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ABSTRACT

CONTACT PRESSURE MEASURENENT WITH
PRESSURIZED FORCE SNITCHES

A novel, automatic contact presaure measurement system
was conceived, imﬁl;;bnted,“calibratud and analyzed. This
system makes use of i;n array of miniature pistons,
pressurized from a common plenum. Caontact forcu impinges on
the external, unpressurized face of the pistons which are
mounted +flush with the surface aof the pressure plate
containing the array of cylinders in which thn‘pistann
wlide. As pressure is gradually raissd —or reduced- in the
plqnum, a given piston moves a very small distance, against
the laocal contact force. The pressure that prevails at the
instant of the movement iw used go determine the contact
prassure at the piston that just moved. Because only one
pressurs transducer is required, this design is quite
@A;xptnnivu. The systen WaS devised for b}bﬂ.ﬂi:nl
application, i.e., contact pressure measuremsent on 7.uhncl—

chair sesat. A matrix of 256 piston sensars can be/ scanned

in  about. 0.4 seconds. A microprocessor controls the
prulsurizatium)dpc;mprlnlion cycle nnﬁ/ takes prniuuru
measurements every time a piston risem, durin pr-ilur-
incrqasi, and a every time a piston falls, while runnurq'is

decreasing.
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RESUME
LA MESURE DE LA PRESSION DE CONTACT A L 'AIDE
D INTERRUPTEURS DE FORCE PRESSURISES.

- ém nouveau systeme automatique de mesure dg la pression
de contact a ete concu, construit, calibre et analyse. Ce
systeme utilise wun arrangement de pistons miniatuwres,
pressurises a partir d'une chambre commune. La force de
contact agit sur les faces externes, non—-pressurises des
pistons. Les faces externes, des pistons sont au-niveau

aver la surface de la plagque qui contient 1 arrangement de

cylindres dans lesquels les pistons glissents. Lorsque la

' . P s :
"pregsion de la chambre communs est augmentee —-ou reduite-

. !
chaque .piston se deplace par une petite distance dans la
direction de la force de contact appligquee. La pression
presaente a 1’instant du mouvement ?st utilises pour

determinn7 la pression de contact du piston qui vient juste

de se qiplaccr. Puisquﬁ saeul emant n transducteur de
prausian/nlt requis, ce systeme est psu/ couteux. Ce systeme
a ete concu pour des applications/ biomedicales, i.e.,
m:surnr ia pression de contact sur le siege d’'une chaise
roul ante. Unéynq@ri:. de 2%6 detecteurs a pistons peut etre

parcourus dans approximativement 0.4 secondes. Le cycle de

comprassion/decompression qui mesure la pression chaque fois

qu’un' piston monte lorsque la

a pression decroit.

« g7
.

fois qu’un piston baisse loryqu;

rassion accroit et chaqua“

S
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CHAPTER 1 INTRODUCTION

1.1 General.

During the last 10 years, thegre has been considerable
effort in applying microcomputers to the solution of
different medical problems. This /tendency can be attributed
to three main charactaristlcl of microcomputers: hsmall
size, computation capacity and }ow cost. Applications range
from the measurement -of a feu/;implc physical variables to
the'cﬁntral of complicated apparatus.

An interesting problem iﬁ this field is the measurement
of the pressure distribution exel ted upon nuppcfting regions
of the human'  body. Pressure measurement has been
extensively studied and wmany kinds of sensors based on a
number of different phyiiénl effects have been daeveloped.
However, when the pressure exerted on a nﬁrf;c‘ is not

)

uniform, it is nncnssar& to use many sensors, distributed

over the surface, in order to obtain a pressure distribution

contour map.. Knowledge of this pressure distribution iw| .

clearly important in thQ-Clll of patients who are partially
or totally immobilized and must resain in bed orlin a whael
chair for extended periods. [f regions of excessive contact
prassure sxist, unrelieved, ulcers or bed sores are
inevitably developed on the skin of the pationt:

It has been noted that these ulcers are msainly due to

high local pressures. Thersfore this work is concerned with




o,

the prototype development of an economic and efficient
microcomputer based method to automatically measure, process
and display the pressure distribution exerted by a

hypothetical patient on a wheelchair.
f
1.2 Review of Pre\ﬁous Research. ;

Ische@ic ulcers are a permanent riek for people who
have to remai 'sitting or recumbant for long periods of
time (7). Tﬁn e ulcers méy lead to sepsis, osteomylitis,
mutilating amputations and often death(3). Treatment of
decubitus orj// ischemic ulcers is ’cml-x,' costly and time
consumingj herefore efforts to prevent them have bscomm
very important(9). Kosiak(8), describadischewic ulcers as
localized / areas of ?icru:is that dwvelop over bony
prominenc subjected to pressures esxceading capillary

pressure

' ¥or wvarying periods of tise. The areas sost
cumuonly/ affected whan patients are utt;d are the ischial
tuberm?/tics and sacrum. Kosiak(9), found that a pressure
as low as 70 mm Hg (9.4 kPa) applied to timsus for two hours
have [:.mducdu irrgversible changes in cells that ultisatsly
lsad tn their , dufth. ' Beveral efforts to ssasure contact
prn,/urn distribution upnn the bhody have baen sadwe during
the /pant Fane years. '

'

One of tm first reporis was gpublished in 17358 by
' {\
Ko/hiak(‘n. He placed twelve flat rubber butterély valves,

u»;‘dér a smat, connected to a coupreassed sir reservoir. ﬂw

B v dwt TR ¥




pressure axer&ed at each point was considered to be equal to
the minimum‘%preﬁsure ‘at which air escaped from a given
valve,

Lindan(10), in 1945, measured contact pressure on the
human body by utilizing a "bed of springs and nails”. The
device consisted of a large flat surface with up to 1000
nails. When the patient’'s body impinged upon any of these
nails it compressed the steel sp(iﬁg beneath each one. Two
types of steel springs, with spring constants of 0,165 N/am
and 0.08 N/mm, respectively, were used. A measurement of
the pres;ufu on each point was obtained by measuring the’
displacement oaf each nail or spring. These smeasuremsnts
were ‘taken, manually, with a millimeter scale. The data
fram all nails ;lra than used to sap pressure distribution
contours produced by ; patient in thg lying or sitting
position. In thcylattlr panitiaq; prcsngf-! of up to 130 am
Hg (1}.33 kPa) were cbserved. Each/én-t lasted between 1
and 1.5 hours. Figure 1-1 shows a g;{i-nt lying on Lindan’'s
bed. . // |

In 1969 Bush(1) used two comeercial transducers to
ssasure the contact pressure over the ischial tuberosities
of patients sitting in a wheelchair with hard seats. Each
transducer consisted of a small variable capacitor. An
ale:‘tronic circuit detected thes change of capacitance.
A current proportional to the pressure sas resad on a

microamseter. The transducer had a non-linesr response and
tharetors, & non-linesar msicroasawter raidauf was used. The
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instrument had two scales, 0 to 40 PSI (276 kPa) and 0 to
100 PBI (690 kPa), with a maximum error of +10 PSI (69

kPa). "

¢

Houle(35), in 1969, used a system similar to that
utilized by Kosiak in 1958. Hand molded butterfly valves
were connected by plastic tubing to a compressed air tank.

The pressure necessary to force air through the butterfly
\ \
valves was considered to be equal to the lateral pressure

compressing the valves. The pressure at the reduction valve
was kept ét about 400 mm Hg (80 kPa) and the flow rate was
adjusted with micrometer control to about 7 cc. per minute
{(0.12 ml/s). Each butteLfiy valve was connected to the air
supply through a naedievalve. Brass maﬁifolds, each

accomodating four valves./ were arranged at the sides and

h
back of the wheelchair. Pressure on the hutterfly valves

was sensed by a commercial pressure transducer connected to
. - |

a recorder. The pressure range used was O to 160 mm Hg (21
!

kPa) . ) !
Lo

Knapp(&), in 1970, presented a ‘prassure ma*suring

\

instrument based on the change of uleqt%icai capacifun e

produced when a brnssure is exerted on the transducer. Thﬂs\.

transducer consisted of tﬁf copper plates separated by

- foam plastic dielectric. ‘Changus in capacitance werp

detected by an slectronic circuit which gave a voltagr
proportional to the pressure. This instrumsent p}avidaﬂ
conveniently high signal levels. 10 P8I (69 kPa) produced
an output of I8 V. The gagressure signal was read on a

\
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voltmeter and the accuracy obtainea was +5%.

Frisina(3) published a preliminary report, on a
chamicaT meags for grgphihally qﬁégtifying,static pressu;esh
in 1970. The device employed a controlled reaction between
an acid indicator and a mild acid. Each constituent was
suspended in an absorbent flexible sheet and the treated
sheets were stacked to form a composite sandwich. When
pressure was applied, the reactantﬁg'é;éZ£ned. A colour

change occurred as a function of e and could be

Cons

gsensed visually to obtain immediate qual{;;tive iﬁfurmation
or it could be recorded with a.filtered densitometer if
quantitative data were desired. “

Kosiak(?), in 1974, published a report concerning ;
dynamic resting surface which prévided sitting patients with
local relief of pressure, at rgéular intervals, for short
periods of time. The seat”consifted of a set of rollers
operating on a continuous belt assembly. The system used ‘a
small direct—-current motor puwéred by.four rechargeable D
cells. Two commercial ﬁ;;;;ura sensors were placed beneath
each ischial tuberosity and the pressures were recorded on
chart recorders. Beneath the ischial tuberosities pressure
extremes ranged from O mm Hg to 140 mm Hg (O - 21 kPa).

Garfin(4), in 1980, Psed 65 water filled bladders or
ballpons connected to pressure transducers to measure the
pressure distribution of the human hnd; in the recumbent

pasition. The asmall (25 mm x 135 sm) rubber balloons were

connected to .palyethylena tubing by bonding cement and
s ‘/\



overtied with silk ligatures. The balloons were calibrated
and filled with uqter to a pressure of 10 mm Hg (1.33 kPa)a

Until 1982, most methods for measuring séated anid
recumbent pressure distribution used only one or a few
commercial transducers. Simul taneous measurement at many
pnints‘ usualiy incuwrs a very high cost in transducers. Some
researchers, like Lindan and his associates, built their Cin
fairly inexpensive sensor cells but their accuracy was
low7 In addition, the results of these tests were gena?aily
processed by hand. This is a very tediocus and time
consuming procedure, when applied to a large array of
pressure sensors. )

In September 1982, Drummond(2) and his associates
presented the Ffirst re?Drt of a computerized system to
measure the pressure distribution of sitting patients. ' The
system used a hard surface with &4 resistive strain gage
transducers. These transducers were con;ected to a LSI-
11/02 microcomputer and the re;ulks &bre_printed on a LA-3&
DEC .printer. Bidimensional and tridimensional views of the
pressure distribution were obtained on a Calcomp plotter.
Ubviﬁusly, this . was a new generation of instrument capable
of yielding fast, accurate results with minimum effort. This
has been brought about by microcomputer systems whose cost

L.
have dramatically decreased during the last few years,

»

making them more affordable for many new applications.



1.5 Scope of the Ressarch Project.

The investigation reported in this work compriseé the
theoretical and expe}imental analysis of a novel automated
cantact presshre measuremeﬁt system. This report consists
of three main sections: the hardware construction, the
software development and ,the performance analysis of a
prototype. The hardware construction deals with the sensor
system and 1its theoretical analysis and with the compdter
hardware. The software must:

-Scan all sensor cells to acquire data and post-

process it, and

{ ‘ -Display the pressure dis&ﬁibution graphically.

In 'general, this system was develgped so as to be
inexpensive an& easily operated by people who ére not

familiar with computers.

—

<
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CHAPTER 2 SYSTEM STRUCTURE -

2.1 General. v ,

A gna& system . must give accurate and precise

>
{

measurement of the B_ressure distribution exerted by a
»

patient on the seat and other surfaces of a wheelchair.

This information is usually required in the form of listings

and in graphic form showing two and three dimenaional views

of the distribution. The system must be easy to use and

inexpensive.

A conventional apptroach ito  the méasuremmt of this
A

”

pressure distribution is to use marly pressure cells

distributed uniformly over the contact surfaces. The

larger the number of cells, the more detailed the results

will Dbe. This number depends on the dimensions of the !.l'-inat

and the dimensions of the sensing surface o@ each cell.

The dimensions of the wheelchair seat range from 380 to S51¢

mm _in-both length and width. According to Kosiak and other

researchers(5,7,10) the maximum local pressure exerted by

sitting patients is less than 300 mm Hg Y40 kPa). No

correlation has been vfnund betweaen local pressures and body

weight or sex.

»

A microcomputer provides a- good way to scan a large

number of sensor cells. Microcomputers make digital or

1

analog measurements quickly and' accurately.

This chapter describes the development and analysis of

<
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a minimum configuration instrument system. The.principle of -

a novel sensor and the design of its scanning circuit are

>

presented in detail.

