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S ABSTRACT ’ ' ®-

The ‘'wequirement, design‘ and’ performance of a microprocessor

-

.s!"r‘ ¢
i ‘\1
f g

cont‘rolled micro-manipulator system are z}lescribed. The ‘system 1s.

designed to minimize the time required to position the microelectrode

"~ and to obtain successful microélectrode measurement from smooth muscle

N

tissue of the gastrointestinal tract. The three dimensional

microprocessor controlled micro—manipulator system is designed using a

LS

Motorola MC6809 microproceBSOr arid assoclated. serial and parallel

intérfacelcircuita. The 'microelectrode position in the "X", "Y" - and
. . ‘ . <~ ! N ' .
"2 directions 1is »congrolled by the three dimensional hydraulit

a . -~

. ) L}

manipulator. The hydraulic link 1s used between the manipulator with
microelectrode holder' and the stepper motor arrangement to overcome
vibration caused by the stepper motors and micrometer arrangement.

- This also isolates the user from the vibration sensitive measurement.
) ?
The displacement produced by the "X", "Y" and "2" stepper motors

produces "proportionally linear displacement of the fluid 1in lthe

hydraulic' chamber which in turn causes proportionat linear poaition

—

change of the microelectrode in the "X", Y and "Z" direction.  The

sg.}em is controlled;by a three dimensional joystick. ‘v
Additional features of’ the system include the control Aof the

’manipulator"via a keyboard, features like automatic.Return to Home

Position, automatic stoppage cf tissue enetration once the minimum

intraCellular threshold voltage is Peached, flexibility in altering the

L

input parameters and a variable .stepper tor stepping rate.

-

. This system 1s intended to aid biomedical research at the

University of ‘Alberta. .Consequently, there 1is an ‘emphasis. on

reliability and ease of operation.

<
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'CHAPTER 1
JINTRODUCTION ;o I

'-Heasureﬂent .of electrical potentials inside living cells 1is

\
-—-——-—‘

accomplished using microelectrodes made from glass capillary tubing
: ghich has - been heated aad pulled-to obtain a capillary which has’ a
diameter of one micron orlleSs. . . The capillary is filled -with three
molar:“?otasaium-chloride solution, KC1, inserted into thé holder and :
cdhnected via a silver-silverchloride'nEllet to a very high . impedance
amplifier [21] The impedance of the microelectrode is of the order of
100 Megaohms. " Using aéprecision three-dimension;l\\manipulator ﬂthe
microelectrode 1s positioned such that it penetrates a\céil\of~ the
tissue »specimen inserted in a nutrient solution in a'tissue_perfu;ioh\\\
system. |

N The degree ‘of ‘difficulty associated : nith obtaining'-'a
microelectrode meaaurement is inversely proportional to ;he size of the
cell upon which measurement is being carried;out. The smaller the cell
“the smaller the fraction of measurements which- are successful. The
~smooth muscle cells of interest in this particular work are“typlcaliy
two to four microns in diameter\and two Hundred microns in length. l'

| The. ”development of a three:dimensional microproceasor controlled

' micro-manipulator system haa ‘been motivated by the need to minimize the

N\ g
time required to successfully position the microelectrode to the desired

'position ‘and . to obtain successful microelectrode measurements '£rom a
.smooth”'iﬁscle _tissue of the gastrointestinal tract. - By cloaely

observing the different types of electrical and mechanical activity and

the conditions under which the activity occurs, insight - into the



L mechanisma and functions of the 3astrointestinal tract may be obtained.\

‘The poaition of the microelectrode in the x 'y "Y and "
directions is controlled by the three ateppet motors. one for each
direction. The Joystick inputs are digitiaed uaing an Analog-Proceaaing
module. The number‘ of gsteps that the stepper motors take and— the
direction of rotation of the stepper motore 'ate determined by  the
'Joystick setting. | ' :

E The three stepper motors are hydtaulically §inked to the threei
dimensional . hydraulically controlled manipulator which poaitions the
microelectrode.<kolder. Any steps taken by the stepper motors will
* produce proportional 1inear displacement of the manipulator in any - or’
all of the three directions.

The stepper motors control algorithm ds such that if t;e number
v,.Of steps to be taken by‘the stepper?notorb are’lgrgg jhe motors will
accelerate/decelerate to within a\few.microds af tﬂ:.desired position
and then rotg%:switﬁ constant velocity for the‘reuaining few microns
[3 41 60] This arrangement will thus Bave Valuable time. The stepper‘
motors control parameters can also be’ entered yia keyboard.

v ) .

N e
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SYSTEM DESCRIPTION —

' The lcoppletef bXock vdiagram of the three dimensional
micropioéessor contrblled‘picro-!;n¥pulgtor system 18 showp in figure
1I.1. 'Thip QaQBtem utilizes open%loop control of stepping motors for

couﬁ:olling the position of the miérdelectrode.k The system consists

of:
(1) A Microcomputer System
(11)‘. Stepper Mptor Control Circui;;y
s(iii) An Analog Processing Module -
»kiv) Keyboard and Display Modules
(v) l - An Output Module" ”

The'microcomputer utilizes a Motorola MC6809 microprocessor working at

IMHez clock frequency. The stepper motor control circuitry consists of

. . . » . h i
Parallel Interface Adaptors (PIAs) and transistor drivers. Each of the

three stepper motors are controlled by'the four output lines on the "B"

.@ide "of ' two Parallel Interface Adaptors. These lines are pulsed in

sequence to - cause the motors to turn either clockwise or

in a counterclockwise direction. The motors speeds are controlled by

;he rate at which the motors are pulsed.

The three stéppef’motpra are connected via precision non~roca5;ﬂg
spindle micrometers to the hydrauliqf controlled thfee éimeﬁsional
maﬁiphlatdr to éontrql the position of the microeleétrode.~‘ With,this
systenm the microelectrode can be_ﬁositioned to ﬁi;hiﬁ 0.5 microns. A
Jofétick.ia used to input position information to the stepper motors.

‘ ) / ,
© Control parameters- can also be input to the system via a 4x4
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i

matrix keyboard. The keyboard is interfaced to the microcomputer via a
Zlkeybpard encoder. The main input functions are:

@) . sexv

THMIN (Miqimum Intercellular Tﬁreshold Potential)
‘1) - pigles 09 ; | .
(111) Set "X"‘position of the microelectrode
(1v) Set "Y" position of the microelectrode
(v) Set "é" position of the microelectrode
(vi) "Home" and "Go" controis‘ |

* (vii) "Enter” and "Clear” facilities

, ; Fa ‘
. ( .
" Keyboard entry enables the user to quickly position the microelecttode
to any desired position. this mdﬁs disables the Joystick control mode

which 1is sed for the fidal ,few: micron"positioning of the
4 . ;

microelectrgde. ’ ‘ . \\\\N

The digplay conSists‘bf four rows of four digits of seven segmen
light emitfingvdiode displays with fixed decimal point. The display is
vconttolled using two Intersil ICM7218 display driyefs. The pa;ameters
normally displayed are:

¢ the "X" position of the nicroelectrode

(11)  the "Y" position of the microelectrode
(111) the "2Z" position of the microelectrode
(iv) - intracellular potential

'Anétherl function of 'fhe system is the monitaring of the
nicroelectrodé signal (potential) via channel ' four qf the analog
processing module. This signal is compared to the set thréshold levels

. and used to sgg’ advancement of tﬁé microelectrode when the required N

signal level is obtained:



CHAPTER I1I
SYSTEM REQUIREMENTS

\;K?quirements . of the. three dimensional microprocessor

g5 ro-manipulator system arg;to perform the control of the

”;;ositiont v,?fhe microelectrode to within 0.5 microns, display the
position of fhe microelectrode in the "X", "Y" and "Z" directions Qithu
re%iability and ease. As the system'is to bé used in the. meéical
laboratory environment, it must be easy to operate, allowing the user to

-

fully concentrate on other aspects of his research. The system design
Bust be such that viSrdtion has minimal effect on'the positiég—of the
microelectrode.‘ It is desirable that the aystém be " as flexible aé
possible, to maximize its possible apblications.

TII.1 MICROCOMPUTER S¥STEM

‘ The central device to the system is required to control and
‘execute the functions of acquiring and processing data, ‘controlling the
three stepper motors and displaying position qf.the micr;électrode in

"X",. "Y" and “Z".directions. The microcomputer can be selected and
constructed to give maximum reliabili;y. Software should be written
with particular attention to efficiéncy and it should be structured to
provide reliability and to provide ease ?f future software expansion.

A  three-dimensional micro-manipulator system based on a.
dedicated microcomputer will be easier to opérat;.'
'III.2 DATA ACQUISITION AND DIQPLAY .

In this system two _types of data must be acquired;f“ Oné type of
data is the sampled analog signal from the "X", "Y" and "Z" controls of
the joystick and the microelectrode amplifier. The other type of data‘

r

consists of precise descriptions of the microeléctrode position,



* .
: 7
®
\\ . g ) ’ A\

A . ,

threshold voltage and other manipulator control parameters. The
_descriptive data nusé be~entet9d By the operator. It is the fungzion"‘
of the Analog Ptoceysing Hodu;e~to-obtain the sampled data f;on 'the
joystick and nicroeleétrode a-plifier.' The system should display the
"X", "Y" and "Z" co-ordinates of the microelectrode. The ﬁaximum
deflection will be 128 mic;ons with a minimal resolution of 0.5 midronh;
Thus, éisplay of the "X", "Y" and "é" co-ordinates will requ;fe four
digits. .-It 1; also requi;ed to monitor . the, micrgelectrode' cgll
. -potent ial. . ;f ‘
I1I1.3 THE OUTPUT MODULE

The output ﬁodule isdg mechanical system consisting of A three-
dimensional manipulator with microelectrode holder and the, stepper
motor interface to a.hydraulic system. This system consists of two
miniature bellows coupled by a fluid fiiled polyethlyenev tube. As
the stepper motor 1né§§hént is 7.50, it is requfre@ that a step
1nctément be cohveé;ed to 0.5 micron displacement‘of the microelecgtode'
attached to the three dimensional nanipﬁlgtgr. Since‘énergizing the ..~
stepper motors- and other mechanical 'de;lcéi will éause é;ceasive
vibration, it is also required thatxany vibratio; Caused by the system
to have no effect on the microélectr&?e position. ‘ N

\

A

III.4 CONTROL :

-

A control device in the three-diﬁ nsional micro-manipulator system

- Q & .
ts required to allow the user to define the operation of the data
acquisition system and the output noduig.' As this device 1s the

interface betwéen the user and the system;\ it should prevent the user

from wmaking incompatible requests, p:ovide\pone guidance when the user

W d

'q._



A

makes an error, and provide an acknowledge when the request is granted.
A keyboard used to control system operation, an& dilpllyl and
beepers used to indicate status, can be mounted on the front pcnel. ;hil

-

C would allow £8r quick and simple system control.
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., _ CHAPTRR IV o L
2 SPECIPICATION o l‘
Once the general functions and requinenenéa of the u‘three.
dinnnlionnl -icro-nnnipnlntor .y.é;. have been consfidered, one can
select or specify the major co-ponéntn or _nperations necessary to
‘realize those requirements. TS '
IV.] * MICROCOMPUTER SYSTEM
As a dedinatéa‘;iz}ocomputer system is required, a microcomputer
based on the Moi;r0131H06809 was chosen. This choice was'baned on the
software development nuﬁsnrt available fo;'thin micronroceasor at the
University. .The most significant factor in making this choice was the
avnilnbility of the Motorolz‘——MC6809 Cross Asnembler. Other
considerations were the availability of the Motorola MC6809 based aistem

b
conponents and a familiarity with this particular procebsor.

\ . ™
IV 2 DATA ACQUISITION AND DISPLAY .

