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Abetract

The ideal instrument for chemical analysis should be able to accept any
sample, provide any information desired and return the sample unharmed.
The closest approach to this ideal, with present instrumentation, is to
combine sample preparation and measurement in a single automateu
instrument. The capabilities of such an instrument extend beyond the
automation of analysis. With suitable modification of the data analysis

performed, such an instrument is able to automate some research tasks.

An instrument was developed which combined an automated solution
preparation system with m« asurement by ICP-AES. The solution preparation
system included a mic+:processor controlled syringe pump to perform the
dilutions required and a robotic arm to perform the necessary manipulation
of objects within the system. All the electronic devices were connected 10 a
central computer (IBM-AT) via an RS-232 multiplexer. A control language
was developed, using FORTH, to allow programming of the system.

This instrument was used to develop a novel analysis procedure. This
procedure was designed to provide an optimal set of calibration standards for
the samples being analysed. Feedback was introduced by using previous
measurement results to govern the compositions of the solutions prepared.
The procedure was tested with multi-element solutions of known
composition. Also well water samples, which had been analysed previously,
were used for verification of the method.

The ability of the system to automated resesrch related tasks is
demonstrated. Two studies on matrix related interferences were performed

vi
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matrix component (calcium or ethanol) and to collect the emission
intensities. The effect of nebuliser gas flow rate was also studied. The
interference due to calcium was found to be consistent with a reduction in the
temperature of the plasma, whereas that due to ethanol was more complex.

Improvements to the design of the system and programming language
can be made. The system can then be used to automate a wide range analytical
procedures. The future developments of the system described all lead to the
use of Artificlal Intelligence. The combination of systems such as this one and

Al looks very promising.
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Chapter 1

Automation in Analytical Chemistry.

A goal of analytical chemistry is the development of an instrument
which would be able to analyse any sample, provide the user with the
information desired plus any other interesting information acquired and
return the sample unharmed [1}. As yet no such instrument has been
developed. The closest that present instrumentation can approach this ideal is
an automated system combining sample handling with several instrumental
techniques and computer based data and information processing.

A dictionary definition of “automatic” is “working by itself without
direct and continuing human operation” (Chambers 20th Century Dictionary).
Within this definition is the concept of performing tasks previously done by
humans using inanimate devices, either mechanical or electronic.
Automation is the process of combining automatic devices to perform more
complex tasks, again, previously done by humans.

Chemical analysis typically involves four steps; sample preparation,
measurement, data analysis and data interpretation, as shown in Figure 1 [2).
When performed manually the procedure starts with the dissolution of the
sample in a suitable solvent. A chemical reaction is performed and the
amount of reagent or product is measured as typified by titration or
gravimetric analysis. The results are recorded in a laboratory notebook and
the results from standards are then used to calculate the composition of the

samples.
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Sample Data Recording Data
Preparation Measurement and Analysis Interpretation
Figure 1 Four steps of Chemical Analysis.

Automatic analysis involves the automation of the measurement step
and possibly some of the sample preparation as part of the sample
introduction to the measurement device. The automation of the
measurement step can be done by measuring a physical property which is
related to the concentration of the chemical species present, for example, the
amount of light absorbed at a particular wavelength or the potential
developed at a surface. The measurement generates a voltage or a current
which is read from a meter and then recorded. The calculations performed
involve the calibration of the instrument and the determination of the

sample composition.

The next level of automation is the automatic generation of results.
This combines an automatic analyser with an automatic data recording
device. This is achieved by digitising the signal and recording the result in a
computer. The computer is then used to perform the calibration calculations
and the determination of the sample composition. The choice of the



calibration standards and the interpretation of the results are still tasks
performed manually.

The total automation of analysis needs to be able to decide on the
calibration standards to use and evaluate the results to test whether they meet
the desired levels of precision and/or accuracy. It must then be able to modify
the calibration to met the needs of the sample. This is done by choosing the
calibration standards that are best suited to the sample. It will also require the
ability to identify interferences from other components in the sample and to
be able to correct for these.

The analysis procedure can be regarded as a special case of model
testing. The calibration of the instrument assumes a particular model for the
relationship between the signal and sample composition. The automatic
analytical instrument is testing the results against this model and making a
prediction based on the fit obtained. If interferences are found, the system has
identified a deviation from the model and attempts to correct for this. The
process of research is the generation and testing of models. The automation of
research would involve the testing of models for relationships other than
those between signal and concentration. For example, the definition of the
relationship between the signal and the temperature of a source would be a
typical research goal. The automatic analysis system could probably be
modified to test models provided for it. Ultimately, a totally automated
research system would be able to generate its own models prior to testing
them.



11 Approaches to Automation,

There are two basic philosophies to automation. The first is to
automate a manual method by mimicking each procedure. The alternative
Philosophy states that the mimicking of manual procedures will not
necessarily produce an optimised system. Therefore the automated method
approaches the analysis in a manner totally different to the manual method
(1}

The solutions produced by these different approaches lead to very
different types of systems. Those produced from the automation of a manual
method can often retain the flexibility of the manual procedures. Such
systems can have a capability that goes beyond that of the manual method
automated. Whereas, those which optimise the procedure being automated
will often have less flexibility. They have been designed for the immediate
task and so are only capable of performing that task. If greater flexdibility is
required it has to be designed back into the system. These two approaches
typify the compromise that must be made between flexibility and speed when
automating a procedure.

The philosophy which mimics manual methods tends to lead to batch
mode systems. The alternative philosophy is exemplified by continuous flow
systems.

Continuous flow-analysers are dedicated systems capable of a very large
number of analyses and so are standard pieces of equipment in most clinical
laboratories where their large throughput is necessary (3). These systems
consist of a continuous flow of solvent into which samples are introduced



along with air bubbles to maintain separation between the samples. As the
samples flow through the system they can be mixed with reagents, or undergo
various treatments such as dialysis, filtration, incubation etc. The product of
the reactions is then measured by a suitable sensor, e.g. colorimeter or
electrochemical detector [3]. The analysis is performed in a single line from
the sample introduction to the detector. Once a line has be made for one
analysis procedure it cannot be used for a different procedure. In order to
perform multiple analysis procedures parallel systems are needed.

Alternatively, tne flexibility of continuous flow system can also be
increuedbyranovingtheairbubblesandin)ecﬁn;dwumph.ﬂhhda\e
in flow injection analysis (FIA) [4]. The principle on which FIA depends for its
versatility is the controlled dispersion of the samples in a flowing stream [4].
The use of double injection, where both the sample and reagent are injected
and their zones allowed to merge downstream, permits many different
reactions to be used [4]. The signal produced is always transient, the height of
the signal being proportional to the sample concentration when a linear
detector is used. The concentration profile can be used to provide useful
information, specially when the whole profile is used rather than just the
peak maximum or the integrated area.

The concentration profile generated by an FIA system has been used to
automate an investigation of interferences and matrix effects in Inductively
Coupled Plasma Atomic Emission Spectrometry (ICP-AES) [S). As the solution
that is being introduced into the ICP is inhomogeneous, this introduces some
uncertainty about the concentrations of the species entering the ICP. This
uncertainty is removed if homogeneous solutions are used instead.



For many analyses samples need to be homogeneous, and so must be
prepared in bulk. The batch mode of automation is ideally suited for this
form of sample preparation.

A typical example of batch mode analysis is titration. The first
successful automatic titrator is that of Malmstadt and Fett [6]. The device
simply automated the manual processes by using an electronically operated
valve on the burette and included a sensor to provide feedback in order to
detect the end-point of the reaction. This exactly mimicked the manual
titration procedure. The development of autotitrators has seen the burette
bcingnphadbyasyﬂngewhichisoonuouedbyamomr.ﬂudhphmt
of the syringe is then controlled by the autotitrator. From the displacement
the volume of titrant added is ther¢‘ore known. Further development of
automatic titration will see more use of weight titrations [7,8). These offer the
possibility of greater precision, less reagent consumption and simplicity of
design.

The possibility of completely mimicking manual procedures has been
made possible by the introduction of laboratory robots. The use of robots in
analytical chemistry was predicted in 1971 [9). In this review, the robot was
seen to be a possible solution to the problems caused by the increasing
demands being made on dlinical laboratories. It was not until 1962 [10,11) that
the first analytical systems which included robots in them appeared. In one of
ﬂ\eﬁntlppuaﬁonsﬂwrobotwuuudmmmﬂ\espaﬂd distribution of
physico-chemical properties of liquids [10) and in another application a
sample preparation system was developed that was capable of preparing
solutions and performing acid-base titrations [11).



Reviews have appeared in the chemical [12-18) and non-chemical [19)
literature. These reviews have focussed on all aspects of robotics, from
general background information (12,13,14,15], the differences between “hard”
and “soft” automation [16] and the role of robots in different industries such
as pharmaceutical (17] or clinical [18) to use in organic chemistry [19).

More recent applications of robotic systems have been their use for
drug testing [20,21]. The automation of optimisation using a Simplex method
has also been achieved [22,23). The automation of a complexometric titration
[24] was achieved by coupling an expert system with a robotic system. The
application of a robotic system to a kinetic study [25] demonstrated the ability
of such systems to automate research projects.

The systems mentioned above have all tended to use procedures which
are very similar to the manual methods that they were replacing. They all
retained a great deal of flexibility. For example the system used to perform the
kinetic study (25] used many of the components used in the earlier
optimisation system (22,23). One of the main advantages of the batch mode
systems over continuous flow is that they can be used to solve a more diverse

set of problems.
1.2 Automation and Atomic Emission Spectroacopy.

The inductively coupled plasma (ICP) has long been used as a source
for atomic emission spectrometry. The structure of an ICP source is shown in
Figure 2. The plasma is formed by the outer argon gas in the region inside the
coils by the interaction of the electrons in the plasma and the fluctuating
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magnetic field from the rf current in the load coils. The intermediate gas
allows small adjustments to be made in position by raising or lowering the
plasma. Normally the sample is introduced as a solution via a nebuliser
which forms an aerosol. The larger drops of the aerosol are removed during
their passage through a spray chamber. The aerosol in the central gas
penetrates the centre of the plasma discharge, here the sample is desolvated,
vapourised and atomised. Emission from the analyte species is viewed at a
distance of approximately 15Smm above the load coils. One of the
characteristics of the ICP as a source is that the intensity of the emission from
it is linearly related to the concentration of the emitting species in the
solution over a wide dynamic range [26).

Analysis by atomic emission spectrometry proceeds by initially
dissolving the sample, typically by acid digestion. A series of calibration
standards are then prepared by dilution of stock solutions. The measurement
is then performed. Calibration of the instrument and the calculation of the
sample composition are then done. It may be necessary to prepare more
calibration standards if it is found that they did not bracket the samples. Once
the analysis has been performed the results obtained are then documented.
This analysis procedure can therefore be divided into three unit operations.
These are dilution, measurement and control.

Two areas of active research in ICP-AES are improved understanding
ofﬂ\efundamulpmouminﬂ\ephmuandoftheinmcmndby
high concentrations of other species in the solution being measured. For
these research applications the same dilution and measurement methods are
uaedmdonlyﬂ\eoonudopenﬁmhdiﬁmtfmmﬂ\emdymappuaﬁm.



Therefore any system designed to automate analysis, with appropriate
changes in the control mechanism, could perform some research tasks. The
change in the control corresponds to changing the model being tested. For
example, if a matrix effect is suspected to be due to a change in the plasma
temperature then a model which describes th ange in intensity expected
with a change in temperature could be used in t:.¢ control system.

Automation of atomic emission spectroscopy therefore requires four
sub-systems, a programmable dilution system, a solution delivery system, a
measurement system and a control system. The relationship between these
sub-systems is shown in Figure 3. The dilution system can be programmed to
prepare solutions containing several components that can be varied
independently. Conceptually, the components of a solution can be divided
into two types; those which are included as standards and those included as
other auxiliary components. The solution delivery system acts as an interface
between the dilution system and the measurement system. The
measurement system in this work is an ICP Atomic Emission Spectrometer
which can be controlled by an external computer. It can be instructed to make
a measurement and then send the results obtained back to the computer. The
control system is a computer which coordinates the action of each sub-system,
collects results and delivers analysis reports to the user.

This system is capable of performing the following analytical tasks;

Semi-Quantitative Analysis — The analysis of a sample and calculate the
approximate composition of the sample using a stored calibration of the

instrument.

10
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Figure 3 Block Diagram of automated analysis system.

Normal Calibration - The analysis of sample using a set of calibration
standards which is predetermined.

Admﬂn_gnmm-ﬂ\eamlyshofaumplemingamofahbnﬁon
standards which is optimised for the sample.

Matrix Study - The measurement of the change in sensitivity due to the
presence of a matrix component.

Standard Addition Calibration ~ The analysis of a sample using the standard
addition method.
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Solution Type Standards Auxiliary Components

Calibration Solution Variable None

Matrix Study Fixed Matrix - Variable

Standard Addition Variable Sample - Fixed

Internal Standard Variable Internal Standard - Fixed
( None) ( Sample - Fixed )

Matrix Matched Standard | Variable Matrix - Fixed

Table 1 Definition of various solution types in terms of standard and
auxiliary components.

Calibration Using An Internal Standard - The analysis of a sample with the

inclusion of an internal standard.

Adaptive Matrix Matching - This involves the identification of any matrix

interactions and analysis of the sample using matrix matched standards, the
matrix matching being customised to the sample.

These tasks are made possible by the use of a programmable dilutor.
The solutions used for each of the tasks each contain standards and auxiliary
components. These can be either fixed or variable. The various combinations
of fixed and variable standards and auxiliary components and how they relate
to the tasks above is shown in Table 1.

12



In this work the system of the type proposed in Figure 3 will be

developed. Also the viability of automating some of the analytical tasks
mentioned will be demonstrated.
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Chapter 2

System Description.

A schematic overview of the solution preparation system developed is
shown in Figure 4. A photograph of it is shown in Figure 5. The overall
system consists of a number of sub-systems as shown in Figure 6. These are a
computer, a communications interface, a robot, a syringe pump, a peristaltic
pump and a spectrometer. An electronic balance was included for the
calibration and testing of the syringe pump. Each of these sub-systems will be
described in more detail in this chapter.

All the sub-systems were controlled from an IBM computer. This was
done by using RS-232 interfaces, since most manufacturers provide this either
as standard or as an option for their equipment. The number of sub-systems
precluded them all being connected directly to the computer, since the
IBM-AT can only support directly 4 serial devices [27). Communication boards
are available which allow more than four serial ports. However since these
boards will use non-standard system calls there may not be sufficient support
for software development. A port expander which could switch
communications from one host device to several peripheral devices was
chosen, since the switching of communication between devices would
require only an appropriate message to be sent. The communications network
developed is shown in Figure 6.

In addition to these main sub-systems several ancillary components

14



Schematic Diagram of Solution Preparation Station. P1 Syringe
Pump, P2 Peristaltic Pump, B1 Top Loading Balance, V1
Solenoid Valve, V2 Pneumatically Operated 2-way Valve, Prl
Syringe Pump Uptake Probe, Pr2 Nebuliser Uptake Probe, T1
Sample Tray, T2 Intermediate Solution Tray, T3 Standard
Solution Tray, T4 Measurement Tray, DW Distilled Water

Reservoir, WD Waste Disposal, DG Dirty Glassware Depository.

15



Figure 5 Photograph of robotic system.

were required. These included trays for storage of solutions, equipment for
waste disposal, probes and storage racks for these probes. The last two devices
are described in more detail with the syringe pump.

For storage of the stock solutions and for holding containers several
trays were manufactured. These trays had eight positions arranged in two
rows of four positions. 'l'henumberingofthepocitionisshowninl’igme(by
T3. Tray T1 was used to hold empty containers in which the solutions will be
made. Tray T2 was used to hold the containers in which the intermediate
solutions of a serial dilution would be made. Stock solutions were stored in
tray T3. The solutions to be measured by the ICP were held in tray T4.

16
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Once a solution had been measured the unused solution was emptied
into a 100-m! glass funnel (WD in Figure 4) connected to the waste container
to which the nebuliser drain was also connected. Once emptied, the bottle was
deposited in a large, plastic container (DG). The dirty glassware was then
washed by hand.

2.1 Computing Hardware,

The system used two computers, one for control of all the devices used
in preparing solutions in addition to user interaction. The second was an
integral part of the spectrometer and was used to collect spectral data as well

as processing of that data.

The former was an IBM-AT with 640KBytes of RAM, 512KBytes of
which are on the motherboard and the other 128KBytes on an AST
Advantage board which can be further expanded to 3.5MBytes. The
motherboard was also fitted with a 80287 numeric coprocessor.

The video display was with an IBM Enhanced Color Display connected
to an Enhanced Graphics Adapter card on which was installed 64KBytes of
video RAM which can be expanded to 256KBytes. The present configuration
allows a maximum resolution of 640 x 200 pixels with 16 colours; with the
expanded memory the resolution can be increased to 640 x 350 pixels.

Data storage was on an internal 20Mbyte hard disk and two internal
51/2" disk drives. Disk drive A was an high capacity 1.2MByte drive, drive B
was a double-sided double-density 360KBytes drive which allowed transfer of
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data to other IBM computers in the laboratory and if necessary to the
Macintosh computers via a serial link.

An IBM serial/parallel adapter was installed to provide for output to
an IBM Graphic printer and an RS-232 serial port. An AST Advantage card
provided a second serial port and an additional parallel port. A Microsoft
Mouse Bus Version was also installed which could be used with software

supporting graphical interfaces. The operating system used was IBM DOS
Version 3.20.

The computer associated with the spectrometer was a Digital
PDP11/03-L with 28K core memory. The CPU was based on the LSI-11 chip set.
Data storage used a RX-02 dual 8" floppy disk drive unit. Normally the system
would use a DECWriter teletype, however this terminal interface was
modified to operate at 1200 baud instead of the normal 300 baud and was used
to interface the spectrometer to the rest of the system. The operating system
was provided by the spectrometer's manufacturer under the name ARLEB
Version 1.2.

21.1 Control Software

The program "Automation Control System” (ACS) was designed as a
programming language for the automation of experiments which could be
carried out with the equipment. The program consists of low level device
drivers which control individual pieces of equipment by sending the
appropriate command messages and interpreting any messages that may be
returned. Some driver routines maybe combined to provide functions not
provided in the basic command set of the equipment. In addition to the
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driver routines, functions and procedures are provided to simplify program
development.

The program was designed to provide an environment to support the
interactive nature of developing robotic applications. This excluded the use of
a compiled language in favour of a semi-compiled or interpreted language
which could provide an interactive development environment and so
remove the need to build the user interface. The programming language
would then become an extension of the host language and become an integral
part of it. The host language would then provide all the mechanisms for
interpreting commands and for executing programs. The control structures of
the host language would be an integral part of ACS as well.

New device drivers can be designed and tested easily in such an
environment. They can be loaded in as source code and tested directly by
passing the necessary parameters and obtaining immediate results, without
the need to develop test programs which may introduce unwanted side effects
which make interpretation of the results difficult.

The development system used was an implementation of Forth
(HSPORTH, Harvard Softworks, Springboro, Ohio). Forth is a semi-compiled
language and as such combines some of the speed advantages of a fully
compiled language with the interactive nature of an interpreted language.
Forth is a stack based language using reverse Polish notation. Commands in
Forth normally expect parameters to be passed on the stack and leave the
results on the stack (28). Commands are stored as words in vocabularies. The
vocabulary can be extended by the definition of new words, an example is
given in Figure 7.
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: GET.OTHER.NEXT (1 0r 2 - 2 or 1 )
DuUP ( Duplicate number on the top of the stack )
2 MOD ( Calculate remainder on division by two )
2* ( Multiply remainder by two )
1- ( Subtract one )
+ ( Add to original number )

Figure 7 Example of a word definition in the Forth programming
language.

The definition starts with a colon followed by the name of the word
beingdeﬁmd.Commumnpanhdfmmthcmtofthcmmby
pmm.lthmmdpncﬁawshowthepumexpecudonﬂu
stack and the results that will be left on the stack by using a comment
smemmtimmedhulyfonowingd\enmofﬁ\eword.lnthhmmpk,in
lhmﬂ\esuckmu\ﬁaingﬂmazwinbeldcdnuhﬂyazwinbcnphud
by a 1. The definition is terminated by a semi-colon.

Constants are words which leave a specified value on the stack.
Variablumwordswhichlumtluaddmofnmyloaﬂononu\c
stack; two operators then use the address to fetch a number from memory or
wsMavdmmﬂusuckMWy.}hnamuMdyapdnm

based language.

In addition to defining new procedures or functions, Forth allows the
definition of words which can be used to define words. This allows for the
definition of more complex data structures than simple constants or
variables. An example is shown in Figure 8. The definition of a definer
consists of two parts. The first specifies the action to be taken when compiling
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: MOVEMENT ( posN..posl N - )
( Store a sequence of positions to carry out an operation )

CREATE ( New entry in dictionary )
DUP , { Create copy on n and store )
0
DO ( Start loop )

. ( Store positions in definition )
LOOP
DOES> ( direction ~ )
( Carry out operation in direction specified )
SWAP ( Address of movement on top of stack )
BEGIN-CASE
FRWRD CASE-OF
( Execute moves in forward direction )
DUP @
( Get number of positions in movement j
0
DO
2+ DUP @ MOVE.TO
( Increment pointer, get posn. and move )
LOooP
DROP
ELSE

BCKWRD CASE-OF
( Execute moves in reverse direction )

DUP @ SWAP 2+ OVER 2* + SWAP
( Put pointer to end )
0

DO
2- DUP @ MOVE.TO
( Decrement pointer, get posn. and move )
Loorp
DROP
END-CASE

.
’

ARL . PROBE . REMOVE
ARL.PROBE.LIFT
ARL . PROBE . CLOSED
ARL.PROBE . OPEN
PRE .ARL.PROBE

{5 _MOVEMENT ARL.PROBE

Figure 8 Example of the definition of a defining word in the Forth
programming language.



a new word into the vocabulary, and is known as the compile-time action.
This is the code between the name and DOES>. The second specifies what is to
be done when a defined word is to be executed, the run-time action, this starts
with DOES> and ends with a semi-colon. When a word defined in this way is
executed the address of the base of the memory allocated to the word
definition is left on the top of the stack and so the data stored in the definition
can be accessed.

As an example of such a definer, the definition of a routine which
stores a sequence of positions in memory and then executes that sequence in
either the forward or reverse direction based on a single parameter is shown
in Figure 8. Also shown is an example of a definition using this definer. The
positions to be stored are placed on the stack in reverse order followed by the
number of positions in the sequence. The definer stores the number of
positions and the address of the positions in memory when ARL.PROBE is
being defined. When the command FRWRD ARL.PROBE is executed, either
after being typed from the keyboard or as part of the definition of a routine,
the robot will pick up the probe from its stand by moving through the
sequence positions from PRE.ARL.PROBE. Similarly BCKWRD ARL.PROBE
will cause the robot to replace the probe in its stand by moving through the
sequence in the reverse order.

A brief description of the commands used to control the various
devices in the system will be given later in this chapter. Appendix A lists the
main commands that would be used in program development. Complete
documented listings of these routines are available in a supplementary
volume. Once these low level commards were developed and the code was
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found to be stable, the software system was stored in a compiled form as
ACS.EXE and formed the kernel for the development of the programs
described in later chapters. The program can be executed from DOS by typing
ACS. This compiled version of the software was designed so that it would
first load a configuration file (ACS.SYS) in which the setting of system
variables such as the port numbers of the devices, the loading of robotic
positions to be used and the loading of programs was done. Any commands
that would normally be typed at the beginning of a session can be included in
the configuration file. In this way it is analogous to the AUTOEXEC.BAT file
of PC-DOS.

The version of Forth used did not have a complete set of utility words
suitable for the system that was being developed. In order to simplify
development a number of utility words were defined. For the most part these
were added to the existing vocabulary though there were some words
redefined in order to make them more general.

The utility words fell into two main groups, those necessary to support
gserial communications and those for string handling. Some software tools
malwdeﬁnedwtﬂchamwedforlisﬁngofwordﬂndudedinavoamry
and for file manipulation.

The routines to support serial communications included the
redefinition of the words which sent and received characters. As these only
used ﬂ\eonesahlport,ﬂwyweremodiﬁedsomatboﬂ\saialpom could be
used. Routines were included to allow the serial ports to be initialised from
within the program. These could also be used to change any of the

communication parameters such as baud rate, word length, or parity.
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Routines to send and receive complete lines of text were also defined. It was
found that the routine to receive text could not execute fast enough to receive
a line of text without losing some characters, so machine code routines were
included to perform this task.

The string handling routines included words to find the position of
particular characters or digits. These were then used in routines to strip all
characters prior to the first occurrence of a particular character or up to the
first occurrence of a digit. These were later used to interpret messages
returned from various devices. A routine was included to convert a string to
a number and leave the result on the stack.

Other utilities included routines to check the existence of a file on disk,
the renaming of files and the making of back-up copies with a BAK extension.
A routine to provide a timed delay was also written.

Extensive use of the 8087 co-processor was made. Forth does not
normally support floating point calculations. A set of routines which used the
co-processor were supplied with this implementation of Forth and were used.
Some additional extensions were also necessary. These were mainly words
which extended the manipulation of numbers on the floating point stack of
the co-processor. The arc cos function was also written along with a routine to
convert a string to a number on the floating point stack.

Floating point numbers use their own separate stack, which is located
in the 8087. This stack is limited to a maximum depth of 8 numbers [27].
ﬂmwunoshckovaﬂowdetecﬁonsogrutanwumryhordato
ensure that at no point could the floating point stack overflow. If this did
happen then the data that was on the top of the stack would be corrupted and



nonsense results were generally obtained. Stack overflow could be avoided by
storing intermediate results in memory using the internal 80 bit format so

that no loss in precision would result. However, this will result in a
reduction in speed.

22 Communications System,

All communication between devices in the system was by means of
RS-232 links. The IBM-AT BIOS is limited to supporting only 4 serial links. In
order to avoid the non-standard patches to the BIOS necessary to support
more RS-232 devices internally, an external multiplexing device was used.
The device used was a Multiport Controller 528H supplied by Bay Technical
Associates Inc. (Bay Saint Louis, Mississippi). The 528H multiport has 9
RS-232 ports, one for the host device and eight peripheral devices. In addition
to providing the multiplexing, the unit also has a 256 byte buffer.

All ports are configured as DCE devices [29]). Each port can be
individually configured for baud rate (110 - 9600 baud), word length (5 - 8 bits
with 1,1 1/2 or 2 stop bits), and parity (even, odd or none). The unit can also
be programmed to recognise XON/XOFF characters for software handshaking,
in addition to hardware handshaking through CTS and DTR signal lines.

The unit can be operated in one of six modes [29):

1) Full duplex communication - allows the host full duplex communication
with a selected port;

Z)Anmm_mmm-buffmmguﬁompeﬁphemdevimmd

transmits them to the hose with an identification code when a terminating
character has been received or when the buffer is full;



S)Mmm-buﬁmmguuinz)butonlymmuu

them to the host when requested;

4) All messages from selected port - operates exactly as mode 2) but a single
port is specified;
S)ﬂndmmmjm_glmm-isacombimﬁonofmoduwandﬂ
transmitting a buffered message from a selected port when requested;

6) Time Division Multiplexer - automatically multiplexes all peripherals by
scanning all ports to check if any data is buffered, if o, it is transmitted to the
host with an identification code until the buffer is empty or a user-specified
block length is read.

The first mode was used exclusively, though the other modes could be
used if extensive multitasking was necessary. The termination character for
modes 2) - 4) is programmable though the default is CR.

The configuration of the ports is shown in Table 2. This can be altered
using a terminal emulation program to issue the configuration command
(Control-T C). The unit responds with a menu driven configuration routine.
This routine allows changes to be made permanent, in which case they are
stored in non-volatile memory. An alternative method of changing
parameters which avoids going through the nested menus is also available.
This non-verbose method allows only temporary changes to be made.

All commands to the multiplex unit are prefixed by Control-T.
Selection of a port in mode 1) is by sending the message Control-T followed by
the character 1 - 8. Once a port has been selected communication proceeds
rormally and the multiplex unit is transparent except as a buffer.
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Port ~ Device ud Rate [Word Size Bit | Parity |
1 ~ Robot 4800 7 2 ven
2 | Peristaltic Pump 1200 7 2 Even
3 ARL 1200 7 2 Even
4 Balance 1200 8 1 None
5 Syringe Pump 1200 8 1 None
6 Not Used 9600 8 1 None
7 Not Used 9600 8 1 None
8 Not Used 9600 8 1 None
9 IBM-AT 4800 7 2 None

Table 2 Configuration of Serial Port on Multiplexing Unit

In addition to the routines for sending and receiving information
through the serial ports, routines for control of the routing of information by
the multiplexing unit were written. The commands sent to the multiplex
unit were comprised of a Control-T followed by the port number. A variable
was defined for each device and was set to the port number of a device in the
configuration file. The switching routine had the device variable passed to it
as a parameter, the port number was read from the variable converted to a
character then transmitted following a Control-T. The port number of the
current device was stored in a variable. When switching devices, the
previous port number was also stored in a separate variable. This allows the
previous device to be reselected at the end of the transaction.

To configure the multiplexing unit a terminal emulation program is
necessary. This is provided by running a terminal program as a child process.
The command RUN.TERM will execute a program called "ZTerm.Exe". This
allows direct communication with any device in the system and provides a
method of fault diagnosis It can also be used for transferring files to and from
the computer associated with the spectrometer. '
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Table 3 Summary of communication commands.

When transferring a program file to the spectrometer it was necessary
to slow the transmission speed in order to allow time for the spectrometer to
interpret the information. This was done by slowing the baud rate of the
multiplexer/host connection to 300 baud. This was achieved by sending a
short text file (Set300) to the multiplex unit containing the commands to
change the baud rate using the non-verbose mode. Once the change in speed
had been made the baud rate used by the terminal program must also be
lowered. A similar text file (Set4800) contained the commands to reset the
speed back to 4800 baud after the transfer was complete. A summary of the
words associated with the control of communications is given in Table 3.

2.J Robot,

The Robot Institute of America gave the following definition for a
robot “A reprogrammable multi-functional manipulator designed to move



material, parts, tools or specialized devices through variable programmed
motions ...” [14). The function of a robot is to move things. The design of the
robot, however, imposes many constraints on the environment in which it
works. The choice of the robot used will greatly influence the layout and even
the choice of components used with it.

When choosing a robot there are several factors to be considered. These
include;

Geometry - There are five general types of robots. They can be
classified by the types of motion the joints can execute and the geometric
arrangement of those joints. The two most common geometries used in
laboratory robotics are revolute (e.g. Mitsubishi RM-501) and cylindrical
(Zymate II). The revolute geometry consists of entirely rotational joints
arranged in a body, shoulder, elbow and wrist configuration, (Figure 9a). The
cylindrical geometry has a mixture of sliding and rotational joints, a central
vertical slider which can rotate, and a hand attached to a horizontal sliding
member, (Figure 9b). A third geometry which is becoming more available is
the Selectively Compliant Articulated Robot Arm (SCARA, Perkin-Elmer AS-
80 Robotic Autosampler). This can be thought of as a combination of the
cylindrical and revolute geometries. It consists of a vertical slide as in the
cylindrical robot but the horizontal :mber consists of a two link arm similar
to a horizontal revolute robot, (Figure 9c). The hand is often limited to
vertical movements. This geometry of robot has less rigidity in the horizontal
plane than the revolute geometry and so can adjust better to mis-alignments
between components (compliance). Thus it would be well suited to function
as an autosampler. Another geometry is the Cartesian which has sliding links
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Figure 9 Common geometries for laboratory robots, a) Revolute,
b) Cylindrical, ¢) SCARA

in the vertical and two horizontal directions, the traditional Xyz-autosampler
could be included in this class. Finally, the polar geometry has a sliding
member on a base which can rotate horizontally and vertically.

Degrees of Freedom - The flexibility and manoeuvrability of
the robot depends on the number of joints that can moved independently.
Formeﬁdworkﬂ\eab.oluuminimumnumberofdewolfnedomwmud
be 3. As the position and orientation an object can be described by the three
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Cartesian coordinates for position and three angles for the orientation then
the maximum number of degrees of freedom required are 6. Typically 4
(Zymate II) to 6 (Puma 260) degrees of freedom are available. The position of
the gripper could, but is not normally, be regarded as an extra degree of
freedom.

Reach - The reach of a robot is the distance between the
cenmoltl\ebuetoa\doftheamwha\thearmishxllyexta\ded.ﬂ\ereach
combined with the geometry and number of degrees of freedom define the
region of space, or the work envelope, that can be accessed by the robot. The
shapemdsiuoftheworkenvelopewiﬂgovemwhmobjecucmbepheed
with respect to the robot. The work envelope can be further extended by the
mounting the robot on a track. For revolute robots mounted on the base the
space immediately above the robot is difficult to use. This limitation can be
overcome by mounting the robot in an inverted position and allowing the
arm to work over the bench.

Repeatability - This is a measure of the ability of the robot to
return to a position repeatedly. It will govern the precision required for
positioning the objects with which the robot will work as well as the dearance
nquhtdbetwemobjecuinorda'toavoidoomaom.ﬂ\erepuubimyudnbe
a function of the speed of motion, load and drive system used.

Speed - The speed of the robot will effect the throughput of
the system. It is desirable to have the highest speed possible. However, the
speedofﬂwrobothutobeaoompmminbetwea\ndudngﬂ\eﬁmnqmmd
to perform a task and the ability to perform the task accurately. With
increased speed the repeatability will suffer, also the forces exerted on the
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objects being handled could cause errors, such as spillage from open
containers during acceleration or deceleration (18).

Drive system - This is the mechanical system used to move
the joints of the robot. For laboratory robots electrical motors are the main
source of motive force. For smaller robots stepping motors are sometimes
used, while larger devices use DC servo motors. The feedback for these
motors may be provided by either potentiometers (Zymate II) or by means of
optical encoders (RM-501). The repeatability can be affected by the gearing
system used to transmit the motive force from the motor to the joint. Older
systems used conventional gear trains, but the repeatability of these systems
was limited by the high degree of backlash in the gearing. Some newer
laboratory robots (CRS Plus and Mitsubishi RVM1) uses harmonic drives
which have less backlash than traditional gears [30).

Capadty -~ This is the weight that the robot is capable of
carrying, including the weight of the hand. This has to be a compromise
between being able to carry as large a load as would be desirable and the cost in
terms of requiring a more powerful drive system, poorer repeatability and
decreased speed.

Hands - These are devices which can be attached to the end
of a robot arm and used to manipulate objects in the work envelope. The
mootoommtypeofhmdissomeformofmhmicalmpper.Typiully
ﬂﬂshandconﬁsboftwooppodngﬂngas.Conholofthehmdcmnryﬁom
asimpleopen/docetocontrolofthedistmcebeﬂnenﬂnﬁngnltmyhe
imporuntwcmuuﬂnpmsmthatﬂwﬁngmmuatonmobhaﬂmh
heldintheﬁngm.ﬂ\eﬂexibﬂityofthembotcmbelnaeuedbypmviding
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some means of changing the type of hand that is being used, either by
changing the complete hand unit (Zymate II) or the type of fingers (Perkin-
Elmer Masterlab) attached.

Control unit - This is the device responsible for interpreting
the commands issued by the user or host computer. The success of the robot
will depend largely on the ease with which the robot can be integrated into
the system being built. Important factors influencing the success of this
integration are the means of communication between the robot and other
components, the functions that are under the control of the control unit,
tlmfuncﬂomtluthavctobeprovidedbythehootcompuwrmdthomof
programming the control unit. For example, if a standard commu: ;¢ ation
interface is available then the robot will be easily connected & *»: host
computer. The ability to send commands using an XYZ coordinate . yotem
will greatly simplify the control software written for the host system.
Similarly, features such as straight line interpolation and the definition of via
points, that is points that the robot should pass through without stopping,
make the control of the robot smoother (CRS Plus and Mitsubishi RVM1). At
the other extreme it may be desirable for the host computer to able to control
accelenﬁonofﬂnam.ﬂﬂscmldaﬂowovenﬂhigherspedstobeuudhy
programming accelerations to avoid undue stress on any object being held.
mmtl\odbywhid\therobotisuughtwillbeimporhnt.Tud\ingshould
not be by one method, such as by programming of positions from a terminal
ala\e,raﬂwtﬂ\aeshouldalsobeamethodofukingthearmtoadedud
position and programming that position into the control unit and/or host.
The leading of the arm could be by means of a teaching pendant which allows
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Supplier Robot Type Reach/mm Paylosi/kg  Degress of
Freedom

Zymark Ltd. ZymateIl Cylindrical 660 14 4
E:lmtlon Puma 260 MK3 Revolute 406 09 6
E:.imtion Puma 552 MK3 Revolute 1000 40 [
g:imtion Puma 3562 MK3 Revolute 1000 40 6
Perkin-Elmer RM-501 Revolute 660 12 S
Ld

Perkin-Elmer AS-80 SCARA 130 - 3
Ld Autosampler

Hudson RVM-1 Revolute L <] 12 S
Robotics Inc.

Hudson CRS Plus Revolute 9 20 5
Robotics Inc. SRS-M1A

Cybernetic Mentor Revolute 420

Applications

Cybernetic Nais Revolute 500 5
Applications

Cybernetic Serpent SCARA 400 4
Applications

Cybernetic Neptune Revolute 1120 285 /%
Applications

Spectro RM-501 Revolute 660 12 5
Analytical

Instruments .
Pestiess Peeriess Cylindrical S00 20 6
Systems Lad.

Universal RTX SCARA s 40 6
Intelligence

Ld

Table 4 Summary of Laboratory Robots available.




manual control of each joint individually or by means of a simulator. A
simulator is a small model of the robot with potentiometers at each joint
which allow the simultaneous control of all joints (Cybernetic Applications).
An alternative is to use the robotic arm directly by means of a lead-by-hard
mode (CRS Plus).

There are several suppliers of laboratory robots. Reference 18 provides
a table of most of these, however the list is not complete. A more complete

list of suppliers, including those of Reference 18, is shown in Table 4.

A robot is the mechanical equivalent of the CPU in a computer system.
The success of it depends not just on the performance abilities of the device
but also on the ability to program the device efficiently. The design of the
control language of the robot is probably as important as the mechanical
design of the arm itself. The programming facilities of the control unit are the
equivalent of the assembly language of a CPU. At present there is a trend
towards providing a more complex command set which will allow the use of
XYZ Cartesian coordinates, straight line interpolation and continuous path
control. Whether this will induce a reaction towards a RISC-type (Reduced
Instruction Set Computer) of philosophy remains to be seen. This would
result in a smaller, more powerful command set for the robot, and possibly

more control of the basic mechanical components.

The robot is a “manipulator designed to move material...” hence the
main property to be controlled is the motion of the robot. The control of the
motion of a robot can be viewed as an hierarchy as shown in Figure 10 [31).
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Figure 10

37

DIC up
beaker

User Input

L

n

/

Trajectory planner

X : 345mm Piich : 0°
Y: S4mmRoll : 0°
Z2:267mm Yaw :15°

Motor 1 : 5674 \ ,
Motor 2 : 7234 Inverse Kinematics
Motor 3 : 458

Motord : 51

Motor5: 876

Motor 6 : 1276

Inverse Dynamics

Steps required for motion control.



The dynamics of the robot, that is, the control of the torques on the
joints and the accelerations of the links, are usually controlled by the control
unit and are not programmable. Therefore, for most users of laboratory robots
this is not a problem.

The kinematics of the robot, that is, conversion from the joint angles to
positions and orientation in space and the reverse, are now being controlled
by the control unit as with the CRS Plus and the Mitsubishi RV1. Mowever
for older robots these conversions had to be made by the host computer. For
the cylindrical geometry, the coordinate system of the robot is intuitive
enough to the human operator that it can be used directly. However for the
revolute and SCARA geometries the joint angles do not form an intuitive
coordinate system for an human operator, so the conversion between XYZ
coordinates and the robotic **i: + space is necessary. The equations for the
conversions can be derive. - . . number of methods, the most general being
the use of homogenecvs *r» sform matrices [30,32). Alternatively for simple
geometries the problem ..:: often be reduced to a problem of plane geometry
and solved by suitable trigonometric identities [33]. These conversions will be
discussed in more detail with reference to the robot used later.

The ability to convert from joint space to Cartesian space and back also
allows the possibility of running graphic simulations of the robot operation
[34]). This will allow the robot to be programmed off-line, i.e. the program can
be developed without the computer being connected to the robot and so
allowing the robot to be used for other tasks [35). The programs can be
executed by a graphic simulation and the actions of the robot can be viewed
before the program is executed on the real robot. The development of such



simulation software for a small laboratory robot has been demonstrated by
Tabani and Montaser [34).

Ideally the robot should be controlled by specifying the action to be
taken, e.g. “pick up the beaker”, rather than programming the motions to
perform that action. The function of the trajectory planner is to interpret the
command and plan the movements necessary to perform the task required.
The plan would be a set of positions and orientations describing the path of
the arm. This planning of the path is a non-trivial problem and attempts to
solve it generally use artificial intelligence techniques [31). A recent system
[36] used several sub-systems, each capa®le of planning a different type of
manoeuver, e.g. sliding, rotating, moving around. The overall problem being
broken down into smaller sub-goals, each separate “expert” would then work
on a sub-goal which was suited to it. For a fairly complete review of the role
of artificial intelligence in robotics Reference 37 is recommended.

The high level programming of robots has been approached from two
diametrically opposite directions [35]. One approach has been to solve the
trajectory planning problem assuming that the implementation of the plan
formed will be trivial, i.e. a top down approach. The other has started with
designing the software to control the robot and building up from there.
Eventually these two approaches should meet in the middle.

The language in most common use in chemical laboratories is
Easylab®, supplied by Zymark for the Zymate robots. This programming
language resembles more modern versions of Basic [2). Perkin-Elmer supplies
a language PERL (Perkin-Elmer Robotic Language) for use with their systems,
it too is based on modern versions of Basic. CRS Plus supplies a language
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RAPL for use with the SRS-M1A robot; further information is not available
about this language.