2.2 A Minimum Configuration. .- \

t i

Every microcomputer configuration requires a micro-
processaor, memory (ROM, RAM, etc.), support circuitry (power
supply, clock, etc.) and various peripheraldequipmuﬁt.
Inexpensive, single chip microprocessars, consisting of 20
by 40 mm packages, are currently available. Large capacity,

inexpensive ROM and RAM memories, similarly packaged, are

also available. Therefore, the microprocessor, ROM and RAM

memories and support circuits occupy little space and they
are the less expensive part of a complete computer sygtem.
Periphg;al equipment such as CRT displiy, keyboard, pri;ter,
plotter, diskdrive, etc, are the more expensive parts and
they are usually the only components visible to the user.

Two system configuration alternatives were considered

and the simpler was impledented.

2.2.1 Option A.

An instrument intended for laboratory use will be
installed, more or less ‘permancntly where all tests are

performed. It requires the following ﬁeripherals:

~ A keyboard to allow the user to communicate with

the cooputer; i.e., to issue commands and to input

T R e Tk B o o b YO e

o
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test parameters. ‘

- A printer to produce hard copy of results viz.,

B ' g e

b
pressure values at each point being measured.* _

B

- A CRT display and/or plotter to get a graphic

representation of the pressure distribution.

- A disk or diskette unit to provide permanent bulk

Ao AT Dot ok K Y e
- ?

B storage of programs and data.

!
t !

- The sensor unit.

Figure 2-1 shows a typical microcomputer (iysten

architecture with the peripheral squipment indicated above.

2.2.2 O0Option B.
A small instrument will be installed in wheel chairs to

make 1long duration tests. It will only acquire and store

-

data for subsequent processing.

) Option B is more suited to an exhaustive testing

- . program. ‘Beveral patients, each provided with a separate,

microprocessor equipped chair, can 95 tested simul taneously.

- The cost of a computer sysgtem:  for each chair is

is intended only for the acquisition

) minimal. Because . it
. and storage onf data its configuration can be simple. The

_ only peripheral, a data storage device, could be a cassette .
tape recorder. The system must, .cf course, work

automatically. All its programs would be ROM resident and

it would have simple front*paﬁél controls. Figure 2-2 shows
the configuration of a dedicated systeas.

( Data processing operations are the same 1n both optiogs
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but {n option B postprocessing is carried out seperately, in
a second stage. On-line postprocessing is sacrificed in
favour af data acquisition capacity. evertheless, the
minimal cost deditated systens each incur the cost of a
power supply, pssibly with rechargeable batteries.
Furthermore, the second, postprocessing stage, is also
necessary to transform acquired data into readable form.
There exist, ton, the additional complications posed by
using untried equipment in a clinical environment. It was
therefore deemed more convenient to begin by 1mplementing

gption A.
2.5 The Sensor.

A review of previous research revealed that many kinds
of SeNSOrs have been used to measure the pressure
distribution of body weight. These range from Lindan’'s bed
of nails and springs to Drummond s strain gage sensor.

Some of these used variable capacitance to detect the
pressure, others used rubber butterfly valves, while stall
others tried chromochemical reactions. Most sensors ar
transducers provide an electrical signal proportional to the
pressure measured.

Usually this analog electrical signal has to be
amplified so0 as to drive an instrument or to be measured by
a computer controlled ADLC. The use of commercial

transducers is generally expensive, sspecially when many
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are needed to simultaneously sense a large number of paints.
2.3.1 Number of Sensor Cells.

Figure 2-3 shows how the number of pressure sensors to
be placed in a meat, was arrived at. Five was considered to
be the minimum number which should be placed parallel to the
front line of the seat w0 as to lie within the contact
region of sach thigh. It was decided to add to this row of
five sehsors one on the seat edge side and two on the inner
sidé, near the anterior/posterior line of symmetry. This
gives 16 cells parallel to tge front liqa of the seat,
counting both halves. If the seat is square and a uniform

distribution of the gensor cells is désired, the minimum

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

2.3.2 Strain Gages.

Strain gages are widely used in various pressure sensor
applications. However , when used singly, they are strongly
affected by changes in environsental temperature.

Therefore, it is frequently necessary to arrange two or
four gages in a bridge to compensate the effect of

temperature changes. There are two main types of strain’

L 4
L4

gages: metallic and semiconductor.

When a strain gage is strained, a change in its
wlectrical resistance occurs. Gage factor is an important
strain gage ‘prop-rty. ‘ It ias defined as the ratio of the
dimensionless change in resistance to the dimsensionless

-~
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change 1n length, 1.e., strain. Gage factor is therefore a
dimensionless quantity and a larger value implies a more
sensitive strain gage. Gage factor 1s expressed in equation

form as:

AR/R AR/R

Metallic strain gages have a low gage factor. Two 15 a
typical gage factor for commercial types. This means that
for a smala strain, the putput voltage is usually too low
and therefore, the signal~to~n61ga ratio 18 often
unacceptable. Sesiconductor strain gages on the other ‘hand,
have a higher gage factor. Typical valuas are 130 to 150.
Sensors , designed with theas gages provide very good
resolution cveé at low strain values. But unfortunately
these devices cost over $10 each in 1983, and they are
particularly prone to tnmpcratu;; drift.

When the number of call; is large, the system becomes
veery nxpcnsiv;. Besidgn, the process of cementing the

strain gages to the sensor support is critical and requires

careful surface prepsration and adhesive techniques.

3y
v

Improper cementing is a common cause of measursmsent
problems. Commarcially . sounted gages are esxpensive.
Therefore a novel method to measure pressure distribution

[N

has besn propossd. It promises good resclution, is not
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affactéd by noise and is 1nexpens:ve.

Since this system 15 to be coeputer controlled, a
digital pressure transducer, 1f such were available, would
be an attractive way to acquire pressure distraibution data.
The proposed sensor is almost digital 1n the sense that the

ocutput of each sensor cell is a\bxnary variable, 1.e., a low

or high voltage signal. #An analog pressure transducer is

navertheless regquired. & good pressure transducer 1s
expensive but the systes requ§r95 ahly ané- It 2= highly
desirable that the numer ous digital SONGIH S fre0

IN@SXpENsSl ve.

2.3.3F The FProposed Sensor.

The principle of the proposed sensor cell is that of a
pneumatic pressure switch. Pressure switcheé® are normally
dé&ignaﬂ to close a contact when a specified pressure is
applied. They are often used as safety devices. Figure 2-4
shows a sensor plate which consists of several pistons or
cells distributed uniformly, on a square pitch, over its
surface. Each cell consists of a piston/cylinder asssmbly
which operates a displacement detector. Each piston can
move up. and down through a very small displacement; the
éinxmqm required to operate a motion detector. \

1ﬁigure 2-5 shows a diagram of a typical sensor cell. It
operates in the following way. At the beginning of a

maasuresent an air pressure greater than the maximum local

pressure to be mseasured is applied to the plenum under the

=

:
o
3




sensor plate. This causes all pistons to rise and to remain
in this raised position. Then, a solenoid valve closes the
compressed air admission port and opens a restricted vent
through which the air bleeds to atmosphere, The
capacitance of the sensor plate plenum, defined Q% p.24,
and the resistance of the restriction, defined on p.22, form
an approximate first order system. The time constant is
grven by the product of the capacitance of the plenum and
the resistance of the restriction. Therefore, the air
pressure decreases exponentially from the precharged
maximum value to a minimum value, which corresponds ta the
atmospher ic pressure.

Puring the test, the computer continuously scans the
airr pressure in the plenum. I¥f the air pressure is
decreasing, there will be an instant at which the external
pressure exerted on a particular cell, is equal to the air
pressure. Therefore, this air pressure measurement is the
pressure exerted on that cell. Afterwards themair’pressure
talls below éhe external pressure and the piston starts to
move down. Jf the elapsed timﬁ, betwesn the instant that
the movesent begins until the instant when it is detected,
is known , then the corrected pressure exerted on a
particular cell can be obtained. A _gimilar situation,
requiring a slightly different correction procedure, occurs
i¥ the air pressure is increasing, i.e., during a charging

cycle.

PR
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2.4 Dynamic Qnal}sis of a Cell.

- )

A sensor cell is shown in Figure 2-5. The air pressure

D
exerts an internal force equal to APo(t) which is opposite

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

weight F» and the dynamic friction force Fs.

By applying Newton s second law, the motion of a cell

may be expressed by the following equations:

P ey

d=x (t) Z
Apo(t)"'Fg“Fg“Fr; = ‘M;*‘Ng)"'a"t';r“ _ (2) :f

when pressure 15 increasing and:

‘ d=x (t)
FatFaFa-APo(t) = (My+Ma)=—c - ~\ : (3)

when air pressure is decreasing.

Force F, is considered to be constant during a test.

Force Fax is egqual to Mag. M, is included to acknowledge

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

face. The modeling of this difficul aspect of sensor

dynamics was not attampted.’ However its Effect, though not
f

negligible, is believed to be small.
I¥f the external force is approximated ?y the weight of
; .-

a single rigid body, e.g., a calibratiﬁg wéight placed on a
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sensor tell, then , the. mass of

accelleration together with that of the pistoﬁ.

. Finally the dynamic friction Fx is equal to:

dx (t)

Fs = K
= dt

L.
A

Therefore equations (2) and (3)

. \ ~t

d?2x (t)
AP? (t)-Fys—M=ag = M—EE;—— +
d2x (+)

a9

R
may be rewritten as:

.

dt

dx (t)

o

dt . R

.
ISHURp—— Y st AR AR UDRTY iz

this body undérgoes

[

2.4.1 Plenum Air Pressure.

Consider the dérivation of the expression for; the air

pressure Po(t). ' According to the pressure ;ystem model

shown in Figure 2-6, the air flow, q, through the

o - restriction is a function of the pressure diffecence P:—Po-

= The air flow resistance js defined as:

change in air pressure difference

R = —
o change in air flow rate

.

2

.
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where d(Ap) ’is a small change inﬂth- air pressure and dq is

a small change in the air flow. The capacitance of the

© R L A i e s b b7

¢ 1

plenum is defined as:

R T T~ e VN

change in saass of air stored

Cg - N
.change in air pressure
dm vd$
Co = — = —u . (¢ )
dp dp ’

The capacitance oOf the pressure systes dapends on the

of expansion process involved but it say be considerad

type
and the

! constant since the pressurse changes are saall

process is approximately isothermal.
The systea shown Figure 2—-6 may be considered linear if

small deviations in the variables from their respective

/ ‘steady-state values are assused. In this case, the

* resistance R;: may be considered constant and'therefore may

be expressed as :

Ps"Pe ; . “»

‘,ﬁ



el

¢

- = .
daq ‘- :—-‘: R (10)
c,ép. - da = dq; dt <
R L |
R.C‘::. + pe =Py | o - . an

Therefore, the transfer function becomes:

Po(s) y
e . ! R (12)
Py (w) Rgc‘i"l

.
-

whare Po(s) is the Laplace transfora of the time function of
the inturqnl air pressure and P, (s) is the Laplace transfora

of the tise function of the sxternal air pressurs.
By ASSURL NG that soclenoid valves open or close
instantaneocusly, the air pressure applied to tha systes say

be validly approximated by a step function. Then the air

pressure inside the plm\iu

Pals) = P./s . (13

;e‘iﬂ-

Wt
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. Lo . P, = constant
- 1

Replacing this value in equation 12;

il

Pq

Pol(s) = - " (18)
® s (R.Cyn+1) - - L :
>,
\ i
and therefore: .
- _
N Polt) = P, (1-@—%-",8,) L (15)

Figure 2-7 shows the variation of the plenus air
. preasure nhm 2 step function is applied to the input.

One way to establish the external pressure exerted on a
cell is to determine the time, t,, at t;hich the air pressure
is equal to the external pressure. At to the piston
sovessnt is impending, but the piston is stationary.
Therefore, it is highly desirable that the sovemsent detector
operates in a minimum distance / of piston travel, 1.e.,
SIthin a minimum delay from to.

Since piston aotion, however small, requires some time
to occur, the air pressure masyrad at this ti1me, after
motion has taken place and has been detected, wi1ll be
different from the external pressure exerted on the cell at
\ to- Nevertheless, if .the wmeasured air pressure is

" proportional to the external pressure, then this external or
contact pressure can be readily inferred from the air

pressure which prevails when piston motion is detected. It
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is shown in what follows that this proportionality exists

13 N
and the factors that affect it can be determined. The

following analysis considers that the air pressure is

decreasing. Therefore, the air pressure is!