As outlined by the requirements section, the functions ihat must
be performed by this module aré sampling data from the three dimensional
jJoystick and ;he microelectrode amplifier, displaying thexposition of
the nicroelectrode _in the “X", "Y" and "2" plane (X,Y and Z co-
ordinates) with respect to the predetermined neference and monitoring
and displaying the intracellnlar potential.

fThe devices selected for data sanpling are an night bit analng to
’ dinital convertet} eight-to-one analog multiplnxer. connecting the
'joystick ‘inputs, the nicrc’électrode amplifier and. the assoclated

lequence generator circuitry. Tpé multiplexed system is chosen as it 1is

chenper when co-pared to a parallel data acquisition system. The data

- - — -

is nanpled continuoualy and stored in ne-ory for further ptocensing and



— .o .o
control of the stepper motors.
The display system choaenzcono;;tn of seven—segment common anode
- displayy for "X". "Y" and "Z" co-ordjnates cnd the intracellular

potential. Each diaplay consists of four digits as the saximus

b\\*

deflection of the microelectrode is 128 :Eftonn with the reoolution of
0.5 microas. Separate "X", "Y" and "Z" position displays are choqgn to
ensure tyat the microelectrode position in "X“, "Y" and "2" directions
are continuously displayed.
T Iv. 3; THE OUTPYT MODULE

The functions of the output module are to intetface the stepper
motors to the three master bellows, to provide three dimensional motion
.of the microelectrode and to isolate the three di;enaional manipulator

to which the microelectrode is attached from any vibration caused by the

system or external sources. The high precision non-rotating spindle

" N
. e

micrometer arrangement is used to 1ntetfac§ the stepper motor to the
m;ster bellows. This arrangement converts tﬁe’bircular motion of the
stepper. motors to linear displaqgngnt suitable for the control of the
bgllows. The master bellows are attached to the slave bellows which
are 'attaéhed to the three dimensional manipulatot, via a polygthglene
tubing.._'The micrometer resolution and master andﬁ slave bellows
diameters - are chosen to give the required resolution 1in  the
displacement of the microelectrode attached to- the - three dingnaionpl
manipulator.

IV.4 CONTROL - -

A number of control functions are provided to élloy the user to

-
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soecify br manipuiate the:operation of the vthree-dimensional micro—_v
msnipulator Asystem.; The operstor is able to controluthe position of ‘
the microelectrode by entering ‘the . desired positioﬁ inQeither S G &
i or "Z direction via the keyboard. v The Operator 1s also able to alter

. . S

the cell threshold voltage. . The system salso allows the ‘user to cause
the microelectrode to_ return to "Home§ position by depressing ‘the
’i-Home key.. The system also has a built in feature which automatically

vstons the microelectrode' penetration once the microelectrode ‘has
x'"entered .the-’ cell (intracellular potential(cell threshold voltage)
Further penetratidn into the tissue can be@ achievéd by ‘depressing
‘,'Fdfced nPenetration‘E%yf ’ The system aiso has LED displays to indicate

| whether the:system is in joystick mode, keyboard mode, Home _positidn,
vor stsndby position.aﬁgn servising the keyboard mode routine the system'
returns v to * the " stand-by- mode, indicated by flicking LED display,

N Y T
until the "Go"” key is pressed..
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S 2 | 7 CHAPTER V |

| IMPLEMENTATION ' . o

V.1  HARDWARE ’ 7 e
The complete .three dimedaional microprocessor,-icontrolled'
v . S ‘ : . : "“
miCromauipuletor*system consists of: o < : -

(1) The microcompqterh and interface used for softvare
o :

. a
o«

sdevelopment. S e ?

o

o .

: The‘Stepper motor control circuitry. ~
(1i1) The'anelog proceesing module.
i‘(iv) The keyboard input and the'diapla} system.. -
| (v) The output module consistimg of.hﬁdraulic‘imterfece and
precisiom three dimensional manipulator with electrode
 holder. | 'A
. The ‘compiete system is constructed on two circuit boards. The

"

first board contains the microprocessor with its associated integrated

circuitry and the joystick interface. . The second board:contafhs “the

keyboard inteqface, display interface, _stepper métors interface;A the

,microelectrode voltage interface and LED and beeper‘interface.

v.l.l MICROCOMPUTER SYSTEM

n

The - dedicated microcomputer system [21 42,46 62] is baeed on a

Motorola MC6809 microprocessor working at 1MHz clock frequency ‘ ”The _

,block diagram of the microcomputer system is shown in Figure V. 1. * The

microcomputer system board has been wire ~wrapped to -provide high

:compoment deﬁsities,‘ rapid construction and a means to eaeily modify

circuitry. L o : - ; e -5'4%;
To avoid accidental; activation-sever31 control lines on the

Motorola MC6809 microprocebsor‘are-pulled'up 't'o'VCc

through pull- up

T

12
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. . U U INTERFACE TO KEYPAD
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v V' 10 aupuaL 470
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Figure V.1 The Microcomputer System
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resistors as shown in Figure V.2. These lines are MRDY(36), ’NMI(Z),‘
FIRQ(4), IRQ(3), HALT(40), BREQ/DMA(33)" and RESET(37).

| A power ON rese£ circuit is also connécted to khe feset pin. On
power up thé capacitor holds the line low ldng énough for the :esét  to
tgke place. _ ' o -

The reéhlar.inQerrupt line (IRQ) is wire-ored tovfhe AéynChronous
Communication In;e?face‘Adaﬁtofs (ACIA}Q), the Progfammﬁble Timer (PTM)
and the Parallel Interface Adaptors (P1Al and P1A2). _

As xthe Motorola MC6809 microprocessor has no on—chip’-bufférihg;’
all the address, control gnd data lines are buffefed to prbvide. the
required cufrent drivé: ‘SN74L8244 octal buffers aré_used f§rybuffering
address and control lines. - Since the data lines are’ bidirecgional,

J

SN74LS245 - octal bus transcqivers with directional control provided by
Ehe‘R/W“line are used. “ . |

o Ire‘ buffered address linss AlZ-AlS;éﬁﬂ SN74154 4-1ine to 16~line
decoder/deﬁulﬁiplexer ‘are used to bregk'the 64 Kilobytf.address épace
into 4 Kilobyte bilocks. The detailed deco&er circuit ié shown 1in
Figure V.3. | ’ |

o - Two ﬁotbrola Asyﬁchronops Communication Inferface Adaptorp MC6850
(AClA's)l are used to create serial RS—232~C ports originallf'éonneCted
~to the iterminal and a Amdéhl 470 host computer. A AHotérola :MC6809
debug'.monitor program facilitated communiqgtion between the terminal

o

and the host. All software was developed_using the Motorola MC6809

Cross-Aséembler running on the Amdahl 470 computer. The two ports 

¢ . o o

remain on the system to permit future upgrading Or’debugging of the

_softwafe. . The detailed connection of the two Asynchronous -
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Communication lnterface» Adaptors (HOST | and TERMINALI AClA)
"to the microprocessor‘unit‘is shown in Figure V. 4.>$' < h o ~

The system software 1is contained in two, 2 Kilobyte MCM2716
EPROMs connected at address locations $F000 and $F800 respectively.

~ The system random access memory (RAM) consists of two, Z'Kilobyte

x B CMOS 6116 RAMS. These RAMS reside at memory location $D600 and
‘$D800. : The detniled RAM and EPROM circuit connections are shown in
Figure V.5, and Figure V. 6 respectively. _ » |

Two Motorola MC6821 Parallel Interface Adaptorsj(PIAI and ~ PIA2)
are.nsed'to provide universalnmeans of interfacing peripheral eonipment
.to the Motorola Mco809 microprocessing unit. This device is capabfe.ofﬁ
‘interfacing‘ the microprocessing unit,to the’peripherals ;throngh two;
eight-bit bidirectional peripheral data buses and four control 1lines..
. The fnnctional configuration of the Parallel Interface Adaptor is
.programmed by the microprocessor during systenm initialisation. "In this
.microcomputer system the Parallel Interface Adaptor {1 (P1Al) 1is
.connected at-address location $8000 and the Parallel Interface Adaptor ’
2 (PIA2) is connected at address 1ocation $9000. - Parallel Interface
Adaptor 1(PIAY) data lines are programmed to make Port A data lines
PAO—PA3 act as input lines from the 4x4 matrix keyboard and PA4-PA7 to
"act as ontput lines _to the LED displays and resetting the Ianalog
processing module. Port B is programmed to act as Output Port to
control fstepper motors"'“xgrand “YF:\ lgimilarly Parallel Interface
Adaptor -2 (PIA2) data lines are programmed to make Port A to act as
input port to int'plaCe the analog processing module and the Port B to

&

act as Output port to control stepper Motor “Z”‘displays,beepefs and to
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provide a clock interface for the analog-processing-module. Figure V.7
shows the detailed circuitry of the Parallel Intérface Adaptors.

nge system also contains a Motorola Programmable Timer MC6840
(PTM) con;:::;d at address location $E000. The frogtammable Timer has
three 16 bit binary counters, three corresponding contro% registers and
a status register. ‘These ‘counters are under software é;ntrol and are
used to cause aystep interrupts dﬁriﬁg‘sdftwar; a%velopment. Figufe
V.8 shows the detailed Programmable Timer moduie circuitry.
V.1.2 STEPPER MOTOR-CONTROL \‘

fhe"esqential property of the stepping mdzor is its ability to-.
translate switched excitation changes into precisely defined -increments
of rotor position ("steps”).  -.Accurate positioning of the rotor is
géheral}y achieved byq,mgégftic alignment of the iron teeth on the
(@tag}onary and rotating parts of the motor. ' . v

Stepping motors are most often used in posigion control
applicafibﬁ; withéut éxpensive feedback loops. This dri¢§9g method ;s
referred to as open-loop drive [36]. .

Though open loop control 1is an economicglly advantageous driving
method, there are 1limitations. For exiaple the motor becbmes
oscillatory and unstable iﬁ certain apqedmranges and due to this
behavioural characteristic, the speed and acceleration of a stepping
‘motor controlled 4n the open-loopa;gheme cannot be as fast as D.C.
notbrfdriven in feedback control scheme.

V.1.2.1  PERMANENT MAGNET STEPPING MOTORS

A stepping motor using a permanent magnetic in the rotor is

called a permanent magnet (PM) motor. An example of a basic four-phase
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‘ permanent magnet stepping motor is the HURST RAS39134001 7.5° lteppigdaé.

Y

motar used in this system [27].

Ihe HURST permanent magnet stepping motor belongs to the class of -

stepping @otors frequently identified as "can-stack” stepping notora
with eteppi;g angles typically in the range 7.5° to,)O The motor
eonteiﬁs two stacked sets ef toothed stator poles and circular coils
and a 'permanEnt magnet rotor with'ra&ial alternating North and South
poles. The"ndbber of rotor poles ie equal to the number of ‘stator
tgfth in eacgtbet of poles. The stator pole seteleie of?sei by 1/4 of
a poie pitch. With both statér coils energised the rotor will align

itself between the two equal stator f1elds.

A single step of the rotor is the Fesult of a change of magnetic
p01a§1;¥,/62A one}yset.of stator teeth. This change 1in polarity is
brought "about“‘by reversing tﬁe direction of current floQ in the 'coil

associated with those teeth. The retor motion for the aingle'etep with

no load applied is that-of the damped oscillation as shown in Figure

V.9. The damping "characteristic of this _curve may ?e modified by

‘- M e, «edy

frictional and inertial loading and the sequence in which the windings
are energised. 0
V.1.2.2  BIPOLAR AND BIFILAR OPERATION

The term bifilar an&.biﬁolar refer to teo different types of coil

windings that may be used in the stator coils. Bipolar wihdings

5 -

" contain a single coil in each stator half. 'Theisvitching_ circuitry

used to reverse the direction of current flow with this coil is typical
of ‘the full bridge or dual supply type.

Bifilar windings contain two windings in each stator half. When

L o
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they are connected as shown in Figure V.10 the magnetic field may be

\
i

reversed by switching from one winding to the other.\'

<
< N

The bifilar—wound stepper motors are widely used because of drive

circuit simplicity.. :ce the winding volume ° per phaaes of the

.

bifilar~wound_ stepper motor is only half‘that of ‘the bipolhrqwound'u

7
: N \ :
stepper motor, the attainable ampere-turns for .a given input power will

necessarily be lower .for the bifilar wound motor. ° The torque {s

. therefore lower. However it is-only lower in a holding mode or at low

stepping rates. The reason is that'the bipolar coil'with‘its 1arger"

. volume' will also- have a larger time constant (L/R) andx s& , higher

stepping Tates the bipolar-wound motor s fordue will decrease to

. 4

approxinatelywthe;saqe level,as that of the*bifilar-wound motor.

{

V.1 STEPPING SEQUENCE

2.3
% ‘J . ek

\
?he logic sequence required to rotate a bifilar wound permanent—

‘magnet stépper motor 1s shown in Fighre V. 11. In this’ figure ¢1, '¢2,

¢3 and ¢4.represent the four phases of the bifilar.wound stepper motor.

It can be seen that the stepper motor can be rotated in the clockwise

- direction by energizing two of the four phsses at a- time in a

» &

particular _sequence. Reversing' the sequence will cause the stepper
. A : i v

motor. to roifte in the counterclockwise direction.

- V.1.2.4 MICROPROCESSOR CONTROL OF PERMANENT MAGNET STEPPING MOTOR

_ The three HURST RAS3913—001 7. 5° lZV:permanent magnet stepping
motor control circuitry consists of the Parallel Interface Adaptors

(PIAl and PIA2) and the transistor drivers as shown in Eigure v.12.

