 

B6 21.74 

9E ~.63 

86 29.53 

CF 33.:58 

ES 37.64 

l'tAX. AIR PRESS= 7 PSI 

(48 kPa) 

hex kPa 

OB 1.78 

26 6.16 

=-: 10.06 

54 13.63 

hA 17.20 

es 21. :58 

9E 25.63 

86 29.63 

CE 33.42 

E7 37.~ 

TA8I..E 4.9 PEASURED PRE_IRE FOR 6 AND 7 PSI (41 AND .. kPa) 

MX 1 ....... AIR PM"S8URE. 

ft 
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4..9 Anal yai. of R.-ul t •• 

The ays~ .. ahowa a ~hreshold of approxi .. t.ly 1.5 kPa. 

th. air pressure a~ th. end of th. ~i .. d.lay is z.ro. 

Th. air pr ••• ure i!il r.ad by an B-bi t AOC, ther.for. the 

r •• ol u~i on i SI 

"" o. 152 kPa/bi t 

The .tatic lItIn.itivi~V carrlttlpClnda ta th •• lope of th. 

calibration curv. ah.... in Fivure 4-17. This value .. V be 

calculated usinfJ Table 4.5 as. 

E8 - 08 

37.64 -1.78 

232 - 11 
- ---------- - 6 bi~s/kPa 35.86 

\ 

pr .. tIUI"" .. ar. applied t.a the cells, a. ob ..... ved in Figur. 4-
• 

17. ~.tion frc. linaart~v ts 0.8%.. 

L ~he ~,_ can.t...,t of t. .... pr_sure syat_ 'e 

cMlcr..... lCMer' '1.1 ..... of pro_ .......... abtaintld Mhich is in 

.......... ~ Nit.h~'" ~hMrftic.l ...,.lyai.. It 1 ...... vact in 

Figure 4-18 t."at. thts dIIcr--.t. ,. _11.... -fcr hi ..... 

pr ......... 

. 
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tr i Qg__ th. detector, i a to dec:,...... th. _ •• ured pr ... ur •• 
( 

Thi si ... Iso in ilQr •• _nt wi th tlla thltOr.t: i.ffft .n.1 ya... It ..... obSttrv.ca th.t c:t.cr...nt. 

applied ta th. plenu. had negliQibl. .ffect upon th. 

r •• ulta. 

ta 

..,... 
.1ni.lz. th. .)(ltCution ti_ of a t .. t, 

dantt anly wlth dltCr ... inQ air pr ......... 

Thear.t i c .. ll y , .i.i 1.,.. ,.. ... 1 t. .,... abta. ntId Nh., the .. 1 r 

pr .. sura la incr .... ill9, i ••. , if the pl ...... i. ch __ QIId 

rather th., _h .... t ... durinO a _sur..-nt: cvcl •• Extllrn.l 

lo.ad ........ 11... inctividually ta ttaCh piatan. As th. 

protatVPtl i. _II hAvi,. anly 16 pi.tans rath..- than th. 

full cOlllPl~t of 2S6, i t .... nat practica. ta .... an 

ac:tu..1 t .. t with .Dpati8nt ... t_ an th ...... sar plat •. 

1 

4.10 eo.t Esti .. tian. 

follCMII 1 

• 
AI .... i,..... 0.4 M 0.4 M 0.1 •••••••••••••••••••••••••• 100.00 

2 sal~d Ya1~ (~.OO e.ch) •••••• ; •••••••••••••••• 60.00 

1 air ~ .nd acc ... ort ............................. 800.00 

,.,. 

... 