There have only been two programming languages for laboratory
robots published in the chemical literature [38,39). The first was an attempt to
bridge the gap between an Al system and a real robot [38). This system was
written in a dialect of LISP for an IBM PC-AT. The robot had a revolute
geometry. Only the most basic commands of the robot’s command set were
implemented. This system represents only the beginning of a full
programming environment for the development of robotic applications. The
choice of LISP as the programming language should allow integration into Al
systems but more higher level commands need to be defined.

A complete implementation of a robot control language is ARTS
(Analytical Robot Telecommunications Software) [39). This interpreter was
written in C for IBM and IBM compatibles and ephasises the communication
requirements of a robotics system. The system runs a Zymate I robot; the robot
controller executes an Easylab program which is a simple command
interpreter. ARTS was designed to execute either as a stand alone program or
can be executed by other programs running under MS-DOS. This will allow it
to be executed from within an expert system.

2.3.1 Robotic Hardware

Based on these considerations and the robot devices available, the robot
chosen was a Mitsubishi Move Master II Model RM-501 (Mitsubishi Electric
Corporation, Tokyo, Japan). It is a five axis articulated arm in a revolute
geometry, the specifications of which are shown in Table 5a. The arm is
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a)

“Ttem %ﬂcation
st Rotation
Shoulder Rotation 130°
Elbow Rotation 90°
Wrist Pitch 190°
Wrist Roll $180°
Maximum Load 1.2 kg (including hand)
Maximum Speed 400 mm/sec
Position Reproducibility 0.5 mm
b)

~ Item Specification
Control System Point to Point
gPosition detection tical encoder

settin -
ﬂo. of pooth‘gm maximum 629
No. of program steps maximum 2048
Memory ROM 32K RAM 32K
Interfaces 1 Parallel 1 Serial
External 170 lines Input 8 bits Output 8 bits
External I/0 handshaking Input STB, ACK

Output BSY, RDY

Table 5 Specifications of RM-501 a) Robot and b) Drive Unit

controlled by a separate drive unit, the specifications of which are shown in
Table 5b [40).

The drive unit has 32KBytes of RAM in which can be stored positions
of the arm and programs. The drive unit uses two letter mnemonic
commands which can take a variable number of parameters. These
commands are shown Table 6. Commands which can be used in programs are
indicated in the final column.



Name nction
Nest 'NT_ ™
Home % Y
Move to Yoo
:F W'ﬁﬂﬂﬁﬁn No
Move s Move to set position Yo
Increment Move to next Lt.‘ﬁuou Y&
_ Decrement | DP Move t0 prev. position Yes
W"Bﬁ‘n‘ggﬂ,a re coordinates Yo
Here a [ Store current coords. Yes
— Clear a ons No
Uﬂg set al, Yes
e o] Y
_CH%E__” Keo Tl‘égg Yes
a Used in PS5 command Yes
a arm Yes
me a y for a x (.1 sec Yes
Input Handshake read Yes
Input data D data Yo
"&H@ OT a (&b) Handshake output Yo
t OD a (&b) data Yoo ‘
PRa to T
- é?ﬂi S DK ta R
Test bit ™ al, al al set Yoo
a error on bit Yoo
1 S P
a 3 to true (]
If Q“ﬂm SM al (&b), a2 e
1€ not NE al (&b), a2
Co_ot':é Goa “Execute subroutine Yes
~ Return subroutine Yes
Kepeat a %ecute code a imes Y
Next NX of repeat Toop Yo
a Unconditional pmp Yoo
—End “ED Marks end of Ye
New NW Tlear all daa 1o YAM ] No
" Delete Dlal,al Deletes program Iines No
~ Run RN a exsecution from a No
~ Write a e 0 No
"~ Transler TKa o No
error No
Table 6 Summary of commands for RM-501 Robotic arm.




GP 7, 3, S : Set grip closing profile

Gr 0 ; Next positions have grip open

: Start defining some positions

PsS 1, -4160, 1850, -3600, 750, 750, O

Ps 2' -‘160' 950' -3600' 800, -°°°' 0

GF 1 :; Next positions have grip closed
PSS 3, -4160, 950, -3600, 800, -800, O

PS 4, -4160, 1300, -3600, -1200, 800, O

; Start of program code

1 SP 9 ; Set speed to maximum

$ GS 1100 ; Call subroutine at line 1100

10 RC ¢ ; Repeat instructions four times
15 1P ; Move through next four positions
20 NX ; End of loop

25 GS 1200 ; Call subroutine

30 GS 1300

35 sp 1 ; Set speed to slowest value

40 MO 17 ; Move to position 17

45 sp 7 ; Set speed to intermediate value
S0 RC 3

5SS 1P

60 NX

62 TI 15 ; 1.5 second delay

270 BED ; End of program

1100 M0 1 ; Move to position 1

1110 RC 3

1120 1P

1130 NX

1140 RT ; Return from subroutine

Figure 11  Partial listing of a program for the RM-501 Robot.

The drive unit can be programmed using the mnemonic commands
indicated preceded by a line number. These programs are stored in the
memory of the drive unit and can be executed by issuing a Run command
followed by an optional starting line number as a parameter, otherwise the
program would start execution from the line with the lowest line number.

An example of such a program is given in Figure 11. This is part of an

early program that made tea. The comment statements would not be



understood by the drive unit and if sent they would cause an error. They
have been included for clarity.

For each joint, except for the wrist movements, the resolution was
0.025° per step. For the wrist joint the resolution was 0.075° per step [40). The
parameter ranges for the joints were therefore -12,000 - 0 for the waist,
-5,200 - 0 for the shoulder, 0- 3600 for the elbow. These values are for the
origin being in the position of the robot after executing a NEST command. If
the origin has been set to another position then the range of values these
parameters may take will be altered accordingly.

Communication with the robot was by means of an RS-232 port which
used a non-standard connector and an unusual handshaking protocol. The
drive unit operated the handshaking lines on each character transfer and
expected the host device to do likewise. The timing sequence expected is
shown in Figure 12 [41]. The 528H multiport unit only operates the
handshaking lines when the buffer is almost full hence it could not generate
thesigmlsrequiredbythedriveunit.Thisausedthesysmwhangwhu\
data was being read from the drive unit, as in a position read, though
communication operated normally when commands were sent to the drive
unit. In order to generate the signals expected a simple RC circuit was
installedinﬂ\eoa\mcmratthedriveunitend,ushowninl?igurels.

The drcuit is used to feed the RTS signal of the drive unit back to the
DSR input. This allows the drive unit to send the next character. The time
constant (t = 0.0lms) was selected so that the DSR input will be close to
ground potential before the character transfer was complete even at 9600 baud
rate. Once character transmission is complete, the drive unit senses that the
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From Robot

RTS

From Host
DSR

From Robot
TXD

Figure12  Timing sequence used by RM-501 Robot when transmitting a
character on the RS-232 interface. Data is transmitted during
the shaded portion of the TXD signal.

DSR input is low and then lowers the RTS output; the diode was included to

protect the DSR input circuits when this happens by clamping the input to
ground. The drive unit then raises the RTS output when the next character is
ready for transmission. When this modified cable was used complete
communication was possible using the multiplex unit in place. In earlier
versions of the system the robot was controlled on a separate serial port and
an assembly language routine was used in place of the BIOS serial driver (INT
14H) to provide the handshaking protocol expected. This was abandoned in
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Figure 13  Diagram of RS-232 cable used for interfacing to a RM-501
Robot.

favour of a more standardised approach to the software provided by the
hardware modification.

All the commands listed in Table 6 were implemented as low-level
driver routines. A summary of the more important commands relating to the
control and programing of the robot is given in Table 7. A complete list of
robotic commands is given in Appendix A. In Figure 14 is shown some
examples of the source code of low level drivers, one for a routine which

sendsplrmmwﬂ\erobot(PMOVB)mdsecondlyhowdaufromtherobot
is received (POS.READ).
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S —-— — Sk iy W%m—
TARE drive
. ) umber ¢
n .
F.ABEL: name n- llmn
current number.
NEST - Mmuo:mm
CKIPSET - tlcl- curm“m“ hand
8- arm.
POEREAD = 5T O —
p and store in buffer.
->»START -zyfzyx- Transfer coordinates o
variable START.
POSITION mode-:[yBzyx]- Define tion
name type YBzyx poel m
m'wff':qm
mode, use current arm
position if using IMMED
mode.
TO.MOVE Sadasalal- i ven
parameters su
MOVETO posn - Move to d
GO.THERE -:yfzyx- Move to coordinates given.
name - posln- a
posn Define scquence of
RACK name n-:Az Ay Ax- Mno‘amw
Coorineses stored in START
m f.patack and with
on n
P
TRAY name mn - Azm Aym Axm Azn Ayn Axn | Define two dimensional
lmy" of mtt::
s’rmwmmm
rows and columns given on
f.p. stack.

A - Update current tion
v&":u.m&':‘um
drive unit.
pearameters of current

SROW POSITION -
poss parameters of position.
Table 7a Summary of commands for controlling RM-501 Robot.



EDIT.FOSITION

~ s i e
current arm .
COROME - Move 10 home position.
MOVE.RELATIVE - Az Ay Ax - Move relative 10 current
poeition by amount m;_
MOVE.UP -uA- Move up by amount given.
MOVE.DOWN - A- Move down.
MOVE.PORWARD -nA- Move forward.
MOVE.BACK -uA- Move back.
MOVE.LEFT -uA- Move left.
MOVE.RIGHT -zA- Move right.
ROLL.BY -z Ay- Roll wrist through angle
specified.
ROLL.TO -nY- Roll wrist o
PITCH.BY -:AB- Ch.l'plthoﬂl-ﬂby
amount .i
PITCH.TO -zp- Movc hand 0 plidc angle
'PFOPEN (filename] - wz;':m:ﬂh
specified one
asked for.
PLST - Ust position defined In
current A
PFSAVE posnname - ve
PRV AT TRicrama] - e
in file named.
PFPRINT [fllename] - i contents of a
PrOROWSE eramel - "Dloplay contents of position |
file on screen.
[PPLOAD [Hlename] - afwwﬂn
INTT - ROBOT - Inltialise robot and move 10
home tion.
‘COODNIGART - msﬁumm Teave

Table 7b Summary of commands for controlling RM-501 Robot.



: PMOVE ( Posé - )
( Move to position specified )

CHECK . PROGRAM ( Check Program Flag )
$" MO " COUNT CTYPE ( Send command )
$=>D <§ 48 #> CTYPL ( Convert parameter to string )
13 CeMIT ( Send CR )
10 ceM1T ( Send LFr
: PREAD ( a - )

( Request position coordinates )
$™ PR " COUNT CTYPL
$->D <# 4S #> CTYPL
13 ceMIT
10 cemM1T

: POS.READ ( a - )

( Read position from D/U memory )
PREAD { Send command )
LINE.BUFF COMPORT § WAIT.RETURN

( Get position return and store in buffer )
DROP

Figure 14  Example of low level robotic command.

232 Piramming of the Drive Unit

Those commands that could be used in program mode first checked the
valueofaprognmﬂagwdeddeifﬁucommmdwubdngmtupmﬂa
program or for immediate execution. If the program flag was true then a
variable containing the current line number was read, the line number was
sent as the first part of the command line, and then the line number variable
was incremented. The definer PROGRAM would store the current line
numbainavaﬂabkwim&\enamespedﬁeduwellusetu\eprognmﬂag
to true. The word defined can then be used to execute a program stored in the
drive unit. The command END.PROGRAM resets the program flag to false,
hence any robot commands between PROGRAM and END.PROGRAM will be



compiled into the drive unit memory and in this way a simple one-pass

compiler has been constructed.

The word LABEL behaves similarly and allows the defining of labels in
a program which are used with the various branching commands. Forward
referencing of labels is not supported directly. The word FLABEL takes a
single offset parameter which is added to the current line number in order to
generate the line number of the destination. This can then be used in a
forward branch. When this label is defined the number of programmable
commands between the current line and the destination must be known.
This is a major limitation to the utility of this simple compiler. Since all these
programs can be defined as normal Forth words using the richer variety of
control structures and being free of the memory size limitations of the drive
unit there has been no need to use this compiler in this work.

2.3.2 Definition of Positi

The definition of a named position is also supported. A position may
exist solely in the memory of the host computer and not in the drive unit.
Such positions are regarded as virtual positions. Those which exist in the
memories of both the drive unit and the host computer are regarded as real.
The advantage of virtual positions is that the number of positions is limited
only by the memory restrictions of the host computer. However, the
disadvantage is that all the joint parameters have to be stored and the relative
motion of each joint has to be sent as the parameters of an IMOVE command.
In the case of a real position only the position number needs to be sent as the
parameter of a MOVE command. Since both virtual and real positions are



supported it is necessary to store the joint parameters of a real position as well
so that a record of the current position of the robot can be maintained.

In addition to the two types of positions, positions can be defined in
two ways. The current position of the robot can be defined as the position, or
the parameters of the position can be defined and stored. All positions
contain information on the type of position, the joint parameters in terms of
the number of steps from the origin and whether the hand is Open or closed.

Since the coordinates of a position specified in terms of robotic joint
Parameters are not easily comprehended by a human user, the definition of a
position was specified in Cartesian coordinates with respect to the origin and
the orientation of the hand was specified by two Euler angles corresponding
to pitch and roll. Similarly, in the routine which displayed the coordinates of
a position, both the joint parameters and the Cartesian coordinates with Euler
angles were displayed. Hence if the current arm position is to be defined as a
new position then the command IMMED VIRTUAL/REAL POSITION name
will create a virtual or real position with the name "name" at the current arm
position the joint parameters are obtained from the drive unit itself. If MAKE
VIRTUAL/REAL POSITION mame is used the Cartesian coordinates and
Euler angles of the position must be present on the floating point stack. These
are then converted to joint parameters and used to define a virtual or real

position with the name "name".

Movement of the arm could be to any position defined, to any arbitrary
position specified by either joint parameters or in Cartesian coordinates. Also

movements relative to the current position could be made. These included
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movements along any of the three principle axes of the wrist, i.e up/down,
forward /back or left/right.

3.4 rdinate Transform

In order to allow control of the robot using changes in the position
specified in terms of Cartesian coordinates, or to report on a position as its
Cartesian coordinates, it is necessary to be able to convert from the motor
positions to this coordinate system and back. These conversions are achieved
by a set of kinematic equations [30,32). Full details of their derivation for any
robot can be found in several robotic textbooks [30,32).

The first step in converting the motor positions to a Cartesian position
and orientation is to calculate the joint angles. For the first three joints the
angles are given by the motor position divided by the number of steps per
degree. The motions of the wrist are achieved by two motors which control
the pitch and roll in a concerted manner. The angles of pitch and roll are

calculated from the difference and sum of the motor positions respectively.

The forward kinematic equations are used to calculate the position and
orientation of the wrist from the joint angles. These can be derived by use of
Plane geometry. However, a more general derivation is possible by using
homogeneous transform matrices [30,32,34,42). The inverse kinematic

equations will be derived using plane geometry.

Homogeneous transform matrices are 4x4 matrices which contain
information to allow the transformation of positions in one coordinate frame
to another from the rotations and translations of the frames [42]. The

transform matrices can be subdivided into four sub-matrices, a 3x3 rotation
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Figure 15 Composition of an homogeneous transform matrix T and
position vector p. The elements rjj form the rotation sub-
matrix, tj are the translational vector, pj are the perspective
vector and s is the scale factor. The elements pj of p are the
cartesian coordinates of a position and s is the scale factor.

matrix, a 3x1 translation vector, 1x3 perspective vector, and a 1x1 scaling factor

as shown in Figure 15. A position vector is a 4x1 vector and can also be
subdivided into two sub-vectcrs, a 3x1 position and a scaling factor. In robotics
the scaling factors are set to unity and the perspective vector is set to (0,0,0). To
calculate the overall transform matrix for a series of rotation and translations
the product of the transform matrices for each individual operation is taken

[30,32].

To derive the kinematic equations for a robot a coordinate frame is
defined for each joint [30,32). Associated with each link between the joints of
the robot are the four Denavit-Hartenberg (D-H) link parameters, a, a, d, and
8, as shown in Figure 16. These correspond to the twist angle (a) around the
x-axis of the first frame between the frames on neighbouring joints, the
length of the link along the x-axis (a), the displacement of two frames along
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Figure 16  Definition of Denavit-Hartenberg link'parameters.

the z-axis of the second frame (d) and the angle between two links around the
z-axis (8) [30,32]. The assignment of the coordinate frames for a RM-501 robot
are shown in Figure 17 and the link parameters are shown in Table 8 and the
lengths of the links of an RM-501 robot are; from base to shoulder (rgs)
290mm, from shoulder to elbow (rsg) 220mm, from elbow to wrist (rgw) 160
and from wrist to tip of the fingers (rwT) 214.6mm [40).

Equation 1 can be used to derive the transform matrix for a joint from a
line in a D-H table [32])°.

ch % 0 a
i-il-r - | IO COCOy1 -3 -30%1 G 1)
Bocy cB soy1 ooy o1 G
0 0 0 1

.Tho following abbreviations for trigonometric functions will be used in order to
simplify expressions:

€y = cl = cos(®), s; = 5@y = sin(0y),

€1y = cos(®y + 04), and s34 = sin@; + 04).
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Figure 17  Definition of coordinate frames used with RM-501 Robot.
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Table 8 Table of Denavit-Hartenberg Link Parameters for a RM-501

Robot.

Applying the above to Table 8 the transform matrices in Equations 2

are obtained.
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The transform relating the base of the robot to the wrist is found by

application of each transform in sequential order and results in Equation 3.

ST-friririrsr

Multiplying in the order:

Q)
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JT=iTirsT
ST=frirér

results in Equations 4 and 5°:

[ e -mw 0 rmc2+ rewen

24 < O(rms2+ mewsn)
L 0 0 0 1

[ cieacs-sims {ciomem-mics) ciam o (rmer+ nwen)
or {Si1cacs-ci%) sicauss-cics S - (rmc2+ rewcn)
t= 2% Cs “S2%4 85 <™ s+ ISES2 + NBw SB
L 0 0 0 1

()

From translational vector part of T (right hand column) above the
coordinates of the wrist are given by Equations 6:

Xw=C) (rggCa+ rpwcy3y)
Yw=-81 (FsgCa + TgwCy) 6)
z,= r“+rm82+ Tew 823

Z-Y-Z Euler angles (a,,y) describe the orientation of one frame with
respect to another by describing three rotations which for the RM-501 robot
correspond to the rotation about the waist (a), followed by a rotation of the
wrist (B) either up or down and finally a rotation around the centre axis of the
wrist (7). The Euler angles [32,41,42) can be derived from a rotation matrix R by
Equations 7t :

* The sum of angle formulae;
cos(®; + 04) = cos®jcos@y - sin®isin@y
sin(®g + 04) = cos@ysin® + sin@jcosdy
mmdwhpﬂﬁmmmmntmnmm
*Amy»ummmmmhmnmwmmmmumqumumm
(xy)



ni na ns;
R=| 1, r2 n;,
) rs3 nj

then;
Q = atan2(rz3, 1 3)
B=aan2(Vri; +8,.13) 7
Y=atan2(r3z,-r3)
From the rotation sub-matrix of JT the Euler angles for the robot are given by
Equations 8;
a,=-0,
Bu=—(8,+8,+0) @
Y™ 03

The Cartesian coordinates for the tip of the standard hand are calculated using
Equations 9;

X7= Xw+ r'yrcosfy cosay,

YT=Yw+ rwrcosBy, sinay, )

Zr=Zy+ ryysinfy
where ryr is the length of the standard hand.

Equations 8 and 9 are used for the display of the hand position and its
orientation. They are also used in the first step of calculating how to make the
relative movements described. The second step is to calculate the coordinates
of the desired position and then back calculate the motor positions for that
position.

This inverse calculation starts by calculating the Euler angle & using
the relation;



@ = atan2(yr,xt)

The coordinates of the wrist are then calculated from the hand
coordinates and orientation using Equations 10;
Xw= X1~ Twr cosf cosa
Yw=yr- fwrcosp sina (10)

Zyw=2Z7-T'wr smB

Since all the joints lie in a plane, the remaining angles can be solved
for by using plane geometry [32,33]. The skeleton of the robot is shown in
Figure 18. A vector of h exists between the wrist and the shoulder of the robot.
This forms the third side of a triangle formed by the shoulder, elbow and
wrist. The three sngles can be solved for by successive applications of the
cosine rule [33). The resulting equations for the joint angles, in degrees, are
given in Equations 11;

h= @y ra9” + yas xiy

0,=-a

0, = atan(zw- rpg) / V xws yw) + acos((edg + h?- 12y / 2hr g 1

0,= acos((rggd- rgw- hz)/hsgm)

04 = acos((z1- zw) /Twp) - (8,4 64) - 90

05=7y

This set of equations are then used to calculate the joint angles from a given
orientation. The angles are then converted to joint parameters by dividing by
the degrees/step. The wrist parameters are solved by the use of simultaneous

equations.
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Figure 18  Skeleton diagram of RM-501 Robot used to derive
inverse kinematic relations.

23.5 Definition of Racks. Trays and Movements

In addition to working with single positions the system has to be able
to work with groups of related positions as would be found with a rack or a
tray. Hence a one or two dimensional array of positions can be defined. This is
done by specifying the Cartesian coordinates of one corner of the tray stored in
the variable START and the displacement vectors between rows and columns

along with the number of positions in each row and column. From this



information the coordinates of the other positions are calculated, converted
to joint parameters and stored. When a position is accessed the indices of the
position along with the name of the tray are used. From the indices the
ccrresponding position is calculated and the address of that position is left on
the stack to be used like any other position. A rack is a one dimensional tray
and only one displacement vector and the number of positions in the rack are
needed in order to define the rack.

A sequence of positions can be stored, the sequence can be executed in
either the forward or reverse direction, based on a single parameter passed at
run time using the definer MOVEMENT. This is useful for performing
related tasks where the only difference is the direction of the movements. For
example, the removing and replacing of a probe in a stand. These movements
are also used for storing the paths between objects in the system as the
forward and reverse path are stored simultaneously.

23.6 Mai § s £ Positi
There are a set of commands associated with the editing of positions,
storing them on disk and the maintaining of the positions files. The editing
of positions is accomplished by moving the arm to the new position and
issuing the EDIT.POSITION command. The position to be edited is passed as a
parameter on the stack. The current position of the robot is read from the
drive unit, the coordinates are displayed and the user asked if these new
coordinates are to be stored prior to the final change being made. This change
must also be made to the position file. The position file is a TAB delimited
text file and 30 can be easily modified with any text editor. Borland
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International's Sidekick proved to be most useful for this as it was memory
resident and the coordinates displayed could be easily typed into the file.

Position files stored on disk could be printed or v:-wed on screen. The
information was displayed in a standard format of showing the robotic joint
parameters as well as the Cartesian coordinates. The browser allows the
contents of a file to be checked prior to loading. A routine similar to the
vocabulary listing routine was defined, which allows listing of the positions
already defined, their type, i.e. virtual or real, whether they are defined as a
rack or tray and, if so, the index ranges. When positions are saved on disk, in
addition to the information stored in the memory, i.e. position name, type,
joint parameters and hand open or closed, a code indicating how the position
was defined is included. This code is necessary for the loading of the positions
back into memory, as the routine which loads a position has to recompile the
information and during the recompilation it needs to relink the position
definition to the run-time action of the original definer used so that the
position will behave exactly as before.

2.4 Syringe Pump

The syringe pump used was supplied by Scientific Manufacturing
Industries Inc. (Emeryville California). The model used was a Unipump 300
fitted with a 1-ml syringe (a 5-ml syringe was also available). The pump was
supplied with a hand held probe which was suitable for manual use. A
summary of specifications is given in Table 9. [43]
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" Ttem

"Specification

ransfer Functions

Dilute

Dispense
Transfer/wash
Titrate

Serial Dispense

Auxiliary Functions

Prime/purge

Save reagent

Progr ‘m Air gap Volume
Program speed

Change syringe
Diagnostics

Display

16 digit fluorescent In 4 fields |

Volume range

1ul to entered in pl

“Syringe sizes

100, 250 and 500 Il
1,255 and 10 ml

\

_'ﬁxBini sizes

Aspirate program
Allows single-hand operation

Table 9 Specifications of Syringe Pump

The hand held probe supplied was unsuitable for use with the robot. A
probe of simpler design better suited to use with the robot hand was made.
The design is shown in Figure 19. The body was constructed from
Polypropylene, the teflon dispensing tube being held in place at the top and
bottom by epoxy resin. The bottom part of the probe was coated with teflon to
minimise the amount of liquid adhering to the external surfaces. A collar
manufactured from aluminium at the top of the probe gave additional
stabilitytotheprobewhenitwustoredinastandawelluprevenﬁngthe
Polypropylene body from being damaged by the pressure exerted by the robot

hand.



Teflon Tube

Aluminium Sleeve

Polypropylene Probe

Teflon Cladding

Figure 19  Design of solution uptake probe for use with a robotic hand.
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Figure 20  Design of stand holder for solution uptake probes.

Simple stands were designed for storing robot probes. The design is
shown in Figure 20. Each stand can accommodate up to three probes. Probes
can be easily removed from the stand by the robot.

The syringe pump unit included an RS-232 serial interface as a
standard feature. This interface supported a variety of baud rates (150 - 9600)
which were switch sele-table. A baud rate of 1200 was chosen as a compromise
between speed and the possibility of losing characters.

Commands were sent to the syringe pump in a formatted message. The

message format was:

[ttffccdata) soc CR LF



where:
[ ~ start of message

tt - two character code for pump, normally "PD"

ff = two character code to identify sender

(e - two command code

data - variable length data string

)| - end of message

x< - hexadecimal checksum, if nc checksum used send "**

The two character command codes are listed in Table 10. The parameter
ranges for selecting a unit; 1 to 9, for setting the speed; 1 to 31, for loading the
registers; i = 1 to 61, for indexed syringe movements; 1 to 11. The contents of
the registers are; 1 contains the syringe size, 2 contains the reagent volume, 3
to 10 contain sample volumes, 11 contains the air gap size, 13 contains the
speed, 14 contains an acceleration factor and 30 to 61 contair = deceleration

table.

When the pump receives a message it immediately sends a response
message which has the same format as the command message except the
contents of the tt and ff fields are reversed and the data field contains a 0
character. When the command has been executed or has been attempted the
pump sends a completion message. This has the same format as the response
message except that the data field contains an error code plus any additional
data relevant to the error state. An error code of 1 corresponds to no error, 2
signifies an invalid command, 3 indicates that the data was out of range and 5
tells of an hadrware ualfunction.

All the commands in Table 10 were implemented. This was done by
first sending the invariant, initial part of the message followed by the two
letter command and any parameters; there are passed to the routine on the
stack. Finally, a routine sends the end of message symbol and two asterisks (to



" Name

ommand unction
Online ‘Bring pump online
" Select Unit Ni ture use by manufacturer
isplay message Xaaaaaa | Clear display and show message string |
syringe size Bnnnnn | Set syringe size to nnnnnpl
Set speed PSnn Set syringe speed to between 01 - 31
Load parameter PLiinnnnnn| Load register ii with data nnnnn
Read parameter Plii ad value stored in register ii
Wait for event PWi Wait for event s i
ine PF Take pump offline
%ate valve PVi Set valve to reagent If 0dd else sample |
ange syringe to syringe position
Home PH Move syringe to home position
:gyring Up Unnnnn | Move syringe up nnnnnul
EE wn PDnnnnn Move syringe down nnnnnul
e dex i \ fnve syringe u amount stored in i
| Syringe Down Ind. | DNi _.ve synnge down by amount in 1
Prime/purge PPnnnnn Frime/purge pump nnnnn cycles
Table 10 Summary of Syringe Pump commands

indicate no checksum being calculated), then receives the acknowledgment
message. Since the acknowledgement message contains no useful
information it is normally ignored. If the message needs to be inspected this
can be done since it is still stored in the variable PAD. An example of such a
command is shown in Figure 21. A second routine which waits for the
completion message is then called; once the completion message has been
received it is interpreted by an error checking routine. If an error has been
detected an error message is printed on the screen and control is returned to

the user.

The error checking routine works by finding the first occurrence of a
numeric character in the message; the ASCII code of that character is

converted to a number; if it is greater than one then an error has occurred and
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¢ SYRINGE.PUMP.PREFIX ( - )
( String prefixed to all messages sent to pump )
$" [PDAT" COUNT CTYPE

¢ SYRINGE.PUMP.RESPONSE ( - )
( String that terminates all messages with no checksum )
$" )**" COUNT CTYPE
PAD COMPORT @ GET.RETURN ( Get acknowledgement string )
DROP ( Acknowledgement string not interpreted )

: SYRINGE.UP ( n - )
( Move syringe plunger up n microlitres )
SYRINGE .PUMP . PREFIX
$” PU" COUNT CTYPE ( Send command )
§=>D <# #S #> CTYPE ( Send parameter )
SYRINGE .PUMP . RESPONSE

Figure 21  Example of low level syringe pump command.

an error message is printed based on the value of the error c.dv Nis
completion message may also contain information, such as the values : 1 red
in a register. Routines which re’ data from the pump on the stack will
interpret the part of the message with the necessary data. An example is
shown in Figure 22.

In addition to the low level routines, commands were defined which
comt'~d the low level functions in order to provide operations not dire. :ly
supported. These included routines to dispense solvent where the volume is
greater than the syringe capacity, by repeatecly filling the syringe and
dispensing. A routine to empty the syringe was also defined; this performed
the reverse of the priming function. A summary of commands used to

control the syringe pump is given in Table 11.



[Command ~Stack activity ption
SYRINCE COMPLETION NS — -ped Wait gﬂ pu":ldtp :d
returned.
pac-ped “dbphy error message and abort
gi macg.P UMP .UNUNE - mm. n
p.
SYRINGE PUMPSELECT n- pump for next
commands.
SYRINGE PUMP.DISPLAY M P y message on front
of pump.
SETSYRINGESIZE - Indorm 1
n insoalt rlmp of size of syringe
SET.SYRINCESPEED - .
SETSYKINCE.PU Y"P PARAMETER : 1- to n.
CETSYRINGE PUMP PARAMETER i-n ue 3
WATT FORSYRINGE EVENT n- t for event ™)
ocour.
SYRINGEVALVEOPERATE T te valve 0
Move plingsr © poslSon In
'CHANGESYRINGE - ve
for d&,;lg the
SYRINGEHAOME - g to
SYRINGE.UP n- Mo ~ up n
SYRINCE DOWK" - uom,u""&gt
TINDEXED SYRINGE.UP - M
i ove lylf:ge up i.auumm
NUMUE?!NCEMWN i- Move mh “wn amount
SYRINGE.PRIV - PURCE n- n
INITSYRINGE PUMP - e
for
SYRINGE.DISPENSE n- ume of n
where n is less than syringe
volume.
SYRINGE.DEPRIME n- n
SOLVENT DISPENSE n- n uent, n
may exceed syringe ca .

Table 11 Summary of commands for control of syringe pump.



: GET.SYRINGE.PUMP.PARAM:TER ( Parameter_Index - n )
( Get value of parameter )
SYRINGE.PUMP .PREFIX

$" PI™ COUNT CTYPE ( Send Command )
DUP

10 <

Ir

ASCII 0 CEMIT ( Send leading 0 )
THEN

S->D <4 #S #> CTYPE

SYRINGE.PUM™ RESPONSE

| SYRINGE . COMPLETION .MSG ( Get message with data )
GET.SYRINGE.DATA ( Interpret message for the data )

Figure22  Example of command v-hich receives data from syringe pump.

2.3 Peristaltic Pump.

A peristaltic pump (Wiz Pump, ISCO Inc. Lincoln Nebraska) w7 used
to regulate the flow of solutions into the nebuliser of the ICP. The speed of
the pump could be controlled from the computer v.a an interface unit
(Cheminterface, ISCO Inc)) with an RS-232 inter:  The pump could operate
in three modes; pump, dispense or dilute. In pump mode the flow could be
varied from 1.4 to 500 ml/hr/channel; in dispense mode it operated at 1500
ml/hr/channel. Up to four channels could be used. The accuracy was quoted
as 1% for pu.ip mode and +25 y! in dispense mode. A special serial input
connected the pump to the interface unit (44). The inlet tubing of the pump
was fitted with a probe similar to that used with the syringe pump, the only
difference being that the tip was not tapered.

The interface unit allows computer control of the peristaltic pump as
well as other devices that the manufacturers supply. The commands can
often be full English commands; however, only the first two or three

characters are necessary in order to specify the command, the extra characters



unction
Use big bubbile, air
w
Coun
T-&55%8 nt n volume or
W rate, ume, or dilution
n dilute
ute
Increment flow rate, volume or dilution factor
Use Httle bubble
rtion ution
ton to0 default value
or
Oon of two pum
Emﬁwrtpump
to
or
Increment
t
m —
urn on
n lor! m
n -9 errorme-.
PAUSE n T-65538 __|_ Pause forn Hff:? m
" TRAP n T-% - EXecute onerrorn |
(
JREPEATn | 1-25§ I' .Deat h\swmmummdo:edp between () n times

Table 12 Summary of commands for peristaltic pump and control of
valves.

being ignored. A summary of the commands relevant to the control of the

peristaltic pump are given in Table 12 [44,45), with the characters necessary to

specify the command underlined.

Aseriesofcommandscanbesenttotheinterfaceunitonasingleline
of less than 80 characters terminated by a CR. Once the commands have been
executed the interface unit will send back a message depending on the results
of execution. If no errors occurred then the message "OK" is returned

otherwise an error message is returned (with an instruction number if



M).Mmcodclwunmnedﬁmennewuwolm&mcodelo
was returned if an unrecognised instruction was received, error code 11 was
returned if a parameter was out of range, error code 12 was returned when an
unex;* ~cted parameter was received, error code 20 was returned if the pump
was not accepting data and error c~1e 40 was returned if the execution of a

command was halted [44).

In addition to providing control of the peristaltic pump, the interface
unit includes two relay switches which can be used to operate valves or other
electrical devices. The relays were suitable for controlling devices operated
using 117 Vac. Both relays drcuits included 3A fuses.

In order to switch the solution entering the nebuliser between a
reservoir of distilled water and the sample to be measured, a pneumatically
actuated two way valve (Rheodyne Model 5302, Cotati, California) was
included. The pneumatic actuator (Rheodyne Model 5300) was operated by
nitrogen at a pressure of 90psig controlled by an electrically operated solenoid
valve (Skinner C3, Scarborough, Ontario). The solenoid valve was operated
by Relay 1 of the interface unit. When the solenoid is not active the nebuliser
is switched to the distilled water reservoir; when energised the contents of the
container being sampled by the probe will be delivered to the nebuliser.

The commands listed in Table 12 were all implemented plus some not
listed which handled digital I/O through the Cheminterface unii. In all these
routines the minimum number of characters were used. These routines send
the command followed by any necessary parameters. A series of commands
are terminated using the PUMP.RESPONSE routine, which sends a Carriage
Return and waits for the response message. The response message can then be



m activity
“Pad returned m’l:\ PAD.
RELCAYON - urn on
RELCAY.OFF - um
VALVESELECT - ndy next relay
commands.
m r- yl or next y
commands.
SETCCW.DIRECTION - counterc rotation.
RECAL - E:mp ™) m:: t
e iy
‘DISPENGE - ©
RECAL.
PUMPRON : an e A
mm’ n- p .m
runni
STOPPUMP -
. . - :: value - mﬂ-’ o range
P‘*ﬁ"(llllt = 100 ). v
. . . range mult - range %o
values given.
if no error.

Table 13 Summary of commands for control of peristaltic pump.

interpreted by an error checking routine. In Table 13 a summary of the

routines for use with the peristaltic pump is given, and an example of the

source code of a driver routine is shown in Figure 23.

The basic routines were then combined to provide functions not

directly supported. In particular, commands to set the flow rate or dispense

volumes were defined using repeated applications of the increment or

decrement functions. A variety of methods for performing this task were

defined, since the settings are a combination of a multiplier and a range

parameter. These were combined as a virtual multiplier which was the
product of the multiplier and the appropriate power of 10. Commands were



: PUMP.RESPONSE ( - PAD )
( Terminate Command line to pump and wait for a return message)
PAD COMPCRT @ 13 CEMIT WAIT.RETURN

[
’

: PUMP.SPEED ( n - )

( External speed set and start, n=0-8191 )
$" SP " COUNT CTYPE ( Send command )
§=>D <# #S #> CTYPE ( Send parameter )

Figure 23  Example of low level command for use with peristaltic pump.

available which would set the pump by specifying the value of either the

virtual multiplier or the values of the multiplier and the range.

A set of commands were defined to switch the nebuliser from
aspirating the blank solution (typically distilled water) to the sample solution,
along with a routine to run the pump at a higher speed during the first 2/3rds
of the pre-flush time. This ensured that the solution entering the nebuliser
when the integration started was truly representative of the sample being
measured. The remaining time of the pre-flush allowed time for the system
to equilibrate following the high speed pumping.

2.6 ICP Spectrometer,

The measurement system used was an Inductively Coupled Plasma
Atomi: Emission Spectrometer (ARL34000 Applied Research Limited,
Sunland California). Most of the functions of the spectrometer were under
the control of a PDP11/03-L computer.

The plasma was an argon plasma, Typical operating conditions are
shown in Table 14. The values for the plasma and auxiliary gas flow were not
available because no flow meter was fitted. '
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ating Conditions “Value
wer "1.2kW
Reflected Power 10W
~ Torch “Fassel
Nebuliser Meinhard TR-30-A2
gnﬁ chamber Conical single pass
ws/ pressure
Plasma 60psi
Auxiliary 20psi
Nebuliser gas 1.0 1 min-1
Nebuliser Bptalie 1 ml min-! pumped
Preflush time secs
60 secs high flow rate
30 secs normal flow
Integration times 30 secs S replicates

Table 14 Typical plasma operating conditions.

The spectrometer was a 1-m direct reading spectrometer based on the
Paschen-Runge geometry. The dispersive element was a 1080 lines ‘mm
holographic concave grating. The spectrometer has 34 exit slits in the focal
Plane positioned to measure the spectral lines indicated in Table 15 [46).

The signal from the photomultiplier tubes was integrated using a
capacitor based integrating circuit. The integrated voltage was read by the
PDP11/03-L using an 5 digit charge transfer analogue to digital converter. The
output of the A/D converter was stored in an array in a Basic program. Basic
also provided control of some of the indicators on the diagnostic panel on the
instrument; these included the pre-flush indicator and a two digit LED

display.

The :rrctromes~ was originally designed to be operated with a
[ "uriter teley pe at 300 baud through a 20mA current loop. This serial



" Channel No. ement] Wavelength/nm Atom/Ton
T T E S 1
2 Sr 407.78 1 )1 §
3 Ba 4554 1 I
4 Ni 2316 2 )i
5 Al 237.34 2 I
6 B 249.68 2 I
7 Mn 257.61 2 I
8 Fe 259.94 2 I
9 N 174.27 3 I
10 P 178.29 3 ) {
11 S 180.73 3 I
12 Hg 184.95 3 I
13 Mg 279.08 2 I
14 As 189.04 3 I
15 Sn 189.99 k )1 |
16 Si 288.16 2 I
17 C 193.09 3 I
18 \'/ 2924 3 I
19 Na 589.59 1 I
20 Mo 202.03 3 ) 1
21 Cr 205.55 3 I
22 Sb 206.83 3 ) ¢
23 Ge 209.53 3
24 Ca 31793 2 I
25 Zn 213.86 3 I
26 Cu 324.75 2 I
27 Ag 328.07 2 I
28 Pb 220.35 2 (|
29 Li 670.78 1 I
30 Ti 337.28 3 I
31 Cd 226.5 3 1
32 @ 288 3 I
33 In 230.61 3 a
M K 766.49 1 I

Table 15

Wavelengths of spectral channels available on ARL 34000.
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interface was modified by including a 1.2kQ resistor in the cable to operate
with RS-232 interfaces. Also the baud rate was increased to 1200 baud. Thus
data exchange could be accomplished using the PRINT and INPUT statements

of Basic.

A series of routines was written to facilitate communication with the
computer associated with the spectrometer. These used a handshaking
protocol which involved the exchange of synchronisation characters prior to
the data exchange. Communication with the spactrometer is initiated by the
host computer by sending a CR character. The spectrometer responds with a
single character which varies depending on the transaction expected to be
carried out. When the host computer verifies that the character sent is the
one expected it sends an acknowledgement character. Once this

synchronisation procedure is complete the data is transferred.

This procedure was adopted because the two computers independently
run separate programs and it is necessary that prior to data transfer the
computers be checked to determine whether they are at equivalent points in
their programs. The synchronisation routines are able to retransmit
characters if a tme out occurs. This may arise when one computer is delayed
by a long process, such as when the spectrometer is perfcrming an
integration. Routines were defined for the transfer of string, integer and
floating point data. Floating point data originates or is left on the floating
point stack of the 8087 co-processor. An example of a data transfer command
is shown in Figure 24, and a summary of commands used with the
spectrometer is given in Table 16.



: SYNC.ARL ( Send _sync_char Recv_sync_char - )
( Get char from ARL )
CKEY
BEGIN
DUP (=
(If character is NUL then Time Out has occurred )
WHILE
DROP
13 CEMIT CKEY
( Send CR to prompt for $ync char to be resent )

REPEAT ( Repeat till a non-NUL char. is received )
= NOT
( Check if correct )
IF
( If not then abort with errur message )
CRT
ABORT" Lost Sync with ARL"
THEN
500 WAIT ( S00mS Delay )
CEMIT ( Send acknowledgement character )

: N.SEND.ARL ( n Recv_char Send_char - )
{ Send Integer data )
SYNC.ARL
ASCII ? WAIT.ARL ( Wait for Basic Input Prompt )
S->D <# #S &> ( Convert data to string )
CTYPE
13 CEMIT :
PAD COMPORT @ GET.RETURN
DROP
CKEY DROP

Figure 24  Example of command to transfer data between spectrometer and
computer.

In addition to the definition of routines for data transfer, variables for
the storage of pre-flush and integration times were defined, as well as routine
for transmitting these times to the spectrometer. A series of constants were
defined to allow the spectrometer channels to be referred to by element
symbols. An array to store the elements being analysed was defined as well as

a routine to transfer this information to the spectrometer.