: Stepper motors ' X and "Y" are controlled by the eight Output lines on

the Port B side of the Parallel Interface Adaptor 1- (PIAl) and stepper
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0

motor "Z" iﬁ controlled by the four output-lines on the Port B side of -
_ the Parallel Interface Adaptor.z (fIAZ). ‘Since the drive capab;iity of
the = Parallel Interface Adaptor ohtput ports 1s in m;lliampefe;J;ﬁly an
additiénal interface stage is required to provide tﬁe neceséary current
drive. ULNZ?GSB,‘High Voltage High Current Darlington Array o{
Irgngigtqrs was cho;en to provide the 1nt¢rfa¢g‘ betwéen ihe diéitqi';
.‘ circuitr; and the 12V stepper motors. The ULN2065B has four- sileérlx
circuits oﬁ a 16 PIN D.i.L;  package as shown in Flgure V.13. To
control - the switching of these Darliﬁgtonjtransistors-fout peripheral
data lines of the Parallel Interface Adaptor MC6821 (PIA) are used.

\ s .

When the peripheral data line -of the PIA is high the -ULN2065B
h Darlington tfﬁnsistor is switched "ON" causing current td.flow~through
'the particular winding. ‘
V.1.3 ANAYOG PROCESSING MODULE |

The .analog processing module is used ;o acquire data fdf‘ the
cogtroi of the three-dimensional manipylator. . The joystick ;nput is

"used for continuous control of the manipulator position in the "X", "Y"

and "Z" directions. The analog interface module consists of:

\ D

/ '

(1)*<Apalog to digital converter AD7574.
fii) Eight-to-ogs énalég mulfiplexé? andlmultiplexer
| contro} circuitry. |
(111) Hold circuit.
(iv) Joystiﬁk . arfangément to give control in the three.

directiouns.

(v) Probe Amplifier. -
Vi ,R
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V.1.3.1 'ANALOG-TO-DIGITAL CONVERTER
| Analog-to-digi:piconverters enploy a vag}e;y of.d1ffefent circuit
techniquesA to implement the conversion function. Of the various
techniques avail;ble the choice depends on the resolution and aﬁeed
 required. '
| The AD7574 low cost 8-bit micropéocessortcompatible Analog- to-
Digital Convertefj used in this system uses the‘— successive
‘apprpximatibns technique to’ provide an 8 bit parallel digital output.
~ The control;Jlogic__wag designed to provide easy interface to mosf

microprocessors. Figure V.14 shows the AD7574 analog-to-digital

converter functional diagram [5].‘ Ubon receipt of the start command

via;E;-or E; pins{. BUSY gqes low indicating conversiog is in ﬁtogress.'
Successive bits starting Gith the most significant bit (MSB) are
applied .go the 1input of the digital-to;gnalog 'cqgvep;er DAC. fhg
comparator determines whether the #ldition of each -suq;eaéive bic
‘ caﬁses the digiféi-to—analog cbnvgrter.output to be greater thgn or
lesé than the®analog input AIN' -
the trial bit is left ON and the next smaller

If the sum of the digital-to- analog

. bits 1is less than AIN"

bit 1s tried. If the sum is‘greater than Apys the trial bit . is turned
OFF and the next smaller bit is tried. Each successively smaller bit

is tried and comparéq to A, in this mdnner until the lowest

IN
significant bit (LSB) decision has been made. At this time BUSY goes

high indicating the successive approximatioﬁ register_contéins-a valid
<?représeptation‘ ﬁf the énalog 1ngut., The E; cont;ol can thep be
exercised to activate the three state buffers placing data.on:DBO.-DB7
déta output liﬁes. aa |
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Figure V.14 AD7574 Analog-to-Digital Converter

Functional Diagram
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V.1.3.2 EIGHT-TO-ONE ANALOG HULIIPLEXER

Analog multiplexers are the’citcu;ts that time share an analog-
to-digital convertgr among a number pf diffetent analog channels.
Since the analog~to-digital converter 1s»thg most expensive element in
the data acquisition system, -multiplexing analog inputs to the analog-
‘to-digital converter (ADC) 18 an economical approach. Usually tﬁé
analog multiplexer operates into the sample-and—hold\ circuit which
holds the requiied analog voltage long enough for the analog-tb—digital
converter (ADC) to complete conversion.

e The analog multiplexer used in this system 18 a eight-to-one
MClAO?IB multiplexer. This mu%tiplexer consists of én array of
parallel electronic éwitches connected to a common output line. Only
one switch is turned on at a time. The multiplexer also‘contains a
decoder | circuig; which decodes a binary input word and turns on an
appropriate switch.

* The timing of the'analog channel switching is controlled by the
programme sequencer. The Iprogramme(sequencer is controlled by the
microcomputer module via Parallel Interface Adaptor 2 (PIAé) data line
PBS5. Q |
V.1.3.3 JOYSTICK INTERFACE TO THE MICROCOMPUTER SYSTEM

.The_ detailed.'ciréuitv arrangement of the three dimensional
jOystick interface to the microcomputer system is shown in Figure v.15.
The complete circuit. is wire-wrapped on the~ same boafd as the
microcomputer module with the exceptién of the m;croelectfode interface
amplifier which is wire-wrapped on the seéond.b§ard. The gnalog—to-

digital converter (ADC) is the main element whic@?interfaces the analog

.
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signals/circuits to the hicroconputer system. The analogrto-digital

conv;}ter (ADC) AD7574 1s connected in the Read Only“ﬁenOty (ROM) mod
in this system. Figure V.16 and Figure V.17 éhov the"tguth table and
the timing“rquitements for interfacing the analog-to-g}gitaliconVetter
(ADC) like a Read Only Memory (ROM).

In this mode Csbis held low and the analog-to-digital converter

- (ADC) operation is contro;}ed by E; input. The E; line 18 connected to
the control line CA2 and the 3::; line is connected to the control line
CAliof the Parallel Interfaca;Adaﬁtgr 2 (PIA2). The control line CA2
is wused in a lﬁ:el (mahuail\outpuc mode to.provide an active low start
‘conversion pulse of sufficient length. The ;onversion'ia aufomatically\

restarted when ﬁ; returns high. 3
? The data is read whén>§; is low. Attempting a data read before
ﬁﬁ;; 18 high will result in incorrect data being read.
The advantage of Read Only Memory (R0§) mode 1is its simplicity.
The major disadvantage is that the data obtained is telativgiy poorly
defined in time in askguch as executing-a data read automatically
starts a new conversion. The problem is overcome by executing two
Reads separated by a delay and using only the data obtained from the
second read.
The analog section of the analog-to-digital converter (ADC) 130
connected in an unipolar operating mode. Epe Binary Offset (ﬁops) and

Analog In (AIN) pins are connected together. The v i8s connected to

ref
-5V reference. This mode enables positive input signals of up to' 5V
. to be applied and praducé an unsigned binary output.

Each channel is selected by applying a pulse to clock thg cggnter



37

ot

/

et

AD7574 -
. OPERAT!
INPUTS ~ OUTPUTS - ONS
CS RD BUSY DB7-DBO 1
L% H |[HGH Z>DATA DATA READ

| RESET AND START
L 4 L |DATA->-HIGH Z | NEW CONVERSION

NO EFFECT. .

L £ L || HeHZ CONVERTER BUSY
- - NOT ALLOWED, CAUSES
L § L HIGH Z INCORRECT CONVERSION

t
i

FPigure V.16 AD7574 ADC ROM Mode Truth Table

»
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"necegsary to. control the potentiometer over the :ull‘reBQQtance

‘with a mechanical linkage having a ;54 gear ratio

gt potentiometer enables 8

ﬂmotoi.v Wire w0und potentiome ers ape used for better accuracy.

'via the Parallel Interface Adaptor 2 (PIAZ) data line PBS. Ihe outputs

of the counter ‘are connected to the control inputs of the .analog v
multiplexer The selected channel signal Js digitised by the analog—to—'

digital converter and stored in memory locations NUMBXB " (x ;,ﬂffer)"'

"NUMBYB (Y Buffer), NUMBZB, (Z Buffer) and NUMBVT (VTH Buffer).

'V.1.3 4  THREE DIHENSIONAL JOYSTICK DESIGN

" The three dimensional joystick was designed@to enable the control

J :

“of microelectrodes in the X-Y—Z plane. Two, wire wound 5 kilo—ohms-

‘4

“potentiometer were mounted at 90° to each other to give control in the

s

, “X-Y‘ plane. To control the microelectrode over +f64 microns it was ...

S

ﬂpnge‘ﬂ';

‘, possible to control tHe X—Y potentiometer over the full 300 range thus

e

giving 256 digitised levels for the cgptrol of the stepper motors

w The potentiometer us

is a ten turn?: wire-wound -his multi—turn

ry accurate control of the ' Z stepper

i
4

‘ ;a, lxiother feature of . this three~dimenaional joystick is the non-

self centering nature. of. the joystiék " This feature prevents the "xX"

g 4

}and Ty" motors returning to its initial poéition after each setting of

S 4._
Vthe joystick. ‘ The pressure plate provides not , only the non-self

g%yppér motor



Vil.4 KEYBOARD INPUT AND DISPLKY SYSTEM

centering featurejbut also acts as top cover, thus preventing dust from

| getting inside thus clogging-the morement‘of the mechanical parts.

In the actual experimental situation the microelectrode is
positioned in ‘the X-Y -plane first and then any movementv.of the

microelectrode in the “2" direction takes place. The X-Y potentiometers

- were- coupled to' the joystick and the multi-turn "Z" potentiometer was

. e :
mounted on the side wall of the. joystick arrangement. The three

potentiometers were., wired in parallel across the regulated ) voltsfﬂ

supply with their variable “terminals as inputs to the analogf‘

o, .

: multiplexer. The three-dimensional jqu‘ﬁck was electrically connected‘

\‘

'to the microcomputer system via -a RCA plug and socket arrangement.
A detailed three—dimensional joystick drawing ia shown in Flgure

© V.18, %

V.1.3:5  PROBE AMPLIFIER

~An interesting‘cheracteristic of a cell‘isvthat it hae a voltage"

gradient'acrOBS the»cell wall. The differeuce between the inside and
the outside of the cell wall is in millivolts, the exact value depends

on the - cell type.‘ The minimum potential is’ approximately -100

;'millivolte. A UA741 operational amplifier in inverting mode with a

\

'vgain of 19. 5 is used. The potential scalednto 0- 5 volts 4g fed 1into

f 2

-one channel of the MCIAQQIB multipquer. The detailed eircult

. 1 TR
arrangement"is shbwn in Figuregv 19 :
1

The keyboard aoftware is under Interrupt control and is usa& to"

3 - !

enter valuee/of displacement of the_manipulator‘in the X", "vaand 'z

direétione; alter 'values of maximum‘threehold voltages,-'enable the

’
’
'8

o

P



o

1013uU00 A — M8JA 3PTS

T =
o
FEn
s - ,
HR\
7 >
e b 4
T,
. <
x
- 3
& g .
e .
= d B

S . R ma1A uelg

.

}OFI8Aof TBUOTSUAWEQ 921yl §T° A 21nSTi

1013U00 Z

a3e|

A

J013U0D X — MIFA U0y

'10d

L

anssgaad




l 2.7Ki12

' PROBE AMPL IFIER

42

14 MUX X

MCI1741
27K T

Figure V.19 Probe Vbltgge Amplifier

o

4

N
Ve
3



’ , ‘
‘manipdletor“to retdrﬁ:to "home"‘poeition;(
' The keyboard idterface coneists'ofi
(4) - An QM74C922 16 key engoder{
(11) A 4xé matrix keyboard.
V.l.4.l  THE MMT4C922 16 KEY ENCODER |
This CMOS- key 'eﬁeodet provides all neceseery ngic‘ to _fully
encode an array of SPST ewiteheeq The keyboard Bceo‘can belimpleeented
by an external clock or extereal ceoacitot.‘ _This eecoder also has od—r
chip pull up devices which permit up to 50K "ON" resistance to be
used. The internal de:bounce circuit needs only a 81;:1e ‘external
eapacitor. The data available output line goes to a high level when
a valid keyboard entry has been made. The data available returns to a
3 e .
low ;evel ‘wbén the entered keyjis released, even(if another key 1is ‘
'depressed.‘b'The data available will return to high level to 1indicate
acCeptaoce of the new key after tbe normal de-bounce beriod; this two:
kkey roll-over ie—provided between any two keys. The internal registerd

‘temembers'thevlast key pressed even after the key is released. Figure

V.20 and Figure V.21 show the block diagram of the MC74C922 16 ~key

L 4

encoder and timing waveforms [52].
V.l.ba2 »'mmmmmz
-The detailed circuit diagram of ‘the keyboard 1nterface is shown
intFigure V.22, | The MM740922';ey encoder interface is wire—wrapped on
the interface board with 1uP and O.1pF external capacitors cohbeeted
between ground, and KBN and OSC pins respectively. This arrangemedt.

enables the keyboardlentry to operate-in asynchronous data entry mode.'