(16)

Po‘t, = Pnn.—tlngc‘
h -
1

2.A.2 Timwe of Impending Maotion. °
2> The tise, to, at which the motion begins may be

det wrmined starting from the following conditioni

AIR PRESSURE = EXTERNAL PRESSURE

Fo+M
- 22729 . (17>

" The dynamic fraction force is O at time to, then:

® %o ", Ty w (Fa4Mag) /AP e (18)
~to/RyCy = 10g((Fy+Mag) /AP maw)
and finally
AP e -
== ay

., te = %;C; log E::-—*—'—- ,

.
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The time, to, for a particular cell depends on the time
constant of the pressure system, the maximum arr pressure
Pm;n and the external force F,; applied to that cell ,pl 41
plus  the cell weight. t, 1s i1ndependent of & because this

area 1 the same on the pxternal as well as the Iinternal

prston face.

»

2.4.3 Distance Moved by a Cell.
ihe distance moved by  any particular cell may be
agbtained by conerdering that oovesent beqins at &= O

o

Equation & becomes:

: d?x () dx (t)
FatMag—APpp @ (55 82 M €, = Moom——e + Ko (20)

t

FatMag AP pqme@ To Ry Cyp—® /7, 2,

?

d*x (L) dx (t)
M + K

F,+M
F s +M3g—APmmu T8 em =
Ll 2]
ad2x L) dx (t)
M~ * Kemoee (22)



then

: d®x (t)  dx ()
(Fg*’nyg) {1__9‘—2/H‘C‘) H ”””””” + K"""""""‘"

i

at t=0, =2(t)=0, »« (£)}=0 and x" {(L£)=0.

Tha Laplace transform of gquatia7 12 isa

-

(Fy +M29) /R, C
LAITRA TN L o (MeeKY X i)
slat] /R, C,)

and finally

ST{g+1/RC,) (s+K/M)

replacing:
Ke = (Fy+Mag) /MR,C,
a = 1/R.Cy
b = K/M

X{8) becomes ft&f

EZ (g+a) (ath)

{44

(26}
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The distance moved by a piston 15 obtained, by applying the

inverse Laplace transform, as:

K 1
% (t) = mmoe | o (aRg-wr_hRe—at) 4+ abt-a-b (27)
aFTh2 | a-b

2.4.4 Time to Trigger the Motion Detector.

The time to move a cell the minimum distance to trigner

the motiron detector may be obtained from epquation 27 as:

1
~~~~~~~ + @+ h o= me—AaTe TR -HRg )+ abt (28)
"f’, &‘b

replacing the left hand side by

XyaTh=
Ko &= ~—e——ae— + a + b (29)
Ka
9
a= b=
Ko = —=— @~B€ . e~ p~e® 4 abht {50)
a~-b a-b.

and multiplying this squation by mse*

ax -y =
Ko@®® = —n- peat—w€ _ i ges—at 4 ghtget (x1)
a—b a-b .
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Equation 31 may be molved by using a Taylor series:

X x>
B% = 1 X b e b e
3!
Fowr small =, e™ may be approximated by: a" = 1 o+ ¥
For = - 0.1 thas

approximation sustains an error of less

than O0,3%. Tharaiﬂrﬁ, the +following constraints sust be

sati1sfi1ed:

1. o« oat ¢« 1710

it

-] 1/R:C:

31. 2 4 (at—bt) < 1/10 b = K/M

The +firat constraint states that the time delay t must

he less than O 1R;Cy. The time constant 1% positive by

definition and the series approximation of e 1mplies that

the distance required to tragger the movement detector must

be small. The second constraint establishes a relation

betwewn two first order system time constants, 1.e., that of

the plenum pressure, R,C,, and the dynamic ggpstan@ of a

piston, M/K. 1t will be

{ ) * ‘ »
wasily satisfiws this condition.

shown that the expsrimsntal
prototype

This relationship ia :

{at~bt) > O implies a > b which means R,C, > M/K

From the first constraint, at < 1710 spo tf a > b then,

.

at - bt < 1/10 !
The approximate series sipansion of squation 31 becomes:
33

Ko(ltat) = ——(1+at-bt} — —~-= + abt (1+at) {32}
a—b a—h .
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Rearranging equation 32

A%b a™ aZz-b=
A®htF+t{ab - ——= + ~==— =~ allg} ¥+ o=~} = 0 {(33)
a~b a-b a—-b

L)

which can be reduced tn:

ho s Aad4b-K
g= o4« 0 0T 202702 Lo (34)

ab a2h

replacing boz

O (3%)

o
Y
¢

Id
t
¢
i

and replacing the value of k., a and bz

nd

X4 K X2 X i
e oo fo D2 T + —=2220 wm,G, (36)
4‘Fg"'"zg}? Fx"*”zg

i

t cannot be negative and there/nra,

'

XK X, 22 XaiK
X + IS + RO > 9 o (o
E{Fg*ﬁwg) - Q(F‘*ﬂ?g)n rg"’ﬁzq
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2.4.5 Pressure at Instant of Movement Detector Operation.

The| air pressure measured when the movement detector
' -

is triggered, is ‘the pressure at time to+t, where to!

represents the time elapsed from the instant that the air
pressure 1s applied to the system until the air pressure 15
equal to the external pressure exerted on the cell,
includinﬁ the weight of the cell. t represents the time
elaq%pd from that instant unt3l  the cell weovement s
detected, Then the air pressure which rmxists whpn the

movemsrnt detector fraiggers 1m:2

LA S I LA R AP L R SN ) {8)
or '

Folt) = Paae@ So™,9, a-trn,c, (39)
but according to sguation 18:

S
Btonc1

i

(Fl"”:g} /ﬁp,‘nn

=G

Polt) = ——e--TIZ_ w—ton,C, (40>

.

-



~

[ T A Tt A

. Therefore, the measured pressure

- 34 - ,
" and
f
Eq. 37 [‘ — ]
XK X, *K= XK
t = + - 4+ —————— R,C;
' 2(Fg+”ﬂg) 4(F1+H=q)2 . Fg“""’g
depends on the

external force F, plus the cell weight, the viscous friction

comfficient K, the trigger distance X, and the time constant

of the pressure system R,(0,.

A stmlar analysis for the case o0f increasing pressure

yields the follawing expressions which

1
Appendix A

* z
|

Po(t) = Papn(l- @ ttgeersm o)

/
!

Po () ”’me‘n - ,“

{
Poan® 6™, C @-trrn g, /
e kR e, = (Q#,‘-~F.~H,Q)IAP?.,

then / \

’ AP e —F 1 ~Mag
Pol(t) = Pawn - 2 e-rsm,0,

"

are derived in

(41)

(42)

(43)

(44)

$ ma *

5
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Measured pressure for the increasing case depends on

the same factors as for the decaying case. It also depends

B e

on the value of the maximum air pressure ‘since the -

sxponential pressurae/time characteristic is asymptotic to

Pﬂ.’l -

2.4.6 Analysis of the Pressure Exproﬁsioﬁ.

Air pressure /gt time to is equal to the external
pressure. Hawuva#{ due to the time delay requi}ed to
trigger the motion detector, the measured pressure is
different from the applied pressure. Suppose that the time
delay is the same fgr all values of pressure to be mﬂasgged.

Then, the differencé\ begyeen the exnternal app}ied
pressure ,and the pressure m;;;;red at the instant of motion
detector triggering will be higher for higher pressure
values. This 15 shown in Figure 2-8.

However, the time delay 1is not constant but varies

inversgly with the applied pressure, or force F,. This is

!
i

described by equation 37, for decaying pressure and' by

equation 45 for increasing pressure.

[

XiK , X3 K= XK i
t = oo -+ + - RsCs
2{F s +Maf)) 4(F,+Mxg) ™= F1+Mag
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2(F,+Mag)
= XK
= i 1Ca
Fa+Mag

This equation shows th.:at when the external pressure
increases, i.e., F; 1ncreases, the time delay decreases.

Typical values far c¢ and d are in the range of (0~
therefore, the, value c® is very smail compared with 4 and it
may be neglected. In the same way, ¢ 1s ver& small compared
with d and 1t may also be neglected. Then, the expression

for the time delay can be simplified to:

“\

t = J— RyCy - ' (48)

This means that the time delay varies approxisately as
the inverse of the square root of the external force or
pressure. Evaluation of this expression shows that the air
pressure at the instant af the moveme;t detector operafion
is approximately proportional to the external applied
pressurei Deviation +from linearity is less than O.5X for

practical values of the system parameters.
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2.5 The Scanning Circuit. L//\ 2

To detect &hen a cell triggers and to asspciate the

-prevailing air pressure to that cell, the air pressure must

. be scanned continuously during a test. It is possible to
use a variety of scanning circuits to determine the stﬁtc,
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 detectors sequentiaily,-onl
at a time. The data required to control the multiplexer may

be generated by software. However , as an B-bit micro-

w b whe %

computer with 8- and 16-bit registers is being uséd, it is

more efficient to check the state of B or 16 detettors at a

*

time.
Another alternative is to arrange the sensor /ceils in a
. 4
N ) matrix, -for example 16 x 1§, as 1s frequently done for a

keyboard decoder. This ~splutibn requires 16 lipes for’

addressing the satri d the output is obtained on another .

o e

v .

16 lines. .
A circuit,, to scan the state of 256 detectors using
multiplexers, is shown in Figure 2-9. This circuit requires
sixteen 1621 msultiplexers. Yo control the scanning of, .
detecto;' data, a 4-bit binary F:mntcr 18 used. ’
Therefore, by u:ipg the 146-bat indnxhnq registers of
the eaicroprocessor to acquirel all status ihformation, the

sovenent . detector states will be contained i1n 16 s.quintxal,

2-byte words wach tise an entire scan is cospleted. It sas
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-
decided to vary the scanning rate by software which

altrrnatn pressure measurements and cell status scan
cycles. In Ehls way it was possible to tailor the scanning

R rate so that acquired pressure and status data will be .
stored 1n a table of fixed size at approximately equal
intervals' of bressure from Peax to 0. The choice of the
best scanning procedure depends on a ‘tradeotf between
scanning speed and the maost effective use of memory
availabie for data storage. For optimum resolution of

' “transient pressure distributions, entire scans must be done
at the fixed, maximum rate possible. This results in data
,acquiréd at equal 4ntervals of time, rather than pressurs,

« . and pressure xnt,yvals between successive scans would becose

¥,
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CHAPTER 3 SOFTWARE STRUCTURE i

3.1 Introduc}ian. ¢

£

A test consists of two seaparate procedures: '

_ - THE DATA ACQUISITION PROCESS scans the status of all

sensor cells to detect when a particular cell undergoes a

T transition and to associate it with the prevailing air

prts-ufe at the instant of transition. As a result of thas
i
process, 256 sequential memory locations contain 256 values

of pressure corresponding to the pressure exerted on sach of

'th- /sensor cells. The program, DATACE, which performs this

task was written i1n Assembly language so as to achieve the
fast, efficient bit manipulation which 16 necessary if
useful data are to be obtained with this i1nstrumsent.

- THE DATA DISPLAY PROCESS uses the result of the
data acquisit{on process to present the pressure
distribution to the operator. The program DISPLY performs
this task and it was written in BASIC. BASIC conveniently
implements graphics and is nuch/ﬂi-pl.r to modify and debug

than nss;qbly 1anguage.

3.2 The Data Acquisition Process.

»

‘This process can be divided into two phases 3
- DATﬂ READING, which involves the exasination of the status

of the cells and the reading of the air pressure.




UM,

- DATA PROCESSINB, which involves the detection, using
cel]l status d;ta, of cell transitions and the association of
/ ‘ the appropriate air pressure reading with each transition.

'Tuo alternative implementations of this process af-

considered as follows: )
. 3.2.1 Alternative A.

Read and process data, one byte at a time: This seans
that a byte, contaln;nq bit images of the status of eight
cells out of 25&, 1s read and immediately compared with the
most recent, previous, 1mage og the same eight cells 1n
order to detect any cpll transition wh‘lch may have taken

( . place 1in the interval between succeesive examinations., The
To air #ressura 1e 0 read  angd  stored an one memory location,
s

Every time the ADC generatecs an EOC signal, the program, in

r.éponsa to the ensuing nterrupt, updates that memory

location. In this procedure the cellis are scanned for
= possible transitiron events heltween SUCCPSIVEe Dressure
' apaAsSurement s,

Optionally, the air pressure #ay be updategd more
slowly, and . at a non-umfaorm rate, by not using the EQC
interrupt but by programsming a fixed scan cycle loop which
xdentzfaeg cell transitions, %hxs procedure measures
S presﬁu}es 1n response to one or more cell tramsitions which
7have . been detected during a\\agfz cycle. The cell

scangmlasur&ment process continues uhtil the air pressure

l( has decayed to a 'minimum value.
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This solution requires minimum data memory because
pressure measurements are assoriated with cell tranaitions
in real t1me. Cel i transation data are procansed
immedi ateely and thercfore, 31t 15 nnt necesnary tnlatore
successi1ve L1t papn of all ceil %tatns, anly a single cell
trané{fanﬁ preassure mater . 10 requar o,

[

3.2.2 Alterastrue Ir,

Read ant store the matris of 206 cell state bit 1mages

in sucresn; g0 locks of 32 bytena. In thas pracodure each

block ey currespond to s sper r fro, implacit plenum
¥

pressure. Uy the other hand, a pressure reading may be

taken and stored bhefore and after each bloci [Carn. K
certain preseiected humher of block scans may b taken so as
to constitute a complete test cycle betwesn two preselected
extreses of plenum ai1r pressure. After the test cycle 15
completed, these data are postorocessed so as tn assGorate

the 1ndividual cell transition with the appropsriate plenum
pressure. Recall that 1n Alternate A  the éraﬁsur&/cali
transition ' assdciation was carried out In real time.
Alternate B clearly requires far oore memory space, but the
time required to complete a test s much shorter. The data
processing is  done after the test 18 +fimished. it is
smportant te carry out a test cysle as gquickly as possible
1n order to reduce transient effects, 1.e., movement of the

patient and the 1nterval between the detection of a cell

transition and the acguisition of the corresponding pressure

e
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data. ﬂlternatiye B was selected as the moré appropriate
hecause the spurious influence of the transient effects were
considered more critical  than was  the disadvantage of
limited memory test data Etorage.‘ Matice that al ternative B
strikes a compromise between A, 1.e.,s5lowest testing with
minimum memory requared and a third alternative; scanning at
fived time anterval | as described an 2.0 above.e,., fastest

testing with maximum memory requeiresd.

.

ey mw

ST Feoagram Design.
Alternative B acquires rdata first and proceases 1t
Tater. The éystem scans the status of all the cells 400

trmesy;  each, scan  yields 37 hytes of cell transstion data.

The program must complete a scan 1n the shortest time
//"
prasible. A HMotorola 6809 mcrocomputer was used and the

-
-