Emmnd. k activity Description

L - MARL program running on

‘BREAK.ARL - Thalt program currently

running on ARL.
(WAIT.ARL char - Wait sends char.
SYNC.ARL char2 chari - Perform synchronisation check

with ARL.
RECEIVE.ARL char? char} | Receive message from ARL.
SEND.ARC addr3 char2 charl - Send message to ARL.
N.SEND.ARL n charZ char] - Send Integer.
N.-RECEIVE.ARL char2 charl - n Receive integer.
FSEND.ARL #p char2 charl - f - Send real n with

ision of p digits.

FRECEIVE.ARL char2 charl - :: - EZZ.‘%‘S real number.
STORE.ELEMENTS Oen..el- Store elements to be measured

in ELEMENT.ARRAY.
TISTELEMENTS - y symbols of channels to

be measured

SEND.PREFLUSH - @uﬁﬂm % ARL.
\ ' ST manber of el
11

SEND.REPLICATES n- of replicate
measurements ired.

ENDITEMENTS - Sond harnel rrebers 56—
mmured.

ASPIRATE SAMPLE - tch valve to aspirate
sample.

ASPIRATE.WATER - Switch valve to «spirate
distilled water.

TARL - name of
runnin‘ on A

ARLPROG.RON n- un_program on ARL.

ARCQUIT - P running program and
return to commitnd_processor.

Table 16 Summary of commands used with the ARL 34000 spectrometer.

The programs for the spectrcmeter were written in Basic. They tended
to follow the standard structure of an initialisation step during which
instrument specific data was loaded from a file, and variables were declared
and initialised. The version of Basic used allowed a statement to be included
which would cause the program to branch to a particular line of the program
whenever a Control-X character was received. This was used to restart the
program from a known point. After restarting, the program would receive

the elements to be studied. This routine included an escape option to allow



10 Rem Readout Program

11 Rem Load instrument specific information from SYMB file

12 Open #SYMB, 0, XS: Rem open file on drive zero, X5 has error code
13 DIM T(21): Rem dimension array to store instrument information
14 Fetch(1,0) (21)T(0): Rem Get information from record 1

15 Let T9=T(0): Let L9=T(1l): Rem T9=No. of Channels, L9=Line freq.
19 Abort 30: Rem Restart program from line 30 when receive Crtl-X
20 Dim M(T9), X(T9): Rem Dimension arrays for intensity data and
channels

30 Print “Hello": Rem Print program title

40 Gosub 4500: Rem Get elements

50 Gosub 1000: Rem Get preflush

60 Gosub 1050: Rem Get integration time

70 Gosub 1100: Rem Get number of replicates

80 Wait: Rem Wait tor IBM to signal start of measurement

90 Print "I": Rem Send I to signal ready to start

100 Key @A,0,10: Rem Get character from IBM

11C If @A <> "S™ Then 100: Rem Loop till get character

120 Gosub 2000: Rem Do preflush

130 For I = 1 To N: Rem Do N replicates

140 Gosub 2100: Rem Do integration

150 Print "I": Rem Send I to tell IBM integration complete

160 Gosub 2300: Rem Send error code

170 Gosub 2200: Rem Send data

180 Next I

190 Goto 30: Rem Goto start of program

1000 Rem Get Preflush time

1010 Wait: Print “P";: Rem Wait for IBM then send P

1020 Key 8A,0,10: Rem After short delay read char sent frcm IBM
1030 If @A <> "F" Then 1020: Rem If not F then loop till get F
1040 Input Tl: Rem Get preflush time

1042 Call(9,T1l): Rem Display preflush time on two digit panel
1045 Return

Figure 25 Example of main routine of a Basic program run on

spectrometer.

the program to be terminated and the return to an executive program from

aich any other program designed to be used in this system could be run.

Other experimental data were then be transferred, starting with data
common to all experiments such as pre-flush and integration times and
number of integration replicates. This was then followed by information

specific to a particular type of experiment. The main part of the experiment



10 Entry Robot Command Processor

20 Rem This program inputs a menu choice from the IBM

30 Rem and then RUNS the program corresponding to that choice
40 Abort 50: Etrap X,Y,50: Rem Always come back to line 50 even after
an error

50 Print "Command®: Rem Program title

60 Wait: Rem Wait for activity from the IBM

70 Print "P":: Rem Send synchronisation character

80 Key @A,0,10: Rem Get synchronisation character

90 If QA <> "R" Then 80

100 Input N: Rem Get program number

110 Goto N: Rem Goto code that RUNS the program

200 Entry Run Readout Program

210 @P =AURDV

220 Rem Assign program filename to variable MOTE no space between =
and name

230 Load @P: Rem Load and run program

Figure 26  Basic program used to execute robotic programs.

would then begin. An example of the main routine of a typical program is

shown in Figure 25.

The executive program differed from this format. It was simply
designed to accept a program code from the host computer, that caused the
program to branch to that part of the program which ran the desired program.
The main routine and an example of how a program file is run are shown in

Figure 26.

7 Balance.

In order to check the calibration of the syringe pump a top-loading
balance was included ( Model L 420 P+, Sartorius GmbH, Goettingen, West
Germany) in the system. The maximum capacity of the balance was 424g, with
the readibility varying between 0.001 and 0.005g depending on the weight
range. The precision was quoted as being <$0.001 to 0.0025g, again depending
on the range [48). The stabilisation time was 2s [48). The balance included an
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Name Command Function
— Change Units ‘Change weight unit
grams ESC A
kilograms ESCB
carats ESCC
pounds ESCD
ounces ESCE
troy ounces ESCF
taels Hong Kong ESC G
taels Singapore | ESCH
taels Taiwan ESCI
grains ESC]
pennyweights | ESCU
mommes ESCV
milligrams ESC W
karats ESC X
/b ESCY
[ Stability “Set settling time
Environment type
Very stable ESCK
Stable ESCL
Unstable ESCM
| Very Unstable | ESCN
Lock keyboard ESCO top keyboard input
|_Unlock keyboard | ESCR Release keyboard
| Print P d data to host
Tare ESC T “Tare
[ Self check ESCS eck circuits
Internal calibration| ESC Z
Table 17 Commands used by balance.

RS-232 option which allowed the setting of various parameters by the
computer as well as the transfer of weight data from the balance to the

computer.

The commands that the balance recognised were all preceded by an ESC
character followed by a letter. The commands are summarised in Table 17.

The weight data returned was always in the format;
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[Command “Stack Activity ~Description

SELECT.WEICHTUNIT unit - ect unit tto
used.

SET.STABILITY code - Set stability of reading
required.

TOCRBALANCEKEYBOARD - t keyboard operation,
not functional.

. . - Allow operation.

BALANCE.CHECK - rm in C o
electronics.

TARE.BALANCE - Set tare weight.

TRNTERNAL.CALIBRATE - te nce.

READ.BALANCE - - weight Cet weight from balance.

[CETWEICHT - - weight Cet weight after a 5 second
delay and when two weights
which a have been
obtained.

Table 18 Summary of commands for use with the balance.

" + 9999.999 KKK”"

where the message had 6 leading spaces and where the t could also be
replaced by a space. The nu 1erical information was printed in a floating
point format and the message was terminated with the weight unit being

used.

All the commands listed in Table 17 were implemented even though
not all were effective because the presence of a programmed keyboard locks
out some of the commands [49]. Table 18 summarises the commands that can
be used with the balance. In Figure 27 an example of one such command is
shown. The keyboard allows an extra set of commands to be sent which
would emulate the keypresses of the keyboard, but these were not

implemented.

The function to print a weight received the weight data and interpreted

it, leaving the weight on the floating point stack. It was found that when




ASCII A CONSTANT g

¢ SELECT.WEIGHT.UNIT ( unit - )
27 CEMIT ( Send ESC character )
CEMIT ( Send Unit Code character)

Figure 27  Example of low level command used to control top loading
balance.

small weight changes are made that data will be sent even when the readings

are not completely stable, i.e. when a slow drift is still present. This could

result in weights being recorded which were systematically lov.. A command

was defined which would only start taking data after a S second delay, so that

even a slow drift will have settled, and would repeatedly read the weight

until two weights which agree to within 1 mg have been obtained.



Chapter 3

Solution Preparation.

The solutions to be prepared will be made from single element stock
solutions of typically 1000 ug ml-! concentration. The typical volume of
solution to be prepared will be 10 ml. The concentration range of the final

"o~ oewill, ideally, range from about 10 ng mi-! to close to 1000 pg ml-1.
Theretore the lowest concentration will require a volume of 0.1 ul of stock
solution for a single step dilution. This volume is too small to be delivered by
the pump available, therefore a serial dilution method will have to be used.

The liquid handling will be performed by computer controlled pumps.
Two types were available, a peristaltic and a syringe pump. The method by
which a multi-element dilution can be achieved is demonstrated using the
syringe pump in Figure 28. Initially the pump will be filled with the diluent
(Figure 28a). Before a component is drawn into the pump, it is separated from
the diluent by an air gap (Figure 28b). The probe is then lowered into the stock
solution (Figure 28¢c) and the required volume drawn up. Another air gap is
then drawn (Figure 28d). Steps c and d are repeated for each component. Once
the all the components are in the tube, or the capacity of the pump is filled
(Figure 28e), they are emptied into the receiving container (Figure 28f). Steps b
to f are repeated as often as is necessary to transfer all the components. Once
all the components have been transferred the diluent is added (Figure 28g).
This usually requires several strokes of the syringe. The solution is then
homogenised (Figure 28h).



Figure 28  Illustration of solution preparation method. See text for
explanation of sequence.



The procedure for a peristaltic pump is similar. The direction of the
rollers can be reversed to draw up solution. The capacity of the pump would
be limited by the length of tubing used since it will be undesirable to have the
stock solution enter the peristaltic tube.

The accuracy, precision and reproducibili:, of the solutions prepared
will depend on the performance of the pump used with respect to these
parameters. The accuracy of the solution preparation is also dependent on the
completeness of the transfer of the standard solution to the receiving vessel.
Not only is it important that all the solution measured be delivered to the
receiving vessel but also that no unmeasured volume of liquid be transferred
in addition. If precision and accuracy are to be maintained over a long period
of use then the integrity of the standard solutions must also be maintained.
Contamination of the standard solutions must be minimised. The main
source of contamination is from the carry over of one standard to another on
the outside of the probes. The probes were coated with teflon to minimise the
adherence of solution but drops of liquid still remained.

The precision required for the solution preparation will depend on the
precision of the measurement made on the solutions. The more precise the
measurement system then the more care will be necessary to ensure that the
solution is prepared correctly. The ultimate test of the accuracy of the solution
preparation is a comparison with solutions prepared by methods known to
yield correct results.
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Figure 29  Calibration plot for peristaltic pump.

3.1 Calibration of Pumps,
3.1.1 Peristaltic P

Initially a peristaltic pump was preferred over a syringe pump. The
advantages expected were a wide dynamic range of volumes that could be
transferred in a single operation. This would lead to simpler operation. Also
multiple channels would be available which could allow a high flow rate
channel to be us.d for transfer of diluent and a lower flow rate channel for
the standards. Potential problems would be chemical compatibility with the
solvents and the day-to-day reproducibility in positioning the pump tubing.
The syringe pump can transfer a lower range of volumes in a single operation

but should have better reproducibility.
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Figure 30  Standard deviations of volume dispensed as function of volume.

Calibration of the peristaltic pump was performed by transferring a
variable amount of distilled de-ionised water to a vial on an analytical
balance. The volume transferred was calculated from the weight and the
temperature of the water. This was repeated five times and the mean and
standard deviation calculated. A calibration of volume dispensed against the
pump setting is shown in Figure 29. The variation in standard deviation as a
function of pump setting is shown in Figure 30. The calibration was found to
be linear over three orders of magnitude; a logarithmic plot had a slope of
1.001. It was also found that at larger volumes, above 0.3 ml, the standard
deviation increases approximately linearly with volume. At 10 ml the

relative standard deviation was about 0.1%.
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Figure 31  Drift in weight of liquid transferred by peristaltic pump over
the short term.

The reproducibility of the dispensing of a volume was tested by
pumping continuously for a period of approximately two hours, the effluent
from the pump being returned to the reservoir. Periodically, the pump was
stopped and used to transfer a fixed volume of water to a vial on an analytical
balance. A plot of the weight of water transferred over the two hour period is
shown in Figure 31. It was found that initially there was a drop in the volume
of ater transferred, followed by a more constant region. However, the size of
the drift (~2%) is such that frequent recalibration of the pump would be
necessary. The source of the drift could be due to either creep in the position
of the tubing or deformation of the tubing between the rollers of the pump. It
was decided that the peristaltic pump would be unsuitable for the sample



preparation though it would still be useful for pumping solutions into the

nebuliser.
1. inge Pum

Movement of the syringe of the syringe pump was controlled using
microlitre units. In order to verify the accuracy of this the syringe pump was
calibrated. If necessary, the calibration could have been used to correct
systematic error that may result from any discrepancy between the volume
used in the command and the volume dispensed. This calibration would also
provide a measure of the precision of the pump and how that precision
varied with the volume being dispensed. This precision will then be used in
the design of the method for solution preparation. When transferring the
standard solution an air gap was used to separate the components of the
solution. The effect of the size of the air gap on the accuracy of the transier
was also investigated.

The effect of the size of the air gap was measured by varying the air gap
size and transferring a 200 ul volume of water to a vial on the balance. The
weight of water was measured, each weight being the average of ten readings,
and the transfer was repeated sixteen times from which the average weight
and standard deviation was calculated. The temperature of the water was
measured and the density of water at this temperature was used to convert
the mean value of the weight to the volume of water delivered. The mean

value was plotted against the size of the air gap.

The calibration of the syringe pump was performed using the same
procedure except that prior to drawing the air gap the position of the syringe
was randomised. This was done in order to more closely model the typical

91



¢ TRANSFER.TEST ( volume no_of_replicates : )
Get_and _open_file
Print Header
Get_Averaged Weight ( Average of ten readings )
Clear_Summation_Variables
0
DO
Goto_Position_of Water
Generate Random Number
( Random number is between 0 and 900-Volume )
( This ensures that there is room for the )
( water to be drawn up )
Syringe_Down ( Move to random position )
Draw_Air Gap
Go_Down_Into_Water
Draw_Volume_of Water
Goto_Balance
Get Averaged _Weight
Deliver _Water
Reset Plunge‘ Position
Get_Averaged_Weight
Update_Summation Variables
Come_Out_of_Bottle
Loop
Calculate_and Print_Statistics

Close File ;

Figure 32  Pseudo-code for main routine of syringe calibration procedure.

use of the pump where the volumes to be transferred will be in an essentially
random order. Also it will remove any bias that may result from sampling
only the top part of the syringe barrel. The pump was calibrated by
transferring water from the standards tray and also by dispensing diluent. In
Figure 32 is shown a pseudo-code listing of the main routine of the program
used to calibrate the syringe pump by transfer of water.

The effect of the size of the air gap is shown in Figure 33. It can be seen
that the volume of liquid transferred decreases with an increase in the size of
the air gap. This is probably due to the expansion of the air gap as the water

vapour content of the air increases during the drawing up of the liquid. For
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Figure 33  Effect of size of air gap on volume of liquid transferred.

water at a temperature of 25°C the vapour pressure is 23.8 Torr. If there was
no water content in the air gap then when fully saturated the volume of the
air gap would have increased by 3%. The expansion would then displace
some of the liquid. It was found that the volume increase was not always as
large as might be expected. For example, at 500 pl the error represents an
increase in the air gap volume of only 2%. This will be due to the fact that the
air in the air gap will not be completely dry and that the air gap will not get
completely saturated with water vapour during the time of the transfer. Since
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Figure34 Calibration plots for a) transfer and b) dispense mode.



Coefficient Transfer Mode ~ Dispense Mode
Slope 0.9980.0007 0. x1
Intercept -0.130.3 -0.1240.03

Table 19 Regression coefficients for calibration of syringe pump in
transfer and dispense mode.

the size of the expected error is directly proportional to the size of the air gap
the error can be minimised by reducing the size of the air gap. The air gap will
help to reduce contamination of the standard solutions by preventing
diffusion of the last standard from the end of the tube. As a compromise
between reducing contamination and introducing an error due the effect

observed above an air gap size of 10 ul was used for all experiments.

The calibration plots for the dispensing of diluent and for transferring
of solutions are shown in Figure 34. These are both linear with unit slope and
zero intercept, as shown by the regression coefficients in Table 19. This shows
that no systematic error will arise from using microlitre volume units in the
syringe pump commands. The corresponding uncertainties in the calibration
points are shown in Figure 35. These are essentially at a constant value of

about 0.8 pl.

3.2 Factors Influencing Solution Preparation.

In order to prepare a solution the program must be informed of the
number of components in the solution, the volume and position of the
standards, the volume of diluent to be added and the position of the bottle in
which the solution is to be made. This information is stored in a record
structure, the base address of which is passed to the solution-making routine
on the stack. The structure of the record is shown in Figure 36. A solution can
be created using the definer SOLUTION. Solutions defined in this way can be
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Figure 35  Uncertainty in volume of liquid transferred as function of
volume.

made repeatedly, however the position of the receiving vessel must always
have an empty bottle present. A’so, the dilution ratios and the volume of
diluent must be calculatad manuslly. A procedure which automates the

definition and the preparation of a solution will be described later.

The method for preparing a solution was that outlined in Figure 28. In
order to control the amount of contamination the outside of the probe tip was
washed in a container of distilled water at the 2,4 position of the standards
tray. The homogenisation of the solution was performed by the robot using
the procedure described below.



Solution

No of Components : integer
Position of solution : position
Volume of diluent : integer
Position of standard 1 : position

Volume of standard 1 : integer

Position of standard n : position

Volume of standard n : _integer
Figure 36  Structure of record for defining a solution.

Once the diluent has been added the probe is returned to the stand. The
robot then picks up the bottle with the newly made solution and mixes the
contents with a slow wrist shake. The homogenisation of the solution occurs
by starting with the vial in a vertical position, moving to an angle 60° from
the vertical, swinging through 120° and back ten times then returning to the
vertical position. The average speed of rotation was 70°/s, or approximately
20rpm, the whole mixing procedure typically took 36 seconds. The
completeness of homogenisation was verified by simulating a worst case
scenario by adding a concentrated potassium permanganate solution in the
bottom of a vial with 10 ml of distilled water. As can be seen from Figure 37a
the permanganate solution forms a layer on the bottom. After the mixing
procedure the colour of the solution was found to be uniform throughout as
shown in Figure 37b. Normally, the solution is partially homogenised by the
adding of the diluent, hence this procedure will be more than sufficient for a
typical solution. It might have been expected that more vigourous mixing
would be required such as can be provided by a vortex mixer or more rapid
shaking. However, from Figure 38 it can be seen that during the main part of



a)

b)

Figure 37  Photograph of a) potassium permanganate solution prior to
homogenisation by shaking. b) potassium permanganate
solution following homogenisation by shaking.



Figure 38  Photograph of potassium permanganate solution during
homogenisation by shaking, showing disruption of flow

pattern during turnaround.

the swing a regular flow pattern is established, but at the top of the swing
when the wrist slows down for turnaround this flow pattern is disrupted and

mixing can occur quite effectively.

Once a solution was prepared, if it was to be measured it would be
transported to the measurement tray in front of the spectrometer. When a
solution was ready to be measured the procedure illustrated in Figure 39 was
executed. Normally distilled water, or solution blank, was being aspirated into
the plasma (Figure 39a). First the valve was switched to the sampling position
(Figure 39b), this allows an air gap to be drawn into the tube. The sampling
tube was then lowered into the solution to be measured (Figure 39¢) and the
speed of the pump was increased to reduce the time required for pre-flushing.
Some time (typically 30 seconds) after the pump had returned to the normal
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speed the first integration was started. Normally, 5 replicate integrations of 30
seconds were measured (Figure 39d). After the last replicate the sampling
probe was removed from the solution (Figure 39e) and the outside was
washed in the same manner as for the solution preparation probe. The wash
solution was then drawn into the sampling tube (Figure 39f) to prevent the
solution just measured from being carried over to the next measurement.
The sampling probe was returned to its stand and, normally, the used

solution container would be emptied.

The washing of the probe in distilled water reduced direct
contamination of one standard by another but there is still a chance of
contamination by carry over in the wash solution which adheres to the side
of the probe. That is, the standard washed off the probe is diluted by the
distilled water, but now the wash solution is contaminated and can carry this
contamination to another standard. With prolonged use this contamination

will increase and hence so will the contamination of the standard solutions.

This was tested by preparing solutions for a typical working day (about
30 to 40 multi-element solutions). Then a single element solution for each
element was prepared, each being a ten fold dilution. The elements used were
calcium (1000 ug ml-! in HCl from Baker Analysed Reagent, Calcium
Carbonate powder), iron (1000 ug ml-! in aqueous solution from SRM 2124-3
NBS), barium (1000 pug mil-! in 2% HNO3; Custom Standard, Inorganic
Ventures Inc, Lot DOSWG), boron (1000 pg ml-! in 2% HNO;3; Custom
Standard, Lot DO5SWG), zinc (1000 ug mil-! in 2% HNOj3 PLZN-2, Spex
Industries Inc, Lot 06B6MP) and sodium (1000 ug ml-! in 2% HNO3; Custom
Standard, Lot DOSWG). The concentrations of the contaminating elements in
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Nebuliser

Figure39  Illustration of measurement procedure. See text for
explanation of sequence.
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Concentration/pg mI'T
~ Solution Ca "Te “Ba % Zn Na
~Ca 1000 ) 0.03 o1d [ 000 )
Fe 0.82 1000 0.02% 0.27 0.08 0.58
Ba 0.10 1.22 1000 0.17 0.09 0.62
B 0.15 0.16 1.11 1000 0.20 1.14
Zn 0.17 0.11 0.13 49.3 1000 1.34
Na 0.23 0.87 0.16 15.74 1.67 1000
Wash Solution| 0.49 0.32 0.24 . 0.57 0.74

Table 20 Concentration of elements in standard solutions and wash
solution following typical use.

the original standard solutions were calculated by an one point calibration.
The solution prepared from the stock solution for each element was used for
the standardisation. It was assumed that the standard had undergone
negligible dilution during previous use. The concentration of the
contaminants are shown in Table 20, from which it can be seen that there is
still significant contamination of the standards over one day’s use. Also the
contamination is distibuted over every solution, whereas if the
contamination was from one standard to the next, then when the order of the
addition of the elements is fixed, the contamination would be expected to be
localised among a few solutions. Therefore, this indicates that contamination
is probably through the wash solution. The wash solution was also analysed
(calibration was by a one point calibration using the concentration of the
elements in the prepared solutions). From Table 20 it can be seen that the
concentration of the elements analysed in the wash solution is on the same
order of magnitude as in the standards.

In order to minimise the contamination of solutions, fresh standard
solutions were used each day and only a minimal amount of the solution was
used so as to minimise contact of the solution with probe. Similary, a large
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amount of fresh distilled water was used each day so as to increase the
dilution of the solutions washed from the probe. Also the probe was drawn
through the wash solution Fv modulating the pitch angle of the wrist several
(5) times. This helped to dislodge drops of solution adhering to the sides of
the probe. A similar procedure was employed for rinsing the probe used in
the measuring of the solutions in order to minimise carry over of solution

from one sample to another.

In order for reliable results to be obtained from the measurements
made on the solutions the uncertainty in the concentration of the solution
should be no larger than the uncertainty in the measurement. From the
calibration of the syringe pump it was found that the uncertainty in the
volume of liquid dispensed was a constant value of about 0.8 ul for all
volumes dispensed. Therefore the relative u:.certainty of the concentration
will increase with decreasing size of the volume of standard used. The noise
characteristics of the ICP are known to be proportional to signal at a level of
about 1%. Therefore the uncertainty of the concentration should be no larger
than 1%. For a 0.8 pul uncertainty in the volume this suggests that the
minimum volume dispensed should be 80 pl. A minimum volume of 100 ul
was used to provide for some margin of error.

This procedure was tested by an Analysis of Variance (ANOVA)
experiment. Several identical solutions were prepared and replicate
measurements were made on each solution. The ANOVA analysis compares
the amount of variation between the solutions to the variation within the set
of replicate measurements of each solution. This is illustrated in Figure 40
which shows the results of the measurement of seven Ca solutions, all of the

same concentration. Each point is the mean of six replicate integrations.
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Figure 40  Scatterchart for seven calcium solutions. Error bars are for
one standard deviation.

Analysis of Variance is used to compare the amount of variation between the
means to the deviations. This is done by calculating the ratio of the variance
between the solutions to the variance within the replicate measurements.
This ratio is denoted F*. The F* ratio will increase as the solutions become
more dissimilar; the critical value of F* is given by F ratio tables for the
required confidence level and degrees of freedom. If F* is less than the critical
value then there is no discernible difference between the solutions, whereas,
if it is greater than the critical value then at least one solution is detectably
different from the rest.

The experiment involved making several series of identical multi-
element solutions, each series differing in the amount of standard used. The
seven solutions each contained the elements; aluminium (1000ug mi-! in 2%
HNOj3; PLAL-2, Spex Industries Inc), calcium (1000ug mil-! in HCI), iron
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(1000ug ml-! in aqueous solution), manganese (1000ug ml-! in 2% HNO;
PLMN-2), magnesium (1000ug ml-1 in 2% HNO3 PLMG-2) and potassium
(1000ug ml-! in aqueous solution AQK2-500, Spex Industries). The volume of
standards used were 10, 30 and 100ul. Once a series of solutions were made
they were analysed by the ICP with a 90 second preflush and two sets of
triplicate, 30 second integrations. The order in which the solutions were
measured was randomised for each set of replicate integrations. The
integrated readings were stored in a file and transferred to a Macintosh
computer where the ANOVA analysis was performed. The main routine for
the program used to perform the experiment is shown in Figure 41. A typical
ANOVA analysis is shown in Figure 42 for one element (Ca). The number of
degrees of freedom for this experiment were 6 and 35, however F tables only
list values for 6 and 30 or 40 at the 95% confidence level Since the listed
value of F(0.95, 6, 30) was less than that for F(0.95, 6, 40) the value of F(0.95, 6,
40) was used to determine if the solutions were identical to within the

experimental error.

It would be expected that when small volumes of standard were used
to prepare a solution ther: would be a greater likelihood that at least one
solution would be prepared which is discernibly different from the rest,
thereby causing a large value of F*. However, when a large volume of
standard is used then the likelihood of making all the solutions appear the
same will be increased and so there will be less likelihood of a large F*.
Table 21 shows the values of F* for each element in each solution; the value
of F(0.95, 6, 40) is also shown in Figure 42. The values marked are above the

critical value and so represent elements where at least one solution is



: ANOVA (n - )
2/
( Replicate measurements will be done in two
groups )
NUMBER.OF .MEAS !
( ARL ]
CR ." Please enter filename " INS
MAKE-OUTPUT

>FILE

." Anova Analysis” CR

DATE. 9 EMIT TIME. CR ( Date TAB time )

9 EMIT LIST.ELEMENTS CR ( Element symbols )

NUMBER.OF .MEAS @

INIT .MEASUREMENT

({ Send measurement data to ARL )
INIT.SAMPLE .SEQUENCE

( Store sample positions in order )
RANDOMISE . SEQUENCE

{ ROBOT ]
FRWRD ARL.PROBE ( ®?ick up measuring probe )
20
DO
SAMPLE . SEQUENCE
70
DO
DUP
I 2* 1@
( Get position of next sample to measure )
DUP

1 1 ARL.SAMPLES 1 15 / 1+
{ Calculate sample number )
. ( Print sample number )
START .MEASURE . SAMPLE
INTEGRATE ( Start measurement )
FORCE .FLUSH
( Run pump at higher speed during pre-flush )
NUMBER.OF .MEAS @ 0

DO
GET .DATA ( Get intensity data )
LOOP
LOOP
DROP ( Address of sample sequence )

RANDOMISE . SEQUENCE
( Measure samples in a different order )
LOOP
CLOSE-OUTPUT ( Close file )
[ ROBOT ]
BCKWRD ARL.PROBE ( Replace measuring probe )

[ FORTH ] ;

Figure41 Main routine of ANOVA experiment.
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[ Volume/ul T AT Ca Te Mn Mg | K
100 0.59 1.64 21 1.02 1.01 0.68
30 1.04 3.8 1.26 0.80 0.60 12.9*
10 0.96 4.5* 10.4* 4.8* 1.18 5.5*

Table 21 Summary of F-ratios obtained fron ilysis of Variance.
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measurably different from the rest. It can be seen that when 10 pul of standard

was used, four of the six element concentrations were not correct. When 30 ul

was used this was reduced to only two in six elements, showing that the

probability of producing a correct solution has increased. Only when 100 pl

was used was the error rate sufficiently low that all elements were prepared

with the proper concentrations. From this result and the standard deviation

data obtained from the calibration of the syringe pump the minimum

volume of standard used in the preparation of solutions was set at 100 pl.
This will ensure that the solutions will be correct to within the measurement
error present in the ICP. This will also limit the dilution range that can be

covered by a single step for 10 ml of solution to 1/100.
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Sample No. 1 2 3 4 5 6 7

100ul 338.2 343.7 3379 338.1 338.6 3373 3398
3469 347.3 3418 340 339.5 3434 342
3443 345.8 3449 343.7 3444 3419 3422
3419 341.3 3428 339.3 3426 340 342.2
3473 348.7 348.3 346.5 345.5 3422 3422
3471 346 3484 343 345.3 343 3428

Total 20657 20728 20641 20506 20559 2047.8 2051.2
Mean 3443 3455 3440 3418 3426 3413 3419
Count 6 6 6 6 6 6 6
%R.S.D. 11 0.8 12 0.9 0.9 07 03
Sum Squares 711186 716083 710085 700827 704454 698914, 701237
ANOVA Table
SS df MS

Between Samples 87.4 6 14.6

Within Samples 309.9 35 8.9

Total 3973 41

Fe 1.64

F(0.95,6,40) 2.34

Figure 42  Typical results obtained from an ANOVA experiment.

3.3 Solution Preparation.

A basic method for making solutions has already been discussed.
However there were some limitations to this method in that the minimum
volume is not used, and that the volume of standards and diluent have to be
calculated manually. This becomes more of a limitation when very low
concentration solutions have to be made and the intermediate solutions of a
serial dilution have to be calculated and defined as well.

To eliminate these limitations a procedure was defined which would
allow the user to specify the elements to be included in the solution and the
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concentration of each element. The volume of the standards required and the
volume of diluent would be calculated using a single step serial dilution if
necessary and all the information required to prepare the solution would be
recorded in a record in the memory space which had been reserved. If a
component of the solution had to be diluted more than a hundred fold then
an intermediate solution would be required. A definition of that solution
would be prepared as well. There was an option that if one solution had
already been prepared, a second solution with the same composition could be
prepared. In this case the position of the receiving vessel would be changed so
that the next empty vial in the sample tray (and also in the intermediate tray,
if the intermediate solution was also to be remade) would be used. Once it has
been established that a new solution is to be defined, the number of elements
to be included in the solution is asked for. Any number less than eight is
accepted (the system only has space for eight standard solutions). Once a valid
value has been entered the total volume of solution is entered; the last
volume used or 10 ml is offered as a default value. A maximum volume of
18 ml has been set so as to avoid overflowing the vials. The first element is
then entered by typing the element symbol. These are limited to the elements
that can be analysed by the spectrometer. A check is made to see whether a
standard solution for that element is in the system, if not a message is
displayed informing the user that this element cannot be used and another
element should be entered. If an element that is in the system has been
entered the concentration will be asked for. The numerical value would be
entered followed by the units of the concentration. The concentration can be
entered in w/v (%, ppm, ppb) or in molarity (M, mM or uM) units. A check is
made to see whether the standard solution can be diluted to the concentration
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entered using a single intermediate solution; if not, a message is displayed

and another concentration can be entered.

The first step in entering an element into the definition of a solution is

to calculate the overall dilution ratio;

< CRoquired
R=5& 1)

The volume of standard required is then given by

v =RVt 2)

where VT is the total volume of solution required, typically 10 ml. If v is
greater than 100 ul then the dilution can be done in a single step. In this case
v and the position of the standard solution are entered into the record for the
definition of the final solution. Otherwise, it is necessary to go through a
single step serial dilution.

The overall dilution after a single step serial dilution would be given

by;

=J1 V2

where v; is the volume of standard and v; is the volume of intermediate
solution used in the second dilution. The variance in R is given by the

propagation of errors as;

(R = (S + @
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It is assumed that VT is large compared to v; and v, so that the relative
uncertainty is negligible and it has been shown that oy is constant. v, is
related to v; through R and so Equation 4 becomes;

-+ (] @

RVE

Differentiating with respect to v;
do}
(7)) ©

Setting the derivative to zero and solving for v gives;

v=YR Vr (7)

where v is the volume of standard and of the intermediate solution. For
example, if R was 0.001 then a simple first approximation would be to dilute
1 ml of the stock solution into 10 ml of intermediate followed by 100 ul of
intermediate solution into 10 ml of the final solution. The dilution could
equally well be performed in the reverse order, i.e. 100 pl of stock solution
and 1 ml of intermediate. From Equation 7 it would be better to use about
316 ul of stock solution and intermediate solution. This result for a two step
dilution could be generalised for an n step dilution by using the nth root of
the overall dilution ratio at each step of the dilution.

When more than one component is included in the intermediate
solution; the volume of the intermediate solution (v2) is determined by the
component at the lowest concentration. Using the above example, if

component 1 requires a dilution of 10-3 the volume of the intermediate
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solution used is 316 ul and the volume of stock solution is also 316 pl. If a
second component is entered which requires a dilution of 10-4 then the
volume of stock solution for component 2 would be 32 ul, (if the volume of
intermediate solution remained unchanged). This is less than the minimum
volume allowed, therefore the volume of intermediate solution must be
reduced to 100 ul and the volume of the stock solution for component 2
required is also 100 ul. The reduction of the volume of the intermediate
solution requires a proportionate increase in the volume of the stock solution
for component 1 to 1 ml. So when a component with a lower concentration
than those already defined is entered, the volumes of the other components
have to be updated for the new dilution ratio. Since the volumes for
standards are stored as integer values, round-off errors will result in a loss in
accuracy if the updating procedure is repeated often. Under these conditions
the concentrations in the final solution may not be as close to the desired
concentration as would be possible if no updating had been required. In the
above example the volume of component 1 would be 999 pl instead of 1 ml

due to round-off error.

In order to avoid this readjustment the components present at lower
concentrations should be entered first. Also, only 100, 200, 500, 1000, 2000 and
5000 pul volumes are allowed for the intermediate solution in the final
dilution. When the ideal volume has been calculated, the allowed volume

Weest to this is found. Hence in our first example, instead of using 316 pl,
200 y' of intermediate solution will be used. The volume of standard required
n ain the desired overall dilution is calculated from Equation 3 and used

* .e definition of the intermediate solution. Now if a lower concentration

component is entered there is less chance that a different volume of the
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intermediate solution will be used and so fewer updates of volumes will be
necessary.

Once the volume of a component has been calculated and entered on
the definition of the solution in which the standard is to be included (either
the final or intermediate solution), then the concentration of the next
component is entered. After all the concentrations of the various elements
have been entered the definition of the intermediate solution, if it is to be
used, is completed by calculating the volume of diluent required from the
difference between the total volume of the standards used and the total

volume of solution, as given by

Vdih-u'V'r-E Vatandard 8)

Then the intermediate solution is entered on the definition of the final
solution as another component by using the dilution ratio for the
intermediate solution to calculate the volume of the intermediate solution to
be used from Equation 2. This volume is entered into the definition along
with the position where the intermediate solution is to be made. The
definition of the final solution is completed by calculating the volume of
diluent required using Equation 8. Once the solutions have been defined the
intermediate solution, if it is being used, is prepared followed by the final

solution.

Once a solution has been defined it can be remade by the same
procedure. A check is first made to see whether a solution has already been
defined. If one has been then the user is asked whether the solution is to be
remade. If an intermediate solution was used then the user is asked whether
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it is also to be remade. When a solution is to be remade the position of the
vial(s) used is the only part of the definition that is changed. The position of
the next empty vial is obtained ( if all the positions in the tray have been used
a message is displayed asking the user to refill the tray ) and entered into the
definition. The solutions for the ANOVA study were made by this method,
the minimum volume allowed was temporarily set to 10 ul. Once the
definition of one solution had been entered, the other six solutions were just

the same solution remade.

The routine described above was tested by preparing a multi-element
calibration plot which covered about 2 orders of magnitude, with points at
decade and half decade intervals. The lowest concentration used was close to
the detection limit of the least sensitive element. The solutions prepared by
the robot were compared to those prepared manually using the same standard
solutions and diluted using traditional serial dilution methods where each
step of the dilution reduced the concentration by one decade. Each solution
contained the same elements as were used in the ANOVA study earlier.
These elements were chosen because the sensitivity covers two orders of
magnitude. Each element in a calibration solution was present at the same
concentration. The solutions were measured by alternating between a manual
solution and a robotic solution. A measurement of the blank was made
between each pair of calibration solutions. The blank-subtracted
measurements were then plotted on a log/log scale. The calibration plots,
shown in Figure 43, are overlaid in Figure 44, from which it can be seen that
the results from both sets of solutions are identical. There are only very slight
mismatches in the plot of iron and possibly in the 3 ug ml-! aluminium
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Figure 43  Calibration plots constructed using solutions prepared manually

and using roboti methods.
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Figure 44  Overlay of calibration plots constructed using solutions
prepared manually and using robotic methods.

solutions; otherwise the data points are exactly superimposed. The regression
coefficients for the logarithmic plots are given in Table 22 from which it can
be seen that the calibration curves obtained are indistinguishable and that the

calibration curves are linear over the range covered.

From this it can be concluded that this solution preparation method
was reliable. The only element that seemed to behave anomalously was iron,
for which the robotic solution gave results that were systematically lower
than those obtained from solutions prepared manually. This was reflected in
the intercept of the logarithmic plot, where the two values do not agree to



A 0 Mn Mg
Intercept
Robot 04200009 |12640002 |1.62¢0008 |21120004 |0.68£0008 |-0.06720.00¢
Manual 04210002 112740006 |1.63:0004 |210:0.006 |0.6820.004 |-0.077:0011
Robot 099£0019 |1.00:0004 [0.9920010 |1.0020010 09920010 |0.990.008
Manual 09940004 }]1.00:0012 |1.00:0009 |1.00:0013 |0.99:0.009 |1.0040.022
Table 22 Regression coefficients for logarithmic calibration plots of

various elements using calibration solution prepared by manual
and robotic methods.
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within one standard deviation. However, the difference is not significant at

the 95% confidence level. The discrepancy could be due to a small error in the

manual solution preparation, since if a small additional amount of iron
standard were included in the initial calibration standard, then this would
result in all the other standards being proportionately high.



Chapter 4

Automation of Analysis.

It has been shown that the system can reliably produce solutions over a
wide range of concentrations using serial dilution methods. So fiu the
solutions produced have been defined by the user. The next step is to tie the
definition of the solution to the analysis procedure and have the composition
of the solution decided by the analysis program.

The analysis procedure should be designed to produce the best possible
precision and accuracy in the minimum time and effort. One possible method
for performing the analysis is to do an one point calibration where a single
standard of known concentration is measured and the concentration of the
sample is calculated by multiplying the concentration of the standard by the
ratio of the net emission intensities of sample and standard. This method is
quick and can be used for a large number of samples. However, it requires
that all the samples be close in composition along with some knowledge of
the likely concentration of the samples so that the standard can be closely
matched to the samples.

If more precision is required, then more calibration standards could be
run and a calibration plot constructed. If the approximate composition of the
samples is known, then the standards can be chosen so that the calibration
plot brackets the samples. However, if the composition of the samples is
completelyunknown,u\a\ﬁnalibnﬁonplotmedswmawfdannp
of concentrations to ensure that the samples are bracketed.

118
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In the case of the ICP this may require the concentration to cover
several orders of magnitude. The wide dynamic range of the signal and noise
characteristics in the ICP means that linear least squares methods cannot be
used to estimate the sample composition. Linear least squares methods
assume that the uncertainty is independent of the signal, whereas in the ICP
the uncertainty in the signal increases linearly with the signal [50). The use of
weighted least squares could be used to correct for the non-uniformity of the
uncertainties, though another problem would remain due to the wide
dynamic range of the ICP. The wide range of concentrations used in the
calibration mean that the results of linear regression tend to be determined by
the standards with the higher concentrations. Using a log/log plot gives more
equal significance to each point in the calibration plot, also the uncertainties
of each data point become equal so that least squares methods can be used to

perform the regression.

An alternative approach to the above would be to obtain an initial
estimate of the sample composition and then to limit the concentration range
of the calibration standards. In this way the uncertainty in each data point will
be more closely equal and the weighting of each point in a least squar:«
regression will be equal. Also, it can be applied to measurement systems
which exhibit significant curvature if the range of the calibration plot extends
too far. The initial estimate of sample concentration can be obtained from a
wide dynamic range calibration plot, the regression parameters of which have
been stored in a file and used as a semi-quantitative calibration of the
instrument. As long as the results obtained using this data are within an
order of magnitude of the actual concentration then the calibration should be
able give reliable results. This holds specially if the plot is constructed in an
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iterative manner and the calibration plot is used to estimate the sample
composition after each calibration point is added. The current estimate can
then be used to calculate the concentration of the standard which leads to the
greatest improvement in the calibration plot in terms of reducing the

uncertainty in the sample composition.

The intensity of emission from an ICP is a linear function of
concentration. The calibration is performed by measuring the emitted
intensity for a series of standards of known concentration. Least squares
regression is then used to estimate the equation of the line. This equation is
then solved for concentration at the intensity of the samples. The uncertainty
in the concentration is then given by [51);

(fs.m-fsu)z V2
SSem = (1/m+1/n)+ 1)
) i'?{ P (X~ (Tcaa)’/n))

where nm are the number of standards in the calibration plot and the
number of replicate measurements made on the sample respectively, Isq and
Isam are the average intensities of all the standards and the sample, Sy/x is the
standard deviation of the calibration points about the line. The factors which
influence the precision of the analysis are therefore the number of replicate
measurements (m) and the number of points used to construct the plot (n),
the closeness of the sample to the centre of the calibration plot (th.
numerator in the last term), the concentration range of the standards (the
denominator of the last term) and the amount of scatter present in the data

points (sy /).