The 5M74C922 key encoder is interfaced to the microcomputer. system yief
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Parallel Interface Adaptor 1 (PIAl).
V.1.4.3 " DISPLAY SYSTEM

The diapiay system consists of ‘

© (1) An Intersil ICM7218A series CMOS Universal LED
drivef gystem., ‘
(11) 16 MAN6760C seven segment common angdé displays.

V.1.4.3.1 THE INTERSIL ICM7218A SERIES CMOS UNIVERSAL LED DRIVER

The ICM7218A series CMOS Universal.Lébfdr;ver system provides, in
a single package, all the circuitry necessari to interface the Motorola
MC6809 microcomﬁuter ;&stem to a LED display. Included on.the chip is
ann 8x8 static ‘memofy array providing' storage for thé displayed
informatioﬁ, two types of seven segment decoders, all the multiplex
scan circuitry and the high power digit and segmént drivers.
| The ICM7218A i;-iﬁtenddh to be used primarily in a microprocessor
- system. Data is read directly from the 1/0 bus of the microcomputer
system. Two control lines, WRIIE and MODE define chip select, whichvv
results in the rgading of either four bits of control infofmation (data
coming, ;3GE53;;,' decoder, Hexadecimal or Code B decoding) or eight
bits of display input data. Display input data (8 wotds; 8 bité each)
is automatically sequenced into the memory on successive negative going.
iﬁffi. ﬁulses. Data' may-bé displayed either directly or decoded in
Hex&decimal or Code B formats. Figure V.2§.and figﬁre V.24 show the

block diagram and control input definitions for the ICM7218A series

CMOS Universal eight digit LED driver [28].

The ICM7218A series CMOS LED driver has three input data formats,

" namely:

™y,
g,



-

8 4 CONTROL VP

MODE

WRITE

i_lx lx

1D4~ID7
INPUT ADDRESS .
ID0-1D7
, : SRUTDOWN .
CONTROL LOGIC
. _
A
8x8 . WRITE READ
STATIC RAM AND
° - DIGIT MUX
1 i v
'T_‘——-
)
7 |
HEXADECIMAL MLTIPLEX
> CODEB 7 OSCILLATOR
DECODER
7
A \:
1
DECODE 1
L D.P INTERDIGIT
NO DECODE BLANKING
7
1 3 3 v
8 SEGMENT 8 DICIT
DRIVERS  DRIVER

figure V.23. ICM7218A LED driver block diagram
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Input Terminal Voltage " Function

uﬁigh Input not Iéaded into memory
Write 8
Low Input loaded into memory
.o ’ High Load control word on write pulse
Mode 9 : .
Low Load input data on write pulse
. - High Hexadecimal decoding
1D6 5 ,
: Low Code B
T High No decode
ID5 6 ;
Low . Decode
. ‘High . Data coming
ID7 L7 :
' Low No data coming
~High Normal operation
IDs - 10,
Low Shutdown mode
11,12,13 High Load's "1"
Input Data 14,5,6,10 -
1D0-1D7 7 - Low . Load's "0"

-

‘ ' . -
. ﬂ!gure V.24 ICM7218A Control Input Definition
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(1) No-decode - the inputs directly control the outputs.
(11) Hexadecimal decoding.
(111) Code B decoding.

V.1.4.3.2 DISPLAY INTERFACE

-

The sixteen, seven segment cbmmon-anode displays are interfaced
# - «
to the microcomputer system via two ICM7218A driver systems and the
‘ .
Parallel Interfacek Adaptor 2 (PIK2) as shown in Figure V.25. The

control instructions are read from the input bus lines if MODE is high

and WRITE 1s low. 3 structions occur on four 1lines and are
decode/no-décode typé of d (if>§eaired), shutdown/ﬂo shutdawn and
data coming/not coming. After the cqntrolvinatruction has been read
(with the data coming instruction) display data can be written inté .
memoéy —;ith each following negative going tranaitioﬁ of wWriIte, mode
being low. Eight memory address locations in the 8x8 static memory are

& . .
automatically sequenced on each successive WRITE pulse. After eight

WRITE pulses\have occurred, further pulses are 1gpored and the display
interface returns to normal display operation until a new control word
is transferred. It is not possible to change. for example digit #7 ;nly‘
without refreshing the data for all the othgr‘ digitg. Figure V.26
shows the ICM7218A chip address aéquence. |
V.1.5 THE OUTPUT MODULE
The output modu;elconsists of: -
(;) The Steﬁper Motar Interface to the hydraulic system.
(11) The Hydraulic system.
(111) The three-dimensional hydraulic controlledglanipulator Qk)
with electrode holdet. o %b?-a
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. V.1.5.1  THE STEPPER MOTOR INTERPACE TO HYDRAULIC SYSTEM

The ' three stepper motdrs "X", 79"’ad "z" are 1liuked tov‘the‘
hydraulicv system via three high precision ‘non-rotating spindle |

micrometers. This arrangement enables ‘the circular motion of the'

o
stepper motors to be converted to the linear motion. - The micrometers,

. .-‘,;v

'used in the Syatem are 0. 5mm linear displacement per revold"on non-

wee
o

vrotating spindle micrometers. This means that 48 steps of the stepper
Jmotor: (the 7:5° step angle gives 360/7 5° steps/revolution) will giVe

0. Smm linear displacement of . the micrometer.

The maximum number of steps that the stepper motor can take isp

-determined by the analog-to-digital converter used in . theo system.‘
_ Since the’ system uses AD7S74 8-bit converter the maximum number of

«devels available‘ia 256.h Thus for both-positivevand negative rotation

<

the meximum number of step -ft iiSQr ' N L e
:.Ihuo makimumhlinear mot}on of the micrometer

-+ g x ol

= + 1.33 mm.

- r‘,’v E . L]

The - mechanical +details of the stepper motor interface to the

hydraulic gystem is shown in Figure V 27.

o

'V.I.5.2  THEHYDRAULIC SYSTEM

R 'hydraulic aystem was chosen : '”//finterface‘ 'stepper

,motors/mﬁcrometers arrangementa and- the three dimensional manipulator.

W) to provide sub-micron diSplacement of the microelectrode in

. the{3x", Y and: z" directions'for,everycstep‘taken by,the"
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' per revolution.

'micrometer of 1inear motion. o
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ostepper motors, and

b

(ii) to isolate the microelectrode from any vibration caused by

‘the stepper motors/micrometerg arrangements .and/or the
i .

experimenter.

-~ Vel.5.2.1 HYDRAULIC SYSTEM CALCULATION .

The stepper motors selected for the tﬁree dimensional

' microprocessor controlled micro-manipulator system are Hurst RAS 3913—g
| '“001, 7.50, ‘12 " volts type. * The choice was dependent'on the -torque v

‘requirements and"the;cost. These motors give 48 steps mer revolution.

The micrometers used in tHE system are non-rotating spindle high

vy -

precision micrometers. | These micrometers give 0. Smm linear movement’

)
4 ’

Since the stepper motors are diréctly coupledrto the‘micrometers,v

]

48 steps of the stepper: motor will cause 0 Smm of linear motion of the

“t,’micrometer or single step of the stepper motor will give ( 48)mm = 10.4 -

N e R : L
The system uses an 8-bit analog to digital converter.; Therefore -

the total number of digitised levels available to step the motors in’

v

' either clockwise or counterclogkwise direction = 256

. l
The + 128 step qr +128 steps configuration is used to ensure the

rotatﬁon of the motor in both directions.--

( L

~ Number ‘of revo utions_ oﬁktheﬁstepper motor ‘in the clockwise

'direction = +'$%% reve.e.

‘-t 2.67-reyolution ' SEREER N o
L ‘ A ' N
0 (2.67x0.5)mn = +1.33mm maximum linear motion at

This 18 equivalent t

the motor end.  [Similarly the maximum 1inear motion in. the



‘-, where "d" 1s the mean diameter of the master bellow.

" . . . + B B .
1 : . B . e e
¥ N

| couuterclockwise‘directlon-at‘the motor end = -l. 33mm; xS
The miniature bellows chosen for the hydraulic system hézep the -
following specification [64] - {'T ? |

Master Bellow . : l;
Inside Diameter @ = "0.15 1nches‘
Outside Diameter = 0.25 inches ' bgl , | ég?
‘Number of.Comvolutlogs = 25 : : | %f' ﬁy"k
Length : = 0.75 inches ;% '

Slave Bellow - | . S R ;i
Inside Diameter = 0.7p inches ”

. dutside‘Diameter' = 1.0 inches ' R
'Number'of_Convolution = 10 | |

Length o= 0. 75 tnches

The major factor determining the choice of the bellows was the
a".

‘ ‘ o
cost. B T

Referringﬁ to Figure V.28, ' assuming that the master;bellows 18

compressed bw?an amount = 2 m

=

.~ Therefore: Volume of fluid displaced from the mester bellow = %-dz

Since the arrangement 1s a8 closed hydraulic system, the volume of .
fluid displhced from the master bellows should cause an equivalent.
'expansion of the slave bellows. | . -
‘l.e. - Volume of-fluid.displaced from the master bellows = Volume

of fluid accepted by thelslave bellows, or
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where "D" 1s the mean diametér of the slave bellow and. "L" is the

¢ -
displacement of the free end of the slave bellows.

From-above:

or
Lo nH?

Mean diameter of the master bellows = (.2 inclies

‘Meam—dtameter of the slave bellows = 0.875 inches

This gives:

19.14 S,

J-

EN

: Therefore ~ one complete revolution of the micrometer will cause'

0.5

_ (19 1% )mm or 26.1 microns linear motion of the slave bellows per‘

Linear motion of the slave bellows per step of the stepper motor .

revolution of the stepper motor.

o
Tge

’ 26;1 ﬂ,»’\ . o
- T e

= 0.544 microns

.2 VIBRATION ANALYSIS o o

e test table was isolated from%&he vibrating motion of buildingg

structures and vibr&ting floors byxusing compressed air balls to give

lgw motion‘tréusmissi%ility ‘a8 shown in Figure v. 29.

‘

»&
: :_,d

= ~..The thrbe dtgensionsl manipulator was set up on this. table with

at
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the rest of the equipmedt set on a separate table. This arranégﬁ%ét_

ensures  that the vibration of the m@s;oélectréde dué to tﬁé. sﬁepping

motqrs/ﬁicrome;ete arrangement an& thé-exﬁg;imenter is kept ﬁo the

miﬁimum. In this analysis it 1s assumed that the vibrating motion of

the building structures and vibrating flo;rs have no effect on the
"microelectrode. f The effect of the manipulator mass and the damping
~ force -on microelectrodé vibration are cénéidered'in\this analySiQ:

. An? system in which masses are coupled by non—rigid:members are
capable of vibrating. If the dystém;!é disturbed for‘a fixed duration
it will continue to Qibra}e“aftér'épe diéturbance has been removed.
vSuch.a vibf;tion 13 descp;b;q as "free”rvibrqtion. In practice no such
systenm -éxiéts 'since,forces which‘qpppse.the ﬁdtion, usually called
””dampihg" pi ”dissipative" forces‘capsg the'vibration to’decay'to zéro.
Additionally, fo:ces?which'teﬁd té cause or'to-inéreagé‘the vibration,
usually are cailed'distutbi;g forces, may tend io act as well. |

Damping’ fofqes in a meéhani¢a1 system caﬁ arise .from nuderéus
_.sources. Mogt commpnTof these forces Qrg:

(1) - hysteresis in solid materials, .

. ~»

(11). | resistdﬁcé duerto motion of fluid which ﬁay be called

Ca
Y g

fluid dampins. and B }; L ’

en ;d:y material which may be calledf

o * u‘-'.( ﬁc ) iz .
‘manipulator can be considered as shown<1n Figurg {. 30.\ The~damp1ng is -

Y

,nd also it 1é
[

o
5

2 * A o - [
U . e L . L o
2o T Ty

e w



Test Table
( ) - 4(»ji1_ Compressed Alr
o Balls :
{
flpor .
. C 2

'

Figure V.29 Test Table Arrangement .