programe were written 1n Motorola 48B09 Assembly | anguage.
Figure -1 shows a flowchart of program DATACA. The

program  consists of three main parts: the Inmitialization

rnﬁtxna, the Data HReading routine and the Data Processing

routine.

L3

fi. ~Imitializatson Routine. During the i1nitializataion

st age, varxableﬁa pointers and reference values are defined.
FIA 1nterfacres are 1mitializred. The counter 18 reset and
the first S0OC signal 18 sent. Then, the {first pressure
reading 15 taken. If the a:r pressure 35 at 1ts ndinrnal
tritial value, a command to open the output valve is 1asued.

A delay, reqguired to execute this command, completes the

e

g
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INITIALIZATION

JE—

DATA READING

DATA PROCESSING

‘ STOP ;

FIGURE 3-1 FLOWCHART OF PROGRAM DATACY
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(A

START

defins stack,variables,pointers and
references

define PIA oddresses
configure PIA 1 - PIA 2

reset counter
clean fingl toble

send first start of convarsion
order

normal 2

send order to open valve

«

FIBURE 3-2 FLOWCHART OF INITIALIZATION ROUTINE
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initialization stage. JIf the air pressure is not at its
/

naminal initial value, a . mussage, indicating this
mal function condition is printed and the pragram ;lturni
cantrol to the operator.

Figure 3-2 shows a flowchart of the initialization
routine. °

B.-Data Reading Routine. The data reading phase begins
with an SOC signal. The program reads the status of cells

through port A and B of PIA #2. This data is stored 1n the

address given by indexing registér Y and the counter that

controls the multiplexers, shown 1in Figure 2-9, is

incremented. The time required by the cnun;er to i1ncrement
”

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

therefore it 1s not necessary to use a wait loop. The next

two bytes of cell transition data are read and stored
sequentially. This process is repeated 16 times 1n order to
perform a whole scan cycle. Figure 3-3 shows a flowchart of
’lh- data reading routine.

After a complete scan, the air pressure is read and
stored. Indexing register \X contains the air pressure
address. The elapsed time between 1ssuing the SOC signal and
reading the air pressure 19 substantially longer than the
time required for the ADC to make a conversion. The program
issues a new SOC command only after reading and storing all
switch paosition images. Therefore, updated air pressure

data will always be ready and available far storage. The

i
test 15 +finished \uhen the air pressure has been read 400

|
{
!
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read air pressure and store- It

L ]

send 0 new order of start of
conversion

'

read dato byte and store it

send pulse to counter

send order fo close output volve|
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set registers . :
J ' :
' L m’ =8
T
‘ exclusive-or bétween new data byte :
ond previous one . -
yos )
resuit=0? M
rotate right ' u
(
- {
edd 8 to finol load air pressure int
table oddress yes final tabie .
. ‘ ‘ ] i
- i
increment final table address 3
- decrement point
. {
' §
- no ’
. - J yes |
/’l'\.
L4
"o tes :uhd yes

FIBURE 3-4 ' FLOWCHART OF DATA PROCESSING ROUTINE
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times, ﬁ.é., 500 copdigte-scans. At this point, the program
. has sequentially.stored 400 x 32 = 12800 bytes of cell data
aﬁd 400 Pytes of air pressure data. Appendix B cnntains a
> listing of program DATACE.

Not all instructions are exeéﬂted in tﬁe same number of

clock ‘cycles. Typically, a Motorola 6809 has a clock cycle .
of 1 us. ‘Instructians take between 2 and 20 cycles to'be
executed. ﬁ About 1 ms is required to complete an entire
"scan. The time required to carry out the data reading

process corresponding to the determination of pressure

: distribution among 256 cells, is approximately 400 ms.

- 2

C.-Data Processing Routine. After - the data reading

( } process is finished, the program executes the data
» processingC routine, which detects particular cell

xtg;néition: and associates them with the aﬁpropriate
pf;sgure. The principle of this rouf?ne is the comparison
of a given cell ‘data byte with its nexé value, obtained
during the <+following scan. If values Hiffer, it means that
one or more of the eight cells corresponding to that bytg
haye been pperafed. The comparisbn is made through aé
EXCLUSIVE-OR function. Therefore,athis operation bﬁoduces a
" h byte in which the ONE bits correspond to those cells that

have underﬁonc transition during the interval between the

. ) acquisition of the sequential byte pair that was Exclusive-— -

Ored. . .

Figure 3-4 shows a 6lnucharF of the data prucéssing

4 L

routine. The first step is to load the painter, POINT, with’

o ® , ,
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the value epight, the number of bits to be shifted.

Then, the data byte and its next sequential value are
Exclusive-Ored. If the resulting byte 15 ZERO, it means that
there was no change in the status of the cells during the
interval implied by the sequential byte pairs and the
pointers which address bytes 1n the two switch 1mage maps
being compared, are 1i1ncremented. If the resulting byte 1s
ngt ZERO, it means that one or more cells have changed
st%te. To 1i1dentity these cells, the resulting byte is
rof?ted one bit to the right into the carry bit. If this bit
is-” ONE, then the ‘air pressure corresponding to that scan is
loaded 1n the position corresponding to that cell in the
final data table. If the shifted bit is ZERO, then the
pointers are updated. If all the bits have not been tested,
thel next bit is shifted. If all eight bits of the resulting
byte bhave been tested, the process is repeated a; the
program goes on to detéft changes in the next pair of bytes.
When all data bytes have been checked, a final table with
the pressure corresponding to each cell is obtained. Figure

3-5 shows the memory map assigned to this program.
3.3*The Data Displaying Process. ’ . .

The final result of program DATACO is a 236 byte table
of pressure values exerted on each of the 256 sensor cells.
This test record can be stored in a file on diskette.

Subprogram SAVE creates a file with these valuss. A programs

-

®
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F ottt £

poey




listing of this subprogram is included in Apgendix C.

Program DISPLY dicplay? and lists the results of a

- test fi1led by SAVE. The program consists of the following
stages: ‘
-~ Recover the data from the file created by subprogram SAVE
and store 1t 1n an array.
-~ Display the B-bi1t 1nteger ﬁressure values.
- Print the cell number and 1ts pressure,
conver ted %o engineering units.

?xgure 3-6 shows a flowchart of program DISPLY and
Figure 3-7 shows a very simple view of ?he pressure
dastribution. The program laisting is i1ncluded in Appendix D.
More suixtable graphic display procedures are avarlable,
e.g., the routine developed\ by Louis C. Vroomen (11) that
plots a tridimensional wview of the pressure distributaion
exerted on the sensor plate. This routine uses an 1sometric
coordinate representation to i1ndicate the position of the
cells and their pressure value.

This program incorporates a hidden line removal feature
when depicting a "net" of the pressure distribution i1n the
pictorial plane. Coordinates X and Y identify the position
of a cell on the sensor plate and coordinate 7 identifies
the pressure exeréeq on 1t. The program starts with the
‘lowest wvalue of Y, plotting the pressure‘correspondlng tao
all the values of X. .

; Then, the Z coordinates for the next higher ¥ level are

. calculated and compared on a point to point basis with those

ven
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of the previous curve. If the point is visible i.e., current
I larger than previous I, then the X-Z coordinate is

plotted. 1¢f the point 1% :1nvisible, 1.e., current 7 lower

 than previous I, 1t 135 1gnored. As each subsequent slice is

plotted "displaced” according to the ‘selected skew and
elevation angle, with respect to the previous one, the Z
datapoint comparison takes place using two linear sliding
arrays. The displacement i1ndex 1s a function of these

angles, the number of cuts 1n the Y direction and the length

¢

of the ¥ axis.

Figure 3I-B shows graphics ocbtained with this routine

using arbitrary pressure data. A program listing 1s included

in Appendix E. B

13
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CHAPTER 4 EXPERINENTAL, MODEL

a

4.1 Introduction.

In order to’ ‘uulyz. the perforsance of the proposed
systea, a ssall ﬁrotatyp. consisting of 16 cells was built.
A Motorola 6809 aicrocomputer with CRT display, veyboard,
diskette unit, printer and plotter was used. Interface

circuits for the pressure sensor and the sovesent detector,

ey
as well as the manifold required to cohtrol pltnu:.
pressurization, wers also buirlt. Figure 4-1 shows a
_schesatic diagram of the systeas. Air 1% supplied through

an, air regulator. Two solenoid valves control the air flow
finput and output. The output valve pxhausts air to the
atmouphere. A needl e valve provi des an  adjustable
restriction to vary the time constant of the préssure
system. A pressure transducer measures the internal Pressure
of Xhe sensor plenum. A pressure gauge 15 used as a
reference 1nstrumsent. The output si1gnal of the mraﬁsu;e
transducer and the ocutput signal of the mavement detectors
are supplied wvia the interface circurt to the computer

which provides the solenoid valve control signals. Figure

4-2 15 a photograph of the prototype system.
4.2 Model Fabrication.

A machined aluminum prototype, Figure 4-3, mseasuring

3
3
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100x100x30 mam, was  fabricated. The weight of esach sensor
piston is 11.2 g and the whole sensor and plenum assembly
weighs 800 q. The 12.5 mm diameter cell sansing facgs,lin
on a 23 mm square pitch. A small rod, to activate the
movessnt detéétor, protrudes 12.5 mm from the base of ®ach
SENSOr.

Two 0.2 mm thick polythylene films, with sealing
compound applied to both surfaces, were used as gaskets to
control air leakage from the cells. Theé, sensor assembly 1s
a three—layer sandwich, with adjacent layers separated b? a
gasket. Faigure 4-4 .1s a section of this assembly while
Figur- 4-5 shows the corresponding three piston cdmponents.

A loop of plastic f1lm was maintained between th: :nllp to

allow free axial movesent of the pistons.

4.3 Movement Detaector.

Originally, mcroswitches u-r.~iﬁst.ll-d bacause thess

ware considerwed to bc.a simple and obvious way to sense air

~

pressure/contact force equilibrium. However, they required .

a minmimum piston displacement of about O.4 ma and, msore -

/° wmriously, an actuation force of 0.6%9 N.
Very sensitive microsw tches are axpansi ve.
- Optoelectronic - sensors ' cost no more than 1nexpensive

smicroswitches; " about US $3 in 1983. As shown in Figure 4-6

( a : metal shim was attached to the protruding axial rod on

sach piston to occult and expose the optoelectronic sensor.

“




[

L e o

F3

Lo ik

L]

W BT

e gt AL

"

PLASTIC FILM

«

,

FIGURE 4—-4 PRUTUTYPE DIAGRAM BHOWING THE

POSITION



TP S oo mon g0

ST e e W ol S b e e S o a an D e e A SRS B
. ~

e

%

<

-

FIGURE 4-5 |PARTITION OF. A CELL TO ALLOW THE INSTALLATION
'OF THE SEALING FILM ) . ’

T P T Pu - VPN

T P TR T Sy S

Mk Sans A ricss o



UPPER PISTON POSITION

blocked beom L'_

"\v
LOWER PISTON POSITION

9

through the hole

b

-
)

> :F IGURE 4-6 SCHEMATIC DIAGRAM OF THE MOTION DETECTOR

A S

OPERATION - ‘




A

When the ' cell} 16 railsel by air pressure, the thainm plate

blocks the beam from the light emitting diode. When the

cel! moves down, the hole 17 the plate allows the light beam

to turn on *the phototrans: stor.,

The C.splacepment requr~ed to progduce maximum output

voltage 15 simijiar to that regquired to activate the

microswitoches. However , the optoelectronic sensor 1ntroduces
N resistance T motion  and s etiective over a smaller
displ acement.

In general, logic level ONE corresponds to a nom':nal
voltage of S VvV and logic level ZERU corresponds to a nominal
voltage of 7 V. However, the digital i1ntertace used toc read
the output of the movement detector, a FPIA witH 1nput
buffers, reproducibly distinguishes between ONES and ZEROE‘;
at a threshold of about 1.1 V as shown 1n Figure 4-7.

On the other hand, the output signal of the opto-