A typical calibration plot with 5% noise in the data points is shown in
Figure 45, along with 95% confidence bands. These bands can be used to
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Figure 45  Example of a typical linear calibration plot with 95%
confidence bands.

estimate the uncertainty in the concentration as shown [52]. The further the
sample is from the centre of the plot the larger will be the uncertainty, hence
in order to reduce uncertainty the calibration plot should ideally be

constructed so that the sample will lie close to the centre.

To design a procedure which will produce such an optimised
calibration plot, it is necessary to have an estimate of the concentration of the
sample. This can be done by iterating the construction of the plot, using the
existing results to calculate the optimal concentration of the next standard.
The goal is to reduce the uncertainty in the estimated concentration of the
sample. Therefore the concentration of each succeeding standard should be at
the minimum of a plot of the uncertainty in the concentration of the sample
after the next standard has been added to the calibration plot against the
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Figure46  Plot of uncertainty in estimated sample concentration as
function of relative concentration of next standard to be added
to a calibration.
concentration of the next standard. From Equation 1 sggm can be calculated for
the next standard by updating the summations with the concentration of the
next standard and the intensity of emission expected on the basis the
estimated values of slope and intercept. A plot of the predicted uncertainty
against the concentration of the next standard is shown in Figure 46. The
minimum for adding the fifth data point in a calibration plot is found to be
close to unity. This indicates that once the calibration plot is started the ideal
standard to use is one which is equal in concentration to that of the sample.

This can be explained by considering the term (Ia - Isam)? in Equation
1. This term can be replaced by b2(Csy - Csam)2, Where Ggg is the average
concentration of all the standards used in the construction of the calibration
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plot, and Cgam is the current estimate of the concentration of the sample. The
ideal concentration c of the next standard would reduce this term to zero and
so would satisfy the relation

- =nE§u+c
CSem == T4 1 @

If this term is already close to zero, then

NCsam = NCoid
This implies that ¢ = Cgem.

Hence, if Equation 2 were used to calculate the concentration of the standards
in an iterative analysis procedure, then, when analysing a single sample, the
concentration of the standards used at the end of the analysis would be equal
to the concentration of the Qample. However, it is usually necessary to analyse
several samples simultaneously, and so it is not desirable to have to construct
a calibration plot for each sample, especially if the composition of the samples
are very similar. Ideally a single calibration plot should be designed for the
analysis of a set of samples. Equation 2 will find the ideal set of standards for a
single sample but in order to analyse several samples a compromise set of
standards needs to be found.

Equation 2 was designed to minimise the (Iga - Isam)? term in Equation
1. The compromise set of standards would minimise the sum of these terms
for all the samples because only this term varies for each sample. This
condition is met when Isg = Isem , where Isun is the average of the average
intensities of all the samples. The optimal set of standards will therefore be
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found when ’és.m is used in Equation 2, where 55.,,. is Csam averaged over the

samples.

To check whether this procedure can be used to successfully perform an
analysis, a computer simulation of the experimental procedure was
performed. The simulation used regression parameters obtained from a
calibration for the elements which are used in later experiments. The
concentrations of "samples” were the same as those of the solutions used to
test the actual analysis routine. Also, the initial estimates for the simulation
used the same semi-quantitative calibration as the actual experiment.
Normally distributed noise, at a level of 1%, was included in the simulated

"signals".

The simulation generated "signals” for the "samples". A semi-
quantitative calibration was used to obtain the initial estimate and the first
standard was at a concentration 30% below the lowest sample concentration.
This standard was used to perform a one point calibration, from which new
estimates of the sample composition were obtained. The second standard, at a
concentration 30% above the highest sample concentration, was used in a two
point calibration and new estimates of sample composition were calculated.
The iteration starts by calculating the concentration of the next standard using
the modified version of Equation 2, as described earlier. A least sqiuares
procedure is used to estimate the sample composition and the uncertainties
in the composition. This iteration was repeated ten times, and the resulting
sample composition and uncertainties were plotted against the number of

points in the calibration plot as shown in Figure 47.
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Figure 47  Plots of a) estimated composition of test 1 (®), test 2 (©), test 3 (®)
and standard (9). b) Uncertainty in sample composition as
function of number of points in calibration plots for simulation

of automated analysis procedure.



126

Concentration/pg mi-1
"~ Ba 4 B Ca Na

Te n
Sample T 0.05029% 1.0020.8% 0.09418% 0.1827% 9.883% SiD3%
Sample 2 0.02+22% 0.491+1% 0.210+3% 0.50+3% 50.0+0.5% 100+1%
Sample 3 0.029t15% 0.10+8% 0.50+2% 0.31+4% 199+1% 19740.7%

Table 23 Summary of "analytical" results obtained from simulation of
automated analysis procedure.

The estimated concentration of the samples very quickly comes to an
essentially constant value as shown in Figure 47a, whereas the uncertainties
decrease with the number of points in the calibration curve (though the rate
of decrease is less when more points are in the plot as can be seen from Figure
47b). From these simulations it was found that acceptable results could be
obtained from this procedure. The precision that could be expected was also as
predicted, the relative standard deviation being found to be less for the
highest concentration sample, as might be expected if the noise in the signal is
approximately constant for all samples (an assumption implicit in least
squares methods). A summary of the results that could be expected is given in
Table 23

4.1 Development of Automated Analysis Procedure,

The solution preparation program defined previously, in Chapter 3,
was found not to be general enough. Two problems with it were that the
concentration range was insufficient and that the use of a single intermediate
solution led to problems when two components were at opposite ends of the

concentration range for the intermediate solution.

ICP-AES has a dynamic range of up to five orders of magnitude, with
detection limits going down to the level of ng mi-1. Therefore it may be



127

necessary to prepare solutions at the level of tens of ng ml-l. The present
solution preparation procedures with only one intermediate solution could
only prepare solutions to 100 ng ml-! from a 1000 ug ml-1 stock solution.
Therefore an extra intermediate step needs to be included in the solution
preparation routines. Another problem arises from the fact that only one
intermediate solution is used for components whose concentrations may
differ by up to two orders of magnitude. This gives rise to a problem when the
concentrations of two components lie at opposite ends of this range. For
example, if a solution required component 1 to have a concentration of
100 ng ml-1, component 2 to have a concentration of 9 ug mi-!1 and a total
volume of 10 ml from stock solutions of 1000 ug mi-1, then the intermediate
solution would include 100 pl of component 1 and 9 ml of component 2,
leaving only 900 ul for a third component if needed. This severely limits the
generality of the routine.

To extend the dynamic range of the routine and to improve the
generality, four intermediate solutions were allowed; the concentration range
of the components of each solution being limited to only one order of
magnitude. For example, if the solution to be prepared had four components
which required dilution factors of 106 for component 1, 105 for component 2,
104 for component 3 and 10-3 for component 4 then the preparation of this
solution would proceed as follows (all solutions have a total volume of
10 ml). Firstly, 100 ul of component 1 would be included in intermediate
solution 4 and 250 pl of component 2 would be included in intermediate
solution 3. Secondly, 100 pul of intermediate solution 4 and 100 ul of
compor:ient 3 are included in intermediate solution 2. Similarly, 200 ul of
intermediate solution 3 and 500 ul of component 4 are included in
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intermediate solution 1. Finally, 200 ul of intermediate solution 2 and 100 ul
of intermediate solution 1 are included in the final solution. The calculation
of the volumes of standards and intermediate solutions used at each stage of
the dilution is an extension of that used previously. The ideal volume is
calculated so that the dilution factor of each stage is equal. For a two step
dilution, such as for components 1 and 2 in the example above, the dilution
ratio at each stage is the cube root of the overall dilution ratio (for component
1 this is 10-2 and for component 2 this is 2.15x10-2). Once the ideal has been
calculated, the closest allowed volume of intermediate is found (100 ul of
intermediate 2 and 200 pul of intermediate 1), and from the dilution factor for
this volume the dilution ratio remaining is calculated (104 for component 1
and 5x104 for component 2). From this ratio the volumes for the first step of
the dilution are calculated exactly as before. The overall dilution ratio is used
to calculate which of the four intermediate solutions will be used to make the
initial dilution of the standard. With this modified solution preparation
procedure the system will be able to prepare solution of arbitrary
concentration, as would be required when the composition of the standards is
being calculated during the analysis procedure.

To start the analysis it was necessary to obtain an initial estimate of the
composition of the samples. This was done by recording a wide dynamic
range calibration of most of the spectral channels of the spectrometer in a disk
file. The data in this file was read at the start of the analysis procedure and
once the samples had been measured, it was used to get the initial estimate
required.

The calibration routine used to prepare the semi-quantitative

calibration data prepared a fixed set of standards for the elements being
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calibrated. Blank subtracted measurements were made and the regression
coefficients of a log/log plot, using natural logarithms, were stored. The user
could specify the elements to be calibrated, the initial concentration of the
calibration, the concentration range to be covered (specified by the number of
decades to be calibrated) and the number of data points to be included in each
decade; the sequence of data points could be chosen to be one of the following
sets (1,10), (1,3,10) or (1,2,5,10). This allows the calibration curve to be prepared
from dose to the detection limit of the element to the highest concentration
that could be prepared.

The elements shown in Table 24 were calibrated. These could be
divided into two groups according to the detection limit. Those of high
sensitivity and low detection limit were calibrated over the concentration
range 0.1 to 100 ug ml-1 using the (1,3,10) sequence of concentrations. Those of
lower sensitivity were calibrated over the range 1 to 100ug mi-! using the
(1,2,5,10) sequence of concentrations. The regression coefficients for the
log/log plots are also shown in Table 24. The slope for most elements was
found to be close to unity, indicating that the intensity is a linear function of
concentration over the range of the calibration plot prepared (as expected for
an IC™). Elements for which the slope differed significantly from unity (>5%)
were recalibrated. The results of the second calibration were within 1% of the
first calibration. Therefore, the calibration results were retained.

To test that the semi-quantitative calibration using this data would
yield a reasonable estimate of concentration over the long term, test samples
from the analysis routine developed later were used. The samples were
measured over a period of approximately two months and the estimated

concentrations recorded. The mean and standard deviation of these



~ Element | In t Slo
Ba 1.34 1.01
Ni 0.75 0.99
Al -2.6 0.96
B <0.21 1.01
Mn 1.26 0.99
Fe 0.176 0.98
Hg 0.34 0.80
Mg 20 0.99
As -0.98 0.98
Sn -1.27 1.07
v 0.40 1.13
Na 29 0.99
Cr 0.26 1.01
Sb -1.74 1.02
Ge -2.1 0.97
Ca 0.65 0.94
Zn 1.09 0.99
Cu 0.092 0.99
Pb -2.0 0.99
Li 0.23 1.00
Ti 0.17 1.03
Cd1 0.66 1.00
In -1.30 1.00

Table 24 Summary of calibration results for wide dynamic range
calibration of spectrometer.

concentrations give an idea of the accuracy and precision that could be

expected.

The analysis procedure was to measure the blank followed by the
samples. The logarithm of the blank-subtracted intensity was then used to
calculate the concentration of each sample from the data stored in the
calibration file. The concentrations obtained were then entered in a table of
results with the date of analysis. This table was used to construct a set of
quality control charts. The chart for Ca is shown in Figure 48, the mean and

130
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Figure 48  Typical quality control chart for semi-quantitative analysis . - st

samples Sample 1 (®), Sample 2 (©) and Sample 3 (8).

one standard deviation limits for the lowest sample are not shown for clarity.
These charts show the mean value of the measured concentrations, from

which systematic error can be determined. From the way the pattern of the

variation in the measured concentrations relate to each other, it can be
determined if the measured concentrations are in the correct proportions to

each other.

The actual concentrations of Ca in these solutions were 10, 20 and
50 ug mil-1. The mean values obtained over the period studied were 7, 14 and
36 ug ml-1. The relative standard deviation obtained was 37%. Therefore this
semi-quantitative calibration can be used to obtain an estimate of the
composition of the samples which will remain within an order of magnitude
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of the true value, as is required for the automated analysis procedure, for an
extended period. The current calibration tends to give results which
underestimate the true composition; this was found to be true for all the

elements in these samples.

The underestimation of the semi-quantitative calibration is probably
due to a loss in sensitivity between the time of the calibration and the start of
the analyses. It was also found that the pattern for each of the samples showed
the same trends, suggesting that these were a result of variations in the
sensitivity of the measurement.

The analysis procedure was the same as that used in the simulations
done earlier. The sample solutions were measured first, after which a semi-
quantitative estimate of the sample composition was macd. . :om the blank-
subtracted intensities. Since the semi-quantitative estim- - . .5 alw: .- .ower
than the true composition, the first : 'andard was ;- pased at a concentration
30% below that of the lowest sample and used in a one point calibration.
Using the improved estimate, which will not be as biased as the initial
estimate, a second standard was prepared at a concentration 30% above the
concentration of the highest sample. These two standards should now bracket
all the samples. The factor of 30% used will ensure that the highest and
lowest samples are well removed from the ends of the calibration plot, where
the uncertainty in the measured concentrations is increasing. If the semi-
quantitative analysis had shown a bias in the opposite direction the standards
would have been prepared in the opposite order, i.e. the first standard would
be prepared at a concentration 30% above the highest sample and the second
at a concentration 30% below the lowest.



a)
50 Print "Auto Calibration Analysis™: Rem Print program
title
60 Gosub 4500: Rem Get elements
70 Gosub 1000: Rem Get Preflush
80 Gosub 1050: Rem Get Integration time
90 Gosub 1100: Rem Get Replicates
130 Gosub 1500: Rem Measure samples
140 Let N3 = 0: Rem Zero standards counter
150 Gosub 3200: Rem Calculate means
155 Gosub 3000: Rem Calculate sample
concentrations
160 Gosub 4300: Rem Send samples composition
165 Entry Repeat: Rem Entry pcint to analysis
loop
170 N3 = N3 + 1: Rem Increment counter
180 Gosub 3300: Rem Calculate std.
composition
190 If N3 = 1 Then Gosub 3100: Rem Bubble sort
200 Gosub 4000: Rem Send std composition
210 Gosub 4200: Rem Get std composition
220 Gosub 2000: Rem Blank measure
230 Gosub 2500: Rem Measure solution
240 Gosub 5000: Rem Update summation
variables
250 Gosub 5500: Rem Calculate sample
: composition
255 Gosub 6500: Rem Send regression data
260 Gosub 4300: Rem Send sample composition
265 Gosub 6000: Rem Check done
270 If R1 <> 1 Then 170: Rem Repeat until done
280 Goto 30: Rem return to start of
—REogram
b)
¢ AUTO.ANALYSIS
GET .SAMPLES. INFO
GET.FILE
INIT.ARL
MEASURE.SAMPLES
BEGIN
MAKE . STANDARD
MEASURE . STANDARD
GET.REGRESSION.DATA
GET.SAMPLES . RESULTS
?DONE
UNTIL ;

Figure 49  Partial listings of programs used for automated analysis
procedure. For a) ARL spectrometer and b) IBM-AT
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—___Concentration/ug mI'T
Ba Fe Zn B Na
Sample 1 0.05 1 0.1 0.2 10 519
Sample 2 0.02 0.5 0.2 0.5 50 101.5
Sample 3 0.03 0.1 0.5 03 20 198.7

Table 25 Composition of test samples used to verify automated analysis
procedure.

Subsequent standards were calculated using the modified version of
Equation 2. Estimation of the sample composition was by linear least squares.
The chemical analysis would terminate either when the relative standard
deviation of all components for all samples was below some user specified
value or when a certain number of standards had been prepared. A partial
listing of the programs used are shown in Figure 49. The program in Figure
49a was run on the ARL spectrometer whilst that in Figure 49b was run on
the IBM-AT.

The composition of the test samples is given in Table 25. These were
prepared in 11 batches from 1000 g ml-1 standards by a single step dilution,
except for Na which was added as solid NaCl (Analytical reagent grade, BDH
Chemicals, Toronto). The standard solutions used for calibration were all
1000 pug ml-! except for Fe, which was 500 ug ml-l. (However, the value of
1000 ug ml-1 was erroneously entered in the configuration file and used by the
analysis routine in the calculations.)

An example of a typical record for one calibration point is shown in
Figure 50. The flrst entry is the ideal composition of standard required. The
standard was prepared and the actual composition recorded. Actual




Standard asked for

Ba 32.74ppb
Fe 1.089%ppm
2n 252 .9ppb
B 346.0ppb
Ca 26.39ppm
Na 109.6ppm
Calibration Solution #10
Ba 32.76ppb .2385uM
Fe 1.090ppm 19.51uM
Zn 252 .0ppb 3.854uM
B 346.0ppb 32.00uM
Ca 26 .40ppm 658 . 6uM
Na 109.6ppm 4.767mM
Ba Fe Zn B Ca Na
Blank
1 19.51 10.26 12.31 13.21 12.65 13.56
2 19.53 10.28 12.36 13.3 12.69 13.6
3 19.46 10.2 12.32 13.18 12.69 13.68
4 19.47 10.26 12.41 13.29 12.68 13.59
S 19.5 10.24 12.18 13.28 12.7 13.59
Mean 19.49 10.24 12.31 13.25 12.68 13.6
Calibration Solution #10
1 22.08 16 7 2 » 17.25 140.6 153.5
2 22.08 1¢ -1 . .41 17.41 142.1 155.6
3 22.09 ! - ").39 17.46 142.5 156
4 22.1 0.4 C.24 17.49 143.1 156.6
L) 22.1 TR 2 20.19 17.38 142.7 156.2
Mean 22.05 % 34 20.28 17.39 142.2 155.5
Regression Data
Slope Intercept Sy/x Sb
Ba 58.14 0.3476 0.9266 15.03
Fe 5.573 0.2788 0.141 0.0933
Zn 29.36 0.313 0.1209 0.3877
B 10.01 0.341 0.5734 1.056
Ca 4.643 3.363 1.797 0.0408
Na 1.203 4.867 3.113 0.0187
Sample Results.
Ba Fe Zn B Ca Na
Concentrations
Test 1 0.0524 2.067 0.0939 0.2173 9.962 4 8.79
Test 2 0.0141 1.019 0.1867 0.4781 50.31 95.83
Test 3 0.022 0.1613 0.4833 0.3086 19.77 193.6
Rel. Std. Dev.
Test 1 33.67 1.509 5.128 28.24 4.337 5.93
Test 2 121.7 2.604 2.364 12.93 0.9059 2.846
Test 3 76.38 19.05 1.089 19.48 2.077 1.543

vVHROOOOW

.5406
.1109
.1062
.401
.232
.338

Figure 50  Typical record for one calibration point of automated analysis

procedure.
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. Concentration/pg ml-T

" Ba Fe Zn B Ca Na
Standard 1 0.0076 0.021 0.023 0.074 24 27
Standard 2 0.070 1.15 0.46 0.75 62 250
Standard 3 0.041 22 0.28 0.28 17 71
Standard 4 0.00 1.09 0.26 0.121 26 114

Table 26 First four standards for analysis of three samples.

compositions were typically within 0.5% of those originally chosen. Before
the first standard was prepared the order of the elements in the definition of
the standard were sorted from low concentration to high, this minimised the
record updating that could occur in the definition of the intermediate
solutions if the order was left random. This sorting also ensured that actual
composition was close to that required by reducing the round off error that
could occur when the intermediate solution records were updated. A distilled
water blank was measured (5x30 second integrations were recorded and the
average was calculated). The standard was measured and the value of the
blank subtracted. The results from a linear regression, for this and all
previous standards, were recorded, values calculated for the slope and
intercept, along with the standard deviations of each (sb and sa respectively).
The standard deviation of the data about the line oy/x (syx) was also
calculated. Finally, the current estimate of the sample composition with the
rclative standard deviation was recorded. Each record was time stamped so

that the time required to perform the analysis could be estimated.

From these records a complete picture of how the analysis develops can
be made. The data can also be used for diagnostic purposes if any problems
should arise. The composition of the first four standards is shown in Table 26.
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From the table it can be seen how the calibration plot for each element was
customised to the amount present in the samples. If the concentration
required was less than 1 ng ml-], then that element was omitted from the
solution and a concentration of zero was used in the least squares

calculations.

A calibration plot for Ca constructed from this data is shown in Figure
51. The first data point is at the lowest concentration on the plot and can be
seen to be well below the lowest sample. Similarly the highest point on the
plot is well above the highest sample so the calibration plot does properly
bracket all the samples as intended. The third calibration point lies between
the lowest standard and the swarm of data points in the centre of the plot.
This point will always tend to be at the low end of the plot since the semi-
quantitative calibration underestimates the concentration of the samples so
the first calibration point tends to be lower than necessary. The average of the
first three data points should equal the average of the samples, so the third
point will be below this in order to compensate for the underestimate in the
first standard. Once these standards have been prepared, the rest of the
standards tend to be close to the average concentration of the samples; this
can be seen from the swarm of points around 27 ug ml-! shown in the scale

expanded plot.

The estimate of the concentration of Ca as a function of the number of
points in the calibration plot and the uncertainty in that estimate are shown
in Figure 52. The same general trends in these plots were found in the
simulations except that the uncertainty shows an increase after 7 points in the

calibration plot. This increase is probably due to instrumental drift. A
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Figure 51  Calibration plot for calcium obtained from automated
analysis. Detail of the range 20 to 30 ug ml-! is shown below.



139

a)
70
0—0—-0——0—0——0——0—0
———a—a—=
- ————
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Number of Points in Calibration Plot
b)
5.0
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n
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Figure 52  Plots of a) estimated composition of Sample 1 (®), Sample 2 (°),
Sample 3 (®) and standard (0). b) Uncertainty in sample
composition as function of number of points in calibration plots
for simulation of automated analysis procedure.
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a)

"Concentration/ug mlT

Ba Fe n B Ca Na
Sample 1 0.05332% 1.0322% 0.00425% 0.22128% 10.0t4% 4985%
Sample 2 0.01£122% 0.51+3% 0.187+2% 0.48t13% 50.3:1% 9613%
Sample 3 0.02476% 0.08+19% 0.483t1% 0.31£19% 19.8+2% 194+2%

Total Analysis Time : 4:30:36
b)

Ba ____ Fe Zn_ B Ca_ Na
Sample 1 480%  3.30%  -6.10% 8.65%  -0.38%  -5.99%
Sample 2 -2950% 1.90% -6.65% -4.38%  0.62%  -5.59%
Sample 3 -26.67% -19.35%  -3.34% 287%  -1.15%  -2.57%

Table 27 Summary of analysis a) results and b) estimated accuracy for test
samples.

summary of the results obtained for these test samples is shown in Table 27a.

The values for Fe have been corrected for a standard solution concentration

of 500 ug ml-l. The accuracy of the results, estimated by expressing the

difference between these results with the actual sample composition as a

percentage of the actual concentration, is given in Table 27b.

The results for Ba showed a large amount of scatter. This was due to
the unknown sample concentrations being close to the 3o detection limit of
28 ng ml-! as calculated from 3sq/b. Therefore, in Sample 2 and Sample 3 Ba is
present at concentrations below the detection limit, and if the limit of
quantitation is defined as being approximately 3 times the detection limit [53)
ther. all three samples are below it.

The large uncertainties in the results for B are probably due to
instrumental factors. They may arise from excessive carryover of the

standards in the nebuliser/spray chamber, which is manufactured from boro-
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silicate glass. It is interesting to note that though the precision is not very
good, the results still show reasonable accuracy.

The Fe concentrations covered approximately an order of magnitude.
This resulted in good precision being obtained for the samples with higher
concentrations of Fe; those with low Fe, however have large uncertainties
associated with them. It was found that the relative standard deviation was
roughly inversely proportional to the concentration in all samples, which is
consistent with the noise in the data being approximately constant. However,
this is probably an artefact arising from the use of a least squares method to

estimate the uncertainties.

In general, when concentrations are well above the limit of detection
(at least 10x) and when the sample composition does not vary over more than
an order of magnitude, then reasonable results (about 5% R.S.D.) can be
obtained. A large number of calibration points is not necessary and, in view of
the length of time required (4 hrs 30 mins for 10 calibration points), may be
undesirable because drift in the instrument can reduce the precision. A
compromise in the present system would be to limit the number of standards
to 5.

The main factors that influence the analysis time are the number of
samples, their complexity and the speed of the robot and pump. For each
additional sample the analysis time would increase by about five minutes,
corresponding to 1.5 minutes preflush, 2.5 minutes for measurement and
about 1 minute for rinsing and the transfer of data to the IBM. As the
complexity and range of concentrations of elements present in the samples

increases, the need to use more intermediate solutions will increase. Each
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intermediate solution requires up to 5 minutes to prepare. Since for analyses
performed on test samples there are typically three intermediate solutions
required, the total preparation time is about 20 minutes for three
intermediate solutions and the final solution. With an additional 5 minutes
per standard for the measurement of the standard, a total of 25 minutes per
calibration point is needed. The total analysis time for the test samples can
thus be broken down to about 20 minutes for the measurement of the
samples and 4 hours for the preparation and measurement of the ten
standards. This can be reduced by using samples with components which are
all at higher concentrations and so eliminate the need to prepare

intermediate solutions.

4.2 Analysis of Well Water Samples,

A set of ground water samples had been analysed in the laboratory
previously. These samples showed a wide range of compositions, as shown in
Table 28 [54], and included some with high sodium content which may pose
difficulty in normal analysis. From these samples three (marked with * in
Table 28) were chosen as having a composition suitable for analysis by this
procedure. The elements selected were those which showed small variation
among the samples and covered a wide range of concentration between the
elements. All three had a moderately high sodium content.

Rather than performing a single analysis with ten calibration points as
had been done for the earlier test samples, two analyses with five calibration
points were done. A summary of the results obtained is given in Table 29
with the results from the previous analysis. The results from each analysis is

given and the mean values are in parentheses.



§;mpio B Ba®
wwi 057 1004 |
ww2* | 0.55 | 0.042
ww3* | 0.57 | 0.043
wwié 0.19 | 0.14
wwS 0.16 | 0.19
wwb 15 0.14
ww?7 065 | 0.21
wwi 082 | 0.44
ww9 1.6 0.2
wwl0 | 0.22 | 0.051
wwll 15 048
wwli2* | 046 | 0.073
wwli3 | 11 0.12
wwild | 1.2 0.17
wwls | 062 | 0.19
wwlé | 031 | 0.2
wwl7 | 03 0.19
wwil8 | 057 | 0.062
wwl9 | 031 | 1.1
ww20 | 1.1 0.14
ww2l 1 0.45
ww22 | 0.76 | 0.048
ww23 | 15 0.15
ww24 | 012 | 0.18
ww25 022 | 0.1
ww26 | 042 | 0.055

“Concentration/ug ml-1

Ea' Fc' E ﬂ »
S5 tosot o
33 | 034 [ 0069] 163
177 | 022 | 005 | 9.0
77 | 0.059| 0.091| 25
83 |13 |o09s| 27
s4 [ 023 | 00s7] 1.29
15 | <0.01{ 0.047| 52
112 | 036 | 0.017| 4.8
96 | 013 | 0065| 2.3
300 | <0.01] 035 | 115
187 | 058 | 012 | 5.0
a1 |oe3 |01 | 156
45 | 037 | 00s7] 1.17
61 | 0.064] 0.068] 1.57
78 {033 | 0.08¢] 23
86 |73 | o08¢| 34
8s |46 | o0085] 35
s |24 |o007 | 114
115 |52 | 0.089] 46
84 | 030 | 00¢ |34
0 |175 | 00s | 182
3.6 | <0.01] 0.065] 1.32
76 | 023 | 0.068] 1.97
101 | <0.01| 0.041] 30
60 |21 |o1 | 189
2 |27 |ooss| 37

asgg#ﬁ

o
P
o

ggaggggggggggggggggg

g zn.
) <0.02
70 0.23
42 <0.02
171 | 23
53 0.022
<0.13{ 0.2
042 | <0.02
039 | 0.027
<0.13] 0.053
430 | 44
0.59 | 0.058
32 <0.02
0.26 | 0.044
<0.13| 0.098
<0.13| 0.031
34 0.16
4.2 023
36 0.099
102 | 19
041 | <0.02
090 | 0.023
45 0.032
036 | <0.02
26 0.12
9.9 0.1
99 <0.02

Table 28 Results from previous well water samples analysis.
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For most of the results agreement is good. In the absence of known
uncertainties for previous results, they are assumed to be in the range 1-5%.
There are occasions where the difference between the replicate runs exceeded
the estimated uncertainty (for example Ba in WW12), though the average of
the two values is fortuitously close to the previous result. This suggests that
the discrepancy in the results is due to random fluctuations in the initial
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Concentration/pg ml-!
—2n Ba “TFe Mg Ca Na
Current Results
) 3724 .

0.16£22% 0.040£5% 0.36+2% 15.640.8% 33.1+1% 290£0.4%
(0.15424%) (0.04116%) (0.37+3%) (15.6£0.7%) (33.0+1%) (28740.4%)
WW 3 - 0.042X7% 0.2516% 8.8t1% 18.721% 28310.5% |
- 0.04624% 0.2434% 8.742%  18.112%  28010.4%
- (0.0446%) (0.24+5%) (8.8+1%) (18.442%) (282+0.4%)
WW 12 - 0.08824% 0.64x2% 15.130.6% 42.2506% 18320.8% |
- 0.068+3% 0.63t1% 14.640.9% 40.8£0.9% 181+0.6%
- (0.078£3%) (0.64+2%) (14.8+0.8%) (41.5+0.8%) (182+0.7%)
Previous Results
WW 2

0.23 0.042 0.34 163 33 300
ICP-MS 021 0.043

WW 3~ <0.02 0.043 0.2 9.0 177 290
ICP-MS __ 0.02 0.045
WW 12 <0.02 0.073 063 156 41 189
ICP-MS __ 0.011 0.070

Table 29 Summary of analysis results for well water samples.

measurement step and that the uncertainty has been underestimated by the
least squares method. The values obtained for Na are consistently low,
suggesting there may be some interference. A few of the other results show
large positive and negative deviations (e.g. Ca in WW3, Mg in WW2 and Fe
in WW3). These again suggest that the uncertainty is being underestimated.



Chapter 8

Automation of Matrix Studies.

The accuracy of the results of an analysis is dependent on the ability of
the measurement system to produce the same signal for the standards and the
sample when both are at the same concentration. There may be two reasons
why this is not so. First, another component in the sample may produce an
additional signal which is indistinguishable from that of the sought-for
component. For example, this can be due to spectral overlap. Second, the
other component may somehow change the sensitivity of the measurement
system to the sought-for component. This would result in a change in the
slope of the calibration plot by causing the sought-for component to produce
either proportionately more or less emission.

The first source of error can be reduced by various background
correction methods that attempt to estimate the extra signal and subtract it
from the measured signai. This may be done by measuring the emission away
from the spectral line and estimating the emission under the line by

interpolation.

The second source of error is more difficult to correct. One of the
reasons for the widespread use of the ICP has been its relative freedom from
matrix effects. Recently, however, there have been reports of significant
matrix effects being observed [55 - 59] especially in the analysis of geological
(S5 - 57] and biological samples [58,59]. Initial matrix effect studies focused on
interferences caused by the alkali metals [60, 61]. The effects of these elements
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were found to be minimal under normal operating conditions. More recently,
the effect of some alkaline earths (especially Ca) and other elements has been
found to more severe [55,58). In the case of biological samples some severe
matrix effects have been reported for organic components of the matrix [58).

The analysis of trace metals in organic matrices is of importance in the
food and beverage industries [62 - 66). Several analyses of inorganics in such
samples have been reported [62 — 66]. These include alcoholic beverages,
where the presence of ethanol can cause an interference [65,66). The matrix
effect of ethanol in the ICP over a wide range of ethanol concentrations has

been reported [65].

All the matrix effects considered affected the sensitivity of the
measurement. The intensity of the emission signal in the ICP is given by (67];

l-f%%nexp(-ﬁ.—) (1)

where 1 is the measured intensity; f is an instrumental parameter which
combines the collection efficiency of the optics, the throughput of the
spectrometer, sensitivity of the detector and the gain of the electronics; h is
the Planck constant; ¢ is the speed of light; g is the degeneracy of the emitting
state; A is the transition probability of the observed emission; A is the
wavelength of the emission; Q is the partition function for the emitting
species (atom or ion); n is the number density of the species in the plasma; E
is the energy of the emitting state; k is the Boltzmann constant and T is the
excitation temperature. Matrix components can influence only two of the

parameters in Equation 1, nand T.



147

Factors that influence n are the concentration of the species in solution,
the nebulisation efficiency (which governs what fraction of the solution will
be transferred into the plasma), the vapourisation efficiency (which governs
the fraction of the material which appears in the gaseous form), atomisation
efficiency and the ionisation temperature (which governs the amount of the
atomic gas that is in the form responsible for the emission) and the spatial
distribution of the species (which governs the amount of material in the
observation zone). All of these could potentially be affected by the sample
matrix. The excitation temperature could be affected by anything which can
add or remove energy from the plasma, which is responsible for the
excitation of the analyte. Hence matrix effects can arise from two causes, those
which affect the transport of material into the plasma and those which affect
excitation processes. Matrices which alter the bulk properties, such as the
surface tension or the viscosity of the solution, will cause matrix effects due to
changes in the transport of the solution by modifying the nebulisation
efficiency, or the liquid flow rate in unpumped systems. Matrices which do
not effect the solution properties may cause matrix effects through changes in

the excitation environment.

The matrix effects induced by metals are due to changes in the
excitation processes because the presence of a metal ion in solution has little
effect on solution properties, especially at the typical concentrations studied
(<1% w/v). On the other hand, the presence of organic solvents (such as
ethanol or acetone) in aqueous solutions can cause significant changes in
solution properties. In this study the effect of Ca is investigated as an example
of a matrix which acts through changes in the excitation process. Also,
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ethanol was studied as an example of a matrix which could cause changes in
both the solution transport and the excitation processes.

Equation 1 can be used to predict how the emission intensity measured
will vary with temperature. Both the exponential term and the number
density will change with temperature. The number density will be
proportional to the molar concentration of the analyte and will also depend
on the degree of ionisation. The emission intensity will be given by;

= '.& -.E.
I=f lQuc:,..c:xp( T @

I.sf'%( 1 -a)c,,.exp(--kgr-

where f° is a constant combining the instrumental parameters of Equation 1,
along with the fundamental constants h, c and x and the transport efficiency
of the nebuliser and spray chamber (the latter governs how much of the
analyte species in the solution will be transferred to the plasma), a is the
degree of ionisation of the analyte and cn, is the molar concentration. ; is the

emission intensity for ions whilst I, is the emission intensity for atoms.

The degree of ionisation (a) can be determined from the Saha Equation
(68}

K.l-a MuQTmexp‘ ) 3)
where K is the Saha equilibrium constant, ne is the electron density in the
plasma, Q; and Q, are the partition functions for the ion and atom
respectively, T is the ionisation temperature and E; is the ionisation potential
of the analyte.
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If local thermal equilibrium (LTE) is assumed to exist, then a single
temperature can be used in both Equations 3 and 2. If it is further assumed
that the elements are close to being completely ionised, then a ~ 1 and
(1-a)=1/(1+K) = 1/K. With these assumptions a and (1-a) from 3 can be
substituted into 2 to give the following;

Ii'f’i%cmexp(' ﬁ-’) @

Ia=f"

X QT2 48351008 ™° exp(- T S

The assumption that K»1 is equivalent to the analyte being essentially
completely ionised (hence a = 1). It also results in the ground state of the ion
being the natural reference state, so that the effects of temperature will
depend on the distance a state is from the ground state of the ion. For ion
emission this corresponds to the excitation energy of the state whilst for atom
emission it is the difference between the excitation energy and the ionisation

potential.

Rearranging 4 to bring all element-dependent terms to the left hand
side gives;

—==f
Aca exp( (5)

Qg S exp(-AE
Am 483x10‘5 0 kT

where AE is the distance the emitting state is in energy from the ground state
of the ion, as defined by Equation 4. If the detector sensitivity and the
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Figure 53  Multi-element Saha-Boltzmann Plot.

amplifier gains are equal for each channel used, and if local thermal
equilibrium exists in the plasma, then a plot of the natural logarithm of the
left hand side of Equation 5 against AE should yield two parallel lines with
slope -1/KkT. The difference in the intercepts is related to the electron density.
An example of such a plot for those elements for which gA values are
available (68 - 70] is shown in Figure 53. The plot shows the trends that could
be expected. The atom lines, below zero on the energy axis, show a decrease in
intensity due to the decrease in the population of the excited states following
a Boltzmann distribution. An increase in intensity is observed at the
ionisation potential followed by a decrease in intensity due the Boltzmann
distribution. However, the absence of the gA values for most of the ion lines
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measured doesn't allow a true picture to be seen of the behaviour of the ion
lines. Similar Saha-Boltzmann plots for iron lines have been constructed by
Blades et al. [68] that show the same type of trends observed here. The
difference between the plots of Blades et al. and those presented here is that
since Blades et al. used a single element the energy was defined with respect
to the ground state of the atom. Hence the energy of the ion lines were
defined as the sum of the excitation energy and the ionisation potential. This
results in a shift in the origin of the energy axis.

An alternative to this plot for calculating the temperature is the two
line method using the two Cd channels. The ion/atom intensity ratio is given
by (68]);

o= L0 B () rancyy | EikatEu) ®

where E; is the ionisation potential and E¢j and Ee, are the energies of the
emitting states of the ion and atom respectively. This equation also assumes
the existence of local thermal equilibrium. Equation 6 was solved numerically

using the Newton-Raphson iteration method and was used to calculate all
ionisation temperatures.

The relative change in the emission intensity due to a change in the
temperature can be obtained from Equation 4;

u-r,) "‘"‘mﬂ) @

W) fE- _s.m)
I{T) kT,T)

If the temperature change is small then these can be simplified to;
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2 AEAT
%1-} - “4 kT2 ®

where AE is as defined for Equation 5. A plot of the natural logarithm of the
relative sensitivity against AE will yield a straight line with slope AT/kT2, T

being estimated from the ionisation temperature calculated from the Cd

ion/atom line ratios.

As with Equation 4, there is the assumption that K»1; for a>0.95 this
assumption leads to no more than a 5% error. However, for four of the

elements chosen (As, Cd, Zn, Cu), a<0.95. For these elements the equation;

I!Tz!

EAT 1+ g’rl)
I{T))

(kT2 /1 + K(T>) @

= exp

has to be used. Here K(T) is the Saha equilibrium constant at temperature T
and E is the excitation energy. The second term is due to the change in the
degree of ionisation. The above four elements were used to verify the theory.
The atom lines for the essentially completely ionised elements, K, Na, Li, and
all the ion lines, were used to estimate AT from Equation 8. From this
estimated value of AT, T2 was calculated and the relative change in the degree
of ionisation was calculated. Equation 9 was then used to correct the intensity
ratio and the resulting values were plotted. These corrected values should lie
on the same line as the rest of the points.

3.1 Matrix Study Procedures,

The experimental procedures used for the two matrix types were
identical. The solution preparation method used for the analysis routii.e was
modified slightly to allow the use of a matrix component which is not



153
necessarily a channel on the spectrometer. This was done by associating with

this extra component the dummy channel number 35, so the solution
preparation record would refer to this component by this dummy channel
number. A special record for recording the position and concentration of the
matrix component was defined as well as a string variable for the matrix label
and a variable for the molecular mass of matrix component so that the
composition of the final solution could be printed in the same format as

previously.

The experimental procedure for the matrix study involved the
preparation and measurement of a series of solutions with varying
concentrations of the matrix component whilst keeping that of the analyte
components constant. The matrix component was prepared from a
concentrated stock solution (typically 2% w/v for Ca and 2% v/v for ethanol)
and the analytes were prepared from 1000 pg ml-! solutions. The procedure
was to first prepare a solution containing only the analyte components and
then to measure a distilled water blank and the prepared solution. The blank-
subtracted signal from this solution was used as the reference signal for all
other measurements. Then two solutions were prepared for each
concentration of matrix component required, the first containing only the
matrix component, to serve as the matrix blank, and the second containing
both the matrix component and the analyte components. These two solutions
were measured, the signals obtained subtracted from each other, and the
differences ratioed to the reference signal obtained earlier. This ratio was
stored for later data processing. The complete record stored in the data file
-’ntained the composition of all the solutions, integrated intensities of each
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solution measured and the relative sensitivities for each concentration of the

matrix component.

Twelve elements (Zn, As, In, Mn, Cr, Cd, K, Na, Li, Cu, Ba, Mg) were
used in the matrix studies. Since only six elements could be studied at a time
the matrix study program had to be run twice for each study. The results from

each part were combined during the data processing stage.

In order to study the effect that the nebuliser gas flow rate has on the
matrix effects a mass flow controller (Model 8240, Matheson, New Jersey) was
used to control the nebuliser gas flow rate. This allows for better control of the
gas flow than the needle valve on the spectrometer. The mass flow controller
allowed the flow rate to be set; a digital readout of the flow rate was also
provided.

5.2 Matrix Effects Due to Ca,

In a previous study [57] the behaviour of the matrix effect was
consistent with a decrease in the excitation temperature of the plasma. It was
found that the magnitude of the temperature decrease was related to the
energy required to decompose the solid form of the matrix to the equilibrium
mixture of atoms and ions.