[ L [ /
Bellow
Spring
Stiffness J--
=== Dashpot

Equilibrium Position

mass m

figure V.30 Representation of a Three-Dimensional
Manipulator in Any One Plane With Viscous
Damping (Hydraulic System) ~

.
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assumed - that only guided vertical motion 1is petmitted. It 1is a&lso
assuped in this analysis that the positive direction ‘of the x-axia is,

upwards.  Let the mass of the platform be "m ;‘ the stiffness of the’

bellow spring be "A" and the damping constant of the fluid damping '

system be "f". Let the mass be displaced from its equilibrium position

~and at some subsequent time let the displacement and velocity:of the
mass be "+x" and "+x" respectiQely. - At this instant then the forces

" \ ¢

acting the mass "m" are as shown in Figure V.3l. .
The gravitional gfrce | - | ‘~mg ,

The total force due to Spring = | +(mg—k;)-

Thefforce due to the damping

system ’ - -fx

Therefore, the net force on mass "m" ™ - fx-Ax ;

From Newton's Secon'g?e% of motion we can write

3
o

- '\

§+%x+?\- | (1)

and ig also known that

v@i\-

A 2

— - w

n n
. :
where w,oo- natural radiancy ©f an undamped system
This gives | 5 “&éﬂﬁz*’

r+fi+vw=0 (2)
m ., n ‘ o

A
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L /L 4 [ 1/

5
\

e (g ’ [

£x

Equilibrium Position

mg

Figure V.31 Spring-ﬁass System With Damping
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. )
The solution of -this second order differential equation will be

of the form x = Ae“t, ‘which when substituted in the above equation
. . //'
gives ‘
”
1] ‘ 2 _
Aa‘zeu; + £ Aae®t + w 2Aeat =0 (3)
m n ’
t . - ) ’ )
or

~
¥
{

\\

. £ f 2 2
R T (&) v ] (5)
It can be shown that
£ . :
o chn
. ” (1] f
where damping ratio "¢" = ——

fc

and fc = damping constant for critically damped system

this gives
2 .
a=-cw *w/(c-1) , (6)
n n o

we can now consider the three particular cases arising from this

P .



v . L
equation.
'/A .

For C>1 1t can be shown that

a.t a,t . f
1 2
X = Ale + A2e (7)
for C<1 1t can be shown that . » , : d
-cw_t ) ,
x = Aje cos{wn/l-c t + ¢} (8)

and'for K

Cil 1t can be shown that

x =Ae + At e ¢ 9) . *

where Al,Az,A3,A4,A5 and‘¢ aie arb%traty constants depending on the
: |

initial condition.

Figure V.32 shows the response'sf the damped spring-mass system

released from a displacement at zero time. From this response it can

be seen that as the damping ratio "c".increases, the vibratiom of the

system decays faster. Since the damping factor "c¢" 'is inverqely

proportional to the mass of the sybtem it can thus be concluded that

< the larger the mass the longer it will take for vibratioﬁ to decéy to

zero and gldb the amplitude of vibration (displacgment of the maqp)f

decreases with decrease in the mass of the gystem. -

-

V.1.5.2.2.2 - FPORCED VIBRATION
Let us now considér the: behaviour of the ﬁyeten "when it .is

subjected  to a disturbing force.” This force may bé;sipple or complex
) e 8. \ £y i . ’ ‘ )
. “"t 5 ,‘_l’ . ‘l“ \\ e \i\g ) E .

I
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Released from a Displacement at Zerg
~ Time




, by

AU - 66"

.
,;‘ . i
*

in nnfure, and it ié impossible. to deal with all the variant‘. In a
practical gpplication, the three dimensional manipulator vill be
subjeéted to a suddenly applied force of constad® auplitude.i

Let the force "F" be suddenly éﬁblied at th to a mass when it is

at rest. Under this condition it can be shown that
;(.+‘2cwi+w2x-g ' . (10)
-n n m

1f the system damping is sub-critical the transient solution’is given

e

|

o ‘ ' . ﬂ

x = A3e-cwntcos{wn;/’1t-92t + 4} ,‘ Q1)

<
. v

There are several ways of finding the particular integral but pethaps‘

the easiest 1is to considet what will be the state of affairs when

-
4

transient vibration, has died away. Alternatively we can guess a form

of "x" similar to the righthand side of the equation, which is a-

constant, thus we can assume @ ol

X =A St ﬁ :
1fsox=x=0 , | 4 e

Substituting in‘Equntibn 10 gives

WA g ' 3 N



thus ‘the- complete so‘lﬁtj.onj ‘is'> o |
o . . BN : . . = . . e . . 8

% : . : . .

N o : A

N e . " ) oo ¥

N

.,where.xs - o . ' - . - : : P

> |

5ot : ‘ R ’ : L o ) o .
| T .‘v‘s‘ . S \\-v.’f . 'v‘,. . - : “. ] v , . “ .
. Since the mass started from rest- . ° o e

e ¥
LN
S b

L SN e N ;e ;
whence we ob,\é\ein the expression
. Wt L y J R - !

= ey cos ¢-— w‘_l["v’l'—c:'2 sin ¢ =

P PPN .
( 3 - * -
Vet E «

PR - . D!

A &— =1- S___'__ cos{w v{‘l‘-jc%t o e
G ¥g e T gaga R T e

P . o b - ' : :
i T P -(‘ . . e
’ ) T ’ Q N . S

T L S ST R S = S

| ey oo T

g PR e . i . .

I)Kffgh thia ex#ession, as is often.the case with vibrating systems,

iﬁ“appea:s to be rather conplica;ed,.it can be e%aily demonsttated that it

b

x cos ¢ + x =0. L e -




"0

fits the known;facts. ‘When t isflargeftheiexpre8819n reduces to
T x )v« o ~ »e . ' '
‘.): . " .~ ,I’ N ? . ‘v : ’;I i"“’: .:: ;‘ ’ ‘. . ' : "l . . ." ' " b “. ‘ . .‘J
* P ;. " T \ P . .
g et L
while if,c is ‘exﬁ we see that: thé early stages of the vibration .are
o L ’ Vo ‘ "¢ e
| \ i “' 2 X = XS.(I;COSVnt) ,
or Lo f e \
1 ! ’ . F . . t 1 T
I cox= 3(1 - coswpt) ‘ .
T S ST e
+ r » . : . ‘ o &
o Figure V 33 shows the response of the damped spring—mas.s 1@stem'
'\ when a force 'F" 1is. suddenly applied at zero time. ;»‘ R
S From th%analysis, Figure V.32 _and Figure V.33~, " it can be seen
Ehgf as: R o o ) o .,
(1) . the mass of tfe manipu;aéor‘ incyeases, it takes longer
ol for the Vibration to decay. to zero,
Cl '..(ii,;) e -z;mplitude of vibnation increases as the nra% of. the'
o= Q e
S SR ,.ma'nipul»atc_)rk increases, ' ’
| S g ’e ,increases the vibration of r.he
L . Lt g -~ ' I
- A t%ero faster. ¢ . -
' om - _ bove ax;a ysis it can bebeoncluded that:
. “ . I 3 . ‘
Y ) pgrtant. that in‘ designing the three
. e 1 L
. o , dimensignal manipulat:o the mass should be kept “ag
; L :
T Aama;ll. as pos“sibl‘e-ﬁnd, - o L ) - .*
‘i~ v_ ] . . . : = i T B A : o
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g

(11) .nsingl'hydranlic system with high'damping force‘fand'

"flerible' coupIing between ‘the three‘,‘dimeneional
manipulator and the stepper motora/miérometers

4 arrangement, the mid@belectrode can be {isolated of

vibration due to atepper,motora/micrometers arrangement. .
, ) N .,

5.2.3 THE HYDRAULIC SYSTEM ARRANGEMENT . - .. - ’ﬁ :

The three micrometers, driven by the three stepper motors, are

directly .coupled to the 0 25" diameter by 0.75" long master bellowa,

The outputs of these three master bellows are linked to the three 1. 0" -
diameter by 0. 75 long slave bellows, via flexible polythlyene tube.

Hydraulic flu%& fillers had to be: designed and attached to the master ‘

» bellows. Alr gleeders at the sealed end of the master and slave ‘

)

bellows. were also installed. This arrangement enables air to be
?

bled . out while 'f.i].ling the hydraulic-sys‘tem. , me detailed hydrauuc

‘arrangement is shown in Figure V.34,

J

"uV0105.3 ‘ THRE%,QIMENSIONAL HYDRAULIC HANIPULA!OR WITH ?ICROELECTRQDE :

*-. - HOLDER P : ' )

The three dimensional hydraulic manipulator "was designed to
1 A »_r‘? : .

converg, the" linear' motion of the precision non-rdtating spindle o

o

ﬂ’mtcrometers, to 1fhree dimensional “linear motion ‘ogﬂ the

:arrangement oVercomes any .

*»

microelectrode attached to the manipniatorr ﬁihe manipulator is linked

to vthe‘ three::micromet _via ”as'close,"‘ ydraulic system. Thia’ '

;ms aaaociated with the

'stepper motors, micromefers or the experimenter.

.00

The three.dimensional manipulator was designed using gluminum for

1ight"§eight. The three 1 o" diameter alave bellows are lounted on the_f

Al ~t
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three dimensionalmq&pulator in the "X g " and*"Z“ plane. The free

end (sealed end) of the "X" and "Y™ slave bellows are linked to the "

platforms to give linear motion in sub-nicrons in the X-Y )
'!o “reduce friction the - moving plat% rlﬁs were assemblesd using'

5ure lin}ear bearings. The "z bellows was mounted vertically-,‘;_j,_

L s

F

on t’he "y platform to give sub-m:lcron movement in the "2" dire’i tion.
The microelectrode holder 1s attached to the free end of t‘he "z slave‘

bellow using miniatux;e 1inear bearing and a low friction mechantcal

°

1ink. The detailed drawing of _ the thrge dimensional hydrsulic‘

controlled manipulator with microeiectrede holder/,ts' shown in figure

V.35, VR S o | '\_‘!
The . complete arrangement is a ﬁed to the "z" control of a
& . e ™
standard magnetic base manipulator stand.‘ o T
7. 2 SOPTWARE . : o, e
'The goftware primarily consists of: ] T
) Ny ‘ i
" (1) A main progran, ‘and e N

(11) -An interrup)t rout

- with the control of . the atepper motors via keyboard.

- - g

V.2.1 HAIN PROGRAM o e I e e T
Tf;e main program occupies approximately two kilobytes of EPROM‘
and‘resildes in EPROM l. The memox;y map shown in Figure V.36 and Figure

V 37 showv theg devic’e and main program software sddresses.. AThe

-

;\‘.structured flow cbart describiﬁﬁ the mainqprogram is shown 1n Pigure'

V. 38. Qi‘he 'main progrem software nainly'“consists of:

" . ey o ] L
. ‘ . AR ; . s




R
S
2
“aly
3\
\
§
.
.

microelectrode

ampiifiér‘ _ _ '
holder' . ST
9 . .

o )
‘ . 'X platform
T:L ' ) {
T . A N
’ & . Y
. ’ \(.\J’ &
L v ‘ microelectrode .
. v . - [3 » °
s . holder "
4 \ .
?, ' N t o
¢t ! . * - ’
Eigurgv'gsihree Dincnsional Hanipulator With.
o BRI MICtoelectrode Hblder &



b . ',1‘;.:?‘

O ¢
~ Address k C " Device Déscription -

8000 - 4 PIAl Pdrt A PAO-PA3  Input Port Keyboard
8003 : PA4-PA7  Output Port Control .
‘Lines ‘

Port B Output Port
= » : _ PBO-PB3  Stepper’ Hotot
. s I . PB4-PB7 Steppe M"
6 R ; o N - ﬂa
- g ? Sotarg e 1WA B e |
e 9000 ‘PIA2  Port A" Input Port L
. 9003° . e PAO-PA7 Analog-to-Digital
: . ! : Converter
Port B Output Port AT
‘PBO-PB3 Stepper Moton Z RO R
PB4-PB7 Confrol Lines, - Wi~
. STt |
hJ v ) ': .*:"'I~' ’
€000 - ICM7218 Universal LED Driv g~ R TR
. Display "X"-and "Y' 'u"':f“'f AV A
cooé : ,Display "Z" and Cell Potenti.al. o M 37
P - j";%,’ -
" ) ' ' " . R "'%5‘! - il
D000 4 Kilobytes RANDOM Access memory DY Wt $
. " DFFF, . : ' o 'f ‘ : < .:1,":,
' o o ‘ ¢ - . i ‘. ‘ “ L - ‘ -’
© E000 ~ Programmable Timer ’ R
E007 e R NS
‘ " (4 - - ‘ - ‘ ‘
E008 Asychronous Communication Interface Adaptor ‘ .
EOOA ‘ ACIA (Host and Terminal) R N
FOO0 - . . 4 Kilobytes EPROM
FFFF <0 - :
Figure V.36 Memory Map *- Device Locations -
" '
F )
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g2 _ .
’ . . 4

g . -
] h . : o e
S Addr_cu Description ] . “ :
- : “T"= = ” ;
Y . a'fff , . ‘
FFFE . 'RESET- VECTOR g
PEPP8 INTERRUPT vncr&f o
. . - C ,5(/‘»'.:_7 ' .
FF96 SUBROUTINES, szq;ggmx, SEQZ; SCAN, HESXDEC,
o - DISPLZ, .DISPVZ, RESP ZI, READ VT,
FDA2 STSPX/Y, MOTOC/D, MCONTA . -
FDAL - o N
J0¥STICK CONTRSE ROUTINE
MOTORS "X", "Y" and "2"
© F900 ' .
FSFE
SYSTEM INITIALISARION AND SET-UP ROUTINE-
F800 - .
\
1} Ve a—
. ‘ﬁgure V.37 Main Program Software Location
‘ s
» - o ¥ -
L
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(1) The system initialisation module.
(11) Th. read and store data module, and

(111) The motors "X", "Y" and fz“ * control module.

e v.2.1.0  SYSTEM INITIALISATION MODULE

%

During the initialisation routine interrupts are disabled and the

user and system stacks are initialised to SDCFF and $DFFF respectively.

e two parallel interface odaptors (PIA's).ore configured as follows:

Port A of Parallel Interface Adaptor 1 (PIAI) is configured
~ ’ as: PAO-PA.‘S-ginput port  om
Ty LA
‘ » PAlo—PA?—output port, .
R 'ﬁﬁégp Mé"{rxyf)‘ & M u‘l"" K\
Port B 1is set as an output port to drive the atepper motors

;\t> ' "X" and "Y".J Parallel Interface,'Aﬁuptor 27 (PIA2) 1s
/cohfigured ;s: R . | ‘ h .