electronic sensor 1s 10 mv at the upper position of the
cell, level ZERO, and 180 mV at the lower position, level
ONE.

Therefore, an amplifier with a gain of 100 was inserted
between the sensor and the digital interface so that, in the
uppe; position, the output voltage was 1.0 V. With%this
gain, the amplifier output voltage, for a photodetector
output of 100 mv,asaturates to the power supply voltage of

12 V. A zener diode was added to 1limit this output to 5 V.

In this way, the displacement required to detect the

movement of a cell is reduced by a factor of about four.
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The displacement required to detect the sovesent of a cell
nay be adjusted, 1in order to q}r;kn the appropriate
COompr om) Se betweer sensitivity and nolse 1mmunity, by
changing the gain of the ampli1fi1er. Figure 4-8 1s a diagran

of the movement detector circuit.
4.4 Pressure Transducer.

A 20 PSI (138 kPa) full scale Statham, unbonded strain
gage pressure transducer, was u;:d to measure ' the air
“pPressure applied to the sensor cells. The transduter
sensitivity 1g éO uV/kPas/V. An amplifier with a gain of
10B0 was added to obtain the maximum voltage of 5.4 V at a
cell pressure of & PSI: (41 kPa). This was the maximum
requxked to exploit the {u{1 scale range of the ADC. 5.4 V
corresponds to a full scale 8-bit binary output of 255.

{ﬁ Figure 4-9 shows the pressure transducer circuirt and
the amplifier stage. Potentiometer h#l provides zero

~%

adjustment and p?}en{iometer #2 provides offset adjustment.
A \\/
4.5 Solenoid Valve Circuit. N

A 110 Y Skinner solenoid valve, controls air escape

wh

from the cell plenum. A Hamlin HE 721 cao5-10 relay
provides solenoid current to the valves. The relay coil is
supplied tﬁrnugh an_open collector inverter gate, connected

!

to a digital output line of the interface circuit. A
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seacond, air input, solenoid valve 1s controlled sanually.
l.e., during‘-xparin.nts with the sensor ais.nbly the plenum

-
wmas charged mahually and trins:ition mseasurements were done

while pressure was decreasing\ 7&3 solenoid vaive circuit
15 shown 1n Figure 4-10. "

4.6 Interface Circuits.
The 1interface circuits connect the transducer, the

movement detector and the solenoid valve circuit, to the

microcomputer.

4.6.1 Pressure Transducer Interface.

-The amplified pressure transd&cer output signal is an
analog voltage of 0 - 5.4 V. A commercial B8-bit ADC system,
JPC AD-16, converts this voltage into a binary number. The
microcomputer takes.ﬁADC readings via a PIA. This =mall
data acquisition system bas a 16 cpannel multiplexer and

programable gain selection. Figure 4-11 shows_the interface

schematic. §F‘v \\

4.46.2 Movement Detector Interface. 4
The  outpyt of each movement detector is connected

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

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

movement detectors, a 4-bit counter Zelects multiplexer

channels 1i1n blocks of 16. The counter is incremented by a
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PIA output control line which pul ses whenever the PIA inputs
are read by the aicrocosputer. At the bndinn?nq o% a
seasurement cycle, the counter is clcarea. To operate the
16 cell prototype, 1t was not necessary to use the
mul tiplexer because the output 1lines of the 16 movement
detectors were connected directly to the 16 parallel

inpufs of the second PIA.

4.56.3 Solenord Interface.

Solenoxd valvé operation is controlled through another
control 1line, CA2, of PIA 2. Tgis is also shown in Figure
4-11. K

4.7 Calirbration. \ ) -~

¢

The system was calibrated in stages. The first stage
! EP hY o M
consisted of the calibration of the pressure transducer and

its amplifier unit. The ADC was calibrated next. Afterwards,
the movement detectors were adjusted so as to produce an
output signal of 1 V when the cells are raised and a maximum
voltage of S5 V when they are in the lower position.
Finally, an overall system calibration was performed.
4

4.7.1 Pressure Transducer Calibration.

Air pressure was applied through a regulator in
increments of 0.5 PS1 (3.45 kPRa) up to & PSI (41 kPal). . The

average of three voltage readings was plotted against the
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AIR PRESSURE OUTPUT VOLTABE
\ (PSI) (kPa) (V)

0.0 0.0 .

0.5 3.45 0.45
- 1.0 .90, 0.95 .
1.5 - 10.34 1.40
2.0 13.79 1.80
( 2.5 17.24 2.25
| 3.0 20. 48 2.65
i 3.5 28.13 . 3.10
4.0 27.58 3.60
' 4.5 31.03 4.05
| 5.0 34.47 4.55
5.5 37.92 | 4.95
6.0 41.37 , 5.40
\ LINEARITY = —oX. DEVIATION , 100 = —9192- X 100.= 0.93%
MAX. VALUE — 5.4 ‘
S

TABLE 4.1 PRESSURE SENSOR CALIBRATION DATA.
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applied pr-ssurn; Table 4.1 shows the calibration data and
Figure 4-12 shows ihe calibration curve of the pressure

sensor and amplifier. Its-linearity deviation 1s 0.93 %.

4.7.2 ADC Calaibration.

The ADC was calibrated with a variable DC pover
supply. The first step was to find the analog input
voltage that produces the maxaimum binary output, 1.e., 255.
This value 1s 5.4 V. Then, 1ncrements of voltage of 1/16 of
this value, starting from zero, were applied. Table 4.2
shows the calibration data and Figure 4-13 shows the
calibration curve of the ADC. Linearity deviation is 0.78 %.
Then, the pressure transducer and amplifier and the ADC
were calibrated as a unit. Table 4.3 shows this calibration
data which is plotted in Figure 4-14. In’ this case,

linearaity deviation is 1.18 %Z.

4.7.3 Movement Detector Calibration.

This calibration rconsisted of two stages. First, the
positioﬁ‘ of the plates that ﬁ}ack the light begm of ;he
optoelectronic sensor was, mechanically adéusted. Then, the

55311 differences which still remained were corrected by

adjusting the gain of the corresponding amplifier.

4.7.4 Overall Calibration. .
A set of standard waightg, from 50 g to 500 g, were

used to calibrate the system. A problem arose during this

i
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D.C. VOLTAGE A/D CONVERTER OUTPUT

* ow * (Hexadecimal)
0.38 10
0.68 20 :
1.01 30
1.35 3F *
1.69 B aF :
2.03 60 ]
2.36 70 ‘
2.70 80
3.04 L 8F
3.38 ) AO

. .
3.71 AF
4.05 BEO
4.39 ' o CF i
4.73 , DF ‘
5.06 ) EF
5.40 . FF i “
LINEARITY = ——2—— X 100 = 0.78 % ¢ Co : V.
255 . -

n
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output

hex
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AIR PRESSURE °
(PEI) (kPa) Hex

0.5 3.45
1.0 6.90
1.5 10.34
2.0 13.79
2.5~ 17.24
3.0 20.48
3.5 213
( s0 ' zZ7.m ‘,
4.8 31.03
s.0 36.47°
s.5 s7.%2
6.0’ 81.37

IPEN 228 R 2y

LINENREITY = %—f—- X 100 = 1.58 X
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calibration. The pressure transducer signal exibited
excessive noilse levels,

To solve this problem 1t was necessary to minimze the
length of all analog si1gnal conductors and to use shi1elded
wire. A low noise power supply was required and a small
capacirtor ‘uas connected across the pressure transducer
cmtput@ This filter capacitor reduces noise but it also
reduces frequency response. Figure 4-135 shows the effect of
a 220 uF Filter capacitor on the output signal. A 47 uf
capacitance provides an acceptable compromise. Figure 4-16
shows the effect of a 47 uF filter capacitor and the
responae of the movesent detector to four different cell
calibrating loads.

Table 4.4 shows the valuss of forces and pressures
corresponding to the differsnt standard loads. Table 4.3
shows results, the avarage of three hexadecimsal readings,
obtained when the needle valve exhaust rntrictiorf is
adjusted to obtain a tise constant R,C,=50 ms. Measured
pressure versus applied pressure is shown in Figure 4-17.

To obtain the actual pressure value, it is necessary to
apply a calibration factor. Figure 4-17 shows thes curves
for the ideal and real output pressure. The squation for
ideal output pressurs is @

Yy = Kyx ) {49)

whare: x = applisd preassure
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MOTION DETECTUR TO FOUR DIFFERENTY EXTERMNAL
PREBBURES
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APPLIED LOAD EXTERNAL AFPLIED PRESSURE ol
(standard u-iqht-l)

Q kPa PS1 am Hg
30 3.86 0.36 28.96
100 7.72 1.12 57.92
130 11.58 1.68 B4. B8
200 13. 44 2.24 115784
230 19.31 . 2.8 144.80
300 23.17 3.36 173.76
330 27.10 3.93 203.24
400 30.89 4.48 231.68
| 430 34.82 5.03 261.16

300 368. 48 S.61 290,12

Cnl“i Area where pressure is applied = 127 aa®
A

™
L

TABLE 4.4 PRAESUNES EXERTED ON A CELL BY STANDAMRD wEIeHTS.
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WA Mo e S

e

STANDARD WE IGHT

30
100
130

kPa =

LINEARITY DEVIATION =

kFPa

3.85

7.72
11.58 °
15.44
19.31
23.17
27.10
30.89
34.082
38.48

Dec n 41.37

B R & A 2B Q8§

0.3
37.64

MEASURED PRESSURE

X 100 = 0.0 X

TARLE 4.3 OENEMWL CALIDRATION DATA.

1

kPa
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0.

Y2 measured pressure

i

ks ideal slope = 1° .

The equation for the actual output pressure 1s:

v Ya = "B"‘KQH
where: Ka = actual curve slope
B = dirfference hetwesn measured pressure

corresponding to a sinimum appl:ed
pressure and the theoretical value
obtained from the actual curve when
¥ = 0

Then,

Y = %

fa

angd o3

—

Finally,
14 ! (ym+B)
r = - (Ym
Kn

Ka may be ocbtained with two extrese valusss

4

{51)

(52)
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4.8 Tests.

- ] s \ ’
The purpcsee of the following tests is to investigate the

influsnce, on system responee, of the tise constant of ﬂ“
m. systam, thae trigpw distance reguired by the saotion
detactor and the mi’-un;lrm.. Equations 37 and 40
setablish the mathemstical relations betwsen the ssamered
prassurs and these parassters. The friction cosfficiant wids
was M@ohvﬁmlwt&nmﬂ analymis is nob
mtgniifymd therefers ns attenpt muﬁut&":uy;t.

"
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PRESEUNE PRESEUNS PRESSURE
| D

‘, / B
° Pa " s
m e 1.7 3.0
00 7.72 oo 7.8
10 11.38 X 11.73 -
290  13.48 e s
2 19.3 17.08 19.12
30 73.37 .. - 7528
e Z7.10 .43 .08
as0  Jo.m .55, 2. 78
™ e .- Te. 7
20 3In.i 7.8 ».a8

0.0
0.9
0.3
0.13

0.10

r =0 2.

-0. 3%
~0.23%
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4.8.1 Effect of the Variation of the Tise Constant R,C,.

’ The time constant R,C. may be easily modified by
changing the resistancé’ R,. . This resistance depends on the
setting of the needle valve. Four different time constants
ware used and for ®ach case, the set of standard loads from
50 g to 300 g was applied. Table 4.7 lists the results and
Figure 4-18 shows thﬂﬂcorrnlpnﬂding curves.

;Itﬁ was dn-rv.d that ssasured preasure incresases with
increasing tise constant. Equation 48 states that the tise
delay due to the sass acc.i-ration effect increases when the
time 'rcm-tant increases. Howaver, @&s may be ssen from
sguation 35 the wseasured presswre incresases when the tise
constant increases. For pressure values close to the
maximmm, the wifect of time constant variation is sinimal.
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APPLIED
L.OAD

RlC;
<] kPa

%0 .86
100 7.72
11.58
15.44
19.31
23.17
27.10
30.89
‘34.82
3a.48

THE S AT CEY S

1.62

3.80

9.357
13.63
17.20
20.44
24.66
29.04
33.42
36.98

- 91 -

MEASURED PRESSURE

50 ns 100 ms 150 ms

hex kPa hax kPa ‘ hex kPa
OB 1.78 OF 2.43 10 - 2.40
25. 6.00 29 6.65 2B 4.98 ' -
30 9.90 40 10.38 42 10,70 -
S5 13.79 59 14.44°  SA  14.60
& 17.52 70 18.17 72 18.50
86 21.748° B7 21.90 8A 22.29
9E 25.43 .9F 25.80 A0 25.96
Be 29.53  B7 29.48 . B7 29.68°
CF 33.58 CF 33.58 DO 33.74
E8 37.64 E9 37.80 E9 37.80

%

°

TABLE 4.7 PRESSURE WM.UEB FOR DIFFERENT TIME CONSTANTS..

2
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measured pressure
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and according to the simplified expression forr t (Eq.48): .

-

XxK

;
i

(Fattimg) - /——— ——— RyCa /RaC
Po(t)= —--‘-;«-—- - (FatMag) o 77402
and finally:
{
(Fy +ng) \/ XK ! (55)
Polt)= ---‘--K--- e (Fa+Mag)R,C,

4.8.2 Effect of the Variation of the Trigger Distance.
Each prototyps piston can sove a maxisus distance of

approxisately 0.4 mm. The output voltage of the motion

detector depends on the distance moved by the pistén and the
gain of the detector amplifier. When the piston is in its
upper position, the output voltage has a -ini-u-. value.
Nhen the pistdh begins to move down, i.e., during a pressure
dacay test, ths output voltage begins to im;rnu. A zener
diode liaits the nut?ut voltage to S V. When this voltage