For this study analyte lines were chosen to cover a wide range of
excitation energies and ionisation potentials, and to provide a mixture of
atom and ion emission lines. A summary of the spectroscopic data for the
channels available is shown in Table 30. The channels chosen are
indicated. The two Cd channels were especially chosen since one was an atom
line and the other was an ion line; this made it was possible to use data from
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Element avelength | Atom/Ton | I'P./eV c. y/eVa
¢ 49 1 4 1.6
* Na 589.59 I 5.12 21
* Ba 4554 I 52 283
* Li 670.78 I 5.38 1.85

Sr 407.78 1 5.68 3.05
* In 230.61 I 5.76 5.37
Al 237.34 I 5.98 5.24
Ca 31793 I 6.11 7.05
\% 2924 1 | 6.72 4.63
* Cr 205.55 1 6.77 6.03
Ti 337.28 I 6.85 3.68
Zr 343.82 I 6.93 3.69
Mo 202.03 I 7.19 6.13
Sn 189.99 1 733 7.05
Pb 220.35 1 741 7.37
* Mn 257.61 I 742 481
Ag 328.07 I 759 3.78
Ni 2316 1 | 7.63 6.39
* Mg 279.08 1 7.63 8.86
* Cu 324.75 I 7.72 3.82
Fe 259.94 1 79 4.77
Si 288.16 I 8.15 5.08
B 249.68 I 8.28 4.96
Sb 206.83 I 8.63 5.98
* Cd2 2288 I 8.98 5.41
* Cd1 226.5 I 8.98 5.48
* Zn 213.86 I 9.41 58
* As 189.04 I 10 6.56
Hg 184.95 I 105 6.67
C 193.09 I 113 7.69
Table 30 Table of spectroscopic data for some channels of the ARL 34000

(68].

spectrometer. a) From Reference 71.
these channels to calculate the ionisation temperature by the two line method

The results of a matrix effect study for which the concentration of Ca
was varied over the range 100-10,000 ug ml-! are shown in Figure 54. The



20.0%

10.0% -

0.0%

% Matrix Effect

-10.0% <

-20.0%

20.0%

10.0% - ‘I

0.0% o

% Matrix Effect

-10.0% -

-20.0%

0 500 1000 1500 2000 2500
[Ca]/p,gml'1

Figure 54  Variation of matrix effect with calcium concentration
for emission lines for (¢) Li atom, () K atom, (9) As
atom, (©) Mg ion, (8) Zn atom, (®) Cd ion.
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general trends observed are in agreement with those obtained by Thompson
and Ramsey (55). The alkali metals all show an enhancement with increasing
Ca concentration whilst most other elements showed a suppression which
increased with Ca concentration. This suppression was most severe for Cd
and can lead to an error of approximately 20% for a Ca concentration of 1%

w/v.

These observations are consistent with a decrease in plasma
temperature. The alkali metals are analysed by relatively weak atom emission
even though they are all at least 99% ionised [72). These atom lines are
therefore very sensitive to changes in the degree of ionisation, increasing in
intensity as the degree of ionisation decreases with decreasing temperature.
For the other atom lines the increase in the total atom population is offset by
the decrease in the excited state population and so leads to an overall decrease
in intensity. The ion lines are affected by a slight decrease in the ion

population and in the population of the excited states.

From the Cd ion/atom ratio the ionisation temperature at each
concentration of Ca was calculated; this data is shown in Figure 55. It was
found that the temperature does indeed decrease with increasing
concentration of Ca. A plot of the natural logarithm of the relative sensitivity
against the energy difference from the ground state of the ion, as suggested by
Equation 8, was constructed and is shown in Figure 56 for a Ca concentration
of 10,000 ug mil-1. The slope of this plot is AT/kT2. If T is assumed to be equal
to the the ionisation temperature measured from the Cd ion/atom ratio with
no Ca present, then the change in temperature is approximately equal to
150K. The points plotted with open squares were not included in the
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Figure 55  Variation in ionisation temperature as measured from Cd
ion/atom intensity ratio with calcium concentration.

regression as these are due to the four elements which are less than 95%

ionised [72]. After correction using Equation 9, these points are shifted as

shown in Figure 57. In Figure 56 the point for Mg would appear to be an

outlier. When it is excluded from the regression the correlation coefficient

improves from 0.94 to 0.99.

The high correlation in this plot indicates that the matrix effect is
probably due to a decrease in the ionisation/excitation temperature. The
change in temperature is relatively small (~2%) but can lead to relatively large
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elements that are almost completely ionised (®) and only

partially ionised (@).
errors (~20%). When the matrix effects due to the alkali metals were
originally being studied it was found that under certain operating conditions
large effects were observed whilst under others virtually no effect was
observed (60].

The effect of the nebuliser gas flow rate on the Ca matrix effect was
studied for two Ca concentrations (1000 and 10,000 g ml-1). The nebuliser gas
flow rate was varied from 0.8 to 1.5 1 min-! in 0.1 I min-1 increments. The
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Figure 57  Relationship between relative sensitivity and energy of emitting
state with respect to the ground state of the ion after correction
for partial ionisation for atom lines. Energy measured with
respect to ground state ion for highly ionised elements (8) and
for partially ionised elements (9) energy is measured with
respect to the ground state of the atom. See Equation 7 and
Equation 9.

emission intensity as a function of flow rate is shown in Figure 58. The

ionisation temperature as function of flow rate is also shown in Figure 59.

From the emission profiles it can be seen that for most elements the
matrix ¢:fect was minimal at a flow rate of approximately 1.3 1 min-1, with the
exception of the alkali metals. For the atom lines with higher ionisation
potentials and for the ion lines the profiles shown for Zn, As and Cd ions are
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typical. At low flow rates a high emission intensity which changes little with
flow rate was found. This signai i’as suppressed with the addition of Ca. At
higher flow rates a lower signal was observed which was enhanced with the
addition of Ca. For the alkali metals there is a very small signal at low flow
rates which increases with flow rate. At all flow rates an enhancement is
observed. Magnesium ion shows similar trends to the other ions except that
the profiles are much flatter, so that at the highest Ca concentration used the
signal did not change appreciably with changes in flow rate. The temperature
profile did not show this trend. It was found that the temperature of the
plasma in the presence of 1% Ca was consistently about 50K less than the

temperature of the plasma without Ca present.

The relationship between the relative sensitivity and the energy

difference between the emitting state and the ground state of the ion as a
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function of nebuliser gas flow rate was studied using a series of plots similar
to that of Figure 57 at each flow rate. These are shown in Figure 60. It was
found that the four atom lines of the partially ionised elements in each case
clustered with the ion lines. The change in the LTE temperature measured
from these plots ranged from about 110K to about 270K, the largest change in
temperature being found at a flow rate of 1.20 I min-1.

In addition to the change of temperature observed from the changing
slope of these plots, there was also a change in the intercept of the plots.
Although Equation 8 predicts an intercept of zero, a non-zero intercept could
result from a change in the number density of the analyte spr<‘#s on adding
the matrix component. Hence, on adding Ca to the solutions there would
appear to be two effects. The first is a decrease in the excitation/ionisation
temperature and the second a change in the number density of the analyte
species in the center channél of the plasma. The extent of these effects varies
with the nebuliser gas flow rate. At low flow rates there is a small decrease in
temperature (~100K) and net decrease in the number density. The magnitude
of the decrease in temperature increases with increasing flow rate to a
maximum value of ~270K at a flow rate of 1.20 1 min-l. The change in
number density decreases with increasing flow rate till about 1.10 L min-l,
where the intercept of the plot is close to zero. With increasing flow rate the
number density shows a net increase when Ca is added. At a flow rate of
about 1.30 1 min-!1 the increase in number density almost completely offsets
the decrease in temperature for most elemnents and so the matrix effect is
minimised. At higher flow rates an enhancement is observed due to the
increased number density of the analyte.



Figure 60

Relationship between relative sensitivity and energy of emitting
state at different nebuliser gas flow rates. Energy is measured
with respect to ground state ion for highly ionised elements (®)
and for partially ionised elements (B) energy is measured with
rospect to the ground state of the atom.
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The plots used all suggest a decrease in temperature as accounting for
the magnitude of the matrix effect. However, it has been shown that the ICP
cannot be characterised by a single temperature [68] and that the electronic
excitation temperature is significantly lower than the ionisation temperature
[68]. In the case of the Ca matrix effect it is likely that these temperatures are
changing in a concerted manner and that this simultaneous change in

temperature accounts for the correlation observed in the plots used.

3.3 Matrix Effects Due to Ethanol,

There has been one previous study of the matrix effects of -~ .. a
the ICP reported in the literature [65]. In this report the concent: 1 of
ethanol was varied from a cor. letely aqueous solution to completely
ethanolic. The instrument, which used a free running rf generator, was able
to operdie in a completely organic matrix without the addition of oxygen, as is
common with a fixed frequency rf generator [73). The ICP used in the present
study uses a fixed frequency rf generator and is not able to operate with large
amo. :s of organic solvent present. Accordingly, the concentration range of
ethanol was kept to a maximum of 1% v/v. For this reason, and because
many cperating parameters may have varied ia the free running generator
which are fixed in the system used here, results of this work are not readi’y
comparable with the Xiaoru study.

The same analyte lines were chosen for this matrix study as for the Ca
study. These are shown in Table 30. The ethanol stock -olution was prepared
to a nominal concentration of 2% v/v from 98% ethanol by dilution with
distilled de-ionised water.
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Figure 62  Variation in ionisation temperature as measured from ion/atom
intensity ratio with ethanol concentration.

The initi.. stuuay of the matrix effect was done by varying the ethanol
concentration from 0.1 plml-! to 10 ul ml-! while maintaining a constant
concentration nf the analyte species. A typical set of results are shown in

Figure 61.

The ionisation temperature was determined using the two line
method from the Cd lines. The change in temperature with changing ethanol
concentration is shown in Figure 62. It was found that the ionisation
temperature increased with concentration of ethanol. This is the opposite
from the trend observed for Ca.
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The trends shown are markedly different for those found for Ca. There
are few elements which show enhancements; some show severe
suppressions. The behaviour cannot be explained by a simple change in
temperature as for Ca. The greatest enhancement is found for As, the element
with the highest ionisation potential, whereas tne alkali metals and most
other jons show almost no matrix effect. The increase in ionisation
temperature can explain the lack of enhancement of the alkali metals. The
trends found for the ion lines, however, would be consistent with a decrease

in the excitation temperature.

This separation of the ionisation temper-ture and the excitation
temperature is more apparent in the energy plot siown in Figure 63. There is
a very low corvelation (r=-0.005) between the natural logarithm of the relative
sensitivity and energy in the presenice of ethanol indicating that some of the
assumptions made in deriving Equation. 8 are not valid here. In particular,
the assumption that the system can be described by a single change in
temperature does not apply. All points that have positive energy in this plot
are plotted against the excitation energy of the emitting state. Changes in the
intensity of these states will therefore depend solely on changes in the
excitation energy. The negative energy points include both the excitation
energy and the jonisation potential and so will be influenced by changes in
both the ionisation and excitation temperatures. The trend shown by the
positive energy lines (ions and corrected atom lines) is consistent with a
decrease in temperature, whereas the trend in crossing the zero energy axis
suggests an increase in temperature. The negative trend amongst the ion
lines is due to a decrease in the excitation temperature, while the rising trend

in going from the atom lines to the ion lines is due an increase in the
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ionisation temperature. The corrections made to the partially ionised atom

lines may not be complete but they do bring the atom lines into the same

cluster as the ion lines.

The nebuliser gas flow rate was varied in the same way as for Ca. The

flow profiles obtained are shown in Figure 64. The temperature profile is
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shown in Figure 65. It is interesting to note that a plateau in the temperature
at 1.30 1 min-! when no matrix component was present was obtained in both

experiments.

It was found that at low flow rates that there was generally a signal
enhancement with the addition of ethanol. This enhancement is reduced
with increasing flow rate until at the higher flow rates it is replaced by a
suppression. This behaviour is again the opposite from that of Ca, which
showed suppressions at low flow rates and enhancements at higher flow
rates.

The temperature profile also contrasts with that due to calcium in that
at low flow rates there is an increase in temperature with the addition of
ethanol. The change in temperature increases, then drops rapidly to zero at
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1.30 | min-! and thereafter is negative. The effect of calcium was always to
decrease the temperature, the decrease was essentially constant except at the
highest flow rates (>1.301 min-1).

The effect of flow rate on the energy plots is shown in Figure 66. These
show that the ionisation temperature and the excitation temperature are
decoupled at most flow rates. At the lower flow rates the magnitude of the
temperature changes are small, then increase with flow rate till about
1.00 I min-1, after which the change in ionisation temperature decreases until
at higher flow rates the change in ionisation temperature is negative. As was
found from the temperature profile calculated from the Cd ion/atom ratio, at
the highest flow rates the changes in excitat'on and ionisation temperature

are about the same.

The presence of two trends in these plots makes the identification of
the intercept difficult. From the shifting of the plot it can be deduced that the
intercepts of the plot are changing with flow rate. However, the changes are
opposite to those observed for Ca. The intercept starts at a positive value and
decreases with increasing flow rate. This can be interpreted, as was done
before, as being due to a change in the number density of the analyte species
in the observation zone.

Though the plots indicate that the assumptions on which they are
based are not valid, they do, nevertheless, provide useful indications about
the changes that occur in the plasia when ethanol is added to the analyte
solutions. hore woul” zppear to be up to three effects. The first two are
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changes in the jonisation and excitation temperatures; at low nebuliser gas
flow rates the former is increasing while the latter is decreasing. The third is a
change in the number density of the analyte species in the observation zone.

5.4 Matrix Effects and Their Poasible Origin,

The matrix effect observed for Ca is consistent with a concerted
decrease in the excitation and ionisation temperatures. In other words, there
is a suppression of both excitation and ionisation. From the work of
Thompson and Ramsey [57] the degree of suppression is related to the energy
required to convert the matrix from the solid state to that found in the
plasma. They define the “total energy demand” as the sum of the crystal
dissociation energy to the atomic state of the metal plus the first two
ionisation potentials, each weighted by the degree of ionisation. A high
correlation was found between the degree of suppression and this total energy
demand. This would suggest that the suppressions observed are due to the
energy required to dissociate the matrix no. being available for excitation and
ionisation of the analyte.

The results obtained here appear to confirm this observation. It could
be further verified by the direct measurement of excitation temperatures
using iron spectra in the prescnce and absence of a Ca matrix and also by
extending the range of matrices studied. The effect of refractory oxide forming
metals, e.g. La, would give information about the réle or the precursors
(crystal or molecular) to the atom in the matrix effect. The solutions used in
this study had chloride present as the counter-ion. This lea*s to doubts as to
whether it is chloride or oxide which is causing the suppression. By changing
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the counter-ion to other halides, nitrate, sulphate or phosphate, the
importance of the oxide can be determined. If the observed suppression is
found to be independent of the counter-ion, then the oxide is the main cause
of the suppression, since the oxide would be formed by interaction with
oxygen arising from the dissociation of water. If the dissociation of the crystal
is the main factor, then calcium phosphate would be expected to give the

largest suppression since it has the highest crystal lattice energy.

On the other hand the matrix effect observed for ethanol is more
complex. The apparent behaviour is that there is a decrease in the amount of
excitation and an enhancement of the degree of ionisation. The suppression
of excitation could be due to the energy demand for dissociation of the
ethanol molecule in a manner analogous to that of Ca. The increase in
ionisation may be due to a charge transfer process involving either C* (1st
Ionisation Potential 11.3 eV) or possibly a molecular carbon species, e.g. C3.
These highly energetic species may be formed in the hotter boundary regions
of the plasma and diffuse into the central channel.

To verify this hypothesis it would be necessary to identify the carbon
species present in the plasma when ethanol, or other organic solvents, are
present. Also, a knowledge of their spatial distribution will be important. The
effects of isomeric compounds would give information on the importance of
the energy demand, since these will have different heats of formation and
hence different energy demand, but the amount material introduced into the
plasma would be the same and so the effect due to carbon on the degree of
ionisation would be constant.



Chapter 6

Conclusions and Future Directions?

The automated ICP-AES solution sample analysis system is operational
and meets many, though not all, the original design goals. It is still very
much a prototype system. Though operation is reliable it still requires
supervision. In view of the fact that use of an ICP requires the presence of an
operator, this is more an inconvenience than a limitation. The reliability of
the robotic operations could be improved with a redesign of some of the
components. The software developed is a programming language which is
reasonable for the ill defined problems for which the system may be used.
However it is not necessarily user friendly. The use of an alternative
programming language could lead to a more user friendly system, and by
suitable choice of language also one with more flexibility. With suitable
modifications the current system could be called by an external program
which could be a possible method of integrating the system :nto an
knowledge based program, e.g. expert system. However if the software were to
be redesigned using an artificial intelligence language (e.g. Smalltalk), then
integration of the robotic system into an expert system could be seamless.

The system was used to automate the analysis of aqueous samples.
Rather than automate existing procedures the flexibility of the system was
used to develop an alternative analysis strategy. Existing procedures use a
batch mode method of analysis where the solution preparation and

measurement operations are separated in time. The automated system could
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alternate between these two operations and so allow interaction between
them. This was done by introducing ieedback into the method of analysis,
using the results of the measurements to guide the preparation of the
solutions. The implementation of the feedback may not be optimal for all
analysis methods and alternatives should be considered. Other analysis
methods could be similarly automated. Standard addition methods are
particularly tedious to perform manually and so would benefit from

automation.

The automation of a matrix study shows that even some research
procedures can be performed with this system. The method used was of an
open loop type. The use of feedback in research tasks may require some

artificial intelligence techniques to guide the decision making processes.

6.1 Hardware and Software Improvements.

In general operation of the system was reliable. However, there were
occasional problems with alignment of the probe with ‘he vials used to
contain the solutions. The problem was a result of the width of the probe
barrel and of difficulties in programming the eight positions of a tray to
perform all the functions required; that of positioning the probe to dispense
liquids into the vials and as a starting point for the picking up of the vials. A
redesign of the probe could help to alleviate some of these difficulties. A
design with more rigidity, with a narrower barrel and of shorter length,
would have greater precision when entering the vials because the effective
“target” area would be larger.
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Also, the choice of a suitable coating material may help reduce cross
contamination problems. These contamination problems could also be
eliminated by a device which could wipe the outside surfaces of the probe,
thus mimicking the procedures used in manual solution preparation when
using a pipette. The use of a second robotic arm for this purpose would lead to
problems coordinating the movement of both arms. A dedicated device
would be simpler. Such a device might consist a loop of absorbent material
into the centre of which the probe would be lowered. Once the probe had been
lowered to the desired depth, the loop could be closed around it. Upon
withdrawal the loop would wipe off any solution adhering to the outside.
Once the probe had been removed the loop would open, and the absorbent
material advanced so that fresh material would be used on the next operation
of the device.

One of the operator’s main tasks in the present system is the restocking
of the trays with vials. A vial dispensing system would eliminate this task.
Since the robot would remove only the vials it requires for the preparation of
the solution, fewer tray positions would be necessary. This would simplify
programming of the system. The other regular task of the operator is
emptying of the dirty glassware. The ideal solution to this problem would be
to have the glassware automatically washed, dried and returned to the vial
dispenser, thus eliminating restocking of the dispenser.

The number of elements that can be analysed simultaneously is
limited by the amount of space in the stock solution tray. The wash solution
reduces the number from eight to seven. The inclusion of each auxiliary
component (e.g. matrix component, sample in standard addition analysis or
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internal standards) further reduces the number of standards. The most
obvious solution to this problem is to either increase the number of trays in
the system or to increase the capacity of the trays. There is space to include
more trays in the present system, but some reorganisation of the components
in the system would be needed to maximise efficiency. For example, if two
more trays for standards were made available up to 22 elements could be
included. If all 22 elements were included in the solution, the robot would
have to travel to the receiving container at least three times (the syringe
capacity will allow a maximum of 9 components at 100ul with air gap).
Alternatively, the capacity of the trays can be increased. This would require
fewer trays in the system and so they could be placed closer together.
However, this would require smaller capacity containers and thus more

frequent refilling.

An alternative to using static trays would be to use trays mounted on
indexing tables. This allows larger containers to be used and by keeping most
of them outside of the work envelope a larger number can be stored. For
example, when using a carousel type autosampling tray, a solution that is
needed can be brought to the sampling position by rotating the tray. Static
trays would then be used for solutions which need to be accessed frequently

such as the wash solution.

The improvements proposed so far still have the problem of cross
contamination of the stock solutions. One possible method of solving this
would be to use two stage dispensing. The stock solutions could be stored in
large reservoirs outside the work envelope of the robot. Dispensing from
these reservoirs would be controlled by an electronically operated valve. The

outlets from the valves could be shared by more than one stock solution if
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the common lines were properly flushed prior to dispensing. In this scenario
the robot would remove a vial from the dispenser and take it to the
appropriate outlet where a volume of stock solution, larger than required,
would be dispensed. The vial would then be placed in the stock solution tray.
Several stock solutions could be placed in the tray and the volumes required
could then be transferred to the solution being prepared. If more components
are to be added, the vials in the tray could be emptied and replaced by
different stock solutions.

In the present system the unit operations of dilution and measurement
are performed by the same robot. This leads to a bottleneck in processing in
that preparation of the next solution, even when the composition is known,
cannot proceed until measurement of the previous solution is complete. The
inclusion of another robotic device, for example an intelligent autosampler,
to control the sampling probe of the ICP would free the main robot for the
task of solution preparation and transport to the measurement position. The
software at present is designed for the single tasking nature of the hardware,
with a small element of multitasking present in that commands are often
sent to a different device before the action of the first has been completed. The
serial multiplexer can be used to buffer messages and some of the other
operational modes could also be used. The memory size of the unit may need
to be increased to accommodate an increased volume of data. Also, the
software would need to be modified so as to optimise the scheduling of
different tasks and to identify the tasks that can be paralleled.

The programming language used in developing the system was not
originally designed for multitasking systems and so does not include routines
to simplify the scheduling of tasks. More modern languages may include



these facilities. The integration of the robotic system into an artificial
intelligence program would be smoother if the robotic system were written in
one of the A.l. languages. These languages were also designed for rapid
prototyping and flexibility, both attributes having been shown to be important

requirements for robotic program development.

The natural view of the system developed is one of a collection of
objects which achieve their tasks by sending messages to each other. This is
the same paradigm used by (he Object Oriented Programming Systems
(OOPS). The most complete implementation of an OOPS is Smalitalk. This
program development system makes extensive use of windows and a
graphical interface hence applica.‘'ons developed with it will inherit the same

graphical interface, thereby making them more user friendly.

Object oriented programming systems do not rely on the traditional
concept of a program operating on data but rather use the idea of objects to
which messages are sent. The object is defined using an hierarchical structure
of classes and sub-classes, in which a sub-class can inherit all the properties of
its parent -lass. The class defines the properties of the object and the methods
which define the action to take in response to a message. The objects in the
robotic system used here include hardware such as the robot itself, the pumps,
the spectrometer and the balance. Other objects that would be defined are
solutions. For example, sending the message “make” to a solution would
cause it to be made. This would be done by sending the appropriate messages
to the robot and syringe pump objects. The messages sent to the logical object
for the robot and the other hardware devices would cause appropriate

command messages to be sent to the physical object through the serial ports.
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6.2 Further Developments in Automated Analysis.

The analyses performed provided results which showed the feasibility
of this feedback method. There were problems when the samples covered a
wide dynamic range. Also, the length of time required for the analysis could
lead to problems with instrument drift.

The method used to calculate the concentrations of the standards may
not be optimal because it tends to produce essentially only four points on the
calibration plot, one central cluster and three outlying points. If a very large
nuair: .° . *ration solutions were prepared following this algorithm then
the analysis would tend to approximate that of an one point calibration.

The uncertainties calculated were always lower for the samples with
higher concentrations and varied in an approximately linear fashion with
sample composition. Hence if samples differ in composition by an order of
magnitude the uncertainties similarly differ by an order of magnitude. Thus
results for a more concentrated sample may be acceptable while those for a
less concentrated one may not. One possible method of reducing problems
due to this would be to use a weighted average of the sample concentrations
instead of the simple average. The weights would be derived from the
relative standard deviations of the sample compositions;

Coum = 2, Wi (1)

where

S/
w; 25‘:%? )



where 3, is the standard deviation in the estimated concentration 2,.

This would move the composition of the standards towards the
sample with the largest relative uncertainty. This method of calculating the
standards may possibly produce a calibration plot which has a more even
distribution of points since as the composition of the standards moves
towards one end of the range of samples the uncertainty in the composition
at the other end will increase and so the composition of the solutions will
start to move back towards the other end. Even if this method does not in
itself cause a more even spread in the concentrations of the standards, a
combination of this and the current method would produce two points on
the curve, one close to the centre an one close to the sample with the largest
uncertainty. An alternative would be to cycle through three standards, one
prepared below the concentration of the lowest sample, on.- above the highest
sample and one in the centre. A fourth could be added using the weighted

average if desired.

These alternative strategies are only necessary if a large number of
calibration points is envisaged, since they are used to counteract the excessive
weighting of the central point of the calibration plot caused when the simple
average value of the samples is used as the target composition of the
standard. By limiting the number of standards to be prepared, a better
balanced calibration plot can be obtained. The limiting of the number of
standards is also desirable since it reduces the risk of errors due to

instrumental drift.

Drift causes many problems in designing an analysis method. In the
method used the samples were only measured once at the beginning of the
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analysis. This was necessary since the initial measurement is needed in order

to perform the semi-quantitative analysis. No further measurement was
made since if the samples are being remeasured due to drift, then the validity
of the results obtained from previous standards must also be questionable and
hence also the validity of the whole calibration plot. It is therefore more
desirable to reduce the magnitude of the drift in the signals or to limit the
analysis time by limiting the number of standards used.

The effect of drift could be reduced by using an internal standard. In
this mode the analysis would probably start with a semi-quantitative analysis
to identify the elements present. On the basis of this data, suitable internal
standard(s) would be chosen. A solution containing the sample witt. added
internal standard would be prepared and an iterative calibration would
follow, possibly using calibration methods similar to those described above.
With the present system this would reduce the number of elements that
could be analysed to five, because space in the stock solution tray would be
occupied by the internal standard solution and the sample. This again
emphasises the need for an alternative method of storing the stock solutions.

When errors in the analysis are not due to drift but arise from a change
in sensitivity induced by the sample matrix, then the method of standard
additions is often used. A method to automate the standard addition method
could be developed using the solution preparation methods used for the
matrix studies, but with the matrix solution replaced by the sample. The
method would use dilution to a constant volume rather than spiking of the
umplebyﬂ\esnndud.mptooedmwouldbesimihnoﬁmofﬂnmalyﬁs
method in that the size of the addition would be determined from the

estimated concentrations of the elements present. An initial semi-



quantitative analysis could be followed by an addition which is equal to the
sample composition. Purther additions would then be designed to prepase a
standard addition calibration plot. Each point of the plot would be some
multiple of the estimated concentrat'on at the time that the point was added
to the plct. The optimal set of multiples would have to be determineu; an

example of such a set might be 1x, 2x, 1/2x, 1/4x, 3/4x ...

The disadvantage of the standard addition method is that a calibration
plot is prepared for each sample. It would be more efficient if a single
calibration plot could be prepared for a batch of samples. However the results
obtained may be inaccurate if there are matrix effects which invalidate the
calibration plots obtained using aqueous standards. In this case matrix
matched standards would have to be used. If the system was extended this
could be done. There would be an initial semi-quantitative analysis of the
sample, possibly including analytical methods other than the ICP to test for
components for which there are no spectral channels, e.g. to test for the

presence of organic solvents and possibly to identify the anions present.

From this semi-quantitative analysis possible matrix interferents could
be checked for and a feedback controlled matrix effect study could be used to
decide which components cause the most serious interference. The study
would focus on the matrix concentrations actually present in the samples,
and similarly would test the effect of the matrix on the components identified
at the approximate levels present in the samples. The components and levels
required for matrix matching the samples could then be determined. It may
be expedient to compare the calibration obtained using matrix matched
standards with that of a standard addition calibration for one of the samples
It may be necessary to run only a few points of the standard sddition
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calibration to validate the matrix matcling. This method would require
access to a large number of solutions and a variety of instruments. Also, the
decision . 1king requirements may necessitate the use of an expert system.
The expert system would decide which components are likely to cause
interferences and, on evaluation of the matrix studies, which components are
needed for matrix matching. It would also select the levels required to best
correct for all the samples if the matrix composition differs among th :m. The
system would only be required to correct for matrix effec’s and not to
investigate the mechanisms responsible for causing them.

6.3 Points Arising from Automated Matrix Studies.

The matrix study showed the utility of the system in performing this
type of research. As yet a full explanation of the effects observed is not
possible. Further experiments are necessary. These include the measurement
of the excitation temperatures by « standard method such as from the
spectrum of iron. The excitation temperature changes may be too small to
detect directly by this uiethod, though it may be possible to detect them by the
ratio of intensities. The effect that the matrices have on the spatial
distribution of analytes in the plasma should also be studied. If carbon from
the ethanol is causing increased ionisation by a charge transfer mechanism,
then carbon ion emission may be visible at the boundary between the plasma
and the analyte channel. The emission from other ions would also be
increased in those regions.

With the current spectrometer it is not possible to perform these
experiments. It would be necessary to integrate other instruments into the
system. Ideally these added instruments should be controlled by their own
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computers and should be able to communicate with the rest of the system via
a serial interface. With the serial interface and the control of the instrument
distributed between the two computers, the definition of the control routines
will be a relatively simple task. If the instrument requires direct interfacing to
the ho:t computer the definition of the control routines will be somewhat
more complex and will be a move away from the design philosophy of basing

the control of all the hardware or . erial communications.

The results obtained also showed that it is possible to use this type of
instrument for plasma diagnostics. It is normal to perform such diagnostics
with single element solutions, e.g. iron, using instruments which provide a
larger wavelength coverage for that element, such as a sequential scanning
spectrometer, a photodiode array spectrometer of an interferometer.
However, with appropriate manipulation of the data, to account for the
different number densities and degrees of ionisation for different elements, it

is possible to use multielement solutions to perform plasma diagnostics.

Multielement plasma diagnostics overcome some of the limitations
that are present when using conventional single element methods. With
single element methods the excitation energies that can be studied are limited
to those present in the atom. Similarly, emissions from higher excited states
are considerably weaker thar those from lower energy states due the
exponential nature of the population distribution This difference in
emission intensity means that the measurement system requires a wide
dynamic range. It also means that multiplexed measurement systems are of
limited utility due to the multiplex disadvantage. However, by selecting
appropriate elements so that the lower energy excitation energies are

represented by one element and the higher energies by another, then by
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increasing the concentration of the weaker emitter a measurement system

with a lower dynamic range, or even a multiplexed system, could be used.

The matrix study methods so far discussed have been of an open loop
type. The introduction of feedback into this type of study is more problematic
than is its use for analytical problems. In analysis a single figure of merit can
be defined, e.g. precision, and optimisation of this can be used as a goal to
direct how the feedback is used. The goal of a matrix study is either to
minimise the interference or to identify the mechanism by which the
interference occurs. In the former case an optimisation method could possibly
be used. For the latter the goal is less well defined. An heuristic approach
would probably be required. This could possibly proceed as follows. An initial
experiment would be performed from which some trends would be sought.
From these trends an initial model would be constructed and tested against
the existing data. If the model is partially successful, further experimenis
could be designed and the model further refined. If it is unsuccessful an
alternative model would be constructed from the trends found or other
trends in the original data would be looked for. If still no successful model is
found then an alternative set of initial experiments would be performed. This
heuristic approach is essentially performing research using the scientific

method.

6.4 Future Trends (Blue skies ahead),

John Donne said “No man is an Island, entire of itself”. This is also
true of automated systems. Even a simple automated system will be more
useful when it is in communication with other systems in a network. A
simple solution preparation system becomes a useful laboratory tool if it is
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Figure 67 Benchtop Metaphor for chemical workstation.

connected into a computer network (e.g. AppleTalk) and requests for
solutions could be sent to it from other computers in the network. The
automated system becomes just like any other peripheral in the system, in

that jobs could be sent to it, much like the print jobs sent to a Laserwriter.

The terminal in a network can be considered as a chemical
workstation. Interaction with the chemical workstation will likely be by
means of a graphical user interface similar to those on Macintosh computers.
The desktop metaphor used on the Macintosh would be replaced by a
benchtop metaphor such as the one shown in Figure 67. For example, the
weighing of a chemical could be done by opening the chemical cupboard
(solid chemicals) with a double click of the mouse on the icon. This would
open a window showing the contents of the cupboard. The user would then

proceed by selecting the chemical required, dragging it to the balance and
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typing in the weight required. The system would then transfer a weighed
amount of the chemical into a beaker which had previously been transferred
to the balance. The robot need not be shown on the benchtop because
movement of the robot is implicit in the movement of objects on the
benchtop. These operations are metaphors for the robot picking up the object
selected and moving it to where the icon was dragged. The layout of the
computer screen need bear no physica. elationship to the organisation of the
automated system being controlled. This interaction with the system would
allow the chemist to do many of the operations that he now does manually.
Greater flexibility can be achieved by allowing these types of operations to be
written down, stored and executed by the computer. To this end a recipe book
could be used. An example of one such recipe is shown in Figure 68. Clicking
on the “Do I’ button would cause the recipe to be made. The amount
prepared can be varied using the slider control.

Such a system could prove useful to the organic chemist, who could
use the recipe book to store standard preparations. Manual interaction could
be used for later stages of a synthesis. Methods for taking aliquots of the
reaction mixture and transferring them to a spectrometer would allow the
reaction to be monitored. The spectra returned would then be pasted directly
into an electronic laboratory notebook. The electronic laboratory notebook
would be a special type of wordprocessor where data entered could not be
removed once it had been saved, and would provide options to date and time
stamp each entry. This system could be used to automate some of the simpler
analysis procedures. It would certainly be adequate to collect the initial data,
which would then be transferred to the data analysis programs. The operator
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. Saline Solution
Equipment:

100mi Vol. Flask
50mi Beaker

Ingredients:

0.5gms NaCl
Water
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Figure 68  The Recipe Book provides a method of storing procedures that
can be used repeatedly The volume required can be varied by
changing the position of the slider or by clicking on buttons.
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of this system would still be required to perform much of the interpretation
of the data obtained.

The main limitation of the system described above is that the
preparation and measurement steps have been separated. However, it has
been shown that automation allows these to be combined in an analysis
method by introducing a feedback loop. This allows information obtained
from the measurement to be used to guide the preparation of the next
sample. It has been shown that all the analysis methods considered are
capable of being improved by the use of feedback. The inclusion of this
feedback allows the system an element of adaptability in response to the
sample which it is required to analyse. Thus the feedback introduces an

element of intelligence to the automation of the analysis. A common
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element to the future development of this system is the inclusion of artificial
intelligence techniques to guide the decision making element of the tasks,
whether they be scheduling of the work load, deciding the composition of the

matrix matched standards, or unravelling of the mechanism of matrix effects.

Robotic based automation and artificial intelligence are necessary
companions in analytical chemistry. The experimental nature of the science
mean that any expert system will require experimental data and so will
greatly benefit from the ability to gather that data itself. Robotic based
automation will require artificial intelligence for several reasons. As the
systems become more complex the task of planning rapidly becomes non-
trivial and algorithmic approaches become incapable of coping with the

problem.

An expert system capable of performing some of the tasks of an expert
in analytical chemistry will have four sources of information as shown in
Figure 69. Primarily there will be information available from the user making
the enquiry. The user can often furnish background information which can
provide partial solutions to the problem; these can then be used to search for
the final solution. The second source is an internal database which can
contain fundamental chemical information and heuristic rules to direct a
search for the solution by identifying the path which is most likely to end in a
solution. The samples submitted for analysis are a vital source of
information; the automated laboratory provides the means of accessing this
information. Finally, in order to maintain the usefulness of the system access
to the chemical literature is necessary. This is so that the system does not
become obsolete when new analysis methods become available or when the
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Figure 69  Information sources available to an Analytical Chemical Expert
System.
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fashions of the market change and the analysis of a new class of compounds is

demanded.

The organisation and management of information from the first two

sources is in the realm of artificial intelligence research. The knowledge

necessary to produce an operational system can be supplied by chemists but

the mechanisms used to manipulate this knowledge should be built by
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knowledge engineers. The design of the other components would require
more chemical expertise. For the automated laboratory the design
specifications would have to conform to the chemical needs of the system.
The choice of instrumentation and the methods that can be employed would
have to be able to meet the chemical goals of the system. In order to provide
the fourth source of information the organisation of the chemical literature
must be totally overhauled. Not only would Chemical Abstracts have to be
organised so that it can be accessed by the automatic systems being proposed,
but the information contained in the chemical journals will also have to be

available in machine readable form.

In the analytical laboratory there is a division of labour between the
laboratory supervisor and the technicians who perform the actual
experimental work. Similarly, any complete knowledge-based system should
consist of several smaller knowledge systems, each of which encapsulate the
expertise necessary to perform the task required of it. Hence the analytical
expert system of Figure 69 would consist of at least two separate sub-systems
as shown in Figure 70. The supervisory part of the system would be
responsible for deciding which method of analysis, e.g. a chromatographic or
a spectroscopic method, would be most likely to produce the desired
information. It would then analyse the results to determine if the solution
has been found and also perform the necessary quality assurance analysis.
This system would then start a decision making process to determine
whether further analyses need to be performed to obtain further information
and whether diagnostics are required to test the reliability of the
instrumentation. If instrumentation is found to be non-functional, or

performing below specification, then corrective action needs to be taken. This
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Analytical

Technician

Analytical Expert System

Figure 70  Division of Analytical Chemical Expert Sytem into two
knowledge systems.

may mean modification of analysis methods or operating conditions. If

modifications are ineffective then the instrument needs repair. A decision

would have to be made between using an automatic repair system, if

available, or calling a service engineer.

The technician part of the system will contain the expertise necessary to
perform the experimental work and also to repair the instruments. It will be
responsible for preparation of the sample and standards. It will have to decide
on the most appropriate preparation methods. It would then perform the
measurement and calibration of the instrument, selecting from a variety of

calibration methods and instrumental techniques appropriate for the
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Figure 71  Analytical Chemical Expert System modified for Chemical
Research problems.

problem. Initial data analysis would be performed and the results returned to
the supervisor part of the system.

With some modifications of the analytical expert system it is
conceivable that the system could be adapted to performing chemical
research. The supervisory part would require major modifications in order to
generate more speculative types of experimental requests, and the analysis of
the results will be less routine. The modifications of the technician part will
be less in that the main functions required will still be sample preparation
and performing instrumental analysis. However, a larger variety of
experiments be will required and it will be necessary to be able to customise
the experiments. The modifications necessary to make the system more open-
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ended and capable of speculative action. The reasoning required will be less
rigourous than that used in traditional expert systems. A model for such a
system is shown in Figure 71.

The possibilities available with the combination of artificial
intelligence and robotics are limited only by the imagination. For the systems
envisaged here the AL techniques are not yet available to implement them.
But when they are, it will be the equivalent to discovering “what the
Universe is for and why we are here” since when this happens according to
Douglas Adams “(the Universe) will instantly disappear and be replaced by

something even more bizarre and inexplicable”.
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Appendix A

Summary of Commands in ACS

This appendix contains a list of the comma. available in the ACS
kernel. They are separated according to the devices which they control. The
lists are in three columns, the first has the command as it would normally be
used. If there are any parameters which appear after the command these have
been italicised. Optional parameters appear in brackets. The second column
shows how the word acts on the stacks, the parameters expected are shown
first in the order in which they would be typed in, i.e. the top of the stack
(TOS) is on the right, followed by an hyphen and then the results as they
would appear on the stack, again TOS is on the right. When the floating point
stack is used as well, it is separated from the integer stack by a double colon.

The third column gives a brief description of what the word does.
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General

INIT.PORT

RESTORE . PORT

CKEY

CEMIT

$-LB

CTYPE

CTEXT

$-LX

DIGIT?

SNFIND

$-1LD

VAL

DATE.

bpsloprt -

prt -

- char

char -

addr$ - addr$

addr$ n -

delim -

addr$ char -

char - flag

addr$ - addr$ n

addr$ - addr$

addr$ - n

Initialise port
to given baud
rate, parity,
stop bits and
word length.

Reinitialise
serial port.

Get character
from serial
port.

Send character
to serial port.

Remove leading
blanks from
string.

Send string to
serial port.

Receive string
using delim as
terminator.

Remove all
characters from
string up to
first occurance
of char.

Test if char is
a digit.

Find find
occurance of a
digit in
string.

Remove all
characters up
to first
occurance of a
digit.

Convert string
to number.

Print date.
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TIME.

SELECT.DEVICE device -

RESELECT.DEVICE -~

GET .RETURN

WAIT.RETURN

addr$ com - addr$

addr$ com - addr$

?2Y/N - flag

EXIST? addr$ - flag
MAKE . BAK addr$ -
VLIST -

MU* u2 ul - ul*u2
WAIT t -
Eloating PRoint

F3PICK £3 £2 £f1 - £3 £2 fl £3

Print time.

Switch serial
output to
device.

Select previous
device,

Receive message
from serial
port and store
in string.

Receive message
without time
out.

Get y/n reply
from keyboard.
Return true if
y key pressed,
false if n key
pressed.

Test if file
with name
stored in
string exists
on disk.

Make backup
copy of file
named in string
if it already
exists.

List words
defined in
current

vocabulary.

Unsigned
multiply.

Delay time in
milliseconds.

Copy third
number to TOS.
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F4PICK £4 £3 £2 f£f1 - £4 £3 f£2 f1 f4 Copy fourth
number to TOS.

F4ROLL f4 £3 £2 fl1 - £3 £f2 f1 f£f4 Bring fourth
number to TOS.

FARCCOS Cos(0) -6 Calculate
inverse cosine.

FVAL addr$ - :: - £ Convert string
to floating
point number.

FP.STACK.CLEAR fn ... fl1 - Clear contents

of floating

point stack.
Rabot

END . PROGRAM - Stop programming
of robot drive
unit.

LABEL: name - Define label
for current
line number.

FLABEL: name n - Define label n
lines ahead of
current line
number.

NEST - Move to
mechanical nest
position.

HOME - Set origin to
current arm
position.

ORIGIN - Move to origin.

IMOVE a6 a5 a4 a3 a2 al - Move joints by
amounts given.

PMOVE p - Move to
position number
p stored in
drive unit.

Pl+ - Move to next
position stored
in drive unit.



Pl-

SET.POS

PHERE

PCLEAR

GRIP.SET

GRIP .OPEN
GRIP.CLOSE

GFLAG.SET

SPEED.SET

PAUSE

CLOCKED. IN

DATA.IN

CLOCKED.OUT

DATA .OUT

a6 a5 a4 a3 a2 al p -~

c2 tl cl -

d -
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Move to
previous
position.

Set position
number p to

coordinates

specified.

Set position p
to current arm
position.

Clear position
p from drive
unit memory.

Set current
curve for
opening and
closing hand.

Open hand.
Close hand.

Set open/close
flag.

Set speed of
arm.

Pause robot for
t tenths of a
second.

Read digital
I/0 with
handshaking.

Read I/0 lines
without
handshaking.

Output data on
I/0 lines with
handshaking.

Output data
without
handshaking.