, Port A PAO—PAg.?-iunput ‘port to 'intgrfaoe fnd(og pr;oceosing |
..module, and , \ " ‘

'.

Port B PBO-PB7-—an output port to drive ste Jper motor "z"

“ Y
«

display, and other control displays.

‘ Jhe ¢ontrol lines CAl on"‘Pa}allel Inter.face Adaptor 1 (PIAl) s

-

set for a l)ow-to-high transition Qnd bit "0" of the Parallel Interface
. - ~

-

interrupt. - o ' ] ‘ r

. A1l displays are iriitialiaed to zero and the counters are cléared:

to -‘connect channel X" of. the joyotick to the analog-tp-digital '

convurtr Upon completion of tht 1;1tialisation routine the Motorola
506809 -icroproceuor tegular intotrupt is enabled and a one second
| btu:or .vlouuded to“inuute conpl_ction of the initialisation routine.

- . _ .
‘. o

¢ Adaptor 1(PIAl) 1s set to enable the Ijarallel Interface Adaptor .

-
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The ayaten ‘goes 1ntp"atand- y“ node uaiting for the 'co" key on the

)

78

keyboard to be pressed. The detailed flow chart deacribing the '

initialisation routine is ahoWn in Pigure V. 39.

V.l.2.2 READ AND STORE DATA MODULE

Once the "GO" key on the“keyboard is preaaed, the ayﬁtem leaves
the standby node an) goes on to read and store the joyﬁtick aettingx~

and the intracellular potential. The’flow chart deacribing ‘the' above ’

. A
module 1is shown in Figure V. 40. ’ gﬁg ) A . ? )

N f ' o h‘ )( g /

V.2.1.3  MOTORS "Xx", "Y" , AND A comox. uonm
' This module dals with the control o_f the motors "X", "Y™and.'2
via joystickv The system checks if the intracellular potential is leaa

than .the cell threshold voltage (thia indicatea that the microelectrode’

W
has already penetrated the tisaue)~ For the intracellular poteiitial

greater than the cell threshold voltage the ayitem\continuea to control

ategper motors "X" and stepper/g;t;r Y" in,addition to ateppen\ motor.

"Z”. The motora are rotated in either a. clockwiae 0o counterclockwiae
D) — lz;ia

direction depending on the joystick aetting.\, gjhevate ng:rate~ia in

of steps to" bé t k'

poaition is reache

%
X", "JY,"V and Z,%' ‘

. . , "“' ,
. motors "X" "Y" and "z" have taken the , g atepa the

input is scaﬁncd again and the routine rep‘

For in 11ular potential less than the threahold cell voltage, j‘
the ayd‘::fif:::lea the atepper motor x R and "z, diaplaya the .

present “2" position and the intracellnlar potential, enables a one
A ‘ e ' .
‘ : o < . fo

5
[

he

/
\

A

———
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.
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| Bet User and System

Stack
Iy
PIA2 .
Port A 1/P
?brt\p o/P
PIA}

Port PAO-PA3-1/P
PA4-PA7-0/P

Port B O/P (

Y Load Maximum

Cell Threshold

-
Voltage
- ,12’., :, ' : o

|SEQXZ<+STEPPER MOTOR X &
Z Sequence

SEZY+STEPPER MOTOR Y
*SEQUENCE

Clear Display
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A B
. Enable CPU .
! Intermp{:
) ;
A3 ‘i
Enable 1 Sec. Buzzer
(End of Init.)
N
‘ i . ’ C 1
‘ ‘ tandby Mode .
o . i
. R . — ,
End ! -
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Take R..
Low

ReadzDatau

81



A
o - \ '
v L
5

-t 4 ]P\!. A

.Data

Clock

MUX
\v
¢ \
'DEC Count ‘
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Figure V.40 Read and Store Data Routine Flow Chart
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’

second audible/visual alarm (indicating that threshold ce11 voltage is

reached) and goes into low power HALT mode. “The system can’ “be. .

R}

: forced out of this mode either\yia a.keyboard mode : control or by
. pressing the Force Penetration" key (.P)" oni the keyboard. "This
: enables the stepper motor "Z" to be controlled via joystick. . .
| The detailed floq chart describing the main program rontine is
. shown in Appendix B, Figure B.l.: |

v.2.2 mrmupr ROUT-I.NE A . | -

e

. QThe interrupt 4routine occupies approximately two kilobytes of:
EPROM and resides in EPROM 2.-i The detailed interrupt routine software;’

locations is shown in Figure V.41,

- o

This routine dedls with the control of the stepper motors via the

keyboard. The_ desired microelectrode_position in either WX , "Y' or
Y - : . .
"2" direction is entered under keyboard control.’® Any error made in

_entry can be corrected by pressing the "cancel” key and re-entering the

.

\\\desired position. Once the “enter“ key is pressed, the system converts
© . : . " :

L4

the \dESired positj' . into the number of steps to be taken by the

stepper motor;tpdetermrnes the direction of rotation and enables the

&

selected stepper motor in either constant velocity mode or rampﬁkmode

depending on ‘the number of steps to be taken. On return from the

interrupt the system goes into "stsndéby“ mode and remains in this state

until the "GO" key on the keyhoard.is'pressed.
The threshold voltage entry can also be altered by entering the
- new threshold voltage via the keyboard._ : '

E]

On ”Completion of the experiment the microelectrode can be

returned to the "Home" (initial microelectrode position at - system |

. . L . iy

<
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Description -
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F7DD

"F5DE
F3DA
- F380

'F000

- ' \

SUBROUTINES BEDHEX, RCONVT, DISPZV, |

PISPXY, READK, RATIO, DELAY, MCOUNT, . .

DISPLI, DISPLZ, SEXT, SETY, SETZ DSPKY,,

DSPZV, SEQXK, SEQYK, SEQZK,
-HOTOA, MOTOB |

*

- "HOME" ROUTINE

THRESHOLD VOLTAGE ENTRY |

RS

STEPPER MOTORS “X", "Y", AND "Z" CONTROL

.~ ROUTINE VIA KEYBOARD

Eigure V. 41 Interrupt Routine Memory Map .
(Software Locations) '
,
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-

switch on) position by pressing the” "home" key on the keyboard. It is
important that the microelectrodq be returned to its initial poaition

.

otherwise the mechanical bellowa will remain in compression or,

- expansion when the system is switched off and can be damaged when - the

system is operated next time. .

The structured f}oh chart‘deacrihing the'interruot ’routine ia
shown in Figure V.42. ‘jThe interrupt routine software mainly consists
of:_ | | |

(1)  The atépper motor,;x" control module.
(11) The stepper motor."Yf control module.
1(111) .The stepper motor "Z".control module.
(iv) The "Home" module. |
(y’) The. threshold voltage entry module.
ﬁ? The detailed flow ‘chart describing the interrupt routine is .
.shown in Appendix B, Figure B.2. -
dv.zga KEYBOARD DATA ENTRY \

All parameters for effective control of the manipulator «can be
entered via the keyboard. This data entry routine Operates in the
' interrupt -mode. To get into the interrupt mode the K" key on the
keyboard 1is pressed. Since the-control line CAI of the Parallel f
Interface Adaptor 1 (PIAl) is tied to the data available line on™ the

keyboard encoder, it causes bit seven of the control register ‘to be set

thus.  enabling the Parallel Interface Adaptorﬁﬂih‘(flAl) interrupt.

S~

The keyboard is the only sourCe of interrupt; therefore the program

does not have to_teat bit 7 of the Parallel Interface Adaptor 1 (éIAi).

‘The detailed flow chart showing the data entry routine 1is shown 1n

~

3
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FPigure V.43. Once in the keyboard mode, the function is sefected by- yﬁ
’ ‘ v " 3 . iy
depressing the particular function key (i.e. "X", “Y", "2", Voy» HOME

-

~CH)). Opce the function has been selected then the ‘display is cleared

and the four digits can be entered with the'most significant digit

<

N

(MSD) first, The digits are displayed as entered. Once all four

digits have peen entered then the data can be either entered and

5

~ transferred for storage and further cdlculations. by depressing the

.

“Enter” key or cancelled by pressing the "Clear” key and all four
-digits’te-encéred{ . L o

V.2.4 STEPPER MOTOR' CONTROL
. . . * ~‘.
The two basic modeg,ofsoperation of stepper motor are:

[y
/

(1) Constant speed mode, and - _
(11) 8cceler§t1on/Dgcgleration4mode.

In gonstant speed mode the stepper'mo;ors cover ﬁ-}steps at. a

éonstant stepping rate of 2 pteps/sec.b This stepping rate is the so-

called "sta;t-s;op' rate at which the motor starts, qtopé apd reverges
on each step. This ensures that the motor does not iiss‘any atep;_at
‘start, nor does it overshoot the mark on étépping. | | (‘
i&fThe b"start?stop" rate 1is usually very'low in- this case 2
steps/sec. It will not mﬁtter much 1f "N” the quﬁber of steps to be
taken 1is low. HoweQei, 1f N, tﬂé numbér of steps to be téken,' is
large, iﬁ -will - take an inordinaﬁely 1on‘ time for the motdt tq 80
througﬁ the "N"“gieps. To overcome Lhia1 ifficulty, 1t 1s desirablehtoa
operate .the motbr at‘a go—called "slewi -tatéfdwhich is pqch higher
;hén,‘the "start-stop” rate. Hoﬁe?er there 1s a %asic .dffficulty in

’

operati&g the motor at a slewing rasn:e,‘j viz. we cannot apply input
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ENTER DiOIT
(MSB FIRST)

Y

DisPLAY D1GIT

STORE “DATA‘

[

Figure V.43 Keyboawyd Data Entry Rou

RY

tine Flow Chart
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pulges at a slewing rate to‘:*notor at rest,i because the motor will
pisa several stébs before it starte&‘slewing. Sinili;ly if ;he noto;
were atepping'at'alewing rate and if we suddenly stop applying pulses
the .motor will overshoot the mark by.several‘ateps before conins;td”ha
stop. ’ o . v \&‘ o < .
To overcome this dileuiz;’the following scheme is adopted:
“ (1) The motor is started ;é!a stepping rate somewhat below the/)
"start-stop” rate so that the motor starts off smootRly
without missing any steps. .
(ii) Tﬁe motor spégd is thgn increased to the slewing rate.
(111) The motor is caused to complete the major portizn of N
steps at the slewing raté.
= (1v) When the end.approaches, the ‘motor speed is decreased down
« to the "start-stop” rate. AE
“ (v) The motor operation 1is staBlised at the "stﬁrt-stop" rate
before jﬁq' stops 8o that the motor ﬁgltshaftér exactly N '
stéps without overshootiﬁg -
u.This scheme 1s shown in Figure V.44.
Algorithms for ;he two mo&es of operation are described by flow

?

charts shown in Pigureé V45 and Figure V.46.

A



Stepptﬁg
Rate

L1

15

Steps/sec

N-10 .

o2

Figure V.44 Stepper Motor Stepping Sequence
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Figure V.45 Constant Speed Mode
Flow'Chart
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A CHAPTER VI
Lo sismmwéz

In this chapter the petfor-ance of thn final anl.-cntntion of

the thtee—dinenaiopal nicroprocealor controlled micro-manipulator 1s
g *u . a M - . I3 .