reaches appr‘wd-lt.ly\ 1.1 ¥V the interface recognizes this
‘value as a logic ONE. This instant is taken as the instant
of the eotion detector cperation. Thersfore, changing the
gain of the detector asplifier s squivslent to changing the

trigger distance. To enalyze the effect of the trigger
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distance, four different detector amplifier gains were usad.
The sat of standard loads was appliead for each casa. Th.T
tise constant was maintained at 100 ms and a & 'PSI (41 kPa)
maximum air pressure was applied. Results are listed in
Table 4.8 and Figure 4-19 shows the corresponding curves.

It was observed that as the gain decreases, which ssans
that the trigger distance increases, the obtained values of
raw pressure data are decreased in agressent with equation
48.

4.B.3 Effect of the Variatin;\ of the Maxisum Air Prn;.urc.'

} The air pressure was incresased by 16X to 7 psi (48 kPa)
and the sat of standard loads was applied while the pressuras
transducer amplifier gain was saintained constant and
theresfore, the output voltage increased to 6.3 V. Table 4.9

% lists the wvaluss obtained for this condition. It was

# observad that these results are very similar to those

obtained with 6 psi (41 kPa). The saxisum difference is 1

0.32
00 = 0.85 X ’
37.“ ; “

)

This seans that the air prm; valus at the beginning

of & test is nat critical. Gquation S5 esteblishes that the

. mmasured pressure is independent of th.vﬂuuﬁ the aaxisis
air preasure in the cass of d-cavim wwn.




APPLIED MEABURED PRESEURE
PRESSURE gain=120 gain=g2 gain=68 gain=47
9 kPa hax kPa hax kPa hex kPa hax kPa

S0 3.86 0B 1.78 OA 1.62 ©O8 1.30 O0& 0.97
100 7.72 25 6.00° 21 S.335 1F 5.03 1B 4.38
150 11.%8 3D 9.90 38 9.09 33 8.27 32 @.11
200 15.44 35 13.79 S2 13.30 49 11.684 49 11.84
250 19.31 &4C 17.52 68 16.87 HE 15.25 O9C 14.93
300 23.17 86 21.74 B2 21.09 7A 19.79 79 18.43
350 27.10 9E 25.63 99 24.82 94 24.01 O 23.20
400 30.89 B& 29.35 BS 29.36 AF 28.39 AE 28.23
450 34.82 CF 3I3.58 CB 3293 CA 32.77 C9 32.61
S00 38.68 EB 37.64 E& 37.31 37.15 &4 36.99

TABLE 4.8 CALIBRATION BATA FOR DIFPERENST MDTION
O . ‘ DUTECTOR AWPLIFIER GAINS.

L 4
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APPLIED MEASURED PRESSURE
PRESSURE
MAX. AIR PRESS= & PSI MAX. AIR PRESS= 7 PSI
(41 kPa) (48 kPa)
g, kPa hex kPa hex kPa
50 3.86 OB 1.78 OB 1.78
100 7.72 25 6.00 26 6.16
150 11.98 3D %.90 k- 3 10.06
200 15.44 =% 13.79 54 13. 63
2%0 19.31 ‘ &C 17.%2 6A 17.20
300 23.17 86 21.74 as 21.%8
3%0 27.10 € 25.63 9E 2%.63
400 30.89 Bé 29.5%3 B& 29.63
450 3I4.82 CF 33.98 CE 33.42
S00 38.68 EB 37.464 E7 37.48

R;C. = 50 mm.
[4

TABLE 4.9 MEABURED PREBSURE FOR 6 AND 7 PEI (41 AND 48 kPa)
MAXIMM AIR PRESSURE.
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4.7 Analysis of Results.

The system shows a threshold of approximately 1.5 kPa.
For an applied pressure squal to or lessa than this value, -
the air pressure at the end of the time delay is zero.

The air pressure is read by an 8-bit ADC, therefore the -

resplution iss

i = 0.1352 kPa/bit
255

The static sensitivity corrssponds to the slope of the
calibration curve shown in Figure 4-17. This valus msay be

calcul ated using Table 4.5 ass

EB - OB 232 - 11
. tu/kP
3764 C1.78 © 3s.@e & bits/kPa

The system shows a proportional response whan sxternal
pressures are applied to the cells, as chserved in Ll-'igm.u"l 4-

17. Dﬁ:ﬁm from linearity is 0.8%.
the time constant of the pressure systes is

decreased lower valuss of presssure are obtained which is in
agresment with the theoretical analysis. It is cobserved in
Figure 4-~18 that this decresent is amsaller for higher

pressures.




The effect of decreasing the detector’ amplifier gain,
which is eguivalent to increasing the distance required to
trigger the detector, is to decrease the na/uur.d pressure.
This is also in agreesent with the th-or-tiﬁ;i analysis. It
was observed that the decrements ware larger for
intermediate pressures.

A small increase of the initial air pressure (16 %)
applied to the plenum had negligible effect upon the
results. , b

In order to ;iniaiz- the execution tise of a test,
measur t; ware done nply with decrsasing air pressure.
Theoretically, similar results are obtained when the air
pressure 1s increasing, i.e., 1if the plenum is chargad
rather thqn’ exhausted during a seasurement cycle. Extesrnal
load was applisd individually to‘ esach piston. As the
prototype is ssall having only 16 pistons rather than the
full complemsent of 254, it was not practical to sake an
actual test with a patient ssated on the ssnsor plate.

/ '
4.10 Cost Estimation.

Comt for a 2Lbpiston sensor has been gatimated as
follows 1
Material ‘ 4
Aluainum 0.4 x 0.4 X 0.1 Mucscccrsennnsssnncsccnesss100.00
2 solencid valves ($30.00 sach) c.cveecavvccccctnene..60.00

1 &ir pump and aCCOBRBOries. . convrevrccnnsscsnnscessasesB800.00

2

A

3
:
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dy
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&
¥

i
¥
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1 pressure transducer......... femasnn teancanessrenees&00.00
256 optoeleactronic SeNSOrs. . - c.c. v rtscarsrcanssnsrcncnse &£30. 00
Machining
100 hours at $ 30 par hour..... seevsannman waemeassessS000.00

s s e o s S o

TOTAL $ %210.00

1f the sensor is built with commercial seasiconductor
strain gages, then the cost of 236 gages bacomes @

Material

256 bridges ) ‘ $
4 gaguns each at $ 10 par gag®....cccvcecennceeseaas 10240.00

Camanting
30 man-howuwrs at § 30 sach. . ceccccenescncncnncersaess 1800.00

o

TOTAL $ 11740.00

Comt of the microcomputsr systes is similar for both
solutions and it is estimsted to be sbout #3000, including

printer, plotter, CRT terminal, keyboard and dual diskette

drive. |
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CHAPTER 5 CONCLUSIONS
5.1 Summary.
a) The proposed system sxhibits a proportional response

to the external pressure sxerted on the pistons. v
b) The systes has good static characteristics. These

characteristices are the following:

Linearity : 0.8%
Accuraéy s 1%
Resolution : 1352 Pa/bit

Static Sensitivity : &6 bits/kPa

Threshold t 1.5 kPa
c) The data acquisition routine for a 256 piston sensor
takes :-ppruxiut.ly O.4 & and 12 ki'lubytn of RAM memory are
requirsd.
d) The data processing routine for the sasse nusber of
cells takes approximately 1.6 s.
-) The results of the dats processing routine are saved in
a file on disketts by subprogram SAVE.
) The data displaying program DISPLY upes the data in
file created by SAVE to show the pressure distribution and
list the local pressures sxerted on sach piston.
Q) A 2B6-piston msensor has an esstimated cost of $3200
which is msuch less than the cost of a system using
commerci al sesiconductor strain-—gages.
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8.2 Limitations.

i

S

a) It ‘tn nn:my that the contact presaure distributian

remains fairly stationary during esasuresent. The data
acquisition phase of a test lasts about 0.4 .

b) Applisd pressure wsust be norssl to the mwfsce of the
sensor plate, otherwvine the static friction will sosfity the

A

9.3 Recossendations for Future Merk.

I¥ the air_ pressure aspplied to thw pistens mgdh’.

-intviduslly contrelled, then it would be possible to

pragiuce a relieft of presmure at those points of sxcessive
cantact pressuwrs. The systes could work in two eodes; as a
sseswring device and as an ulcer preventing device. In
prophylactic sode, the pistons sust have greater travel in

_erdar to effect the necsssary reduction in local contact

Prosmrs. Mith sslective pressurs relief at proper
murun":@i high local pressurss will be sustained anly
during short pericde, in this way avaiding the ganeration of

ulelrﬁ".

»
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Dynamsic Analysid OF a Cell. Case of Increasing Presssure.

R

The wmsotion eaquation for the pressure INCrease Case is

given by expression 33

d®x (t) dx (t)
APo(t)—F.—Nag = H-— = + K

and the tias of impending action is:

F 2 +iigg
A

Paan (1@ R S )=

- AP g —F 2 —tag
AP e

ety /N, S,

AP s —F 1, i
—ta/Ri:Cs = lagl = )
AP

AP e N

te = R,C, lu“ﬁ....—F.

The distance moved by a particular cell aay be obtained by:

£

TR s, L o il

i

W v e

B s R

FEAL LN T TR




Y
i SRSE— A o - SO e e e i

ST
(1-@— e +e) sR © F nd"x(t) . de (t)
APoan (1-87 % 1€2) —Fa-M=g = dt= dt
Raplacing the value of e %45 ™,C,:
(AP - )(1—e—trm <) nga” L, Kd“‘t’
e Y qu 1S e =

A—

It is observed that the only difference between

g, g1

this

expression and expression 23, which corresponds to the

pressure decay case, is the constant factor APw...—F1-Mxg-

Therefore, the expression for the time to trigger the

motion detector is:

. XK J X, P XK

- + +
AP —F s Mag 4 (AP wmarn—FsMag)™> AP gure—F 3 —Mag

and the cxpre;lian for the pressure iss
&0

- N’_.-;F;—H’O @—t/n

Polt) = Ppouu

]

RaC.
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NAN | BATACE
oPT  Pae

S48 0000004000004 0 8 H 00000000000 NN R BR300
'
DATACE THIS PROGRAN IS SCANNING CONTINUOSLY ¢
THE STATUS OF THE SENSOR PLATE CELLS.*
AFTER A UHOLE CELLS SCANNING, AN AIR ¢
PRESSURE READING (S DONE.
DATA OF SENSOR CELLS IS STORED
. SEGUENTIALLY FRON ADBRESS $0400
T0 ADBRESS 33400
BATA OF AIR PRESSURE 18 STORED
SESUENTIALLY FRON ADDRESS 60200
TO ABDRESS $ 0390
AFTER 400 WMOLE SCANNING, ROUTINE
*DATA PROCESSING" DETECTS WMEN A CELL#
HAS BEEN ACTIVATED AND ABBOCIATE TG o

IT THE CORREPPUNDING AIR PREGSURE. @
&

SRS R0 6000000020003 05000002 E MR R RRNHNDN
&
]
SRR3R0 A MR A NSRS S0 B IS0 SR 00000008

LA B B B B B B N BN BE BN BN B A BN BN N )
LA N

. INITIALIZATION ’
BAES R 0048000004008 508004850000 000880040 050380008008
. »
ORS00 BDOTTON OF THE STACK
M 30 ROBH FOR BTACK Y
0 sTARY INITIAL ABORESSH
' Y
™ VARIABLES, POINTERS AND REFERENCES
. ;
COMT KM ) § OF PAIR OF DYTES TO SCAM
PQINT ANS 1} o OF BITE TO SHIFY
[
IFF  EN 818 ANLOS CHANNEL
[ 3 S8t oFA NIN PRESSUNE TO START
FINAL EBU 83700 FINAL TANLE ADDRERS
[
. PIA ARDRENNES
. -
ML EBN . S80SO T R]
COAL SOV sEON
. NS m L ]
CEBt SN g3
A EN MM PIA 2
CEA2 EB eENt .
M N sEN?
SEB2 EBU MY
[
™ CONFIURE PIS 3
»
CLR  CAal
ELR  Cmei




1
[
¢
i
|
!

LA IR J

STMRT

LOOPt

i".

1

esmewe gqp-o

_CLR

8TA
STA
LDA
sTA

sTA

LA
STA
sTA
CLR
STA
STA
LBA
STA

LB
LBY

cury

(8 1
Ly

LPA
STA

DRAL
04

CRAL
8SFF
sl
8034
CRBI
DUFF
el
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SELECT ANALDS CHANNEL

CONFISURE PIA 2

930
CRA2
CRa2
A2
DR82
834
CRA2
can2
#0100

000

oF L
% A

L L)
Lport
L
00004

SELECT DUFFER PIA 2
CLEAN FINAL Y‘Mit

Finism?

AIR PRESOURE ARDRESS
BATA BYTES ADDAESS

FIRST START OF CONVENSION ORNER

Ch2et
CB2w0 B
CNECK IF CONV. I8 READY
READ AIR PRESSURE

CHECK IF NORWAL
IF YES 80 TO OPEN VALVE

ORDER TO OPEN OUTPUT VALVE

3
Caa2
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¥

MNMQM““M!HOIIGI“’HWOO‘O!'lw"Ml.!ll

Y DATA READING ¢
umnnuuunnunuuun&»nnnnnuunuunuu
]

REPRE LDA DRAL - READ AIR PRESSURE
STA X4 STORE IT
soc -LDA ¥$3C NEW SOC ORDER
TA cre1
LBA 134
TA Cho1
Lba "io SET COUNT
8TA COUNT N
REBATA LDA RA2 READ DATA BYTES
STA Ye STORE 17
Lo 2 o
70 e .
s ¥
§ SEND PULSE TO COUNTER
*
LaA $H3c :
i { ] CrB2 Ch2e=t (PIA 2)
LA "3
st A2 Chis0
M count CHECK LF SCANNING IS CONPLETE
ME  REDATA IF NO; READ NEXT DATA
COPX 090380 CHECK IF TEST IS CONPLETE
L} REPRE IF NO, DD A NENW SCANMING
.
o SEND ORMER TO CLOSE OUTPUT VALVE
14 - .
o C Lk "3s -
. sTA ChA2
»
¢ ;
. ¥
*

”ﬂ“i»mﬁuwnnun“uuunuuuu»uuuuunn
Mo\ N
'y DATA PROCESSING
' o

L T T T Y T Y Y Y Y Y Y Y 7Y YR Y Y TYI T
e

N

8 1 #50200 INITIA ADDRESS OF AIR PRESSURE
< LBY | #50800 INITIAL ADDRESS OF DATA BYTES
Lou 43700 INITIAL ADDRESS OF FINAL TABLE
MYSCT LDA 508 LOAD POINT WITH & BITS TO SMIFY
TA POINT )
LBa WY ACC A MITH DATA BYTE - .
EoRA 31,V EXCLUBIVE OR NITH MEXT BYTE
e ADDEIS IF 0 80 TO UPDATE FINAL ADDR
SHIFT  LIRA IF MOT SHIFT RIGHT ONE 1Y
’s LOPR IF 1 80 TO LOAD PRESSURE
£ 1] Jus JUCRENENT FINAL TABDLE
MNCr BEC POINT CNECK IF ALL BITE ARE SHIFTED

N SHIFT IF NGT 80 TO SHIFT ABAIN
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CNETAD CHPU  SO37FF CHECK 1F LAST ADDR 1B REACHED
T OME CHEDAY IF NOT EQ @0 TO CHECK DATA.

Loy 33700 IF 0 START FIRST ADDR AGAIN
" e INCREMENT PRESSURE ADDR

CHEDAT CNPY 883400 CHECK IF ALL DATA READY
N/ pETECY IF NOT 80 TO DETECT NEXT DYTE
(] )

ADDELIS TST ,Uts UPDATE FINAL TABLE
1 1] slUee A
ST Uss
187 JUee ’
BRA CHETAD 80 TO CHECK LABT ADDRESS

LoPR LDB WX LOAD AIR PRESS IN FINAL TAD .
7D JUe : S
BRA DECR 80 TO CHECK BITS SHIFTED

L - END START