BIT.CASE

FLAG.OUT
GT

EQ

LE

NEQ

GOSUB
SUB.RETURN
FOR.LOOP
FOR . NEXT
GOTO
PROG.END
PROG . NEW
AESE"

- =.LINE

1l tt

Branch to line
1 depending on
state of bit t
in input data.

Toggle echoing
of error signal
to bit 7 of
output.

Branch to line
1 if input data
greater than d.

Branch to 1 if
data equal to
d.

Branch to 1 if
data less than
d.

Branch to 1 if
data not equal
to d.

Call subroutine
starting at
line 1.

Return from
subroutine.

Start loop of n
repeats.

End of loop.
Unconditional
branch to line
1.

End of program.

Clear programs
from memory.

Clear error
state.

Remove line 1
from program.



DELETE.LINES

PROG .RUN

12 11 -

PROG.RUN.FROM 1 -

PROG.WRITE

PROG.TRANSFER s -

PREAD

DREAD

POS.READ

DATA .READ

WAIT.ROBOT

=>START

CART->ROBOT

START->ROBOT

:: YPzy x -

- a6 a5 a4 a3 a2 al
::ypzy x -

- a6 a5 a4 a3 a2 al ::

Remove lines
from 11 to 12
from program,

Run program
from start.

Start program
from line 1.

Write contents
of section s to
ROM.

Read cont.ents
of ROM to
section s.

Have
coordinates of
position p
sent.

Have input data
sent.

Read
coordinates of
postion p and
store in
LINE.BUFF.

Get input data
and store in
LINE.BUFF.

Wait until
robot completes
movement .

Transfer

coordinates to
variable START.

Convert Cartesian
coordinates to

robotic joint
parameters.

Convert
coordinates
stored in START
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ROBOT->CART

PROGRAM name

a6 a5 a4 a3 a2 al - TEMPS

CURRENT.POSITION

POSITION name type mode -

TO.MOVE

MOVE.TO

GO.THERE

MOVEMENT name posn ... posl n -

t: (YBzyx) -

a5 a4 a3 a2 al -

posn -

-::YBzyx -

to joint
parameters.

Convert joint
parameters to
Cartesian
coordinates
stored in
variable TEMPS.

Create word for
running program
stored in drive
unit, start
compiling
program.

Variable for
storing joint
parameters of
current arm
position.

Define
position using
specified mode
and of
specified type,
use coordinates
if using MAKE
mode, use
current arm
position it
using IMMED
mode .

Move to
position given
by joint
parameters
supplied.

Move to defined
position.

Move to

coordinates
given.

Define a
sequence of
positions.
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RACK name

n - :: Az Ay Ax -

TRAY name m n -

+: Azm Aym Axm Azn Ayn Axn

UPDATE .CURRENT.POSITION -

SHOW.CURRENT.POS -

SHOW.POSITION

EDIT.POSITION

posn -

posn -
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Define a one

dimensional
array of
pcsitions
starting a
coordinates
stored in START
with offset
between
positions given
on f.p.stack
and with n
positions.

Define two
dimensional
array of
positions mxn
the 1,1
position being
given in START
with offsets
between rows
and columns
given on f£.p.
stack.

Update

current
position
variable using
data read from
drive unit.

Display
coordinates and
joint
parameters af
current
position.

Display
coordinates and
joint
parameters

of position.

Modify joint
parameters
stored in
position to be
those of the



GO.HOME

MOVE .RELATIVE

MOVE .UP

MOVE .DOWN
MOVE . FORWARD
MOVE .BACK
MOVE .LEFT
MOVE .RIGHT

ROLL .BY

ROLL.TO

PITCH.BY

PITCH.TO

PFOPEN [filename]

PLIST

:: Az Ay Ax -

current arm
position.

Move to home
position.

Move relative

to current
position by
amount given.

Move up by
amount given.

Move down.
Move forward.
Move back.
Move left.
Move right.

Roll wrist

through angle
specified.

Roll wrist to
angle
specified.

Change pitch of

hand by amount
given.

Move hand to

pitch angle
given.

Open file if no
name specified
then one will
be asked for.

List positions
defined in
current
vocabulary.

213



PFSAVE posnname -

PFSAVE.ALL [filename] -~

PFPRINT [ filename] -

PFBROWSE [filename) -

PFLOAD [ filename]) -

INIT.ROBOT -

GOODNIGHT -

Aalance
SELECT.WEIGHT.UNIT

SET.STABILITY

LOCK . BALANCE . KEYBOARD

RELEASE . BALANCE . KEYBOARD

unit -

code -
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Save position
in file
previously
opened.

Save all
positions in
current
vocabulary in
file named.

Print contents
of a position
file.

Display
contents of
position file
on screen.

Load contents
of position
file.

Initialise
robot and move
to home
position.

Put robot to
bed and leave
program.

Select unit of
weight to be
used.

Set stability
of reading
required.

Prevent
keyboard
operation, not
functional.

Allow keyboard
operation.



BALANCE . CHECK

TARE . BALANCE
INTERNAL.CALIBRATE
READ . BALANCE

GET.WEIGHT

Raxiataltic Pump

PUMP . RESPONSE - pad

INIT.PUMP -
RELAY .ON -
RELAY.OFF -
VALVE . SELECT -

RELAY.SELECT r -

WAIT.FOR.HIGH -

WAIT.FOR.LOW -

:: - weight

i - weight

Perform
internal check
of electronics.

Set tare
weight.

Calibrate
balance.

Get weight from
balance.

Get weight
after a §
second delay
and when two
weights which
agree have been
obtained.

Send CR and get
nessage
returned store
in PAD.

Initialise
communications

with pump.

Turn on relay.
Turn off relay.

Select Rnlayi
for next relay
commands .

Select Relayl
or 2 for next
relay cosmands.

Wait for
selected input
to go high
before
continuing.

Wait for input
to go low.
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SELECT. INPUT

SELECT.OUTPUT

BIG.BUBBLE

SMALL.BUBBLE

BUBBLE

PICKUP

DELIVER

SET.CCW.DIRECTION

SET.CW.DIRECTION

PUMP . COUNT

PUMP1-

PUMP1+

RECAL

DILUTE

DISPENSE

Select input
for next wait
commands.

Select output
for next out
commands.

Use large air
gap.

Use small air
gap.

Draw up an air
gap.

Draw up
solution for
dispensing
or dilution.

Deliver solvent
when in dilute
mode.

Set
anticlockwise
rotation.

Set clockwise
rotation.

Wait for n
pulses from

pump.

Decrement
multiplier.

Increment
multiplier.

Set pump to
default
calibration.

Set to dilute
mode and RECAL.

Set to dispense
mode and RECAL.
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PUMP

PUMP . RUN

SELECT.PUMP

PUMP . SPEED

STOP . PUMP

BEEP .PUMP

PUMP10*

PUMP10/

PUMP . ERROR

PUMP .WAIT

PUMP . TRAP

PUMP .BEGIN

PUMP . REPEAT

SELECT.INTERFACE

Set to pump
mode and RECAL.

Start pump
running.

Select pump 1
or 2 for next
commands.

Set pump speed
and start
running.

Stop pump
running.

Toggle end of
operation
beeps.

Increment
range.

Decrement
range.

Force error
condition.

Pause for n
tenths of a
second.

Execute
following
instructions
when error n
occurs.

Start of a
loop.

Repeat
instructions in
loop n times.

Select
interface unit
for next
commands.
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REPEAT . RESPONSE

HALT .ALL -

HALT .PUMP -

CANCEL.LINE -

SET.VIRTUAL.MULTIPLIER -

SET.PUMP.RANGE . MULT

CHECK.RETURN .MESSAGE

Syxinga Rump
SYRINGE.COMPLETION.MSG

SYRINGE.ERROR.CHECK

SYRINGE .PUMP .ONLINE

SYRINGE.PUMP.SELECT

:: value -

range mult -

addr$ - flag

- pad

pad - pad
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Send last
message again.

Stop execution
of all
interface
units.

Stop execution
of current
interface unit.

Cancel current
line.

Set pump to
range and
multiplier
corresponding
to value,
(default=10.0) .

Set range and
multiplier to
values given.

Check if error
has occured,
true if no
error.

wait for pump
to complete
operation and
read message
returned.

Check message
for error,
display error
message and
abort if
necessary.

Start
communication

with pump.

Select pump for
next commands.



SYRINGE .PUMP .DISPLAY.MSG addr$ -

SET.SYRINGE.SIZE n -

SET.SYRINGE.SPEED n -

SET.SYRINGE.PUMP.PARAMETER n i -~

GET.SYRINGE.PUMP.PARAMETER i - n

WAIT.FOR.SYRINGE.EVENT n -

SYRINGE .PUMP .OFFLINE -

SYRINGE . VALVE .OPERATE n -

SYRINGE .DELIVER
SYRINGE . UPTAKE

CHANGE .SYRINGE -

SYRINGE . HOME -

SYRINGE.UP n -
SYRINGE .DOWN n -
INDEXED .SYRINGE .UP i-

Display message
on front panel
of pump.

Inform pump of
size of syringe
installed.

Set speed of
stroke,

Set parameter i
to n.

Get value of
parameter i.

Wait of event
specified to
occur.

Stop
communications
with pump.

Operate valve
to position
specified.

Constants to be
used for
operating the
valve

Move plunger to
position in
preparation for
changing the
syringe.

Move plunger to
home position.

Move syringe up
n Ml.

Move syringe
down n Ml.

Move syringe up
by amount
specified in
register 1.
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INDEXED .SYRINGE .DOWN i -

SYRINGE .PRIME.PURGE n -

INIT.SYRINGE.PUMP

SYRINGE .DISPENSE

SYRINGE .DEPRIME

SOLVENT .DISPENSE

ARL
RESTART .ARL

BREAK.ARL

WAIT.ARL

SYNC.ARL

RECEIVE.ARL

SEND .ARL

N.SEND.ARL
N.RECEIVE.ARL

char -

char2 charl -

char2 char2 -pad

addr$ char2 charl

n char2 charl -

char2 charl - n

Move syringe
down by amount
specified in
register 1.

Prime pump with
n strokes.

Execute
initialisation
procedure for

syringe pump.

Dispense volume
of n ul, where
n is less than
syringe volume.

Empty syringe
with n strokes.

Dispense n il
of diluent, n
may exceed
syringe
capacity.

Restart program
running on ARL.

Halt program
currently
running on ARL.

Wait till ARL
sends char.

Perform
synchronisation
check with ARL.

Receive message
from ARL.

Send message to
ARL.

Send integer.

Receive
integer.



F.SEND.ARL

F.RECEIVE.ARL

STORE .ELEMENTS

LIST.ELEMENTS

SEND .PREFLUSH

SEND . INTEGRATION

SEND .REPLICATES

SEND .ELEMENTS

ASPIRATE.SAMPLE

ASPIRATE.WATER

?ARL

ARL.PROG.RUN

ARL.QUIT

#p char2 charl -

char2 charl -

0 en...el -

Send real
number with
precision
of p digits.

Receive real
number,

Store elements
to be measured
in

ELEMENT.ARRAY.

Display symbols
of channels to
be measured.

Send preflush
time to ARL.

Send
integration
time.

Send number of
replicate
measurements
required.

Send channel
numbers to be
measured.

Switch valve to
aspirate
sample.

Switch valve to
aspirate
distilled
water.

Print name of
program running
on ARL,

Run program on
ARL.

Stop runnning
program and
return to
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Ganexal cCommunications

RUN.TERM -

command
processor.

Run terminal
emulation
program and
re-initialise
ports after
quitting
terminal
program.



Appendix B

Listing of Solution Preparation and Measurement Routines

This appendix contains a program listing for the basic solution

preparation and sample measurement routines.

The listing starts with the definition of the movements used, these
Pick up and replace the probes as well as move between fixed points. A simple
path finding routine is then defined. Routines for system start up and shut
down and routines to make solutions follow.

Finally there are routines to move a solution over to the measurement
tray, routines to start the measurement of a sample in the tray, stop
measurement and to empty the used solution. The final routine allows a

forced flush of the solution uptake line to be performed during the pre-flush
period.



CR

." Syringe Pump Solution Making Commands*®
" M, Stewart”

. V1,11

." 23rd August 1988" CR

DECIMAL

ROBOT

TO.PROBE.PATH.2
TO.PROBE.PATH.1
2

MOVEMENT TO.PROBE.PATH ( Define movement from start position to probe stand )

HAND . PROBE . REMOVE

HAND.PROBE.LIFT

HAND . PROBE .CLOSED

HAND.PROBE .OPEN

PRE . HAND.PROBE .OPEN

S MOVEMENT HAND.PROBE ( Define MOVEMENT to remove hand probe from stand )

DUMP.WASTE.2

DUMP.WASTE.1

WASTE

PRE.NASTE

4 MOVEMENT EMPTY.CONTAINER ( Define movement to empty container into waste )

PROBE.TO.WASTE.PATH.2
PROBE.TO.NASTE.PATH.1
2 MOVEMENT PROBE.TO.WASTE.PATH ( Movement from stard to waste )

PROBE.IN,.WASTE

PROBE .OVER.WASTE

PROBE.BEFORE .WASTE

3 MOVEMENT PROBE.WASTL ( Movement to put probe into waste )

SAMPLE . TO.ARL.PATH.2
SAMPLE.TO.ARL.PATH.1
2 MOVEMENT SAMPLE.TO.ARL.PATH ( Movement from sample tray to ARL tray )

SAMPLE . TO.ARL.PATH.2
TO.PROBE.PATH.1
2 MOVEMENT TO.ARL.PROBE.PATH ( Movement from start to ARL probe stand )

ARL.PROBE.REMOVE

ARL.PROBE.LIFY

ARL.PROBE.CLOSED

ARL.PROBE . OPEN

PRE.ARL.PROBE

S MOVEMENT ARL.PROBE ( Movement to pick up ARL probe )

INNER.CIRCLE

DIRTY.DROP.PATH

DIRTY .DROP.OPEN

DIRTY.DROP .CLOSED

DIRTY.PATH.2

DIRTY.PATH.1

6 MOVEMENT DIRTY.GLASSWARE ( Movement from waste to dirty glassware tray )

FORTH

CREATE PATH.POSITIONS ( Waist positions to find best tie point )
1 1 STOCK.SOLUTIONS 3 + ¢ 1- ,

PROBE.PATH 3 + ¢ 1~ ,
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1 1 SERIAL 3 + @ 1-,

1 1 SAMPLES 3 + ¢ 1~ ,

¢+ PATH.TO ( waist_rotn - )
[ ROBOT )
PATH.POSITIONS O ( Address of positions ar counter )
BEGIN

3 PICK 3 PICK @ ( Find which of the four positions above is closest )
< ( Compare positions )
SWAP 1+ SWAP OVER { Increment counter and copy new value to TOS )
4 > OR { Check for overrun )
WHILE
SWAP 2+ SHAP { Increment pointer )
REPEAT
SWAP DROP SWAP DROP ( Clean up stack )
BEGIN-CASE ( Having found closest position leave a tie point )
1 CASE-OF
STOCK.PATH
ELSE
2 CASE-OF
PROBE.PATH
ELSE
3 CASE-OF
SERIAL.PATH
ELSE
4 CASE-OF
SAMPLE.PATH
ELSE
DROP
END-CASE
{ FORTH ]
’

: PATH.FIND ( desired_posn - )
( This routine is used only for moving between probe stand, stock solution )
( tray, serial tray and samples tray )

[ ROBOT ]
CURRENT.POSITION & ( Get waist rotation of current position )
PATHR.TO ( Get first tie point )
QOVER 3 + ¢ ( Get waist rotation of desired position )
PATH.TO ( Get second tie point )
OVER OVER ( Make copies )
- ( Are they the same? )
IF
DROP DROP { If the tie points are the same ignore them )
ELSE
SWAP
MOVE.TO ( Move to first tie point )
MOVE.TO { Goto the second tie point )
THEN
MOVE.TO ( Move to desired position )
( FORTH )
’
: START.UP (=)
( Get the syringe pump ready for use )
( ROBOT )
CR

." Good Morning, Sir!®" CR ( Display greeting )

INNER.CIRCLE MOVE.TO ( Move to start position )

FRWRD TO.PROBE.PATH ( Move to probe stand )

FRWRD HAND.PROBE ( Pick up probe )

FRWRD PROBE.TO.MASTE.PATH ( Move to waste disposal area )

FRWRD PROBE.WASTE ( Put probe into waste disposal unit )
(

SYRINGE .PUMP SELECT.DEVICE Select syringe pump for output )



P

SHUT . DOWN
Empty syringe of fluid and put robot to bed )

EMPTY .SYRINGE .COWTENTS
Takes probe to receiving vessel and empties solution into it then )
continues with the rest of the solution making procedure )

[ PUMP.COMMANDS )
INIT.SYRINGE.PUMP

S SYRIWGE.PRIME.PURGE
SYRINGE .COMPLETION,.MSG
SYRINGE .ERROR.CHECK DROP
ROBOT.PORT SELECT.DEVICE

[ ROBOT )

BCKWRD PROBE.WASTE

BCKWRD PROBE.TO.WASTE.PATH
BCKWRD HAND .PROBE

{ ARL )

WIZ.POMP SELECT.DEVICE
NORMAL.FLOW ¢

[ PUMP.COMMANDS )
PUMP . SPEED

PUMP . RESPONSE DROP

( FORTH )

.* Reporting for Duty.” CR

(B

[ ROBOT )

FRWRD NAND.PROBE

FRWRAD PROBE.TO.NASTE.PATH
FRWRD PROBE.MASTE
WAIT.ROBOT

SYRINGE.PUNP SELECT.DEVICE
[ PUMP.COMMANDS )

3 SYRINGE.PRIME.PURGE
SYRINGE .COMPLETION.MSG
SYRINGE .ERROR,CHECK DROP

S SYRINGE.DEPRIME
ROBOT.PORT SELECT.DEVICE

{ ROBOT )

BCKWRD PROBE.NASTE

BCKWRD PROBE.TO.MASTE.PATH
BCKWRD HAND.PROBE

BCKWRD TO.PROBE.PATH
GOODNIGHT

[ FORTAH ]

( ROBOT )

3 PICK 2+ ¢

PATA.FIND

S S MOVE.FORWARD

$ 40 MOVE.DOWM
WAIT.ROBOT

SYRIN. .PUMP SELECT.DEVICE
[ POMP.COMMANDS )

31 SET.SYRINGE.SPEED
SYRINGE .COMNPLETION . MSG
SYRINGE .ERROR, ZHECK DROP
SYRINGE . ROME

SYRINGE .COMPLETION  MSG
SYRINGE .ERROR,.CHRCK DROP
S SET.SYRINGE.SPEED
SYRINGE .COMPLITION . MSG
SYRINGE .ERROR.CEECK DROP
ROBOT.PORT SELECT.DEVICE
{ ROBOT )

{
(
(
(
(

— e e

Select pump commands dictionary )

Initialise the syringe pump )

Prime the pump with S strokes of the syringe )
Get completion message )

Check for errors )

Select robot for output )

Select robot dictionary )

Remove probe from waste disposal )

Return probe to stand area )

Return probe to stand )

Start the WIZ pump )

Display completion message )

Pick up probe )

Take probe to waste disposal area )
Put probe into waste disposal )
Wait for robot to complete moves )
Select syringe pump for output )

Flush lines with 3 syringfuls of solvent )
Get completion message )

Check for errors )

Empty syringe )

Select robot for output )

Remove probe from waste disposal )
Return probe to stand area )

Return probe to stand )

Return to starting area )

Execute robot shut down procedure )

( Solution_record - )

Find path to receiving vessel )

Move down into it )

Make sure robot has arrived before proceding )
Select syringe pump for output )}

Set syringe pump to maximum speed )

Move syringe to top of stroke 30 expelling )

contents )

Set syringe to low speed to prevent break up)
of solution when being drawn into the probe )

Select robot for output )



§ 40 MOVE.OP ( Bring probe out of vessel )
?

: COMP,VOL.CHECK ( volume - volume )
( .* Checking Component Volume * ) ( Diagnostic statement )
[ PUMP.COMMANDS ]
DUP SYRINGE.SIZE ¢ ( Get syringe size )
> { Check if volume exceeds syringe capacity )
Ir
SYRINGE.DISPLACEMENT ¢ ( If it does then tranafer will require more )
SYRINGE.SIZE ¢ ( than one trip )
= NOT ( Check for anything in the probe )
Ir
EMPTY, SYRINGE .CONTENTS { If there is then empty it )
THEN
SYRINGE.SIZE ¢
/MOD { Calculate how trips are needed and the amount )
0 ( left over )
DO
[ ROBOT )
OVER ¢ PATH.FIND ( Move to stock solution )

SYRINGE.PUMP SELECT.DEVICE
[ PUMP.COMMANDS )
AIR.GAP @ SYRINGE.DOWM ( Take up an air gap )
SYRINGE.COMPLETION,MSG
SYRINGE.ERROR.CHECK DROP
ROBOT . PORT SELICT.DEVICE
[ ROBOT )
$ 90 MOVE.DOWM ( Move down into solution )
WALIT .ROBOT
SYRINGE.PUMP SELECT.DEVICE
( PUMP.COMMANDS )
SYRINGE.SIZE @ SYRINGE.DOWN ( Draw up one full syringe of solution )
SYRINGE .COMPLETION . MSG
SYRINGE .ERROR.CHECK DROP
ROBOT.PORT SELECT.DEVICE
[ ROBOT )
S 90 MOVE.UP
EMPTY . SYRINGE .CONTENTS ( Empty into receiving vessel )
LOOP
ELSE
{ PUMP.COMMANDS )
pup
SYRINGE .DISPLACEMENT @ AIR.GAP ¢ +
-0 ( Check if sufficient capacity remains )
IF
( CR .” Volume Exceeds Capacity” ) ( Diagnostic statement )
EMPTY.SYRINGE .CONTENTS { If not make some room )
THEM
THEN
{ FORTE )
H

: COMP.UPTAKE ( volume - )
( CR )
( .* Taking up Component " )
ROBOT.PORT SELECT.DEVICE
{ ROBOT ]
$ 90 MOVE.DOWN
WAIT.ROBOT
SYRINGE.PUMP SELECT.DEVICE ( Select syringe for output )
( PUMP.COMMANDS )
DUP SYRINGE.DOWN ( Pick up solution )
SYRINGE .COMPLETION . MSG
SYRINGE .ERROR.CHECK DROP



-]

SYRINGE .DISPLACEMENT +! ( Update internal variable )
ROBOT.PORT SELECT.DEVICE

[ ROBOT )

S 90 MOVE.UP { Remove probe from solution )
WAIT.RODOT

[ 23 ( Update pointer into solution record )

[ PUMP .COMMANDS )

SYRINGE.PUMP SELECT.DEVICE

AIR.GAP @ DUP SYRINGE.DOWN ( Drav in an air gap )
SYRINGE .COMPLETION.MSG

SYRINGE.ERROR,CHECK DROP

-1 *

SYRINGE .DISPLACEMENT +!

[ FORTR )

L™

¢ DUMP.SYRINGE.CONTENTS ( - )
( When things screw up this routine empties the probe into waste disposal )
ROBOT.PORT SELECT.DEVICE

[ ROBOT )

HAND .PROBE .REMOVE PATH.FIND ( Find path to probe stand )
FRWRD PROBE.TO.NASTE.PATH ( Move to waste disposal area )
FRWRD PROBE.WASTE ( Put probe into waste disposal )

SYRINGE.PUMP SELICT.DEVICE

[ PUMP.COMMANDS )

SYRINGE . HOME { Move syringe to top of stroke )
SYRINGE . COMPLETION . MSG

SYRINGE .ERROR .CEECK DROP

ROBOT.PORT SELECT.DEVICE

[ ROBOT )
BCKWRD PROBE.WASTE ( Remove probe from waste disposal )
BCKWRD PROBE.TO.WASTE.PATH ( Return to probe stand )
{ FORTH )
H
: TIP.MASHE (=)
( Rinse tip of probe in distilled water )
[ ROBOT )
CURRENT.POSITION ¢ ( Get waist rotation of current position )
PATH.POSITIONS ¢ ( Get waist rotation of stock tie position )
< ( Are we at the stock tray? )
Ir
2 4 STOCK.SOLUTIONS PATH.FIND ( Not at stock tray so use path find )
ELSE
2 4 STOCK.SOLUTIONS MOVE.TO ( At stock tray so move directly there )
TREN
S 90 FDUP MOVE.DOWN ( Lower probe into water )
$ -2 PITCH.BY
L]
Do
$ S PITCH.BY ( Rock probe back and forth )
S -5 PITCH.BY
LOOP
§ 3 PITCA.BY
MOVE.UP ({ Raise probe from water )

[ FORTHE )



: PICK.UP.SOLN (=)
( Pick up solution container )

[ ROBOT )
§ 260 MOVE.DOWM { Move down to container )
§ 10 MOVE.BACK ( Center hand around container )
GRIP.CLOSE ( Close hand )
S 80 MOVE.UP ( Pick up container )
{ FORTH }
1
¢+ PUT.DOWN,SOLN (=)
( Put down container reverse of the above )
[ ROBOT )
$ 80 MOVE.DOWN
GRIP.OPEN

$ 10 MOVE.FORWARD
§ 260 MOVE.UP

[ FORTH )

H

: MIX ( posn - )

( Homogenise solution by a slow hand shake )
[ ROBOT ]
GRIP.ACTIVE ¢
0 GRIP.ACTIVE ! { De-activate grip )
SHAP
PATH.FIND ( Move to position of solution )
PICK.UP.SOLN { Pick it up )
$ -60 ROLL.BY { Rotate to start position )
100
Do
§ 120 ROLL.DY { Shake solution 10 times )
$ =120 ROLL.BY

LOOP
§ 60 ROLL.BY ( Rotate back to vertical )
PUT.DOWM. SOLN ( Put solution back in position )
GRIP.ACTIVE ! ( Re-activate grip )
[ FORTH )

H

¢ MAKE.SOLUTION ( solution_record - )

{ Given the definition of a solution make it up )
( PUMP.COMMANDS |
SYRINGE.PUMP SELE '".DEVICE ( Select syringe for output )
S SET.SYRIWGE.SPERD ( Set syringe speed to low value )
SYRINGE .COMPLETION . MSG ( Wait for completion message to be sent )
SYRINGE.ERROR.CHECK DROP { Check for error codes, drop address of message )
ROBOT.PORT SELECT.DEVICE ( Select robot for output )
( ROBOT )
FRWRD HAND.PROBE ( Pick up probe )
SYRINGE.PUNP SELECT.DEVICE
AIR.GAP @ DUP SYRINGE.DOWN ( Draw up an air gap )
SYRINGE .COMPLET ION . MSG
SYRINGE.ERROR.CAECK DROP
-l w
SYRINGE.OISPLACEMENT +!
ROBOT.PORT SELECT.DEVICE

S

Negate air gap size )
Update position of syringe )

-

WAIT.ROBOT ( Wait for robot to complete movement )
DUP DUP 6+ ( Make copies of record )
SWAP ¢ ( Get number of components )
0
DO
DUP 2+ @ ( Get volume of component )
COMP . VOL .CHECK ( Check if it fits into syringe )



2DUP { Check if volume is non-zero )

Ir
COMP . UPTAKE ( Take up the solution )
TIP.WASH { Rinse probe tip )
WAIT.ROBOT ( Wait for robot before moving on )
ELSE
4+ ( If volume zero do nothing )
THEN
LOOP .
DROP 2+ DUP @ UNDER ( get position of receiving vessel )
PATH.FIND ( Find path to receiving vessel )

$ 5 MOVE.FORWARD
$ 40 MOVE.DOWN

Move down into it )

WAIT.ROBOT ( Wait for robot )
SYRINGE .PUMP SELECT.DEVICE ( Select syringe for output )
{ PUMP.COMMANDS )
31 SET.SYRINGE.SPEED ( Set speed to maximum )
SYRINGE .COMPLETION.MSG
SYRINGE .ERROR.CHECK DROP
SYRINGE , HOME ( Expel contents into vessel )
SYRINGE .,COMPLETION.MSG
SYRINGE .ERROR.CHECK DROP
2+ @ SOLVENT.DISPENSE ( Get volume of solvent and dispense )
ROBOT.PORT SELECT.DEVICE ( Select robot for output )
[ ROBOT ]}
$ 40 MOVE.UP ( Remove probe for vessel )
HRAND .PROBE .REMOVE
PATH.FIND ( Find path back to probe stand )
BCKWRD HAND.PROBE
MIX ( Homogenise solution )
[ FORTH ]
: SOLUTION ( Solution_defn - )
{ Creates a named solution record )
CREATE
pup , 1+ { Store number of components in solution )
0
DO ( Loop for each component + sclvent volume and receiver posn )
v e ( Store solution definition )
LOO?
DOES> ( When name used leave pointer to solution on stack )

.
.

ARL DEFINITIONS

Cdl CONSTANT Cd ( Equate Cd with Cdl channel )
FORTH DEFINITIONS FORTR
CREATE STOCKS 48 ALLOT { Create space for information about stock

solutions )

: DEFINE.STOCK.SOLUTIONS ( Stocks info. number of stocks - )
( Store information about stock solutions, clements, conc. and position )
STOCKS SWAP 3 * { There are three picces of information for each solution )
0
DO
DUP -ROT ! 2+ ( Store data in STOCKS )
LooP
0 SWAP ! ( List is NULL terminated )



:+ FILL.SAMPLES.POSN (=)
( Store positions of vials in Samples tray going along rows )

31 { Loop through the samples tray )
Do
51
Do
J 1 SAMPLES , ( Get position and store )
LoOP
LOOP
o, ( NULL terminated list )
CREATE SAMPLES.POSN { Create space for list of vial positions )
FILL.SAMPLES.POSN { Fill the list with the positions )
: FILL.SERIAL.POSN (=)
({ Routine to fill list of positions for vials for intermediate solutions )
31
DO
51
Do
J I SERIAL ,
Loop
LOOP
o,
CREATE SERIAL.POSN { Create space for list )
FILL.SERIAL.POSN { Fill list of positions for intermediate solns. )

¢ GET.ELEMENT ( - Channel_number )

{ Get channel number for element to »e included in soln from user )
CR
." Please ente* the next element for the solution ™

INS$ DROP ( Get element symbol )

CONTEXT , @ ( Get current context, dictionary )

ARL-SEG 14 + CONTEXT ,! ( Switch context to use ARL dictionary )

PLOAD SWAP CONTEXT ,! { Interpret symbol and restore context )

STOCKS

BEGIN ( Start search for stock solution for element )

OVER OVER @ UNDER
= SWAP O= OR

SHAP 6+ SWAP
UNTIL
6 ~ @ 0= { Check to see if stock solution was found )
Ir ( If not abort with error message )
." No stock solution for ™ PAD §S.
ABORT
THEN
H
CREATE AT.WEIGHTS 136 ALLOT ({ Create space to store atomic weights )
AT .WEIGHTS ( Store atomic weights for each channel )
$ 91.22 DUP R32! 4+
§ 87.62 DUP R32! 4+
§ 137.34 DUP R3I2! 4+
$ S50.71 DUP R32! 4«
$ 26.901S DUP R3I2! 4+
S 10.81 DUP R32' 4+
§ 54.938 DUP R32!' 4+
s S55.047 DUP RI2! ¢+
$ 14.0067 DUP R32!' “+
$ 30.9736 DUP R32!' &~
t 32.06 DUP R3I2' 4o



200.59 DUP R32! 4+
24 .30S DUP R32! 4+
74.9216 DUP RI2! 4+
1108.69 DUP R32! 4+
28.086 DUP R32! 4+
12.011 DUP R32! 4+
50.9414 DUP R32! 4+
22.9898 DUP R32! 4+
95.94 DUP R32! 4+
51.996 DUP R32! 4+
121.75 DUP R32! 4+
72.59 DUP R32! 4+
40.08 DUP R32! 4+
65.37 DUP R32! 4+
63.546 DUP R32! 4+
107.868 DUP R32! 4+
207.2 DUP R32! 4+
6.941 DUP R32! 4+
47.90 DUP R32! 4+
112.4 DUP R32! 4+
112.4 DUP R3I2! 4+
114.82 DUP R32! 4+
39.102 DUP R32! 4+

LA B B B A B I B I B B B BN A B B B B B Y N N 4

Constants used for concentration units )

CONSTANT pc { Per cent concentration )
CONSTANT ppm

CONSTANT ppd

CONSTANT M

CONSTANT aM

CONSTANT uM { microMolar )

AV E WN -~

{ Variables to keep track of solution definition )

CREATE TOTAL.VOLUME 4 ALLOT

CREATE TOTAL.SERIAL.VOLUME 4 A}’

CREATE DEFAULT.VOLUME 4 ALLOT

CREATE CUMULATIVE.VOLUME 4 A_ ...

CREATE CUMULATIVE,.SERIAL.VY __ME - ./ LLOT

CREATE DEFAULT.SAMPLE.SOL! 7.« ° ALLOT ( Create space for )
CREATE DEFAULT.SERIAL.SOL." > ALLOT { two solution records )
CREATE SERIAL.DIL.RATIO 4 AL.:.

VARIABLE MIMIMUM.VOLUME

VARIABLE NO,IN.SAMPLE

VARIABLE NO.IN.SERIAL

VARIABLE NO.ELEMENTS

: FIND.STOCK.SOLN ( Element - Element Stock_posn )
( From channel number find position of stock solution )
STOCKS ( Record of stock solution )
BEGIW
pup ¢ { Get channel number of stock )
3 PICK ( Copy element channel number )
= NOT { Compare channel numbers )
WHILE
6+ ( While not equal goto next record )
REPEAT
;
: GET.CONC ( Element - Element :: - conc/ppm )
CR
." Please enter the concentration of "
[ ARL ]
ELEMENT . SYMBOLS
[ FORTH )

OVER



.

~e

.
’

0
DO

COUNT +
LooP
$. SPACE
FIN$ DROP
CR

." Please enter the units"” CR
.* (% as pc, ppm, ppb, M, mM, or " 230 EMIT ." M as uM) *

INS DROP

PLOAD

BEGIN-CASE
1 CASE-OF

$ 10000 F*

ELSE
2 CASE-OF
ELSE
3 CASE-OF
$ 1000
ELSE
4 CASE-OF
DUP 1-
$ 1000
ELSE
S CASE-OF
DUP 1~
ELSE
6 CASE-OF
DUP 1~
$ 1000
ELSE
DROP
END-CASE

F/

4
F'

4~

q
F/

(
(

(

—

(

(

i

AT.WEIGHTS + R32é

AT .WEIGHTS + R3268

AT .WEIGHTS + R32¢

Print element symbol )
Get concentration )

Get units of concentration )
Interpret user response )
Convert to ppm )

Convert from § to ppm )

Already ppm )
Convert from ppb to ppm )
Convert from molarity )

Ft
( molar )

F» ( millimolar )

E‘.
( micromolar )

CALC.VOLUME ( - Volume :: dilution_ratio - )

TOTAL.VOLUME R32¢ F* & 1E3 F*

F=>

GET.CONCENTRATION

GET.CONC DUP

(
(

{ From a dilution factor calculate volume of stock solution needed )

Total volume in ml )
Volume calculated in microlitres )

{ Element - Element :: - Conc )

FIND.STOCK.SOLN DUP

BEGIN
2+ I160 F/

FDUP MINIMUM.VOLUME I16@
TOTAL.VOLUME R32@ & 1E3 F* F/

FDOP F* F-
Fo<
WHILE

FDROP OVER GET.CONC DROP

REPEAT

VARIABLE MEXT.SAMPLES
VARIABLE NEXT.SERIAL
0 NEXT.SAMPLES !
0 NEXT.SERIAL !

(
(

(

— - -~

Get concentration )
Get record of stock solution )

Calculate dilution ratio )

Get minimum allowed volume )
Calculate maximum dilution factor )
Increase for one serial dilution )
Check if dilution required too much )

If it is re-enter concentration )

Keep count of how many vials have been used )
Ditto )

Intialise counter )

Ditto )



: GET.NEXT.SAMPLES ( - samples.posn )

w.

(

-

NEXT.SAMPLES ¢

2* SAMPLES.POSN SWAP IO ( Get position of next vial to use )
pop
NOT
IF ( If position NULL need to refill tray )
OUTPUT @
1 OUTPUT ! ( Switch output to screen )
7 EMIT 7 EMIT ( Ring bell twice )

." Samples tray empty please refill™ CR
." Press any key when done™ CR ( Print message )
KEY DROP 1 NEXT.SAMPLES ! SAMPLES.POSN @
( Wait for keypress, reset samples counter )

SWAP OUTPUT ! ( Reset output )
ELSE
NEXT.SAMPLES 1+! ( Increment vial counter )
THEN
GET .NEXT.SERIAL { - samples.posn )

Similar routine to above but used for intermediate solutions )
NEXT.SERIAL @
2* SERIAL.POSN SWAP 16
pop
NOT
IF
OUTPUT @
1 OUTPUT !
7 EMIT 7 EMIT
." Serial tray empty please refill®™ CR
." Press any key when done”™ CR
KEY DROP 1 NEXT.SERIAL ! SERIAL.POSN ¢
SWAP OUTPUT !
ELSE
NEXT.SERIAL 1+!
THEN

10 TOTAL.SERIAL.VOLUME R32!

CHECK.CUMULATIVE.VOLUME ( volume/microlitres - volume )
DUP
->F & 1E3 F/ ( Transfer volume to f.p. stack and convert ml )
CUMULATIVE.VOLUME DUP R32Q F+ FDUP ( AMdd to cum. vol. )
TOTAL.VOLUME R32@ F-
FO> ( Check if volume exceeds total volume )
IF
( If volume of stock solutions has exceeded total volume )
( abort with an error message )
FDROP
." This solution cannot be prepared from the stock solutions present™ CR
." as the total volume of stock solutions will exceed the total volume "™
." required”
ABORT
THEN
R32!



: CHECK.CUMULATIVE.SERIAL.VOLUME ( volume/microlitres - volume )
( Same as above for intermediate solution )
fo10} -4
->F & 1E3 F/
CUMULATIVE.SERIAL.VOLUME DUP R328 F+ FDUP
TOTAL.SERIAL.VOLUME R32Q F-
FO>
IF
FDROP CR
." This solution cannot be prepared from the stock solutions present”™ CR
." as the total volume of stock solutions will exceed the total volume "
." required”
ABORT
THEN
R32!

: ENTER.ON.SAMPLE.SOLUTION ( Stock record - :: dilution_ratio - )
( From the record of position and concentration of stock solution )
( Enter new component on the current solution record )

TOTAL.VOLUME R32¢ F* Convert dil. ratio to volume )

(
$ 1E3 F* ( Convert ml to ul )
F=> ( Transfer ul from f£.p. stack to data stack )
CHECK.CUMULATIVE,VOLUME ( Check volumes )
SWAP 4+ @ ({ Get position of stock solution )
DEFAULT .SAMPLE . SOLUTION 6+
NO.IN.SAMPLE @ 4* I! { Store position in solution record )
DEFAULT.SAMPLE . SOLUTION 8 +
NO.IN.SAMPLE @ 4* I! { Store volume in solution record )
NO.IN.SAMPLE 1+! ( Increment number of components in solution )

H

( Only certain volumes of solution will be used )
( in the making of the inter~<diate solutions )
CREATE SERIAL.VOLUMES

100 , 200 , S00 , 1000 , 2000 , S000 ,

: VOLUME.FOR.TWO.STEP.DIL ( - vol. :: Dil. Ratio ~ Dil. Ratio )
( Calculate optimum volume for a two step dilution )
( I.e. maximise both volumes )

FDUP FSQRT ( Root the overall dilution factor )
TOTAL.VOLUME R32@ F* & 1E3 F* ( Calculate volume of intermediate )
F->
;
: FIND.SYRINGE.VOLUME { Vol. - Vol. Addr. of Syr. Vol. )
{ Find the address of the nearest vclume to the ideal )
SERIAL.VOLUMES
BEGIN
puP @ ( Compare ideal to allowed values )
3 PICK - ( Search until find first that is )
0< ( larger )
WHILE
2+
REPEAT

.
’

: CHECK.END.VALUES ( Addr. of Syr. Vol. - Addr, of Syr. Vol. Flag )
( Having found the volume check to see if it is at either end of the range )
DUP SERIAL.VOLUMES =
OVER SERIAL.VOLUMES 10 + =
OR NOT

..



: FIND.NEAREST.VOLUME ( Vol. Addr., of Syr. Vol. Flag - Syr. Vol. )
( Find the volume which is nearer the ideal )
IFr ( If not an end value )

DUP @ Get larger volume )
SWAP 2- ¢ Get smaller volume )
3 PICK OVER - Subtract smaller )

3 PICK 5 PICK -

Subtract larger )
Take difference of differences )

0>
IF
DROP { Drop smaller and leave larger )
ELSE
PLUCK ( Drop larger and leave smaller )
THEN
PLUCK ( Remove ideal volume )
ELSE
PLUCK ¢ ( If an end value just leave it )
THEN
;
: FIND.BEST.SYRINGE.VOLUME { Vol. - Syr. Vol. )

( Find volume closest to t e ideal )
FIND.SYRINGE.VOLUME
CHECK.END.VALUES
FIND.NEAREST.VOLUME

¢+ BACK.CALC.SER.DIL.RATIO ( Syr. Vol. - :: = Dil. Ratio Ser. Dil. Rat )
( Calculate dilution factor from the volume used )
->F TOTAL.VOLUME R32@ 8 1E3 F* F/

: CALC.VOL.OF.STD.IN.SERIAL ( - Vol :: Dil. Rat. Ser. Rat, - Dil. Ser. Dil)
( From dilution factor of the intermediate solution calculate volume of )
( stock solution require in the intermediate )

FOVER FOVER F/ ( Divide overall dil. ratio by inter. dil. rat. )
TOTAL.SERIAL.VOLUME R32¢ & 1E3 F*
F* F=> ( Calculate volume of stock solution needed )

: CHECK.VOLUME.FOR.SERIAL ( - Vol. Flag :: Dil. Ratio - Dil. R. Ser. Dil. R.