. described. Afbctxlnplenentation. if the performance of the particular

design dpesv not fulfill its tequirencpta: "one must try an alternate

implementation or decide on a new'\et} of specifications. If the

requirements of a design cannot be net by alternate 1np1enentationl or °

-

changes in the specifications, then the requirencnfa must be relaxed
J}\J HARDWARE : ‘ ( , .
VI.1.1 MICROCOMPUTER 'SYSTEM AND. ASSOCIATED INT!R!AQ{

All hatdvare components 4n the microcomputer system, stepper
motors control, anang processing module, keyboatddand d}lplly lystem
and the probe ampiifier have Leen tested ditectly or indirectly and in
- the final design no malfunction has been dettcted.' tmerever possible,
hardware components have been tested befotg being used within the
system. During system development, some causes of hardware proylens
wvere 1ﬁcorre¢t wiring and insufficient power supply decoupling. This
igsufficient power supply decoupling was solved by providing £ddi€ional
power supply deqpupliné across the appropriate pins of particular
integrated tirc1itp. ’ ? C e
VI.1.2 MECHANICAL SYSTEM

The mechanical s’%tem consisting of the stepper motor interface
to the hydtauiig system, the hydraulic systea, thrée-dilenniontl
jOystick and the thtee-dimentional manipulator with microelectrode
htlder, were individually tested. Some modifications had to be made in

“

the design of the hydrauiic system and the three-dimensional

#



.‘," .
. manipulator. “The modificatiOns‘in‘the hydraulic syStem incﬂuded “the

inclusion of air bleeders at the master bellows and the modification of°
]

‘the hydraulic fluid filler system. The‘modification in the three-

.dimensional manipulator included adding a linear bearing in .the "2"
-plane and some modification in the microelectrode amplifier holder and
the clamping‘ system to thefexisting. three-dimenaional sthd.‘i The-

L X 24]

.linear‘ bearing had to be included inithe plape to reduce ;Aﬁy
"'friction,in this plane. | o |
VIszanQFTﬁARE' R o . ti_ . ’Q .
| "All aoftware was - tested thoroughly during and after. its °
development “and was eareéully-nodified until it performed as required.
A8 software .was well structured, software changes »wereu‘easy to
.implement; 2 B | :
.VI 3 RESULTS
The ‘three dimensionai microprocessor controlled micro—manipulator
»system was tested in both the joystick mode and \the keyboard mode.
Special care was taken in setting up the equipment to ensure  that
‘;environment vibration had minimal effect on the microelectrode r;'Only
.r:the three dimensional hydraulic manipulator was. set upon t:he test ‘table
Cwith all the'other»aasociated equipment'away from this table. This was
~ done to ensure that;the vibration dueito stepper motors arrangement had.
no effect on the microelectrode. A very high magnification.microsc0pe’
with calibrated acale was used to view ank—measure the microelectrode_
}tmovenents in | X , "Y”, and Al directions._v’ |

The . intracellular potential was initially set to greater ‘than

" cell threshold ioltaael(miéroelectrode;outside“thé>ce11':iEsue)gand'tne



rdirecrion was possible.

S | / LN es
» B . / S ,

Lo L T

movements of the microelectrode gﬁgfnoticed in all three 'directions.

' Under this condition it was possible to control the microelectrode in

all the directions both via joyﬁtick’ahd‘keyboard. ?he microelectrode

position was displayed as’;ie microelectrode moved in stepe' of 0.5

microns. : 7

7

When the intraeel}ﬁlar potential was reduced to below the minimum

cell threshold volqége, the- microelectrode‘mbvements‘1n 'ail three

~directions was disabled. ~This staté waﬁéindicated by a four Beep

-audible/visual alhrm. It was possible to force the system out of this

mode via the/Keyboard and further control-of the electrode 1in the BV ANS

ks . ' ) o

-~ .

It was also possible to cause the microelectrode to return to the

/ ‘ ) o :

"Home"” position via the keyboard.
/ 5

/The microscope test results are shown in Table V1.l. The

relationship between the' microelectrode deflection and the stepper motor

[}

“steps for one channel 18 shown in Figure VI.l. FrOm the results'it-can

- e W) .
be seen that it is possible to control the mciroelectrode in sub-

+ microns 1in all three directions. ' The range of control‘ of the

microelectrodes was from‘O.micron to 128 microns with the resolution of

approximately 0.5 microns in all three directioms. It was also noted
. ~,. g

that rhe'wvibration due to the stepper motors arrangement’ had no

detectable effect on the microelectrode.

;
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Hydraulic Fluid: Degased distilled water.

. Motor Steps (X,Y,Z) Microelectrode Displalement
. : (microns)

FUREY: o 25

S0 . | ~ s0 2

148 B 5
205 ' . 00 -

250 125

o ' : A
. . R - !
~§§f* : S S

Table VI.l Microscope Test Result.



Microelectrode

{

Deflection

microns

125

100

75

50

25 |

100

150

'200

250

~+— Steps

Stepper Motor

Steps .

{

- Figure VI.1 Microelectrodé Deflection Vs. Stepper Motor Steps
Degased Distilled Water

Hydraulic Fluid :
Microscope magnification : X200

. ) \‘a\\
-\
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CHAPTER VII

J CONCLUSION ©
‘The; three dimensional microprocessor controlled micromanipulator

system described has been constructed and the various components of the.

. hardware and software tested. The instrument was found)to perform the

functions described reliably .and efficiently.

The Motorola MC6809 microprocessor was chosen primarily because '
of th;ﬁexcellent software development, support for this microprocessor
‘.st the University of Alberta and for the familiarity of the author with’
this microprocessor. Ia checking the system operation it has been

\

determined that the MC6809 microprocessor is heavily utilise\ at its

IMhz clock frequency. However delays in response to keyboard input and
'displays updating are’not signific;nt. Thus -the MC6809 microprocessor.
was a good choice in terms of processing power.

Hicroelectrode measurements are highly susceptible :o' noise
because of  the large electrode impedanoe. For this reason careful
consideration was given while designing the amplifier for monitoring
| ;thelintracellular potential.‘ o B

’The system software enables the microelectrode position to be
controlled ‘either via a three diEénsional joystick or via a keyboard.
~ The keyboard control routine enables the microelectrode position to be
controlled independently in‘tﬁé'"X", "Y" and "2" directions. Thus in
this mode,it was possible to key;in any desired microelectrode position
in either: the "X" or "Y" or FZ",direCtion and the system caused the
) microelectrode to position itself to the keyed position.» The joystick
control ~routine enabled the continuous control of the microelectrode

position via a three.dimensional joystick. This mode of control

98
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&

enabled the fine positioning oixthe microelectrode in the X-Y-Z plane.

It was also possible to enable the experimenter to  cause the

microelectrode to return to “home” position at the end of the test.
. * o
The . software also enabled the control parameters to be altered via the

keyboard.

The steppef‘motot control algorithm was snch that it enabled the

'”microelectrode to follow the joystick travel 1n‘the‘x-Y—Z plane. The

- control algorithm also’ enabled the motors to step&at varying speed such

that when the number of steps to be taken were large,_ the motors
. ( . - - )
started at a “slow stepping rate of 2. steps/sec. increasing to 15

' steps/sec.. This algorithm ensured the microelectrode positioning

itself ‘to the desited position qnickly without the steg?er notorb
missing any step at the start or ovetshoothng at the finish.

Tne mechanical system consig;iug of tﬁe'gfenabf motor—‘interface
to the hydraulic system, closed hydrauiieg'aig;em consisting of‘
miniature bdﬁ??ws linked via polyethlyepe tubes, three dimensional
hydraulic controlled - manipulator with microelectrode holder and the

hree dimensional joystick were all tested 1ndiv1dually in the _systeﬁ

and were found to work within the design specifioations. The hydraulic'
link was used between the stepper motor/micrometer arrangements and the
three dimensional manipulator to overcome any vibrational problems-
associated with movinglpatts. Onltesting the system it was found that
the stepping of‘ tbe stepper motofsior the micrometers caused no
detectable vibration of the microelectrode. . |

A number of problems were faced while filling the hydraulic

sySten.- TheseAincluded the type of £luid being used, getting rid of
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the air% bﬁbbles from ' the hydtaulichsystem and above all Vleakingv '
.bellows. 4 ;egased dietilled watet was used as oppoaed to very thfﬁ—oii
as a hydtaulic fluid because it was less messy to work with and also it
was easier to get rid of bubblee from a water filled system.

~ Due to the large mass of the three dimensional manipuletoe, it
iwg‘m detefmined that the present eiiating microelectrode stand to which
the‘manlpulator was attached Qas net stable enough.l It is recommended
that>a better quality thfee.dimensional stand be purchased and used to
give'better stabllity for coarse ad justment. |

It 1is beiieved‘“thet this instrument will make a sigﬁificant
contribution to the research for vhich it was désigned. Also the

design has[sufficieht versatility that it could be a significant aséet_y

in physiological'or bioiogical experiment. requiring miero—positidning.
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SR - APPENDIX A ©

"

GENERAL EUNCTION

'OPERATOR'S MANUAL ~ ©

. Ihe' functiqn of a three—dimensional microprocessor ‘controlled
'micromanipulatog system is to pe%form ‘the control of the position of
the microelectrode position in the "X", "Y" and-“Z"nplanes display the
microelectrode position in the "X",' "Y" and "z" directions and to

Jmonitor the intracellular pqtential with reliability, efficiency and
with as much flexibility as possible. . T o

<

The thrﬁe dimensional microprocessor controlled micromanipulator»

a

system can ‘be controlled either from the front panel (via the keyboard)-

or by a three-dimensional joystick. The representation of the front
panel control sg;hosn in Fig A;l. The keyboard 15 divided into two
"groups of keys, the first group is used for data entry, and the second
group is used to. control the three-dimensional micromanipulator system.‘
: The—-displays ‘are - used to.indicate the microelectrode position in
microns in the "X", "Y" and VA directions, and to indicate data entry
- yiai'the ”keyboard.= The LED displays are used to indicate different
1:control modes namely, joystick mode, keyboard mode, standby/home mode,

. and the maximnm penetration limit.

The three analog inputs from the joystigz enter the ‘three-

,dimensional ﬁicrOprocessor controlled micromanipulator system through :

~:tﬁéx weven pin RCA plug mounted on the back panel shown in Figure A 2.

.The back panel also has the 24 pin connector to. connect the three—

'stepper ‘motors, ‘a BNC connector to connect to the Backman Recordﬁng
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@

System for monitoring intracellular pofential and a DB9 connector‘ for
‘e'systém dgvglopﬁent; |
'START-UP ,.

, The three~dimensional microp;ocessor conifolied micromanipulator _
system automatically performs the powe;—up reset and the system
initialisaéion tests when the power switch Sl is switched on (indicated
by powef up l}ght),, fhe purpose of tﬁese routines are to provide the
user with the hiéhest possibie confiﬁence level thaﬁ the'instrumgnt is
fully functional. The end of this routine is 1ndicaéed by a one second
buzzer followed‘by flashing standby LED display.

CIf a failurea,of the power—up reset and systenm, ikitialiéatién
occurs the réset switch mus é pressed, and this will allow the wﬁole
routing to be repeated.'

" ,CONTROLS

'FUNCTION KEYS

| fhe following ~1s'tﬁe descfiptioﬁ of the function keys \hsea_’to
'operété tﬁe gystem; | L : | " ~

.(.) - Function key.

Thia key 18 to behdepressed before the function .kéy in

brder to select the _secdnd function assoclated with' a.
particular gey. The first function is dlways printed on the
upper half of the key. The table for the second funétion is

printed on thé;lower half of the'key and always begins with’

; - adot (L) _

G.c) Clear key. ~————~———————f——‘-

This fudﬁiiohi‘is used to clear the data entered 1intd the

e



(.60)

(H)

(v

(2)
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e

data buffer _tegisters. It also clears the requested

it

display.

o '.'v"(‘ "E_)_ T 'Enter' kfﬂ;' '.T’.:"."'. TTTIIITTTITE "‘"’ ' e TTTLITTTTILIT T I . e e S

[

“This function ke&fis‘used to entet data into the 8-bit data

registers for further calculations, display and motor

w
!

control. -
Go key. e .
This function is used to enable\the system to return te
,ijoystick mode from standby or home mode.
:_Home key.
This.function is used to eause the three stepper motors to go
into the‘ thdme" mode and ret;rn to its initial position;n:
mi.e; the position of the>three stepper motors at switch “on".
Once this function key is pressed the system calculates the
number ;of,steps already‘taken by'the'three stepper motors
with respect ‘ to the reference poéitibn’ﬂaqd enatles the
motors in the reverse direction as compared to the previous
motor rotatioes, The "Z" stepper motdr is enabled first
followed by "X" and "Y" steppet motors. The system,returns
-to‘the "home"‘mode after,coﬁplet;ng the home routine.
Minimum Threshold Voltage Key - .
¢
. This function key is used to enter the ninimum threshold

volk&ge‘into the 8-bit minimum threshold voltage regiser.