~ \ 
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1 pr--.,tIUr'. transduc ................................. ,.. ft _ .. 600. 00 , 

256 opto.l8Ctronic sen.ar •••••••••••••••••••••••••••• 650.00 

"'chininv 

100 hours .t. 30 per hour •••••••••••••••••••••••••• 3000.oo 

TOTAL :5210.00 

If th. .-n.ar i. built Nith ca ••• rcial ... tcanductor 

.train ........ , th.., ttt. Cotit: of 2S6 .. ~ beca.tll 1 

... t: ..... l.1 

2S6 bri.... • 

4 g .... ..ch At: • 10 p.r ........................... 10240.00 

50 ..n~ •• ~ • 30 ..ch ••••••••••••••••••••••••••• I~.OO 

TOTAL • 11740.00 

~ of t.he iii crGCClllllpUt.. avst_ i a ai iii 1.,. ofer bath 

IIOl&diana .ad i t. i. _t.i .... _ t:a &Mt abaut teOOO,t includt", 

prtnt. .. , platt. ... , artT t ... ift4ll., keyba.-d .... dual di_Kt.. 

\ 

... 
, 
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CHAPTER ~ CtN:LUS 1 ONS 

5.1 au-.ary. 

b) Th. .y.~.. h.. Qood .~.~ic ChAr.ct~l.~ic.. Th ••• . 
ch.r.c~~i.tic. Ar. th. followinVJ 

O.8X 
l 

Accuracy : lX 

RlttK)l uti on : 1:52 P./bi ~ 

S~atic s.n.i~iyity a 6 bits/kPa 

ThrllShold J 1.:5 IePa 

, 
~.k_ .appruxi_t.ly 0.4 • .net 12 kilobyt .. D'f RAf1 ...ary Ar. 

r~irltd .. 

d) ",. data proc_.inQ routine for the ..... nWlbttt" of 

c.lls talc.. appraac i _t.l yi. 6 s. 

a fil. an di.klltt. bV ....... .,.,. .. BAVE. 

f) The data displa"ino pr....... DI!FLV u,... th. data in 

fil. cr .. bld by IIA\IE ta tIhc:M t .... pr_ .... distribution and 

list tt. lacal pr ...... ___ ted an INICh pistan. 

g) A 2S6-pi .tan "'1IGf" ha. an _ti .. ted cotrt of $S2OO 

Nhich is -..ch 1_ than the cost of .. .".t_ usinQ 

car ••• cial 

...... 



, 
dl ] )SO. J 11331 2 J ::.111 1 •• l,aD ni4L4.' ii!i.1itJSl@i! "1 

\. . 

• - s_~ 

. 
al' 'It. i. MIC._ry t:Mt ttw cant..:t pr ••• r. dtst.rila*i ... 

(J 

r-'fttI fairl y _Ati ...... y .... 1,. 

" .... tlitian ..... of • t. .. laet • .-....t 0.4 a. 

It' ..... 11_ pr........ __ t bit "..._1 to tt. .... f __ .. ~ 

..... ..-. plat_, aUWI"_ the __ le 'rict.i .. _Il --"Y *'-
. r--..Jt. •• Ch 

air." ........... ...1'_ t~ ......... ~d ... 
c.ntIrltll .... u-. ft: ....i. __ .~ ..... IId. bt 

.... 01. ... • ..... ,.. DI .......... et. ~ ....... et .. c ••• iv. 

-=-t-=t. ........... :- 11w ~ cauld ...,.k in a. • ' •• , _ a 

•••• ri .. .-vtce .... _ .. uttar ..... IN .... i .... dMri.c.. ln 

......... yl..:ttc ..... U. pl .... _t. MYe ......... t.rawll in 

• 181. ta ""-ct. the ........ or r~i... in lac:al carn.:t. 
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,.,. ............. far Ext.-nal ...... Pr.li_-

....-y A sart. 8ic-.l. Eng • .,5. 116-119., 

1970. 

i!fta ....... lCtlan of ItIChi.l Ulc.-s. Arch. 