( Check if using serial dilution if the amount of stock solution is less !}

( than minimum allowed )
VOLUME .FOR.TWO,.STEP.DIL { Get ideal volume )
FIND.BEST.SYRINGE.VOLUME { Find closest allowed volume )
BACK.CALC.SER.DIL.RATIO ( Calculate dilution ration used )
CALC.VOL.OF.STD. IN.SERIAL ( Calculate volume of standard required )
DUP MINIMUM.VOLUME @ < ( Check if less than minimum allowed )

NOT

: ENTER.OM.SERIAL.DEFN ( Stock Soln. Rec., Vol. - :: Dil. Ratio -
CHECK.CUMULATIVE .SERIAL. VOLUME
SUAP 4+ ¢ ( Get posn. of stock soln. )
DEFAULT.SERIAL.SOLUTION 6+
NO.IN.SERIAL @ 4* I! ( Store position. )
DEFAULT.SERIAL.SOLUTION 8 +
NO.IN.SERIAL @ 4* I! { Store volume )
NO.IN,.SERIAL 1+! ( Increment count )

FDROP ( Drop Dil. Ratio )



~

~

-

COMPARE.OLD. SER.DIL.RATIO

FDUP SERIAL.DIL.RATIO R32¢

F=- F0< NOT

USE.OLD.SER.DIL.RATIO
DROP FDROP FDUP
SERIAL.DIL.RATIO R328 F/

$ 1E3 F* F->

( - Flag :: Ser., Dil. Rat. - Ser. Dil. Rat. )
( Check to see if existing dilution factor can be used )

( Std Vol. -

:: Dil Rat. Ser. Dil. Rat. - Dil. Rat. )

Drop new values )
Calculate dilution ratio required )

Convert to microlitres, move to integer stack )

(
(
TOTAL.SERIAL.VOLUME R32€ F* ( Calculate new value of std. vol, )
(
(

ENTER.ON.SERIAL.DEFN

UPDATE .FOR.NEW.SER.RATIO

FDUP SERIAL.DIL.RATIO R32e

FSWAP F/

(

Enter on definition record of inter. solution )

- No. in defn. :: dil. rat. ser. dil. rat. - d. r )

DEFAULT.SERIAL.SOLUTION 8 + SWAP
F=0 CUMULATIVE.SERIAL.VOLUME R32!

0

DO
FDUP DUP DUP Il6@
Fe* F=>

CHECK.CUMULATIVE.SERIAL.VOLUME

SWAP ! 4+
LOOP
DROP FDROP

START .OF . SERIAL.DEFN

(=)

{ Start new definition of an intermediate

F=0 CUMULATIVE.SERIAL.VOLUME R32!

GET.NEXT.SERIAL

DEFAULT.SERIAL.SOLUTION 2+ !

USE.NEW.SER.DIL.RATIO

NO.IN.SERIAL ¢ 200P
1r
UPDATE.FOR.NEW.SER.RATIO
ELSE
START.OF . SERIAL.DEFN
THEN
SERIAL.DIL.RATIO R32!
ENTER.ON.SERIAL.DEFN

ENTER.OW.SERIAL.AUX
COMPARE .OLD.SER.DIL.RATIO
Ir
USE.OLD.SER.DIL.RATIO
ELSE
USE.NEW.SER.DIL.RATIO
THEN

( Std. Vol. -

{ Cannot use existing value )

( Calculate updating factor )
( Get detinition record )
( Zero volume )

{ Get Old Value )

({ Calculate New Value )

( Check for overflow )

( Store new value and goto next entry )

( Clean up stack )

solution )

( Reset cumulated volume )

{ Get position of next vial )

( Store position in definition )

:: Dil. Rat, Ser. Dil. Rat. - Dil. Rat. )

{ Check for components already entered )

( Update volumes of existing comps. )

( First component so start new defn. )

{ Store new value )
( Enter component into defn. )

Std, Vol. -

:s dil. ratio, ser. dil. ratio - )

{ Check if existing value can be used )

( Yes,

( No,

use it )

use nev value )

237



+ ENTER.2ZERO ( Std. Vol. = :: dil. ratio, ser. dil. ratio - )
{ Enter zero volume on definition )
DROP FDROP
NO.IN.SERIAL ¢ O= ( New intermediate solution )
Ir
START.OF .SERIAL.DEFN ( Need to start new defn. )

THEN
O ENTER.ON.SERIAL.DEFN ( Enter zero volume )

H

: ENTER.ON,.SERIAL.SOLUTION ( Std., Vol. - :: dil. ratio, ser. dil. ratio - )
CHECK.VOLUME .FOR.SERIAL
IF
ENTER.ON,SERIAL.AUX
ELSE
ENTER. ZERO
THEN

.
’

( Create space for a record of the contents of the solution )
CREATE SOLUTION.CONTENTS 33 ALLOT

¢ FIND.ENTRY.ON.SAMPLE ( Posn_addr - component_recd. )
{ Find the entry for a component on the defn. of the sample solution )
DEFAULT.SAMPLE . SOLUTION 6+

BEGIN
DUP ¢ ( Compare addr. of component with that of )
3 PICK { the sought for component )
= NOT
WRILE
4 ( Goto next component while not equal )
REPEAT
;
: FIND.ENTRY.ON.SERIAL (posn_addr - component_recd )

( Search for component on defn. of serial solution )
DEFAULT.SERIAL.SOLUTION 6+
BEGIN
DUP ¢
3 PICK
= NOT
WRILE
q+
REPEAT
]

: PRINT.SUMMARY (=)
PRINT ( Send output to printer )
SOLUTION.CONTENTS
BEGIN
DuUP @ { While channel number not 0 )
WHILE
DUP @ ( Get channel number )
[ ARL )
ELEMENT . SYMBOLS
[ FORTH )
SWAP
0
DO
COUNT + { Get number of characters and skip over )
LOOP
$. SPACE ( Print element symbol )
2+ 0OUP @ ({ Get route of component to solution )
BEGIN-CASE



1 CASEL-Or ( Direct dilution )

DUP 2~ ¢ ( Get channel number )

FIND.STOCK.SOLN

DUP 2+ 1160 4+ @ PLUCK ( Put conc., on f.p. stack and get posn., )
FIND.ENTRY.ON.SAMPLE

2+ 1160 DROP Fv ( Get volume of soln. and mult. conc. )
TOTAL.VOLUME R3320 & 1E3 F* ( Convert total vol. to ul )
F/ FDUP 4 OUT ,@ - SPACES ( Calculate conc. and TAB to col. 4 )
7 6 F.R ." ppm" ( Print conec. )
DUP 2- @ 1~- 4* AT.WEIGHTS + R32¢ F/ ( Calculate mM )
14 OUT ,@ - SPACES 7 6 F.R .," mM" CR ( Print mM conc. )
ELSE
2 CASE-OF
( Serial dilution )
pup 2- ¢
FIND.STOCK.SOLN
DUP 2+ I160 4+ @ PLUCK ( Put conc. on f.p. stack )
FIND.ENTRY.ON,SERIAL
2+ 1166 DROP F*

TOTAL.SERIAL.VOLUME R32@ & 1E3 F* F/ ( Conc. in inter. soln. )
DEFAULT . SAMPLE . SOLUTION 4+
NO.IN.SAMPLE ¢ 4* IQ@ ->F F* ( Get volume of inter. soln. )
TOTAL.VOLUME R320 { Don't need factor 1000 since conc. in ppb )
F/ FDUP 4 OUT ,Q@ - SPACES 7 6 F.R .” ppb" ( Print conec. in ppb )
DUP 2- @ 1- 4* AT.WEIGHTS + R32¢ F/ { Calculate uM conc. )
14 OUT ,@ - SPACES 7 6 F.R 230 EMIT . * M" CR
ELSE
END-CASE
2+ { Increment pointer to next component )
REPEAT
DROP
SOLUTION.PRINT ( solution_record - )
Print position and volumes of components in a solution )
CR
DUP 2+ @ OVER 4+ ¢ ( Get position of solution vial and volume of solvent )
->F 8§ 1E3 F/ { Transfer to f£.p. stack and convert to mal )

." Solvent volume is * 7 6 F.R .”™ ml™ CR
." Position Address of receiving vessel is * ., CR

DUP 4+ SWAP ¢ ( Get number of components )

0

DO
2+ DUP ¢ ( Get position of next component )
." Position of component " I 1+ , ." is ® , CR
2+ DUP @ ({ Get volume of stock solution )

." Volume of component * I 1+ ., ." is * ., 230 EMIT .™ 1" CR
Loop
DROP



¢ CHECK.GRIP ( - )
( Check if robot is holding anything if it is give the user the opportunity )
( to put it down )
[ ROBOT )
BEGIN
G.FLAG ¢
- ( Check if grip is closed )
WHILE
CRT
." The Robot is holding something ™ CR
." Please put object back from where you got it * CR
INS DROP ( Get commands from user )
PLOAD ( Interpret them )
REPEAT
( FORTH )
H

: DUMP,.SOLUTION ( posn - )
( Empty contents of a solution )

{ ROBOT ]
CHECK.GRIP ( Check if robot is holding anything )
GRIP.ACTIVE @ SWAP
0 GRIP.ACTIVE !
DUP PATH.FIND
PICK.UP.SOLN Pick it up )
3 + @ PATH.TO MOVE.TO Move to posn again )

( De-activate grip )

(
(
(

SAMPLE.TO.ARL.PATH.2 MOVE.TO { Move to solution disposal area )

(
{
(
(

Move to solution to be emptied )

GRIP.ACTIVE ! Re-activate grip )
WAIT .ROBOT Wait for robot to arrive )
FRWRD EMPTY.CONTAINER Fapty solution )
WAIT.ROBOT Wait for robot to finish )
[ ARL ]
DRAIN ¢ WAIT ( Wait for solution to drain )
[ ROBOT )
FRNRD DIRTY.GLASSMARE ( Drop container into garbage )
FRNRD TO.PROBE.PATH ( Return to probe position )
[ FORTH )
H
: REMAKE.SERIAL (=)

( Remaking solution with new intermediate solution )
DEFAULT.SERIAL.SOLUTION 2+ ¢

DUMP ., SOLUTION { Get rid of old intermediate )
GET .MEXT.SERIAL DUP ( Get position of next vial )
DEFAULT.SERIAL.SOLUTION UNDER 2+ ! { Enter onto defn. )

SWAP DEFAULT.SAMPLE.SOLUTION 4+ NO.IN.SAMPLE ¢

2* ¢+ ! ( Update sample soln. defn. )
MAKE . SOLUTION ( Make new intermediate )

( SOLUTION.PRINT )

: REMAKE.SAMPLE ( - )
( Remake sample solution )

GET.NEXT.SAMPLES ( Get position of next vial )
DEFAULT.SAMPLE . SOLUTION UNDER 2+ ! ( Store position in defn. )
MAKE . SOLUTION ( Make new solutjion )

( SOLUTIONM.PRINT )

~e
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: GET.ID (=)

’

i

-

( Get identification for the solution )

CR

." Please enter solution {.d. *

INS

PRINT ( Print name of solution )
$. CR

CRT CR

INTT.PREP =)

nitialise variables for defn. of new solution )

FP.STACK.CLEAR ( Clear floating point stack )
Fel SERIAL.DIL.RATIO R32! ( Set dilution factor to 1l )
NO. IN.SAMPLE 0! ( Zero component counters )
NO.IN.SERIAL 0!

F=0 FDUP CUMULATIVE.VOLUME R32! ( Reset cumulated volumes )

CUMULATIVE.SERIAL.VOLUME R32!

GET.NO,OF .COMP ( =n)
( Get number of components in solution )

." How many elements to be included in the solution "
ING
BEGIN
DUP 0§ > ( Only 8 elements can be used )
WHILE
CR
DROP .” This is too many elements. I can only deal with upto 8" CR
." Please try again " IN¢
REPEAT
CR

GET.VOLUME ( - )
({ Get total volume of solution to be made )

" The total volume of solution normally prepared is *
TOTAL.VOLUME R32¢ S 6 F.R . ml” CR
." Is this OK * ?2Y/N
NOT
Ir
TOTAL.VOLUME DUP R32¢
DEFAULT.VOLUME R32! CR
.* Please enter the required volume "
FING DROP
BEGIN
FrouP & 18 F- ( Maximum of 18 mls is used to )
ro> ( prevent possible overflow )
WHILE
CR FDROP
" The volume entered exceeds the bottle capacity of 18ml * CR
." Please try again "
riné DROP
REPEAT
R32!
THEN DUP



: FINISH.SERIAL { =)

( Add final details to definition )
NO.IN.SERIAL ¢
DEFAULT.SERIAL.SOLUTION ! {
TOTAL.SERIAL.VOLUME RJ32¢
CUMULATIVE.SERIAL.VOLUME R32¢

F- S 123 F* (
DEFAULT.SERIAL.SOLUTION 4+ I16! (
SERIAL.DIL.RATIO R32¢ (
DEFAULT.SERIAL.SOLUTION 2-

ENTER.ON,.SAMPLE . SOLUTION (

H

: FINISH,.SAMPLE (=)

{ Add final details to definition )
NO.IN.SAMPLE ¢
DEFAULT . SAMPLE . SOLUTION ! {
GET.NEXT.SAMPLES (
DEFAULT . SAMPLE . SOLUTION 2+ ! (
TOTAL.VOLUME R32¢ (
CUMULATIVE.VOLUME R32¢ (
F- & 1IR3 F* (
DEFAULT . SAMPLE . SOLUTION 4+ I16! (

:

NO.IN.SAMPLE O!
NO.IN.SERIAL O!

: PREPARE.SOLUTION t =)

Enter number of components )

Calculate volume of solvent )
Enter volume of solvent )
Get dilution factor of interm. soln. )

Enter interm. soln. on defn. )

Number of components )

Get position of bottle )

Store position in definition )
Get total volume required )

Get total volume of components )
Calculate volume of solvent )
Enter volume of solvent )

( Prepare a solution as defined by the user )

GET.ID
NO.IN.SAMPLE ¢ DUP
Ir
DROP
." Remake solution " ?Y/N
CR
THEN
Ir
NO.IN.SERIAL @
Ir

." Remake intermediate solution " ?Y/N

Ir
REMAKE . SERIAL
THEN
THEN
REMAKE . SAMPLE
i LSE

MO .IN.SERIAL @

Ir
DEFAULT.SERIAL.SOLUTION 2+ 2
DUMP . SOLUTICN

THEW

INIT.PREP

GET.NC.OF .COMP

GET.VOLUME

DuP

0

DO
GET.ELEMENT
[ ARL )

DUP ELEMENT.ARRAY I + C!

DUP SOLUTION.COMNTENTS I 4* I!
GET .CONCENTRATION rouP
CALC . VOLUME

( Loop to get identity and conc. of )
( each component )

( Put channel number on contents list )

{ Get concentration )
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MINIMUM.VOLUME ¢
< NOT
Ir
ENTER.ON. SAMPLE . SOLUTION
1 SOLUTION.CONTENTS 2+ I 4* I!
0 SOLUTION.COMTENTS I 1+ 4+ 1I!
ELSE
ENTER.ON.SERIAL.SOLUTION

Check if volume required less than )
minimum allowed )

If not do dilution directly )

Store direct dil. on contents )

List NULL terminated )

- e

Otherwise do serial dilution )

2 SOLUTION.CONTENTS 2+ I 4+ I! ( Store serial dilution on contents )
0 SOLUTION.CONTENTS I 1+ 4* 1!
THEN
DDROP
LoOP
O SWAP ELEMENT.ARRAY + C!
NO.IN.SERIAL ¢ ( Check if intermediate soln. req. )
Ir
FINISH.SERIAL
MAKE . SOLUTION ( Make intermediate solution )
( SOLUTION.PRINT CR ) ( Diagnostic print out )
THEN
FINISH.SAMPLE
MAKE . SOLUTION ( Make final solution )
( SOLUTION.PRINT ) { Diagnostic print out )
THEN
PRINT
PRINT . SUMMARY { Print summary of solution contents )
CRT
H
: SAMPLE.TO.ARL ( sample_posn. - )
{ Take sample solution from samples tray to ARL sample tray )
{ ROBOT )
CHECK,.GRIP Check robot hand is empty )

GRIP.ACTIVE @ SWAP

0 GRIP.ACTIVE !

MOVE.TO

PICK.UP.SOLM

FRWRD SAMPLE .TO.ARL.PATH
ARL.SAMPLZ MOVE.TO

8 35 MOVE.DOWN
GRIP.OPEN

§ 3% MOVE.UP

$ . M“™IVE.BACK

SAM: .. .O.ARL.PATH.2 MOVE.TO ( Move awvay from sample )

Get current state )

Keep grip open during all moves )
Find path to sample )

Pick up solution )

Take to ARL tray )

Move to sample posn. in ARL tray )
Put sample down into tray )

Let go )

- o o o o o o

GRIP.ACTIVE ! ( Restore grip activity )
[ FORTH )
H
VARIABLE VALVE.RESPONSE { Variable to store valve response time )
VARIABLE SAMPLE.PURGE ( Time to remove sample from uptake line )
: ARL.TIP.WASH t =)
( Rinse tip of ARL probe )
{ ROBOT )
2 4 ARL.SANPLES MOVE.TO { Move to rinse position )
$ 90 FoUP MOVE.DOWM ( Dip into rinse )
50
Do
$ 1 PITCR.BY ( Wash tip of probe )
$ -1 PITCH.BY
LOOP
[ ARL )
WIZ.PUMP SELECT.DEVICE
FORCE.FLOW ¢ ( Get high speed setting )

( PUMP.COMMANDS )



PUMP . SPEED

[ ARL )
ASPIRATE.SAMPLE
SAMPLE.PURGE @ WAIT
[ ROBOT )

MOVE .UP

[ ARL ]

WIZ.PUMP SELECT.DEVICE
NORMAL.FLOW @

{ PUMP.COMMANDS ]
PUMP.SPEED

{ ARL ]

ASPIRATE .WATER

[ FORTH ]

: START.MEASURE,.SAMPLE

w

-

[ ROBOT )

MOVE.TO

WAIT.ROBOT

WIZ .PUMP SELECT.DEVICE
[ ARL }
ASPIRATE.SAMPLE
VALVE.RESPONSE ¢
BUBBLE @ + WAIT
ROBOT.PORT SELECT.DEVICE
[ ROBOT |

§ 90 MOVE.DOWN

( FORTH )

STOP . MEASURE . SAMPLE
{ ROBOT )
§ 90 MOVE.UP
[ ARL ]
BUBBLE @ WAIT
WIZ.PUMP SELECT.DEVICE
ASPIRATE.WATER
ROBOT.PORT SELECT.DEVICE
[ ROBOT ]
ARL.TIP.WASH
[ FORTH )

EMPTY .SAMPLE (=)
[ ROBOT )

CHECK.GRIP

GRIP.ACTIVE @ SWAP

SAMPLE.TO.ARL.PATH.2 MOVE.TO

ARL.SAMPLE MOVE.TO

$ 40 MOVE.DOWM
GRIP.CLOSE

$ 40 MOVE.UP
WAIT.ROBOT

FAWRD EMPTY.COMTAINER
WAIT.ROBOT

{ ARL )

DRAIN @ WAIT

[ ROBOT )

FRWRD DIRTY.GLASSWARE
[ FORTH )

{ Set pump to high speed )

-

Draw distilled water to warh out )
previous solution )

-

( Take probe out of wash sclution )

( Get normal flow rate )
( Set to normal flow rate )

( Switch valve to aspirate blank solution )

( ARL_sample posn. - )

-

Move sample )
Wait for robot to arrive )
Select Wiz pump for output )

- -

Switch valve to draw from prcbe )
Get valve response time )
Get bubble time and wait )
Select robot for output )

( Move down into solution )

{ Move up out of solution )

Allow bubble to form )

Select Wiz pump for output )
Switch valve to draw from water )
Select robot for output )

PPN

{ Rinse tip of probe )

Check if robot is holding anything )
Get state of grip activity )

Move to area of sample )

Move to above sample )

Pick up sample )

Hait for robot to complete move )
Take tip vial contents into waste )
Wait for robot to complete move )

-_— e e~ o~

({ Delay to allow to drain )

( Drop vial into dirty glassware bnx )

24
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: FORCE.FLUSH ( - )

( Run peristaltic pump at a higher flow rate during pre-flush )
W1Z.PUMP SELECT.DEVICE

{ ARL )
FORCE.FLOW € ( Get high speed setting )
[ PUMP.COMMANDS ]
PUMP.SPEED ( Set higher speed )
13 CEMIT
[ ARL ]
PRE.FLUSH.TIME @ ( Get pre-flush time )
2* 3/ 0 ( Calculate 2/3 of pre-flush time )
Do
1000 WAIT ( 1 sec delay )
LOOP
NORMAL.FLOW @ ( Run at normal speed for remainder )
{ PUMP.COMMANDS ]
PUMP .SPEED
13 CEMIT

OLD.DEVICE SELECT.DEVICE ( Return comm. to previous device )



Appendix C

Listing of Automated Analysis Program

This appendix contains the full listing of the procedures used to
perform the automated analysis using feedback control of the preparation of
the standards. The last word defined is used to perform the analysis. The
samples are placed in the measurement tray in front of the plasma box. The
positions 1,1 and 2,4 are used by the standard solutions and the wash solution
respectively. Typing the command “AUTO.ANALYSIS” will start the
analysis. The computer will ask for the names and positions of the samples,
will ask about the elements to be analysed and the number of replicate
integrations to be used. After the filename has been entered the analysis will
start.

The constant AUTO.ANAL can be used with the command
ARL.PROG.RUN to start the ARL part of the program when :.1e ARL is
running the COMMAND program.

Most of the program listing concerns the new solution preparation
routine PREP.SOLN. One routine is, as yet, untested (SWITCH.NEXT.SOLN).
This routine was designed to deal with the situation that may arise when a
change in the dilution ratio required for the most dilute intermediate
solutions (3 or 4) cause them to be switched from being included in solutions
1 to 2 or from 2 to 1. This situation never arose during the extensive testing of
the program and so this code may be redundant. It was included simply for
completeness.
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500 CONSTANT AUTO.ANAL Constant used to run ARl part of program )
CREATE SAMPLE.ID 140 ALLOT ( Space for sample names )
CREATE SAMPLE.POS 12 ALLOT ( Space to store position of samples in tray )

-

VARIABLE SOLN.COMP 35 ALLOT ( Definition of solution as returned from ARL )
VARIABLE NO.SAMPLES { Number of samples to be analysed )

VARIABLE NO.REPL ( Number of replicate integrations )

VARIABLE MAX.POINTS ( Maximum number of points to be included )
VARIABLE CAL.SOLN.NO ( Point number in calibration )

CREATE INTERMEDIATE.SOLUTIONS 152 ALLOT ( Space for definition of intermendiates )
CREATE CUMULATED.INT.VOLUMES 16 ALLCT ( Volume of stds in int. solutions )
CREATE INT.DIL.RATIOS 16 ALLOT ( Dilution ratios for int. solutions )
CREATE NO.IN.INT 8 ALLOT ( Number of components in solution )
CREATE POSN.ON.NEXT 8 ALLOT ( Position of int or next solution )
VARIABLE INT.J.ON ( Next intermediate solution for 3 )
VARIABLE INT.4 .ON ( Next intermediate solution for 4 )

S NO.REPFL ! { Set default values )
10 MAX.POINTS !

2 INT.3.ON !

2 INT.4.ON !

VARIABLE MAX.RSD 2 ALLOT ( Desired precision for analysis )
$ .01 MAX.RSD R32! ( Default set to 1% )

¢ GET.SAMPLE.ID (=)

({ Get name of sample form user and store )
CR
." Please enter sample i.d, *
INS
SAMPLE. ID
NO.SAMPLES € ?DUP
0>
IF

0

DO

COUNT +

LOoOP
THEN
OVER C@ 2+
CMOVE

Get name )

-

-

Is this first sample? )

-

If not skip over names of previous samples )

-

Get length and add two bytes for the Count )
Move name into string array )

-~

¢ GET.SAMPLE.POS (=)
( Get position of sample in tray )
BEGIN
CR
." Please enter position of "
SAMPLE. ID  Find sample name )
NO.SAMPLES @ ?DUP
0>
IF
0
Do
COUNT +
Loop
THEN

-

Print sample name )

INS Get user response )

—



PLOAD ( Interpret user response )
ARL.SAMPLES ( Position in tray )
jo1¢) 4
1 1 ARL.SAMPLES ( Check not in 1,1 position as this is used by )
= DUP ( the standards )
IF
CR

." Sorry, but that position is to be used for standards.” CR
." Please move the sample to another position®

PLUCK ( Print message, remove position from under flaq)
THEN
NOT ( Loop until position not 1,1 )
UNTIL
SAMPLE.POS
NO.SAMPLES @ 2* + ! ( Store position in array )
: ANOTHER.SAMPLE? ( - flag )
NO.SAMPLES DUP 1+! @ ( Get number of samples )
€ = NOT DUP ( Cannot analyse more than 6 samples, 80 no more )
Ir
DROP CR { Less than 6 sample 3o ask user if any more )
." Another sample " ?Y/N
THEN
H
: GET.ELEMENT.AUX ( - element )
CR
." Please enter the next element for the solution *
INS DROP ( Get user input )
CONTEXT ,@ ( Get current vocabulary )
ARL-SEG 14 + CONTEXT ,! { Switch to ARL vocabulary )
PLOAD SWAP CONTEXT ,! ( Interpret user response and restore vocabulary )
:+ ANOTHER.ELEMENT? ( - flag )
NO.ELEMENTS DUP 1+! 8§
7 = NOT DUP ( More than 7 elements will exceed capacity )
IF
DROP CR
." Another element " ?Y/N ( Ask the question )
THEN
: GET.ELEMENTS t =)
{ ARL ]
CR

LIST.ELEMENTS CR
." Use these elements ™ ?Y/N
NOT
Ir
NO.ELEMENTS 0!
BEGIN
[ ARL )
GET .ELEMENT
ELEMENT .ARRAY NO.ELEMENTS @ + C!
ANOTHER.ELEMENT?
NOT
UNTIL
0 ELEMENT.ARRAY NO.ELEMENTS § + C!
THEN
NO.ELEMENTS ¢ SOLN.COMP !

.

P

Print current list of elements )
Are these to be used? )

If not, zero counter )

Get element from user )
Store in list )

Ask if there are any more )
Repeat until no more )

Element list is NUL terminated )

store number of components in SOLN.COMP )
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GET.NO.REPL ( - )

CR
." Use " NO.REPL @ . .” integrations per sample "
?Y/N ( Check if current value can be used )
NOT
IF
CR ( If not get new value )
." How integratisns per sample "
IN® NO.REP™ !
THEN

: GET.SAMPLES, INFO -

~

NO.SAMPLES 0! { Zero counter )
CAL.SOLN.NO 0! ( Initia..se counter )
BEGIN
GET.SAMPLE. ID ( Get information on sample )
GET.SAMPLE. POS
ANOTHER.SAMPLE? ( Repeat until no more samples )
NOT
UNTIL
GET.ELEMENTS ( Get elements to be analysed )
GET.NO.REPL { Number of replicate integrations )
NO.ELEMENTS ¢
SOLN.COMP !
GET.FILE (=)
CR
." Please enter filename "
IN$ MAKE-OUTPUT CR ( Get filename and open for output )
>FILE ( Put header in file )
<" Automated Analysis Using Calibration Curves ™ CR
PRINT ( Print header on printer )
" Automated Analysis Using Calibration Curves * CR
>FILE ( Send output to file )
DATE. 9 EMIT TIME. CR ( Date and time stamp )
PRINT
DATE. 9 EMIT TIME. CR
>FILE
SEND.NO,SAMPLES t =)
[ ARL )
NO.SAMPLES ¢ ( Get number of samples to be analysed )
ASCII S { Synchronisation characters )
ASCII N
N.SEND.ARL ( Send integer to ARL )
SEND .MAX .POINTS (=)
[ ARL ]
MAX.POINTS ¢ ( Ger maximum number of points for calibration )
ASCII W
ASCII M

N.SEMND.ARL
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SEND .MAX . ERROR (=)

[ ARL ]
MAX .RSD R32¢ ( Get value of desired precision )
4 ( Send value to 4 sig. figs. )
ASCII E ( Synchronisation characters )
ASCII M
F.SEND.ARL ( Send floating point number )
INIT.ARL (=)

[ ARL ]

ARL,PORT SELECT.DEVICE Select ARL for output )
RESTART.ARL Restart program running on ARL )
PAD COMPORT & GET.RETURN DROP Get program name and ignore )
CKEY DROP Gat LF character )

13 CEMIT Send CR to ARL )

SEND.ELEMENTS
SEND.PREFLUSH
SEND.INTEGRATION

NO.REPL @ SEND.REPLICATES
SEND.NO,SAMPLES
SEND.MAX.POINTS
SEND.MAX.ERROR

Send elements to be analysed )

Send preflush time )

Send inteqration time )

Send number of replicate integrations )

Send number of samples to be analysed )

Send maximum number of points for calibration )
Send desired precision )

P e T T T . P G,

GET.DATA { Integration number - )
[ ARL )
ASCII I
WAIT.ARL ( Wait till integration complete )
ASCII R
ASCII E
N.RECEIVE.ARL
O= NOT
IF
ABORT" Integration Error™
THEN
1+ ., 9 EMIT ( Print integration number and TAB )
ELEMENT.ARRAY
BEGIN
DUP C@
WHILE
ASCII D
ASCII R
F.RECEIVE.ARL
4 6 F.R 9 EMIT 1+
REPEAT
DROP CR

Get error code )
Check if error occured )

P

For each element get a value )

-

-

Synchronisation c-aracters )

Get emission intensity )
Print value to 4 sig figs. in €6 char field )

-~

|

" Mean” 9 EMIT
ELEMENT . ARRAY
BEGIN

DUP Ce¢
WHILE

ASCII D

ASCII M

F.RECEIVE.ARL ( Get average emission intensity )

4 6 F.R 9 EMIT 1+
REPEAT
DROP CR

GET . MEAN (=)
{ ARL



: START .BLANK.MEASURE (=)
" Blank " CR ( Print header )
ARL.PORT SELECT.DEVICE
13 CEMIT ( Send CR to ARL )
[ ARL )
ASCII M
ASCII B
SYNC.ARL ( Send start signal )

~.

¢ GET.BLANK.DATA (=)
NO.REPL @
0
DO
I GET.DATA ( Get individual intensities )
LOOP
GET.MEAN ( Get average intensity )

: MEASURE,BLANK =)
START .BLANK.MEASURE
GET.BLANK.DATA

: GET.REGRESSION.DATA [ |
{ ARL }
CR
.” Regression Data " CR ( Print table header )
9 EMIT
." Slope " 9 EMIT
." Intercept " 9 EMIT
." Sy/x " 9 EMIT
." Sb " 9 EMIT
." Sa " CR
ARL.PORT SELECT.DEVICE
BEGIN
ASCII L
ASCII E
N.RECEIVE.ARL
2Dup
WHILE
ELEMENT.SYMBOLS
SHAP
0
Do
COUNT +
LOoop
$. 9 EMIT
ASCII L
ASCII S
F.RECEIVE.ARL
7 6 F.R 9 EMIT
ASCII N
ASCII I
F.RECEIVE.ARL ( Get intercept )
7 6 F.R 9 EMIT
ASCI1 Y
ASCII S
F.RECEIVE.ARL ( Get sy/x )
7 6 F.R 9 EMIT
ASCII B
ASCII S
F.RECEIVE.ARL
7 6 F.R 9 EMIT

-

Get channel number )
While not zero )

-

-

Print element symbol )

Get slope )
Print slope and TAB )

-

Get std, dev. in slope )



ASCII A

ASCII 8
F.RECEIVE.ARL ( Get std, dev. in intercept )
7 6§ F.RCR

REPEAT ( Repeat for each channel )

’

: GET.SAMPLES.RESULTS ( - )
{ ARL )
."™ Sample Results " TIME. CR ( Print header and time stamp )
CAL.SOLN.NO @ Get calibration point number )

-

0= ( If initial estimate then want a hard copy )
IF
PRINT ( Send to printer )
." Sample Results " TIME. CR
THEN
>FILE
9 EMIT LIST.ELEMENTS CR ( Send element symbols to file )
CRT ( Send to screen )

9 EMIT LIST.ELEMENTS CR
CAL.SOLN.NO @

Q=
IF
PRINT ( Send to printer )
9 EMIT LIST.ELEMENTS CR
THEN
>FILE ( Off to file we go )
." Concentrations " CR
CRT ( Hello, screen )

." Concentrations " CR
CAL.SOLN.NO @
0=
IF
PRINT : ( Hi there, printer )
." Concentrations * CR
THEN
>FILE
NO.SAMPLES ¢ ( Get number of samples )
0
DO
I ( Get sample number )
SAMPLE. ID
SWAP 2?2DUP { Look for name of sample )
0>
IF
0
DO
COUNT +
LOOP
THEN
DUP
CRT
S.
CAL.SOLN.NO ¢
Q=
Ir
DUP
PRINT
$.
THEN
>FILE
s.
ARL.PORT SELECT.DERVICE
13 CEMIT

Print name of sample on screen )

and on the printer )

and finally in the file )

-

Send CR to ARL )



BEGIN
ASCII L
ASCII E
N.RECEIVE.ARL ( Get channel number from ARL )
WHILE
ASCII O
ASCII C
F.RECEIVE.ARL ( Get concentration )
FDUP
CRT
9 EMIT 7 6 F.R ( Print concentration on screen )
CAL.SOLN.NO ¢
O=
IF
FDUP
PRINT ( on printer )
9 EMIT 7 6 F.R
THEN
>FILE ( and in file )
9 EMIT 7 6 F.R
REPEAT ( Repeat for each element )
CRT CR >FILE ( Terminate line )
CR
CAL.SOLN.NO @
Qw
Ir
PRINT
CR
THEN
LooP ( Loop for each sample )
CRT .” Rel. Std. Dev. " CR >FILE
" Rel, Std. Dev. " CR ( Header )
NO.SAMPLES ¢
0
DO
[ ARL )
I
SAMPLE. ID
SWAP ?DUP
0>
Ir
0
DO
COUNT +
LOOP
THEN
pup
CRT
S. ( Print sample name on screen )
>FILE
s. ( in file )
ARL.PORT SELECT.DEVICE
BEGIN
ASCII L
ASCII E
N.RECEIVE.ARL ( Get channel number )
WHILE
ASCII D
ASCII S
F.RECEIVE.ARL ( Get SRSD )
FDUP
CRT 9 EMIT 7 6 F.R >FILE ( Print RSD and TAB )
9 EMIT 7 6 F.R
REPEAT ( Repeat for each channel )

Find sample name )



CRT

CR { Terminate line )
>FILE
CR
LooP ( Loop for each sample )
’
¢ MEASURE.SAMPLES ( =)
{ ROBOT )
." Sample Measurement " CR ( Header )
TIME, CR ({ Time stamp )
FRWRD ARL.PROBE ( Pick up sampling probe )
[ ARL )
9 EMIT LIST.ELEMENTS CR ( Print element symbols )
MEASURE . BLANK { Measure blank solution )
NO.SAMPLES ¢
0
DO ( Loop for each sample )
I
SAMPLE.ID
SWAP ?2DUP ( Find sample name )
0>
IF
0
Do
COUNT +
LOOP
THEN
$. CR 1 ( Print sample name )
2* SAMPLE.POS + ¢ ( Find position of sample )
START .MEASURE . SAMPLE ( Start sampling )
{ ROBOT )
WAIT.ROBOT ( Wait for robot to complete move )
ARL.PORT SELECT.DEVICE
{ ARL )
13 CEMIT
ASCII 8
ASCII I
SYNC.ARL ( Send start signal to ARL )
FORCE.FLUSHE ( Use force flushing during preflush )
NO.REPL @
0
DO
I GET.DATA ( Get emission intensities )
LOOP
GET.MEAN ( Get average intensity )
[ ROBOT )
STOP.MEASURE . SAMPLE Stop sampling and wash probe )
WAIT.ROBOT Wait for robot to complete operation )
Loop Loop tc next sample )

BCKWRD ARL.PROBE
GET.SAMPLES .RESULTS

Replace probe )
Get initial estimates )

- e e~
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: UPDATE.ELEMENT.LIST (=)

{ ARL ) ( Rearrange the element list from SOLN.COMP )
SOLN.COMP 2+
ELEMENT . ARRAY
BEGIN
OVER C@ ( Fetch element from SOLN.COMP )
OVER C! 1+ ( Store in ELEMENT.ARRAY )
SNAP § + SWAP ( Increment SOLN.COMP )
DUP C@ NOT { Check if next element number is 0 )
UNTIL ( Repeat while next element not 0 )
DDROP ( Clean up stack )
[ FORTH )
: GET.CONCENTRATIONS ( - )
[ ARL ] ( Get concentration of standard solution )
ARL.PORT SELECT.DEVICE
13 CEMIT
ASCII C WAIT.ARL ( Wait till ARL ready to send concentrations )
SOLN.COMP 2+ { Solution definition to be stored in SOLN.COMP )
BEGIN
ASCII L
ASCII E
N.RECEIVE.ARL { Get channel number )
bup
WHILE ( While channel number not 0 )
OVER C! 1+ ( Store channel number )
ASCII O
ASCII C
F.RECEIVE.ARL ({ Get concentration )
DUP R32! 4+ ( Store concentration and goto next entry )
REPEAT
DROP DROP { Clean up stack )
UPDATE .ELEMENT ,LIST { Rearrange element list )
H
: GET.POSN.ON.NEXT { int no - Addr posn on next soln )
1- 2°* ( Calculate offset )
POSN.ON,NEXT + ( Calculate address )
;
: GET.NEXT.SOLN { Int no. - Addr next int soln )
1=
IF
INT.3.0N
ELSE
INT.4.0N
THEN

GET.NO.IN.INT.SOLN ( Int. No. - Addr of No. in Soln. )

1= 2+ ( Calculate offset )

NO.IN.INT + ( Calculate address )
: GET.INT.DEFN ( Int. No. - Addr of Defn )

1- 38 » ( Calculate offset )

INTERMEDIATE.SOLUTIONS + ( Calculate address )

: GET.INT.DIL.RATIO ( Int No., - :: - Dil. Rat. )
1- 4¢* { Calculate offset )
INT.DIL.RATIOS + R320¢ ( Calculate address and fetch )

-



~

.

.

STORE. INT.DIL.RATIO ( Int No. - :: = D.!. Rat. )

1- ¢»
INT.DIL.RATIOS + R32!

(
(

Calcu'ate offset )
Calculate address and store )

GET.CUMULATED.VOLUME ( Int, No. - Addr of Vol. )

1- 4+
CUMULATED. INT.VOLUMES +

GFT.17"AL.VOLUME « Int, No
Dup
! « QVER 2 =
CR
LF
TOTAL.VOLUME
ELSE
TOTAL.SERIAL.VOLUME
THEN
R32¢

(
(

.

(

-

FIND.ENTRY.ON.INT ( Pcsn Int. No. -
( Get solution definition )

GET.INT.DEFN 6+
BEGIN
DuP @
3 PICK
= NOT
WHILE
4+
REPEAT

FIND.STOCK.CONC ( Recd. - Recd.
pup 2- ¢
FIND.STOCK.SOLN
DUP 2+ I160 4+ @ PLUCK

— o e~

(
(
(

Calculate offset )
Calculate address )

= Int. No, :: - Total Vol. )

If intermediate 1 or 2 )

use TOTAL.VOLUME
3 or 4 use TOTAL.SERIAL.VOLUME )

Get volume )

Entry Recd. )

Get posn of component )
Copy of desired position )
If not the same )

Goto next entry )

12 - Conc., )

Get position of stock solution )
Find record of stock solution )
Get concentration )

CALC.FINAL.CONC ( :: Volume - Conc/ppm )
F* TOTAL.VOLUME R32¢ & 1E3 F* F/ ( Conc*volume/total volume )

CALC.CONC.FROM.SERIAL ( Int. No. - :: Volume = Conc )
Fe conc*volume )
TOTAL.SERIAL.VOLUME R32¢ & 1E3 convert ml to Ml )

Fe ¥/

GET.POSN.ON.NEXT ¢
DEFAULT.SAMPLE. SOLUTION 8 +
SWAP 4* I8 ->F

P R R e )

divide by total volume, = conc, in int. soln. )
Find int. soln. on next soln. defn. )

Get entry in sample definition )

Get volume of int. used, send to f.p. stack )

CALC.FINAL.CONC Calculate concentration in final solution )
CALC.CONC.FROM.START ( Int. No. - :: Vel. - Conc. )
r.

TOTAL.SERIAL.VOLUME R32¢
S 1E3 F* F/ DUP
GET.NEXT.SOLN ¢

SHAP GET.POSN.ON.NEXT ¢
OVER GET.INT.DEFN 8 +
SWAP 4* IQ ->F
CALC.CONC.FROM. SERIAL

o~ e o o

Calculate conc. in int. soln. )

Find which int. soln. used for next step )
Find record of this soln. on aext )

Get record )

Get volume of solution used )

Continue calculation )



’

.