Z Stepper Motor Control.

This function key is used to select the stepper motor 2"

control routine. This routine enables‘ the desired
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microelectrode displacement in microns in the "Z" ‘direction

to be entered via the keyboard.~ The routine also @germits

the data to be re-entered if an error is made in the enlryﬂ”;”w

of the microelecrode)displacement in the "2" vditection. S &
the correct entt_'y is made and the data entereﬁ the stepper
motor ;Z" is ‘sequeneed until the desired .position ?is
reached. The motor 1s sequenced in either theu‘constant
speed mode or ramp '(acceleration/deceleration) mode_
depending on the magnitude of the displacement with respect
. to the present microelecttode position. The system returns
to the "stapdby” mode after completing.the routine.
(x) X Stepper Motor Control. o
This ~function key is used tovselect the "X" stepper motor
control routine. The routine enables the desited

microelectrode displaceﬁént in microns in the "X direction

to be entered via the keyboard. If any error is made in the

entry the digits can be re-entered. If the correct entry is

made of the microelectrode displacement in the "X" direction

w

the stepper motor "X" i sequenced until  the desired

[

zzposition is reached. The motor is'sequeneed in either

_constant speed mode or ramp mode depending on the magnitude

-

of the -displacement with (respeet to .the ptesent

nmicroelectrode position. The system returns to the “gtandby

lmode” after completing the routine.

(Y) Y Stepper Motor Control. ?/‘ oo

This functin key.is used to séléct the "Y" stepper motor °
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.p)

(0-9)

.
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=

.- control routine. The routine is similar to the "X" stepper

motor coutrol routine with -the displacement of the

microelectrode in the "Y" direction only.

?

Keyboard modé. ‘ : < o -

- This function. key is used to enable the system to go into

the keyboard mode.. The mode islihdicafe& by the keyboard
mode LED gwitching on. To return inﬁo the joystick mode
without any entry‘made: the é;me kéy (X) ;s pressedvagfin.
Forced Pénet;aéion Key. . |

This key is\used to enable the "Z" stepper motor in joystick
mode once the minimum threshold voltage is.reached.
Digit.

These keys are used for data entry.

- TYPICAL KEYBOARD MODE OPERATION

The following are examples of how to operate the micromanipulator

‘system via the keyboard under typical conditions.

INDEPENDENT "X", "Y" AND "2" MOTOR CONTROLS - _

Theése ‘routines are used to control the three stepper .motors

independently to give-tﬁe'required displacement of the microelectrodes

in either the "X", "Y" 6r “z" directions.

Keystrokes ' Displays Commé#ts
~ Turn power-on . 000.0 - (1) éllbdiépiays initialised »
- Q 0 0.0 :
0000 - "
0.0 0 0 '
"{Nl ‘4 : (11) Ane second buzze;‘to‘indicafe

. end of ﬁet'up routine
Siahdby mode (iii)indicates the system is in
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LED flashing

(X), (X) . Keyboard mode
(1) ’ 1
2 1 N
(3) . | 3
a B .
(5) o ) 5
(’)’(GC) . 000;0
a -
) N 2
(0) ‘ : Q
(0) . 0
.),(E) | | 1 20.0

Stanuby LED (1)

- »s8hing

1)

(1)

(1)

(1)

(1)
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standby mode
motor "X" control routine is

selected o

"X" displacement entry with

MSB first

it
oI

error in entry display/buffer
cleared
X didplacement entered again

¥

thé "X" displacement

transferred for furthes
* ",.,",

calculation and "X" stepper

motor sequenced in the CW/CCW

direction either at constant

" speed mode or ramp mode

mode end of compietion of the’
;Butine the system goes into

standby mode

. Identical keyatroke sequences are‘used to control stepper motors

/

"Y" and "Z" to give displacement'of the microelgctrodé in the "Y" and

"Z" direé;ions«;eépectively.



116

HOME ROUTINE
This routine is used to enable the three stepper motors to return )
/ .

to 1t§‘1nit;al position at the end of the experiment. This ensures  °

that there is no compression or expension of the bellows;

A

Keystroke . Display Comments
(X),(H) ‘ Keyboard mode (1) system goes into the "home"
) “LED on " routine, calculates the number

of steps to be taken by each
stepper m&tor and en;bles
stepper motor "Z" followed by
mﬁtor'. "X" and .mthr "Y",
Enaﬁling . stepper motor "2
first ensures the micrﬁelectrodé
_comes out of thertissue, thus
~not causing any damage to the

tissﬁe and the microelectrode

064.0 (ii) the | s}stem initialises
064.0 displays to the microns on X"
064.0 and "Y" an&rO's for “Z" - and
0.600 | ‘the cell potential
"home” LED | goes into "home” mode at the
on . , | end of the routine

 THRESHOLD VOLTAGE ENTRY ROUTINE | o o

This routine allows the minimum-threshold cell voltage to be
entered via the keyboard. This voltage is set to disable all the three

stepper motors’ and allow the system to go into low power 'halt mode.

’
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Any further péngtration of the microelectrode into the cell <can be

achieved

either via i:the keyboard or by depressing the £préed

penetration key and control the microelectrode via the Joystick.

Ke§stroke

(K),(VTH)

(0)
(2)

(6)
(3
(.),¢.c)

(0

(0

)
(5)
.),C.E)

W

Display

Keyboard LED

on cell pot. 0000 -

0

2

cell pot. 0;000

6
5

cell pot. 0.065

cell pot. 0.065

Threshold Voltage Entry Procedure

Comment

Display cleared

Threshold voltage.entry
with maximum significant'

digit first

error mode in entry. .

Display and buffer cleared

entry transferred to be . .

converted to binary

3

equivalent of the entry

.The btmary équivglent

number stored in the 8-bit
minimum threshold

register. -The system
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o

o
I\ .

’retﬁrﬁs to the:address

where 1£ was Iinterrupted i

in ?he main program
cell pot. intra- \
cellular pot.

Joystick mode LED on

©

'TYPICAL JOYSTICK MODE OPERATION
This mode of operation allows the operator to control the
position of the microelectrode via a threp-dimenaioéal joystick.J The

microelectrode can be displaced in eii'Fr X", "Y“ or "Z" direction in

-

steps of 0.5 microns to a maximum of + 64.0 microns from the initial
. position (no expansion or compressioh of the bellows). _If the
displacement is ‘large, the ﬁotors stepping éequence go into a ramp

speed mode whereas for small displacement (a few microms) the motors

/

_are stepped. in constant speed mode. _ v .

G

Once the desired position in the “X"-"Y" plane haéibeen achieved, .
the "Z" motor can be sequenced to cause the microelectroé* to advance

into the tissue. As soon as the microelectrode enters the cell

/

_ (intracellular potential less than threshold voltage) the stepper

motprs "X", "Y" and "Z" are disabled). N
The present "Z" pOﬁié&on'énd the‘%pté&%%lé;iar potentials are
- displayed, one second beéﬁéf sounded and the ayste;‘goes into low power
halt mode. Once in this modéf;ﬁeﬂmicroelectrode "can be advanced
futther either via keyboard routine or by depressing "Forced
Penetration™ kéy. This enables the microelectrode to be controlled in

_ the "2" direction in steps of 0.5 microns. The intracellular potential



-

is monitored and

- Keystroke

Power on

(X)
(.),(.60)

(x)
( . )-’( 'P)

119

displayed afﬁer each step of the stepper noéot.
JOYSTICK CONTROL ROUTINE
Display Comments
X 000.0 - (1) all displays initialised
Y 000.0 |
Z 000.0 o C
cell pot. 0.000
(11) .one sgé. buzzer to in-. .
. | dictafé end of set-up .
~
routine
standby LED # (111)system gées into standby ‘I
( flashing | mode' . \“\\

Jéystick mode LED ﬁi) system goes into joystick
on. Actual X-Y-Z control routine
migroelectrode
position displayed -
Maximum penetration (i) 1ntracellu}ar potential
LED fléshing and less than | cell .

‘ audible élatm-sounded phreahold voltage.System

in "Halt" mode
© Actual "X-Y-Z" 1 syétem enables further

microelectrode | control of pictqelectrode

. position displayed

vl

position in "Z2" ditectioq?//;/

At the end of the experiment the microelectrode must be returned

-

_to 1its initial position. Refer to ke&board mode operation of “home

i

routine control.
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APPENDIX B
This appendix describes ' the Main Program and the Ihterrupt

Routine flow charts and the Program listing. The Main Progranm objects

code resides in EPROM 1 and the Interrupt Routine object code resides

in EPROM 2. - .

120



B ( START )

SYSYEM IMTIALIZAWON
AND BET-UP

y

ENABLE PIA AND CPU
INTERRUPT

T .

STANDBY MODE

Y
PRESS KEY K TO GO INTO KEYBOARD MODE

OR (X).0.).t. GO) KEY TO 0O INTO JOYSNCK MODE - .
INITIALIZE MUX
TO COUNT CHANNEL X *
* OF JoYySmex
N D

8

READ AND BTORE X Y 2
SETTING OF JOYBTIOK AND
INTRA-CELLULAR POTENTIAL

Y

DISPLAY INTRACELLULAR
POTENTIAL

INT CELL POY

S YA,

o o
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'NUMBYB - VTULOY VTULOY - NUMBYB — JLOX-NUMBXB—| -~ [NUMBXB- VTULOX —=f

~—e-NUMBY ' NUMBY NuMBX - - ] NUMBX

Y-a.l NO.%F "SEQ.
(NUSKD
¢ 3 Y
| numeye -vuLoy VTULOY- NUMBYB
1 —eNumBY —>NUMBY
R
E \ » " Y k4
SLOPE = X:0
15 N\
w0 NUMBX ° 5 N ’
\NuMBY
SLOPE= 1: 1
& #c . :
£

Qe

s
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- e * N +
Wt i ’ SLOPE=X: 1

0

J

E

i

BLOPE=L:Y.

]

BEQ MOTOR X CCW.
DIRECTION
CAL DISPLAY POS

DEC POSITION
REF BUFFER

DEC_NO saf‘,
REGINUSEQX
AND NUMBX -

UPDATE. §EQ REG

IN CCW DIRECTION

RAMP

| i
CONSTANT
.MODE :

o
5
RAMP
R
CONSTANT
MODE -
g
tn
]
n¥
Y
F

-

e

&

Y .

Q

B

SEQ MOTOR X '
. CTION ’
CAL DISPLAY  POS

INC BUFFER .
REF - BUFFER

| upoATE 8£Q
"IN OW DIREGTION

REG .

123.
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UPDATE NO SEQ REG
NUBEQK NUSEQY

UPDATE SEQ REG
EITHER IN OR OOW

.1
.
- [cow ! _
J 3K
g Klow L
q Y IN GC Q MOTOR ¥ 1N CW
DIRECTION. CAL AND DIRECTION. CAL AND
DISPLAY POSITION DISPLAY POSITION
v 1 \
' DEC POSITION INC PCSITION
REF REG Y | REF REG Y
- Y R A
‘.  DEC NUMBY | DeEc numBY
& » AND NUSEQY AND NUBEQY

Y



'UPDATE SEQ REG
IN COW DIRECTION

SEQ NO.IN 80070
wgm. se% REG
IN. CW-CC .

UPDATE SEQ REG
IN CW DIRECTION

18
e NUMBY
=0

>z

T

UPDATE NUSEQY

]

. oz

Y. UPDATE. REGISTER |1 -
D1 NUSEQX NUSEQY
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CW CONSTANT/RAMP MODE

cew
CONSTANT RAMP MODE

VTULOZ-NUMBZ8
- NUMBZ

!

S8EQ.MOTOR Z CCW
CAL. AND DigP, POS.

< - . i

READ INTRA -
. CELLULAR POT

=]
X
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UPDATE Z BUFFER

Y

READ .Z POT BETTING

14




FURTHER PENETRATION INTD

THE TISSUVE CAN ONLY BE ENABLED -

BY EITHER USBING KEYBOARD MOUE
OR PRESSING (.).L.PJ KEY

——y—%w.

READ Z POT

ENABLE MOTOR Z
CW OR OCW_DEPENDI :
ON Z READING ‘

A

‘| cAL anD pisPLAY ,
Z POSINON

\

READ AND DISPLAY
CELL POTENTIAL

N ;

X
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