3 , r o -
[}
Y % L
(ﬁ“) b 1
<
& ) = t 2
\
—

- n L
e e e T N -
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v
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.

e
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oPT PAS

[ N
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L R

s-pq

w
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SAVE

SAVE - THIB PROGRAM CREATES A FILE

70 STORE THE RESULY OF PROGRAN
DATACO.THIS FILE IS CALLED DA,DAT
AND IT I8 USED BY THE PROGRAN
DISPLY TO SHON THE CELLS PRESSURE

#0404 .
#0403

SCB3F |

$CH33

#0700

ISITIAL ABDRESS AND SKTUP FCD

-

®w3I7e0
Cce
SETrCH

PENING FCB FIR MRITE

W 2
A o,
v
o v .
™y wey
LA i
" 9, X
. WRITING DATA
L 6,v¢+
™ NS
M . save .
oY ae3TRF
ME. SAVIA
CLOSE  FCB  FOR WRITE e
Lo orcs ) |
L "
78 o, K
Jm e
o sevs
"l
CHECKING ERRONS
Jm PTEm




J%

SAV?

Ave

L B B I O W]

SETFCH
SET!

L LR

-
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LDD 083039

870 ERRNUM

BRA 8AV7

LDD $D409 _
pEQ sAvE

J8R FNSCLS

BNE sAva

LD 083132

81D ERRNUN

anl

SUBROUTINE SETFCB: THIS BUBROUTINE SBET UP
THE FILE SPECIFICATION IN THE FILE CONTROL
BLOCK.

PENE X
LDS TV
CLR 0,2+
DECH

BNE SETI
PULS X

DEFINE NAME AND CXTENBION OF THE FILE

LoD eseiel

sTE 4,

M a2

L eet l
st 3, ‘
L 807

m st

RTS

e 32 J

me 2

o sYmY
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10 AENGSSA000000000403080R0000R0RINISRDRNNNRUREREIDREIRIES

20 RENe PROBRAN DISPLY ]
30 RENs DISPLAY VALUES FROW FILE DA.DAT TO THE CRT. .
40 RENe THEBE VALUES ARE CREATED BY PROGRAN DATACLQ. .
30 RENG THE PROSRAN IS DIVIDED IN THE FOLLOWING PARTS 1 &
60 RENe - OPEN THE FILE, READ THE DATA AND PREPARE CRT @
70 REM TO MORK IN BRAPHICAL NODE. ’ &
80 RENs - DRAM THE VALUES IN ( X,Y ) AXIS WHERE X IS THEe
90 RENs SHITCH (8) DIVIDED IN 16 SETS OF 16 BNITCHES ¢
100 RENe EACH AND Y-AXIS WITH THE PRESSURE VALUE *
110 RENe - PRINT THE SWITCH NUMBER AND THE PRESSURE VALUE®
130 RERe - RESTORE CRT ( OR PLOTTER IF USED ). »

140 RENSESBAEIHSESEGIRISRERNRRERANN IR SR INNRERER SR RERRENS
150 BIN JX(256) ,08(10),C8(27),D8(3)
160 B$=" 0 10 20 30 40 SO"

170 Co="0 32 64 96 1281560192224234" .=
180 RENe

§90 REMe DPEN FILE AND PREPARE VARIABLES TO SUBSEQUENT NORK#

200 REN®

210 OPEN OLD "DATOS.DAT" AS |

220 Kvs0, 1 Jd=0.75 1 [=0.78@

230 INPUT “ENTER ANOUNT OF BNITCHES TO READ...»”pNX

280 1F NY>256 THEN PRINT "RANSE IS BETHENN 1-236..." 3 80T0 230
230 RENe

260 REN® RECOVER DATA FROM FILE DA.DAT IN FLOPPY. ! )
270 RENS

200 FOR KE=§ TO NZ STEP 1

290 INPUT 81,J1(KX)

300 MEXT XX

310 CLOBE |

320 REns

330 RENe  INITIALIZE CRT FOR BRAPHICE MODE ( OR PLOTTER )
340 AENe

350 HTis]

380 CHI=0 1 Iv=0, 1 Yv=0,

370 SO8UD 1120

380 Chin2 t REM NOVE TO (0.5,0.3)

390 1V=.3 1 YVa. 3 1 S08UB 1120

400 Ch1=3 1 REM DRAM LINE TD (7.5,0.9)

410 RENe

420 RENe CREATE VIEWPORT WITH A BQUARE TO DRAN INSIDE .
430 REMe ’

440 Xye1.3 1 YV=0.5 1 SOBUB 1120

430 CIXe2 ' XV=?7.4 ' YV=0.62 1 GOSUB 1120

460 LES="SUITCH NU." 1 LSX=1 s LR=2 ; SOSUS 1300
470 ¥v=?.8 1 YV=0.§ : SOSUB 1120 ’
430 CPi=3 .

90 XVe7.5 1 YVe6.25  SOSUB 1120 N

500 XVs.8 1 YVes. 25 3 BOBUB 1120
310 CIx=2 1t kVe0.8 & YVeb. 28 1 DOBUD 1120
5

$20 LOS="PRESS K~-PA  * 1 LB3si 1 LAXe2 ' BOSUS 1300
m !9'.8 |} m-u m “20  d WS
590-XV0.8 1 YVe0.5 1 00SUB $120

X R

By 1

b R e Sl
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350 Cxsi s o
560 FOR KY=0.8 TO 4.25 BTEP 1,09 o
570 CDx=2 1 XV=0.01 1 YVsKY ) BOSUB 1120 %
$80 D$=NIDS$ (B$,CX,3) P
590 CIaCX+3 i
400 LB$=D$ 1 LS%A=1 t LRA=2 1 BOSUB 1500 §
610 CDX=2 1 XV=0,45 1 YvsKY 1 GOSUB 1120 4
620 CDX=3 1 XV=0.5 : YVeKY 1 BOSUB 1120 q
630 NEXT KY ¥
640 Cisi ‘ p
430 FOR KX=0.8 TO 7.8 STEP 0.82 > ;
460 CDX=2 1 XV=KX 1 YV=0,01 1 GOSUB 1120 \
670 D$=NID$ (C$,C%,3) , g
680 CX=CX+3 i
690 LB8$=D$ 1 LSX=s1 1 LRYs2 1 BOSUB 1500
700 CDX=2 1 XVsKX 1 YVs0,46 1 BOSUB 1120 5
710 CD¥=3 1 XVmKX @ Yvs0.5 1 80SUB 1120 ;
720 NEXT KX ;
730 REM® DISPLAY VALUES WITH RANBE IN Y-AXIS FROM 0 TO 255 #
750 REN# :
760 FOR K%=1 TO NX STEP ! - :
770 IF Ji(=1.50 THEN 790 i
780 JJ=0.75 1 I=140.03 i
790 JIwJi+0.05
800 I=I+0,0238
810 KT=JX(KX)
820 KT=KT/75
830 JFaKT+JJ
840 CBY=2
850 XVsl
860 YVaJ) 1808UB 1120
870 CDYa3
880 XVsl
890 YVsJF t BOSUB 1120
900 NEXT KX

910 CDX=4 1 REM REBTORE CRT

920 XV=i, 1 YV=.0 1 608UB 1120

930 REN#

940 REM® PRINT BWITCH NU., AND PREBSURE VALUE ON PRINTER #
950 REM#

960 OPEN "0.EPBON" A8 0

970 PRINT $0,TAB(10)"SWITCH NU."; TAB(30); "PREBBURE (K-PA) "
980 DIGITS §.2

990 FOR KX=1 7O NX STEP i

1000 KJImjX (KX)#41,3790.9847/255, +1.36

1010 PRINT #0,TABCI3)1KXgTAB(34)1KJ

1020 NEXT KX

1030 CLOSE O

1040 RENe

1050 REM® END OF THE PROBRAM

1060 REN»

1070 BTOP “ o,

1080 REN:
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t 1090 REMe APPENDED SUBROUTINES WHICH ALLOWS TO USE GRAPHICS ¢
1100 REMs IN CRT ( OR PLOTTER ) .
1110 REM®
1120 REM
1130 REN #--C MAIN PLOTTING ROUTINE >--#
1140 REN
1150 IF CDX=0 OR CDX=16 THEN 60TO 1220
1160 IF (CDX<O OR CDX>18) OR (CDIC>4 AND VFICO)1) THEN RETURN
{170 IF CDX>12 THEN ON CDX-12 60T0 1340,1270,1270,1270
1180 IF CD1>8 THEN ON CDX-8 60TD 1380,1390,1270,1270
1190 IF CDX>4 THEN ON CDi-4 60TD 1270,1270,1210,1370
1200 ON CDX 60TO 1210,1270,1270,1360
1210 RETURN
1220 XF=1. 1 YF=i. 1 CA=1. 1 BAs0. 1 XBs0. 1 YBu=O.
1230 XO=XV 1 YO=YV 1 XDsXV 1 YD=YV i VFI=1
1235 POKE HEX ("CS4F®),0
1240 POKE HEX (*CS550") ,HTZ 1 BOSUB 1430
1250 IF HTX=1 THEN CDX=0
1260 XX=0 1 YZ=0 1 BOTO 1340
1270 XD=XV 1 YD=YV .
1280 XX=(XV-XD) /XF LYY= (YV-Y0) /YF
1290 XASCA®XX-BASYY+YB | YA=BASXK+CASYY+YE
1300 ON HIX+1 60TO 1310,1320,1330,1330 ,
1310 XX=Xa/0.01 1 YX=YA/0.01 1 BOTO 1340 ;
1320 XX=XA/0.605 1 YXaYA/0.005 1 6OTO 1340 . i
1330 XX=XA#1024/10. 1 YI=YA#760/7.0 a
1340 POKE CV,CDX 1 DPOKE VX,XX 1 DPOKE VY,YX !
1350 KVZ=USR(1) 1 RETURN ;
1360 VF2s0 1 XZeXV 1 B0TO 1340
1370 XFsXV 1 YFaYV 1 RETURN
1380 CA=KV 1 SA=YV 1 RETURN -
1390 XO=XV 1 YO=YV 1 RETURN
1400 REM
1410 REW #-< SET UP "USR' INFO )-s
1420 REM
1430 CY=PEEK(HEX (*CC2B*)) ¢236+PEEK (HEX ("CC2C"))
1440 POKE CV-2,HEX(*EB*) 1 POKE CV-1,HEX("0C") ”
1430 CV=MEX("C551°) 1 VX=HEX (*C552°) 1 VY=HEX(*C554")
1460 RETURN
1470 REW .
1480 REW ¢--C LETTERING ROUTINE >--#
1490 REM
1500 DPOKE CV,PTR(LSS) y
1510 POKE WEX(°CSS3*) LRI 1 POKE HEX ("C554") ,L81 -
1520 KVZ=USR(4) N
1530 RETURN
1340 REN
1550 REW o--C OBTAIN A POINT FRON THE ‘DITPAQ  >--o
1340 REN

1570 KVI=USR(2)

1380 CVIPEEK(HEX("CS2F®)) 1 XVI=DPEEK(NEX ("C330")) 1 YVI=DPEEK(MEX ("C332%))
1990 IVsiVI#0.003 1 YV=YV180.008

1600 RETURN
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1610 REN
1620 REN #--C CHECK IF IN SYSTEN NENU )>--#
1630 REN

1640 KVI=UBR(3) : NVI=DPEEK (HEX(°C534°))
1650 RETURN

o
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Listing of Program 3-D
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' Progras to gensrate a three-disensional surface
plot of pressure data
}

prograa VIENID (NAINDATA,TENPRUN);

(
{ Systea constants )
)

const
MAXLEN=11.0; MAXPNTE=2000; LOWLIN=-10000; STEP=0.003; Ple=3,14139)

(
( Systea variables )
)

var
NAINDATA,TENPRUN: filw of integery

VIBIBLE: arrayll..BAIPNTE] of integer;
ih arrayl1..300] of real}
irLon arrayli..300] of integer;

CUTFLE,DONE: bool san}

IAKIS,YAXIS,YNES, YPOS, XSCALE , ISCALE , SKEY,
ELEVATION,CEKEW,SBKEN,CELEV ,SELEV, 0K, DY,
IBNIFT ISHIFT PXINC,PLINC,)X,Y, I,

YEPAN, XINX, YINX, XREM. , IREAL ,NAXBLICE,
SINNA N, TINE:real)

FISIZE NUNOFALL 1, IP ITINE ,LENOTH,LOCAT,
INCR,FINAL , INCRENENT , XPNT , YPUT, S POOP , IPASS,

‘ KSLICE,YSLICE ,YPiintager;
PLOTTINGIEVICE DY)

CROSS , ANSWER: char
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~=¢ User functions >--
} .
function PUBSER(A,D,C Drinteger)tinteqer)
external SEBLID;

{

--¢ Initialize plotting device >--
)
procedure PLOTINIT(DEVICEsbyte))
var

(SADDRESE=$C350 )

PLOTTER I byte)
(ISTALK )

bagin
PLOTTERI1=DEVICE
ond) % ‘

{ ‘
-=< Len-lovel pletting reutine >--
)

procedure PMOT(IP, 1, dvintager)

var

Kiintager;

hogin
KyoPUBER(L,1P,1,0)
and) ‘

{ .
~=¢ Procoduce—te plot the “visible' line >
} .
procodurs PLETLINE(Ksrea)l ji1intager))
war

IPrintogery

bogin
IPiedy

while I INAL &0 ,
' o
Linl o ENER)
i¢ IMSTLIICO-999 then

#M! UeORALESSENIPT) /0TEP) 048]
METLIP P  IMIRLY)

o ’ |

gy A——— T I T

"L . e R o
R T S O TR s s -




o S —— -
else .
t‘ IP1e3y
RysieXINY)
osd) )
PLOT(2,XPNT, 2PLOTLLIY)
ond;
t '

-=¢ Draw cross-hatching )-- -
}
precedure PLOTCROES)
var

1diintegery

begin
roset (TENPRUN) 3

writeln( Nusher of nnu-'.lrmnu
for sl to NUNOFALL deo

read (YENPRUN, VISIDLECI));
Is=FIBITE d¢iv XSLICK) iR -
TINXsuXTNKa]y
1:=0.0
" fer ITINEi1=! to XSLICE+1 de
( begin 4
- IPiely YPin0y . .
for lam] te YBLICK d» o '
bogin
LOCAT 1= (I-1) #(ABLICE+1)+ITINE)
if VISIBLELLECATIC)-79Y thes
bugin
IP1a3y
YP1o¥IRINLEILOEAT]; )
TiNs=l-~1) .
EREALs =X X0CALE T HIBAPLING;
00T s =trune { INBAL/ST0P)
od .
sl
# bogin
IPraly
TiMs=i-1)
IREAL » = RS ISCALE+TIARDPLINE )
IMToodrune (DAL /SYRP) )
‘ PLETLEP IPUY , W)
L] '
ond} ,
O _— SasleliNy ' :
L

-, ° . .
i takmt E e M=o . P e em .



B e R R N ..,....: e e A em P ...oa Yape e rrue o ke - -
. . . - 128 -
{ ,
(3 (AR ARR RN AR RE R R R AL NNERL L) i
. ’ .
t MAIN BENERATION SECTION
. ' v

A N RN N R R RN RN RRENRRRRE

" ==C Procedurs to set up m line of 2 dm ym-

)
pracedure l!'m.tl(unntmu

begin
repaat
IaslelNCR)

IREALI=ZDI1I#ISCALE+IBHIFT; ¢
IPLMI 11aetrunc flllm.lﬂ'lﬂ }

uuul IsFINAL)
ond}

{
==¢ Procedure te generate 3 ‘visidle’ line )=

pncmu LINE(Xirealjlsintoger))
( const
MLTA=10) g D)

‘ hagin
while 1OXFINAL do

bogin
lislelngRy
SNEALI=NEXOCALE+IBNIFT)
LOCATistrunc (XREAL /WARSL ICK) 13
IPRTIotFunc (XREAL/STRP);
YPRT1oIPLOTLI)+DELTA}

té mrwmuumn than mm-«m .
oloe VISEILEILBCAT »YPHY; .
RimEelINX
' ond
ondy

L
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s DATA NANDLINE
* .
StupsrsatItssnniee

-={ Bot raw deta ¢roe disk )--
)

v pracedure RANDATA

var .
IydBATA, UHICHONE s integer)
ANSHER: char)

bagin

for Ii=] to FIBLIIE d»
bagin
read (RAINBATA,DATA)
IDLIJ1oBATARO, 008
endy

{
-=¢ Save cress-hatching datas )--
}
pracedure CREGSEIATA;
var

1,3,X81161 snteger; .

segin - )
Ii=ly Jdamyy .
ISIIE »FISIZE div XOLICE)

while I<¢oFIBIZE b ¢
hogin
NUNDPALL ) SIUNFALL *1 g
write (TRNPRUN, IPLETLLY )
disdely 1
J1n{d-1)s)iB1LE
oy

ondy

h Y

- . Baddan Y A - g

[
.

~

e

, o

.
prarywduvialiiet

fh
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==C ot initial info >--
) o

precedurs NAKEUP; -~
var

muulun .

bogin . E

\ repeat
uritu'notuu' davice (8/P)7 "Lirnedin (MBUER) juritelng
until (ANBUER='S’) or (ANSWER=‘#‘);

it ANBUER='S' then PLOTTINGBEVICE:=2 .
elie PLOTTINGIEVICE: =1 -

\

' writeln)
. repeat
( wite('Longth of L-snin? 'um‘imusmmum
: untdl (XMEE)L, 0E-4)) -~ .

et

witelng a ' S
' e s e

write! ' Longth of Y-suis? 'ljresdin(YARIBjeritain}
entil (VAXES>1.08-8))

ORI S

witeln

repoat
write('Nasher of cuts in ¥ Sirection? ‘4 ~
roadin (YBLICE) juriteln) ,

wtil (YSLITEY®); ‘

witelng

rapoat
witel M-Mttlua'? * 3 griadin (CROES) guritelng
ankil (CROSO='Y') or (CROBD='N');.

{f CROBBe'Y’ thea « / .
bagia .

regoat
| weite( ' Nusber of cuts ia te mv ‘Tpresdlni{RBLICE) puritalng
: eatil (IMLICE0)y

od) ‘
( ' witelnm)

sritel'Dhev and slovation m‘! ') proodin NN, ELEVATION) juritelng -

Sk L o N
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until (SKEW>1.08-4) and (ELEVATION>1.08-4)

writelng

repeat
write(‘l l‘l}«!? ‘YyresdinCISCALE) juriteln)
until (Z8CM.E>1.06-4),

(

--{ Set-up sain variables )--
}
precedure SETVARIABLES)

hagin

BY1aYAXIS/YBLICK)

i+ CRUSS="Y' then DX:=XAXIS/XSLICK)
MALBLICE1=XAXIS/FIBILE;

XSCALE2=1,0)

SKENs wSKEWSPT /180,05 ELEVATION:»ELEVATION®P]1/180.0)
SKEI =P1/2. 0-8KEN)

COXEWr=gos (BKEN) | CELEVI=con (ELEVATION) )
SSKENs nuin (BKEN) ; SELEViwein (ELEVATION);

NEBieo~1,0; YPOSi»1.0)
YOPAN: =YPOR-YIER)

FINKL oATIS/FIS1IE)
VML) =YOPAN/ YL ICT)

IHIFYsw0.0; ISHIFT10.0;
PXINC:=BELEVHDY; FLINC: «COKENSDY)

NUNSPALLI=0; IPASSI=0;
LENSTHy = 18118}
F1080L 1 oLENSTN)

KR =t -
CUTPLBsoFALIN; -

“tor 111 te NNEPNTE do VISIILECI}ioLOWLIN ~

A3

.
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begin

rosat (NAINDATA)

road (BAINDATA, FIS11E),

BAKEUP;
SETVARIABLES;

16 CROSS='Y' then rewrite(TENPRUN)

PLOTINIT(PLOTT INGDEVICE) §
PLOT(0,0,0)}

Y1s0.03 IPABS:1=0;
repaat
INCRENENT =1
RANBATA)

CUTFLO =nat (CUTFLS) )
SETALINE(O)

L4 CRDBS="Y' thon CROBEDATA;
INCAENENT 1= INCRENENT +13
IMIFTI=RBUIPTHPIING)
TONIFTsoISRIFT4PIING;
YisYeVINK)

IPMG 1P+, d
uatil (iPARGeYBLICE);

H.ﬂ’ﬂ.'..);
{4 CROOE='Y’ then PLETCRAN;
PLOT(2,6,0)3

ond.
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