,..",., .... ,.., .... .,3'r1 623-629, 19!!18 • 
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10 RII ................................ •••••••••••••••••••••• 
20.... ..... D'.,LV • 
30'" IJIPLA' YALUEI F .... FilE JlA.D'" Ta THE CRT. • 
' ...... TMiII y ..... HE CllATaD IV PItOIRAM DATAca. -
50... T" , ...... ri DIYlorD Ut THE FOLLO.,ld PARTS 1 -

.. .... - onl THI FILE, READ THI DATA AND ~REPARE CRT • 
70 .... TO ...,. IN .A'HICAL MODE. -
10 Kilt - HMf THE yAt-UEI' Ut ( l,Y) AXIS .,HEME X IS THE-
to III. unCH C') DlVlDEt JN 16 IETI OF 16 SIIITCHES • 
100 1111' EACH AID Y-AUI .,ITH THE 'REliURE VALUE • 
110 1111' - PlUIT THE AnCH lutilER AND THE PRE'SURE VALUE' 
130 1111' - IIIITOII CRT ( OR PLOTTER IF UIED ). • 
'40 .11 ..... ' ............. , .. , ••• , ...................... 1 ... . 

\' ISO 1111 JI (256' ,I$UI) ,c.n7) ,lte31 
"0 .... 0 10 20 30 40 50· 
110 Ct--O 32 64 ., 12116019222425'-
110 Il''' 
190 HII' O"N FILE AND PREPARE YARtAILII TO au •• nUENT MORK' 
200 HM' 
210 DPIN OLI ·DATOI.DAT· AI 1 
22. ICY-O. 1 ""-0.75 1 J-0.7. 
230 I.,UT -IITIR ANOUNT OF l''JTCHII Ta READ •••• ~JN% 
240 IF NI)256 THIl 'RINT -RAUl Il ln ... 1-25 •••• - 1 lOTO 230 
2SO RIII' 
2" HII' nCOYl1 HTA FltOIl FILE DA.DAT IN FLOPPY, • 
270 B'" 
210 'II KI-, TD Il ITE' 1 
290 IIPUT Il,JICICS) 
300 _Il KI 
110 CL. , 
UO ..... 
Slt..... IlnitLUI CIf , ....... IC. "OH ( OR PLOTTER ') • 
Sft .... 
.. Mn-J 
J60 CII-0 1 xVaO. • YY-o. 
S10 ... lUO 
_ Cli-' • Il'' IIOYI TO (0.5,0.5) 
sto 'Va.S 1 YY •• S 1 1 •• 1120 
... CII-' 1 ... HAIt LINI TO U.5,0.5) 
410 .... m.... CIIATE YII..,ORT .,ITH A IIU_ Ta ..... IUlDE • 
...... 1 

.... ,.'.5 1 Yv.o.S • lHUI 1120 
~ .. en-! • IVa1.' 1 ""'.62 ..... &l20 

... L"III·.ITCH ... - 1 L.I-I • LlI-2 1""" lS00 

.71 lva7.5 l ,v.o.S 1 IIIUI U2. _ m-s 

... IV-7.1 • 'v., .. JI ..... lU • 

... • ".1 • YV".21 1" 11ft 
Il' en-z t .v.o.' • 'N.2I 1 __ J'20 
at ........... le..,. • 1 LRa1 1 a.a-2 1 _ ._ 
ue ..... 1 ..... 2S • _ UZO 1 cn-s 
......... 1 • YV-O.I 1 _ UB 
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550 CX-I &, 

560 FOR KY-O. B TO 6. 2~ STEP 1. 09 
510 COX-2 1 XV-O.Ol 1 VY-I(Y 
580 O'-MID'C8f,CI,l) 
590 CXaCI+l 
600 LI.-Of 
610 Cn.2 
620 cn-s 
630 NEn KY 
640 CX-l 

LSX-l 
XV-0.4S 

1 XV-O.S 

LRX-2 
YV-KY 

1 YV-I(V 

650 FOR U-O.B TD 7.B STEP 0.B2 

1 BOSUe 1120 

1 BOlUS 1500 
1 GOIUS 1120 
1 BOSUS 1120 

660 CDX-2 1 XV-I(X r VY-O. 01 1 BOSUe 1120 
610 D'-"ID' (C',CX, 3) 
680 CX-Cl+l 
690 LB.-D. 
100 CDla2 
110 COX-S 
120 NEXT KX 

1 LSX-l 
XV-ICX 
XV-KX 

1 lRX-2 
1 VY-0.46 
1 VY-0.5 

1 80lU8 1500 
1 BOIua 1120 
1 SOlU8 1120 

130 RE"' DISPLAV VALUES lUTH RANSE IN Y-AXIS FRO" 0 TO 2SS • 
7S0 RE"' 
760 FOR n .. l Ta NX STEP 1 
170 IF J.1( -1. SO THEN 790 
780 .1.1-0.15 1 r-l+o.OS 
790 .1.1-.,.1+0. OS 
800 1-1+0.0238 
810 kT-JUteX) 
820 kTaKT 115 
830 .JFakT +.I.J 
140 CIX-2 
.50 XVaJ 
.60 VV-J.1 
.70 COXaS 
880 XV-I . 
890 VVaJF 
900 NEIT KI 
910 CDla. 
920 XV-l. 
'30 RE"I 

1 B08U8 1120 

1 BOBUa 1120 

REM RiBTORE CAT 
YY-.O 1 sosua 1120 

940 RE"I PRINT 'MITCH NU. AND PRESSURE VALUE ON PRINTER f 

950 RE"t 
960 OPEN • o. EPBDN' AS 0 
.70 PRINT ~0,TA8(10),'BWITCH NU.·,TABClO),·PREBIURECK-PA)· 
980 DIIlTI S.2 ''0 FOR n-t TO NX STEP 1 
1000 kJaJXCKX)'41.l7'0.,a47/2SS,+I.l6 
1010 PRINT '0,TA.(13),Kl,TAJ(34>,te.J 
1020 Nin kl 
1030 CLOIE 0 
1040 RIN' 
1050 RI"' END GF THE PRGIRA" 
1060 REIft 
1070 ITOP 
1080 RE"t 

. 
- ~--~~--

." 
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1090 RE"' APPENDED SUBROUTINES MHICH ALLONS TD USE BRAPMICS t 

1100 RE"' IN CRT ( OR PLOTTER ) 
1110 RE"' 
1120 RE" 
1130 RE" .--( "AIN PLOTTIN6 ROUTINE )--1 

1140 RE" 
1150 IF CDX-O OR CDX-16 THEM BOTO 1220 
111»0 IF (CDX(O OR COX>18) OR (COI04 AND VF%()l) THEN RETURN 
1170 IF C01>12 THEN ON CDX-12 BOTo 1360,1270,1270,1270 
1180 IF C01>8 THEN ON CDI-8 SOTO 1380,1390,1270,1270 
1190 IF COX)4 THEN ON COX-4 6oTO 1210,1270,1210,1370 
1200 ON CDX 80TO 1210,1270,1270,1360 
1210 RETURN 
1220 XF-l. 1 YF-1. 1 CA-1. 1 SA-O. 1 XB-O. 1 YS-O. 
1230 XO-XV 1 YO-YV 1 ID-XV 1 YD-YV 1 VF1-1 
1235 POKE HEl ( • Cs4F'·) ,0 
1240 POKE HEI(·CSsO·) ,HTl 1 SOSUS 1430 
1250 IF HU"1 THEN CDX-O 
12hO XX-O 1 YX-O 1 BOTO 1340 
1270 ID-IV 1 YD-YV 
1280 n-uv-XO'/XF 1 YY-IVV-YO)/YF 
1290 XA-CA.XI-SA'YV+YS 1 YA-SAIXI+CA.VY+YS 
1300 ON HU+1 SOTO 1310,1320,1330,1330 
1310 n-IA/O.OI 1 n-YA/O.Ol 1 BOTD Il40 
1320 n-u/o.GOS 1 n-YA/O.OOS 1 BOTD 1340 
1310 n-U'1024/10. 1 n-VA.7'017. 0 
1340 POKE CV,CDI 1 DPOKE VI,ll 1 DPOKE VY,VX 
1350 KYI-UIRll' 1 RETURN 
13hO YFX-O 1 IX-XV 80TO 1340 
1310 IF-XV YF-YV RETURN 
1380 CA-IV SA-YV 1 RETURN 
1390 ID-IV 1 YO-YV 1 RETURN 
1400 RE" 
1410 RE,.. .-( SET UP 'USR' INFO )-, 
1420 RE" 
1430 CY-PEEI( CHEX C ·CC2S·) ) '2S6+PEEIC (HEl C·CC2C ·'1 
1440 POKE CV-2,HEXC·E'·) 1 'OkE CV-t ,HEIC·OC·' 
1450 CY-HlXC·C5SP' 1 YI-HU (·C5S2·) 1 VY-HEJ(·C5S4·) 
1460 RETUR" 
1470 ItE" 
1410 '''" ,--( LEfTERIN' ROUTINE )--. 
1490 lE" 
1500 DPOkE CY,PTICLI.J 
1510 POkE HEIC·CSSl·),LRI 1 POlE HE.C·CSS.·',LII 
1'20 KVI-UI. (4) 

tSlO R'TUIN 
!S40 lE" 
1550 Il" ,--( OITAII A POliT '1011 THE 'Inf'AQ' )--. 
1'.0 Il" 
1570 rVl-UII(2) . 

• 

./ 

1510 CV1-'IIKUIEU·CS2F·U V XU .... lk(HEI(·CQO·,) 1 yn-.'EEkUtiXc·CS32·" 
1890 IV-IYI*O.ooS 1 YV-YV1eO.00l 
1600 UTU.I 

.... ~----_. - ""---~ 

/ 
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1610 RE" 
1620 RER t--( CHECK IF IN SYSTE" "ENU )--. 
1630 RER 
1640 KYI-USR (3) 1 "VX-DPEU (HEl (. CS3.· ) ) 
liSO RETURN 

j 

, , 
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Pro" •• to ,.n.r.t •• thr •• -di •• n.ioft.l .u,f.c. 
plot of pr ••• ur. d.t. 

con.t 
"AILE.all.O, "AIP.TI-20001 LO~LI"--IOOOOI STEP-O.OOS, pr-3.14IS'. 

( 

) 

v.r 
"AIIDATA,TEMPIUI.fSI. of iAt.,er, 

VIII.LEa .rr.'(I .... IP.T.l of 'nt.,." 
ID. .rr.,U •• 500l.f ' •• 1, 
IPLOTa .rr.,(I •• 500l.f A_t .. er, 
CUTFL.,DOIEI~ •• J •• ft. 

IAUI, YAIII, '.1, ' .... ,IIC .... ZICaLI,· .... 
ILI'.Tla,e ... , ..... cau, ,_U', '1.". 
IIM1'T.ZIM1,r,'IIIC,'IIIC,I,Y,I, 
''''',ll'.,Y.I., 11IAL. III" ,IAIILICI, 
.1 .... IU.TIMI.r •••• 

'1IIZI,IUIIF~L.I.I',ITI".LI .. rM.LIC.r, 
IICI,'IIAL,IICII"IT,IPIT.YPIT,I"".~'AII. 
IIL1CI,YILJCI,,, •• ftt,,.'J 

PLOTT IIIIIYICI. "t., 

\ 
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• • 
1 •• APMIC. IICTION 1 

• • 
•• 11 ••••• 111, ••• 1 ••••• 

--( Ua., functiona )--
) 

fUftctio. 'UllleAtl,C,D.int ... r •• lnt.,.r, 
.1t ..... 1 Hill, 

( 

--( Initiali •• ,lottin, , •• ic. )-­
) 

,rDc".r. 'LDTrIITCIiVICEI"t." 
.ar 

(fA.III •••• CIIO ) 
"-OTTO ... ,t., 

('ITACI ) 

.... ,. 
'LOTTII. -HYICI 

"" 
( 

-( L..-Ievel ,let .... ,-.tt .. )--
) 

tr.c~r •. PLIT(f'tlt~".'..-r •• 
YU' 

lC.illttreer • 

.... , .. 
r.~(I.I',I.~' 
.ut . 

( 

, 

--( "._~ •• Jet , ... -YII"l.- U .. )-
) . 
,... ..... ltLInJ.".r_l'cJ" ....... '. 
QI' 

."iat...,., ..... ... ,·a, 
_". IC"a. III ..... ..... -. 
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