CALC.PM.CONC. 2 i Soln.Contents - Soln.Contents+ :: - Conc., )

2+ DUP @

1=

Ir
FIND.STOCK.CONC
FIND.ENTRY.ON,SAMPLE
2+ 1164 DROP
CALC.FINAL.CONC

ELSE
FIND.STOCK.CONC
OVER ¢ 1-
FIND.ENTRY.ON,INT
2+ I160 DROP
DUP ¢ 1-
DUP 1 =
OVER 2 =
OR
Ir

CALC,CONC,FROM.SERIAL
ELSE
CALC .CONC,.FROM.START

THEN

THEN

RETURN ,CONCENTRATIONS (
[ ARL }
SOLUTION,CONTENTS
BEGIN

oup ¢

WHILE
CALC.PPM.CONC.2
ARL.PORT SELECT.DEVICE
4
ASCII O
ASCII C
F.SEND.ARL
2+

REPEAT

DROP

FCBRT ( 12 x - x°1/3)
FABS FIOG & 3 F/ Fl0w»

FROOT ( Int, No. :: x - n*1l/n

ooP
1= OQVER 2 =
OR
Ir

FSQRT
ELSE

FCBRT
THREM

TOO.DILUTE.ERROR (=)

(

P N o L

(

Find solution at start of dilution )

Single step dilution )

Get concentration of stock solution )
Find record for component )

Get volume of stock solution used )
Calculate concentration )

More than one step dilution )

Get concentration of stock solution )
Get intermediate solution number )
Find record of component on soln. defn. )
Get volume of staock solution used )
Get int. soln. no. )

Was a two step dilution used )

Calculate concentration for two step dil. )

Calculate concentration for three step dil. )

Send actual concentration in standard solution )

¥hile channel number not 0 )
Calculate concentration )

Number of sig. figs. )
Synchronisation characters )

Serd concentration )
Goto next entry )

Clean up stack )

Calcula:e cube root of dilution factor )

)
Calculate appropriate root of dilution factor )

Square root for two step dilution )

Cube root for three step dilution )

ABORT”" Component to dilute to be made™ | Print message, return control to user )



~e

CHECK.MINIMUM. VOLUME
DUP MINIMUM.VOLUME @
<

{ Vol. - Vol. )

( Compare volume to minimum allowed )

IF
CRT ({ If too small, switch output to screen )
TOO.DILUTE.ERROR { Abort with error message )
THEN
CHECK.OVERFLOW ({ Vol. Int. No. - Vol. Int. No. flag )

OVER =->F & 1E3 F/

Send volume to f.p. stack and convert ml )

(
DUP GET.CUMULATED.VOLUME DUP { Get cumulated volume )
R328 7+ FDUP OVER ( Fetch and add new volume )
GET.TOTAL.VOLUME DROP ({ Get total required )
F- { Take difference )
FO> ( Check for overflow )
: GET.OVERALL.DIL.RATIO { Int., No. = :: - Dil. Rat. )
BEGIN-CASE
1 CASE-OF
1 GET.INT.DIL.RATIO { Get dilution ratio )
ELSE
2 CASE~OF
2 GET.INT.DIL.?ATIO
ELSE
3 CASE-OF
3 GET.INT.DIL.RATIO ( Get first dilution ratio )
INT.3.0N @
GET.INT.DIL.RATIO ( Get second dilutica ratlo )
Fe ( Calculate overall dilution ratio )
ELSE
4 CASE-OF
4 GET.INT.DIL.RATIO
INT.4.ON @
GET.INT.DIL.RATIO
Ft
ELSE
DROP
END-CASE
CHECK.OLD.RATIO ( Int. No. - Vol. Flag :: Dil. Rat, - pil. Rat. Old. D. R.)
o]0) 2 Check {f existing dilution ratio can be used )
GET.OVERALL.DIL.RATIO Get existing dilution ratio )

~

CALC.VOL.CF.STD.IN.SERIAL
DUP MINIMUM.VOLUME @ <
NOT

FIND .NEXT.SYRINGE . VOLUME

Check if too small )

(
(
{ Calculate volume of standard required )
(
( If not then can use existing values )

{ Vol - Vol' )

FIND.SYRINGE.VOLUME @ PLUCK { Find closest allowed volume )

BACK.CAT~.SYRINGE . VOLUME
GET.TOTAL.VOLUME
F* & 1E3 F* F->

{ Int. No. - Int. No. Vol :: Dil. Rat. - )
( From dilution ratio calculate volume to be used )



SYRINGE.VOLUME .AVAILABLE ( Int. No. - flag :: Dil. Rat. - Dil. Rat. )

FOUP

BACK.CALC.SYRINGE.VOLUME ( Calculate volume from dilution ratio )

PLUCK

FIND.SYRINGE,VOLUME PLUCK ( Find allowed volume )

SERIAL.VOLUMES 10 + > ( Check for overrun )

NOT ({ If no overrun ther. a volume is available )
: BACK.CALC.DIL.RATIO ( Int, No. Vol. - Int., No. :: - Dil. Rat. )

->F & 1E3 F/ ( From volume cal.ulate dilution ratio)

GET.TOTAL.VOLUME

F/
: CALC.IDEAL.VOLUME ( Int. No. - Int. No, Vol. :: Dil. Rat. - Dil. Rat. )
( From overall dilution ratio calculate ideal volume )

FDUP FROOT ( Take nth root )

GET.TOTAL.VOLUME ( Multiply into total volume )

Fe § 1E3 F* ( Convert to Ml )

F=> ( Send to integer stack )

: CALC.NEW.RATIO ( Int. No. - Vol. Int. No. :: Dil. Rat. - Dil. Ret. N.D.R, )

CALC.IDEAL.VOLUME ( Calculate ideal volume )
FIND.BEST.SYRINGE.VOLUME ( Find closest allowed volume )
BACK.CALC.DIL.RATIO ( Calculate actual dilution ratio )
CALC.VOL.OF,.STD.IN.SERIAL ( Calculate volume of stock required )
SWAD ( Rearrange the stack )

.
.

: CALC .NEW,TWO.STEP.RATIO
( Int, No. - Voi. Int. No. :: Dil. Rat. - Dil. Rat. N.D.R. )

CALC.IDEAL.VOLUME
FIND.BEST.SYRINGE.VOLUME
BACK.CALC.DIL.RATIO ( Calculate dilution ratio of last step )
FOVER FOVER F/ ( Calculate dilution ratio required of first two steps )
DUP 2- CALC.IDEAL.VOLUME ( Calculate ideal volume for first two steps )
FDROP
FIND.BEST.SYRINGE.VOLUME
BACK.CALC.DIL.RATIO DROP ( Calculate dilution ratio of second step )
FOVER F* ( Calculate dilution ratio of last two steps )
FROT FSWAP
CALC.VOL.OF.STD.IN.SERIAL { Calculate volume of stock solution required )
SWAP FDROP FSWAP ( Clean up stack )

: OVERFLOW.ERROR (=)
CRT ( Send output to screen )
FDROP CR

." This solution cannot be prepared from the stock solutions present™ CR
." as the total volume of stock solutions will exceed the total volume *

." required®
ABORT ( Print message and return control to user )
: CHECK.CUMULATED.VOLUME ( Vol. Int, No. - Vol 1nt. No. )
CHECK.OVERFLOW ( Check if overflow can occur )
IF
OVERFLOW .ERROR ( If so abort )
TREN

R32! { Store new cumulated volume )

-



: UPDATE.FOR.NEW,RATIO
( Int, No. No. in Soln., -~ Int, No.:: Dil. Rat. - Dil. Rat. )

FDUP OVER ( Copy dilution ratio and soln. no. }
GET.INT.DIL.RATIO { Get old value of dilution ratio )
FSWAP F/ OVER { Calculate update factor )
GET.INT.DEFN 8 + SWAP ( Get definition record )
3 PICK GET.CUMULATED.VOLUME ( Get old cumulated volume )
F=0 R32! ( Zero volume )
0
DO { Loop for each entry )
FDUP DUP DUP I1l6@ { Copy update factor, get old volume )
F* F-> { Calculate new volume )
CHECK.MINIMUM, VOLUME ( Check not too small )
4 PICK
CHECK.CUMULATED.VOLUME DROP { Check does not overflow )
SWAP ! 4+ { Store new volume and goto next entry )
LOOP
DROP FDROP ( Clean up stacks )

UPDATE.VOLUME ( Vol. Int. No. - Vol' Int. No. :: Dil. Rat. - Dil. Rat. )

FDUP DUP

GET.INT.DIL.RATIO

FSWAP F/ { Calculate update factor )
SWAP

=->F F* F-> { Calculate new volume )
CHECK.MINIMUM.VOLUME { Check not too small )
SWAP ( Tidy up )

: INCREASE.VOLUME.OF.INT.SOLN ( Vol Int. ilo, - Vol® Int. No. :: D, R. = D, R.')
BACK.CALC.SYRINGE.VOLUME 1+ ( Ceiculate current value of syringe vol. )
FIND.NEXT.SYRINGE.VOLUME { increase value 0 go to next vol. )
BACK.CALC.DIL.RATIO { Calculate new diluiion factor )

DUP GET.NO.IN.INT.SOLN @
UPDATE .FOR.NEW.RATIO ( Update vols. of all entries in defn. )
UPDATE.VOLUME ( Update vol. of this component )

: START.NEW.INT.DEFN ( Int. No. ~ Int. No. )
DUP GET.CUMULATED.VOLUME

F=0 R32! ( Zero total volume of components )
GET.NEXT.SERIAL { Get posn. of next empty vial )
OVER

GET.INT.DEFN 2+ ! { “tore posn. of vial )

: ENTER.ON.INT.DEFN ( Stock Recd. Vol Int. No. - :: Dil. Rat. =) )
CHECK.CUMULATED . VOLUME { Check that volume won't cause overflow )
DUP ( also update cumulated volume )
GET.INT.DEFN { Get solution defn. )

4 ROLL 4+ @ ( Get posn. of stock solution )

OVER 6+ ( Calculate base offset for posns. )

4 PICK

GET.NO.IN.INT.SOLN @ 4* I! ( Calculate entry offset and store posn. )

8 + ROT SWAP { Calculate base offset for volumes )

3 PICK

GET.NO.IN.INT.SOLN @ 4* I! { Calculate entry offset and store volume )
DUP GET.NO.IN.INT.SOLN 1+! ( Increme:nt number of components in solution )

FDROP { Drop dilution ratio )

~~



: USE.OLD.RATIO { Vol. Int, No. - Int. No. :: Dil. Rat. - )

( Some entries are already in solution defn. and we can use the existing )
( dilution factor )

SWAP
BEGIN
CHECK.OVERFLOW ( Check to see if adding this volume will cause )
PLUCK FDROP ( an overflow, while yes and while a syringe volume )
OVER ( is available reduce volume of std. )
SYRINGE.VOLUME .AVAILABLE
AND ( and increase volume of intermediate on next soln. )
WHILE
INCREASE ,.VOLUME,.OF . INT.SOLN
REPEAT ( We will assume some changes have been made )
DUP STORE.INT.DIL.RATIO ( Store new dilution factor )
ENTER.ON. INT.DEFN ( Enter this component of def:r )
: USE.NEW.RATIO ( Vol, Int, No. - Int. No., :: Dil. Rat. - )
DROP FDROP ( Can't use existing values of dilution ratios )
CALC.NEW.RATIO ( Get rid of old values and calculate new ones )
DUP ’
GET.NO.IN.INT.SOLN @ 2DUP (¢ to see if anything already on defn. )
IF
UPDATE.FOR.NEW.RATIO ( Yus, update existing entries for new ratio )
ELSE
START .NEW,. INT.DEFN ( No, Start a new defn. )
THEN
DUP STORE.INT.DIL.RATIO ( Store new value of dilution factor )
ENTER.ON, INT .DEFN ( Put this component into defn. )

VARIABLE COMPONENT.NO

s+ FIND,INTERMEDIATE.TO.USE ( - Int. No. :: Dil. Rat. - Dil. Rat. )
F=1 MINIMUM.VOLUME Il68
TOTAL.SERIAL.VOLUME R328

§ 1E3 F* F/ FSQRT FSWAP ( Calculate maximum range of dilutions for )
1 ( for each intermediate solution )
BEGIN
FOVER F* FIPICK FSWAP ( Calculate maximum dilv-ion factor for int. )
CALC.VOL.OF .STD.IN.SERIAL ( Calculate volume of std. that would be )
FSWAP FDROP ( required )
MINIMUM.VOLUME @ < { Is it less than minimum allowed )
WHILE
1+ ( While it is increment count and loop )
REPEAT
FDROP FDROP ( Drop maximum dil. rat. and dil. range )
;
: USE.INT.SOLN,.1.0R.2 ( Int. N>, - :: Dil. Rat. - )
CHECK.OLD.RATIO ({ Check if existing dilution factors can be used )
IF
USE.QLD.RATIO ( Yes, use them )
ELSE
USE.NEW.RATIO ( No, try find new ones )
THEN

( Enter intermediate solution used to dilute this component )
( This is used to calculate the actual concentration )
( in the flnal solution )

1+ SOLUTION.CONTENTS 2+ COMPONENT.NO @ 4* I!

O SOLUTION.CONTENTS COMPONENT.NO @ 1+ 4+ I!

261



REMOVE .. ROM.NEXT.CUMULATED.VOLUME

( Int. No, Int. Vol. Nex-. Sol
3 PICK GET.POSN.ON.NEX®
OVER GET.INT.DEFN 8 +
SVHAP 4* IQ ->F & 1EJ F/
DUP GET.CUMULATED.VOLUME DUP
R32@ FSWAP F- R32!

VOLUME .WITH.EXISTING.RATIO

n. - Int, No, Int. Vol. Next. Soln. )

Find position on next solution )

Get defn. of next solution )

Get volume of intermediate on next soln. )
Get cumulated volume of next soln. )
Remove volume of intermediate )

( Int. No. - Int. No. Vol. :: D.r, R.D.r, N.D.r.

DUP GET.NEXT.SOLN @ ( Get number of next solution )
GET.INT.DIL.RATIO ( Get dilution factor cof next soln. )
F/ ( Divide total dilution ratio by dil. rat. of rext )

DUP GET.NEXT.SOLN @
( Calc vol. of std and di
CALC.NEW.RATIO DROP

: CHECK.EXISTING.RATIO

~e

~

( Vol. Int. no. - Vol. Int, No.

FOVER

VOLUME .WITH.EXISTING.RATIO
FDROP FDROP

MINIMUM,.VOLUME @ <

NOT

l, rat, for remaining dilution )

t: D.r. N.D.r - D. R. N.D.r )

( Copy overall dilution factor )

({ Calculate volume of std. needed if using )
( existing values of dil. -atios )

(

Compare with minimum allowed )

GET.OTHER.NEXT ( next soln. - other next soln. )

DUP 2 MOD 2* 1- +
(lor 2, rem /2 1 ox O,

2o0r 0, lor -1, 20r1)

USE.EXISTING.RATIO ( Vol. Int. No. - Int, No. :: D.r. N.D.r ~ D,xr 0.D.r )

PLUCK FDROP

FDUP

VOLUME .WI'TH.EXISTING.RATIO
SWAP FSWAP FDROP

DUP ~ET.NC.IN.INT.SOLN @
UPDATE . FOR.NEW.RATIO

DUP GET.NEXT.SOLN &
GET.TOTAL.VOLUME

Fe & 1E3 F* F-> SWAP

REMOVE . FROM.NEXT .CUMULATED . VOLUME

CHECK.CUMULATED . VOLUME
CPT . INT.DEFN 8 +

.~ PICK GET.POSN.ON.NEXT @
4+ I!

DUP GET.INT.DIL.RATIO

UPDATE.FIRST.STEP
( Int. No. Vol. Next. Soln No.

( When changing dilution

{ Get rid of old values )

( Calculate volume and ratio required )
\ Tidy up stacks )
( Get number of entries in defn. )
( Update previous entries )
( Get number of next solution )
( Calculate volume of intermediate to be )
( included in next solution )
( Remove old value )
( Check that we won't overflow next solution )

( Put new value into defn. )
( Get existing value of dil. ratio )

in.Int. - Int. No. Vol. Next. Soln

ratio of both intermediate solution the volumes )

( of all previous standards need to be updated to reflect change in both )

( dilution ratio. This ro
{ the dilution ratio of t

FDUP OVER
GET.INT.DIL.RATIO

FSWAP F/ 4 PICK
GET.INT.DEFN 8 + SWAP

5 PICK GET.CUMULATED.VOLUME
F=0 R32!

utine updates volumes to reflect the change in )
he second intermediate solution )

( Get current value of ~ii. Rat. for next soln. )
( Calculate relative che 1@ )
( Get defn. of this inte.mediate soln. )

({ Clear cumulated volume )

)

262
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DO
FDUP DUP DUP I16¢ ( Get existing volume )
F* F=> ( Calculate new volume )
CHECK.MINIMUM, VOLUME ( Check not too small )
6 PICK

CHECK.CUMULATED.VOLUME DROP ( Check it won't overflow )

SWAP ! 4+ ( Store volume and goto next entry )
LOOP
DROP FDROP ( Drop used defn. and update factor )
: KEEP.NEXT.SOLN ( Vol. Int. No. Next Soln. - Vol. Int. No, :: )

CALC.NEW.RATIO

DUP GET.NO.IN.INT.SOLN @
UPDATE .FOR.NEW.RATIO

3 PICK GET.NO.IN,.INT.SOLN &
UPDATE .FIRST.STEP Update this intermediate for change as well )
DUP STORE.INT.DIL.RATIO { Store new ratio )

REMOVE . FROM,.NEXT . CUMULATED . VOLUME ( Remove volume from C. V, )
CHECK.CUMULATEN VOLUME Check adding the new volume won't overflow )
GET.INT.DEFN &

3 PICK GET.POSN.ON.NEXT @

-~

Calculate new ratio for next soln. )

-

Update next soln. for the new ratio )

-

4 I! Put new volume on defn. of next soln. )
FDROP
DUP GET.NO.IN.INT.SOLN @ ( Update this intermediate for new dilution )
UPDATE .FOR.NEW.RATIO ( factor of this intermediate )

¢ REMOVE.FROM, NEXT ( Int. No Next Soln. - Int. No. )

( If switching to other intermediate for the next step in the dilution )
( need to remove the intermediate from the one it is already on )
( this is done by entering a zero for the volume )

0 OVER

REMOVE . FROM.NEXT .CUMULATED.VOLUME ( Remove current v . ume from C, V. )
GET.INT.DEFN 8 +

4 PICK GET.POSN.ON.NEXT @

4+ I

-

¢ SWITCH.NEXT.  'LN ( Int. No. Next Soln. Curr. Solan. - Int. No. )

({ VARNING: This code is untested !!! )

. Switching *
REMOVE . FROM. NEXT ( Remove from defn. of current next soln. )
DUP 3 PICK GET.NEXT.SOLN ! ( Store new next )
DUP GET.NO.IN.INT.SOIN §
3 PICX - POSW. ON . NEXT ! ( Get position on next next )
DUP GET.NO.IN.INT.SOIN ¢ ( Check if anything already in new next )
Ir
CALC .NEM .RATIO ( If yes, calculate new ratio for it )
DUP GET.MO.IM.INT.SOLN ¢
UPDATE.FOR.MEN.RATIO ( Update to new ratio )
GET . OTHER. MEXT
3 PICK GET.MO.IN.INT.SOLN &
UPDATE.FIRST.STEP ( Update this intermediate for change )
GET. OTHER. MEXT ( of next soln. )
CHECK . COMULATED . VOLIME { Check we can add to next )
GET.INT.DEFN 8 +
3 PICK GET.POSN.OM.NEXT ¢
4* 1!
ELSE
DUP GET.OTHER.NEXY



.
¢

: START.TWO.STEP.DIL

-~

UPDATE.FIRST.STEP

DROP

OVER GET.INT.DEFN 2-

SWAP USE.INT,SOLN.1.OR
THEN

RESTART.TWO.STEP.DIL

OVER
BACK.CALC.DIL.RATIO
F3PICK FSWAP F/
FIND.INTERMEDIATE.TO.USE
pup
3 PICK GET.NEXT.SULN @
IF

KEEP .NEXT, SOLN
ELSE

OVER GET.NEXT.SOLN ¢

SWITCH.NEXT.SOLN
THEN

( Vol.
START.NEW. INT.DEFN

OVER
BACK.CALC.DIL.RATIO
F3PICK FSWAP F/
FIND.INTERMEDIATE.TO.USE
fols) 4

3 PICK GET.NEXT.SOLN !
DUP GET.NC.IN.INT.SOLN @
3 PICK GET.POSN.ON.NEXT
OVER GET.INT.DEFN 2-
SWAP USE.INT.SOLN.1.0R.2

: UPDATE.TWO.STEP.DIL

L

( Vol. Int.

USE.NEW.Twu.S.

No. ~ Vol.
CHECK. EXISTING.RATIO
Ir
USE.EXISTING.RATIO
ELSE
RESTART.TWO.STEP.DIL
THEN

RE

DROP FDROP

CALC.NEW.TWO. STEP.RATIO

oop

GET.NO. [N.INT.SOLK @

Ir
UPDATE.TW, .

ELSE
START.TWO.STEP.DIL

THEN

DUP STORE.1nl.DIL.RATIO

ENTER.ON.INT.DEFN

EP.DIL

Int,

.2

( Vol. Int. No.

(

-

{

Int. Ne.

No. ::

( Int,

(

(
(
(

(
(

(
(

D.r.
( See if current ratio of next soln.

= Int. No. ::

Dil.

Rat.

)

Calculate dilution factor in first step )

Calculate dilution

Find what the next soln.

Compare with the current soln.

They are the same )

The- 2 different )

- :: Dil. Rat.
Start a new defn. )

New Dil. Rat.

)

still to go )
required )

)

Calculate dil.tion factor of first step )

Calculate what remains )

Fina which intermediate to use )

Store value )

Store position in the defn.
Enter this solution on defn. as if it were )

like any other standard )

N.D.r - D.r 2)

)

can be used )

( Use it only change dil. ratio of first step )

(

No.

(
(

(

No,

Vol. - Int. No.
Goe rid off old values )
Calculate new values )

try find a set that can be )

s¢ D.r N.D.r - Dil. Rat. )

Check if anything already on defn. )

Yes, then make necessary changes to existing )

entries )
No,

than it is a new defn. )

Store new value of dilution factor )

Enter defn. )



+ UPDATE.TWO.STEP.RATIO ( Int. No. = Int., No, )

Something entered on next soln. may have changed volume of this solution )
and hence the dilution factor of this solution, using old values will )
cause an error since the product of the two dilution factor will be )
erroneous. Hence we recalculate the dilution factor of this solution. )

—~ -~

DUP GET.NO.IN.INT.SOLN @ { Check if there are entries in the defn. )
IF

DUP GET.NEXT.SOLN @ { Yes, get next solution )

GET.INT.DEFN 8 +

OVER GET.POSN.ON.NEXT @

4* 1@ ->F & 1E3 F/ ( Get volume of intermediate )
GET.TOTAL.VOLUME F/ ( Get total volume of next solution )
DUP STORE.INT.DIL.RATIO ( Store result )
THEN
: USE.INT.SOLN.3.0R.4 ( Int. No. - :: Dil. Rat. - )
UPDATE.TWO.STEP.RATIO ( Get current dilutio-~ factor )
CHECK.OLD.RATIO ( See if old values can be used )
IF
USE.OLD.RATIO ( Use old values
ELSE
USE.NEW,TWO.STEP.RATIO { Tty use new values
THEN

1+ SOLUTION.CONTENTS 2+ COMPONENT.NO € 4* I!
0 SOLUTION.CONTENTS COMPONENT.NO @ 1+ 4+ I!

.

: USE.INTERMEDIATES ( - :: Dil, Rat. - )
FIND.INTERMEDIATE.TO.USE ( Find which soiutl--n to use first )
pup
BEGIN~CASE
1 CASE-OF
USE.INT.SOLN.1.0R.2
ELSE
2 CASE-OF
USE.INT.SOLN.1. =.?
ELSZ
3 CASE-OF
USE.INT.SOLN.3.0R. 4
ELSE
4 CASE-OF
USE.INT.SOLN.3.0R. 4
ELSE
TOO.DILUTE.ERROR ( Force too diltrte error )
{ Concentration desired too dilute to be done in a three step dilution )
( and I'm NOT going to evan think about how to use mcre stages )
({ TOUGH CHUCK CHUM )

END-CASE
: FINISH,INTERMEDIATES t =)
( Finish definition o intermediate solutions )
51
DO
I GET.NO.IN.INT.SOLN @ ?DUP { Check to see if any entries are in it )
IF
I GET.INT.DEFN ! ( Store number of components )

I GET.TOTAL.VOLUME
1 GET.CUMULATED.VOLUME

R320 F- 8§ 1L) F* ( Calculate volume of solvent needed )
I GET.INT.DEFN 4+ 116! { Store it )



~N -

{ Check if these are second stage ints. )

HgHH
-

I GET.INT.DIL.RATIO ( Get dilution factor )
I GET.INT.DEFN 2-
NO,IN,.SAMPLE ¢
I GET.POSN,.ON,NEXT !
ENTER.ON,.SAMPLE.SOLUTION
THEN
THEN
Loop

-

Store position of intermediate )
Enter intermediate on final soln. defn. )

: MAKr  INTERMEDIATES ( - )

1 4 ( M2 * intermec.ates in reverse order )
DO
I GET.NO.IN.INT,.SOLN @ ( Check if soln, defined )
IF
I GET.INT.DEFN ( Get Defn. )

MAKE . SOLU". ION
( Debugging code )
." Intermediate soln. #" I . CR)
( SOLUTICYN.PRINT )
( KEY DROP )
THEN
-1
+Lo0oP
;

VARIABLE COUNTER

: FIND.MIN (0nl n2nd .... -=0ni nj ... min(n) )
2 COUNTER !
BEGIN
COUNTER €& DUP 1+
PICK ( Get next number on the stack, while not zero )
WHILE
ROLL ( Get the number )
OVER OVER < ( Make copies of top two numbers and compare )
IF
SWAP ( If new low swap )
THEN
COUNTER 1+! { Increment counter )
REPEAT ( Repeat until zero is reached )

DROP ( Drop zero )



¢t EMPTY.INTERMEDIATES (N

( Empty intermediate solutions, empty vials in first row first to avoid )
( collisions when emptying vials in back row )

0 ( Mark end of list with zero )
51
DO
I GET.NO.IN.INT.SOLN @ { Check if intermediate was used )
IF
1 GET.INT.DEFN 2+ 8 ( If so get position of bottle )
THEN
LOOP
BEGIN
oup { Check if reached marker )
WHILE :
FIND.MIN ( Find next bottle to empty )
DUMP . SOLUTION ( Empty it )
REPEAT

~e

¢ INIT.INTERMEDIATES ( - )
( Initia'{se variables used in definition of intermediates )

51

Do
F=0 ( Zero volumes )
I GET.CUMULATED.VOLUME R32!
I GET.NO.IN.INT.SOLN 0!

-

Zero counter )

F=1 I STORE.INT.DIL.RATIO ( No dilution )
LoOoP
: PRINT.PPM :: conc/ppm - conc/ppm )
( Print concentration in appropriate w/v units )
FOUP F=] F-
FO<
IF
FDUP & 1E3 F*
7 6 F.R .” ppb” { if conc < lppm print in ppb )
9 EMIT
ELSE
FOUP & 1BE3 F-
FO>
IF
FOUP & 1E4 F/
6 F.R ." §» ( if conc > 1000ppm print in &)
9 EMIT
ELSE
FDCy
7 6 F.R.” ppm" { print in ppm )
9 EMIT
THEN
THEN
: PRINT.MOLARITY ( soln. conts. - soln. conts. :: conc/ppm - )
DUP 2- @ 1- 4+
AT.NEIGRTS + R3I2¢ F/ ({ Calculate milliMolarity )
FDUP F=]1 F- FO<
IF
§ 123 F*
7 6 F.R 230 EMIT ." M* ( 1f conc < 1mM print microMolarity )



CR

LLSE
FDUP & 1E3 F- FO>
ir
s 1E3 ¥/
76F.R . ." M ( if conc > 1000mM print M)
CR
ELSE
7 6 F.R ." mM" ( print mM )
CR
THEN
THEN

~.

: PRINT.CONC ( :: conc/ppm - )
PRINT.PPM
PRINT.MOLARITY

: PRINT.SUMMARY.2

SOLUTION.CONTENTS ( Get contents of solution, tells what was in {t )
BEGIN ( and what solution the original std. was pipetted )
pUP @ ( into. Get element, while not zero )
WHILE
DUP @ ( Get channel number )
[ ARL ]
ELEMENT . SYMBOLS
[ FORTH ]
SWAP
0
Do
COUNT +
LoOP
$. 9 EMIT ( Print element symbol )
CALC .PPM.CONC.2 ( Calculate concentration in ppm )
PRINT.CONC { print conc w/v and molarity )
2+ ( Goto next entry )
REPEAT
DROP

~

: PRINT.DESTRED.SOLN ( - )
." Staandard asked for " CR
SOLN.COMP DUP @
SHAP 2+ SWAP
0
DO
puUP Ce
[ ARL )
ELEMENT . SYMBOLS
[ FORTH )
SWAP
]
Do
VOUNT +
LOOP
$. 9 EMIT ( Print element symbol )
1+ DUP R320 { Get concentration )
PRINT.PPM { Print concentration in w/v units )
4+ FDROP CR ( Goto next entry and drop concentration )

LooP
DROP

~.



: PREP,.SOLN (=)

( Prepare the solution defined by the ARL )

CAL.SOLN.NO ¢
.* Calibaration Solution #" . CR
INIT.PREP
INIT.INTERMEDIATES
SOLN,.COMP DUP @ SWAP 2+ SWAP DUP
0
DO
OVER C@ ROT 1+ =-ROT
[ ARL )
DUP SOLUTION.CONTENTS I 4* I!
3 PICK R32@ FDUP
ROT 4+ -ROT DUP
FIND.STOCK.SOLN
DUP
2+ 1160 F/
FDUP
~ALC .VOLUME
FSWAP FO=
IF
DROP
EWTER.ON.SAMPLE. SOLUTION
1 SOLUTION.CONTENTS 2+ 1 4* I!
0 SOLUTION.CONTENTS I 1+ 4* I!
ELSE
MINIMUM,VOLUME @
< NOT
IF
ENTER.ON.SAMPLE.SOLUTION

{ Print calibration number )

( Initialise variables )

( Initialise variable used for intermediates )
( Get number of components )

{ Get channel number, element )

( Store in Soln. conts. )

{ Get concentration required )
( Find record of stock solution )

( Get conc. of stock )
( Calculate dilution factor )
( Calculate volume required )

( If volume is zero enter anyway )
( so that concentration will still be calculated )

( Compare with minimum allowed )

( Can be prepared in one step )

1 SOLUTION.CONTENTS 2+ I 4* I!
O SOLUTIONM.CONTENTS I 1+ 4* I!

ELSE
I COMPONENT.NO !
USE.INTERMEDIATES
THEN
THEN
DDROP
LooP
DROP
O SWAP ELEMENT.ARRAY + C!
FINISH.INTERMEDIATES
FINISH.SAMPLE
MAKE . INTERMEDIATES
DEFAULT.SAMPLE . SOLUTION
MAKE . SOLUTION

( Needs more thar one step )

( Finish definition of intermediates )
{ Finish definition of sample )

( Make intermediate solutions )

( Make sample solution )

( .® Sample Solution Composition " CR ) ( Debuggiag code )

( SOLUTION.PRINT )
EMPTY. INTERMEDIATES
PRINT.SUMMARY.2

( FORTH )

: TAKE.STANDARD.TO.ARL (=)
DEFAULT.SAMPLE.SOLUTION 2+ @
SAMPLE . TO.ARL

( Empty intermadiate solutions )
( Print actual concentrations )

( Get positio. of solution )
( Carry it over to ARL )



: DO.SOLUTION.MEASURE (=)
{ ROBOT |
FRNRD ARL.PROBE
1 1 ARL.SAMPLES
START .MEASURE.SAMPLE

Pick up probe )
Get position of standard )
Start sampling )

—_ e o~

WAIT,.ROBOT Wait for robot to complete move )
ARL.PORT SELECT.DEVICE

{ ARL ]

13 CEMIT

ASCII S

ASCII I ({ Send start signal )

SYNC.ARL

FORCE.FLUSH ( Forced preflush )

10.REPL @

0

DO

I GET.DATA ( Get emission intensities )

LOOP

GET.MEAN ( Get average intensities )

[ ROBOT )

STOP .MEASURE . SAMPLE { Stop sampling )

WAIT.ROBOT ( Wait for the slow coach )

BCKWRD ARL.PROBE ( Return sampling probe )

EME Y. SAMPLE ( Empty the bottl. )

WAI1,.ROBOT ( Waiting again )

H
: MAKE.STANDARD { =)

CAL.SOLN.NO 1+! ( Increment calibration point number )
[ ROBOT )
FRWRD TO.PROBE.PATH ( Goto sample preparation area )
WAIT.ROBOT { Wait for ...m to arrive )
GET .CONCENTRATIONS ( Get solution composition from ARL )
TIME. CR ( Time stamp )
PRINT.DESIRED.SOLN ( Print solution composition required )
PREP. SOLN ( Make solution )
TIME. CR ( Time stamp, can calculate how long it takes )
RETURN . CONCENTRATIONS { Send actual concentrations to ARL )
[ FORTH |

-

¢ MEASURE.STANDARD =)

[ ARL )

9 EMIT LIST.ELEMENTS CR ( Print element list )

START . BLANK. MEASURE { Start measuring blank )

TAKE . STANDARD . TO.ARL ( Move standard over to measurement area )
ARL.PORT SELECT.DEVICE

GET.BLANK.DATA ( Get intensity data on blank )

." Calibration Solution #* CAL.SOLN.NO @ . CR
DO . SOLUTION.MEASURE ( Mesasure standard )

.



-~

?2D0NE ( - flag )
{ ARL ]
ARL.PORT SELECT.DEVICE
ASCII O
ASCII D
N.RECEIVE.ARL
pup
NOT
IF
DROP
CRT
." Do you wish to continue "
?2Y/N CR
>FILE
NOT
THEN

: AUTO.ANALYSIS (=)

GET.SAMPLES. INFO

GET.FILE

INIT.ARL

MEASURE.SAMPLES

BEGIN
MAKE . STANDARD
MEASURE . STANDARD
GET.REGRESSION.DATA
GET.SAMPLES . RESULTS
?DONE

UNTIL

Get completion flag from ARL )
If ARL not ready to give up )

Check if user is )

Need to use the screen )
Ask the question )

Get the reply )

Return output to file )

Get user supplied information on samples )

Get filerame and open )

Initialise the ARL )

Measure the samples and get initial estimates )
Start calibration )

Check if done )
Repeat until done )



Appendix D

Listing of Matrix Study Program

This appendix contains the program listings used for performing
automated matrix studies. The bulk of program is similar to that used for
automated analysis as listed in Appendix C. The main difference is that some
routines have been modified for the inclusion of the matrix component in

the solutions prepared.

The matrix component uses the channel number 35 to distinguish it
from the other elements. Data about the matrix is stored in separate records
defined at the start of the program listing. The concentrations of matrix to be
included in the solutions prepared are store in an array
(MATRIX.CONCENTRATIONS). The definition of the solutions prepared are
made from this array and the variable ANALYTE.CONCENTRATION.

The study starts by typing in “MATRIX.STUDY" the program will ask
about the elements to be studied, the number of replicate integrations and the
name of the file in which the data is to be stored. Once this has been done a
solution containing just the analyte elements will be made. While this
solution is taken to the measurement area the distilled water blank will be
measured and then the analyte solution. After this for each matrix
concentration two solutions are made, one containing just the matrix, the
matrix blank, and one containing matrix and analytes, the full solution.
These are then measured and the relative sensitivities are sent back and
stored in the data file.
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CREATE MATRIX.SOLN 6 ALLOT

CREATE MATRIX.MOL.WEIGHT 4 ALLOT
CREATE MATRIX.NAME 8 ALLOT

CREATE MATRIX.CONCENTRATIONS 20 ALLOT
VARIABLE ANALYTES.CONCENTRATION
VARIABLE DATA.POINT.NO

VARIABLE NO.OF.DATA.POINTS

VARIABLE SOLN.COMP 35 ALLOT

VARIABLE NO.REPL

CREATE INTERMEDIATE.SOLUTIONS 152 ALLOT
CREATE CUMULATED.INT.VOLUMES 16 ALLOT
CREATE INT.DIL.RATIOS 16 ALLOT

CREATE NO.IN.INT 8 ALLOT

CREATE POSN.ON.NEXT 8 ALLOT

VARIABLE INT.3.ON

VARIABLE INT.4.ON

S NO.REPL ! ( Set default values )
10 MAX.POINTS !
2 INT.3.0N !
2 INT.4.0ON !
¢ GET.ELEMENT.AUX ({ - element )
CR
." Please enter the next element for the solution "
INS DROP { Get user input )
CONTEXT , ¢ ( Get current vocabulary )
ARL-SEG 14 + CONTEXT ,! ( Switch to ARL vocabulary )
PLOAD SWAP CONTEXT ,! ( Interpret user response and restore vocabulary )

-~

ANOTHER.ELEMENT? (- flag )
NO.ELEMENTS DUP 1+! @

(
(
(
(
(
(
(
(
(
(

- -~

( Record for matrix stock solution )

( Molecular weight of matrix )
( Name for matrix )

Array of matrix conc. to be used )
Analyte concentration )

Point number )

Number of points to be collected )
Definition of solution )

Number of replicate integrations )
Space for definition of intermendiates )
Vclume of stds in int. solutions )
Dilution ratios for int. solutions )
Number of components in solution )
Position of int on next solution )
Next intermediate solution for 3 )
Next intermediate solution for ¢ )

7 = NOT DUP ( More than 7 element. will exceed capacity )

IF
DROP CR

«" Another element ™ ?Y/N ( Ask the question )

THEN

GET.ELEMENTS ( =)
[ ARL )
CR
LIST.ELEMENTS CR
" Use these elements " ?Y/N
NOT
Ir
NO.ELEMENTS 0!
BEGIN
{ ARL }
GET.ELEMENT
ELEMENT.ARRAY NO.ELEMENTS @ + C!
ANOTHER.ELEMENT?
NOT
UNTIL
0 ELEMENT.ARRAY NO.ELEMENTS @ + C!
THEN

o~ e

(

Print current list of elements )
Are these to be used? )

If not, zero counter )

Get element from user )
Store in list )

Ask if there are any more )
Repeat until no more )

Element list is NUL terminated )
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NO.ELEMENTS @ SOLN.COMP ! ( Store number of components in SOLN.COMP )
’

¢! GET.NO.REPL ( - )

CR
." Use ™ NO.REPL @& . ." integrations per sample "
?Y/N ( Check if current value can be used )
NOT
IF
CR ( If not get new value )

-" How integrations per sample "
IN# NO.REPL !

THEN

¢ GET.FILE ( =)
CR
.” Please enter filename " ( Ask the question )
INS MAKE-OUTPUT CR ( Get filename and open file )
>FILE { Transfer output to tile )

¢ GET.INFO (=)
DATA.POINT.NO 0! ( Initialise counter )
GET.ELEMENTS ( Get elements to be studied )
GET.NO.REPL ( Get numeber of replicates )
GET.FILE ( Get filename and open )

¢ SEND.NO.OF.DATA.POINTS (=)

{ ARL )
NO.OF.DATA.POINTS @ ( Get number )
ASCII D { Synchronisation characters )
ASCII N
N.SEND.ARL ( Send integer )
: INIT.ARL (=)
[ ARL )
ARL.PORT SELECT.DEVICE
RESTART.ARL ( Restart progam on ARL )
PAD COMPORT @ GET.RETURN DROP ( Get program name and ignore )
CKEY DROP ( Get LF character )
13 CEMIT ( Send CR to ARL )
SEND.ELEMENTS ( Send channel numbers )
SEND.PREFLUSH ( Send preflush time )
SEND. INTEGRATION ( Send integration time )
NO.REPL @ SEND.REPLICATES { Send number of replicate integrations )
SEND.NO.OF .DATA.POINTS { Send number of data points to be collected )
H
¢t GET.DATA ( Integration number - )
[ ARL )
ASCII I
WAIT.ARL ( Wait till integration complete )
ASCII R
ASCII E
N.RECEIVE.ARL ( Get error code )
0= NOT { Check if error occured )
IF
ABORT" Integration Error®
THEN
1+ ., 9 EMIT ( Print integration number and TAB )
ELEMENT .ARRAY

BEGIN



.
’

DUP Ce
WHILE
ASCII D
ASCII R
F.RECEIVE.ARL
4 6 F.R 9 EMIT 1+
REPEAT
DROP CR

: GET.MEAN =)

.

[ ARL )
." Mean™ 9 EMIT
ELEMENT.ARRAY
BEGIN
DUP Ce
WHILE
ASCII D
ASCII M
F.RECEIVE.ARL
4 6 F.R 9 EMIT 1+
REPEAT
DROP CR

START . BLANK.MEASURE

." Blank " CR
ARL.PORT SELECT.DEVICE
13 CEMIT

[ ARL )

ASCII M

ASCII B

SYNC.ARL

GET.BLANK.DATA (S
NO.REPL ¢
0
DO
1 GET.DATA
Loop
GET.MEAN

MEASURE.BLANK (=)
START .BLANK.MEASURE
GET.BLANK.DATA

GET.RESPONSE t-)
[ ARL )
ARL.PORT SELECT.DEVICE
ASCII O
ASCII C
F.RECEIVE.ARL
FDUP CRT 7 6 F.R >FILE
76 F.R
BEGIN
ASCII L
ASCII E
N.RECEIVE.ARL
WHILE
ASCII S
ASCII R
F.RECEIVE.ARL

-

-

-~ -~

-

-

For each element get a value )
Synchronisation characters )

Get emission intensity )
Print value to 4 sig figs. in 6 char field )

Get average emission intensity )

Print header )

Send CR to ARL )

Send start signal )

Get individual intensi‘:ies )

Get average intensity )

Get matrix concentration )
Print on screen and in file )

Get channel number )

Get relative sensitivity )
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FDUP CRT 9 EMIT 7 6 F.R >FILE ( Print Tab and then vaiue )
9 EMIT 7 6 F.R
REPEAT
CR CRT CR >FILE

-

Repeat until channel zero received )
Terminate line )

-

)
’

¢ GET.RESPONSE.MATRIX (=)
{ ARL ]
." Response Matrix" CR
9 EMIT LIST.ELEMENTS CR
NO.OF.DATA.POINTS @ 1+
0
DO
GET.RESPONSE
Loop

-

Get all the data )

-

Print element symbols )
Loop for each data point )

-

Get relative sensitivities )

! GET.POSN.ON.NEXT ( int no - Addr posn on next soln )
1- 2» Calculate offset )
POSN.ON,NEXT + Calculate address )

..

: GET.NEXT.SOLN ( Int no. - Addr next int soln )
3l =
IF
INT.3.0N
ELSE
INT.4.0N
THEN

GET.NO.IN.INT.SOLN ( Int. No. - Addr of No. {n Soln. )

1= 2» ( Calculate offset )

NO.IN.INT + ( Calculate address )
¢ GET.INT.DEFN ( Int, No, - Addr of Defn )

l- 30 » ( Calculate offset )

INTERMEDIATE.SOLUTIONS + ( Calculate address )

GET.INT.DIL.RATIO ( Int No. - :: - Dil. Rat. )

1= 4» ( Calculate offset )

INT.DIL.RATIOS + R32¢ { Calculate address and fetch )
¢ STORE.INT.DIL.RATIO ( Int No. - :: - Dil, Rat. )

1= 4+ ( Calculate offset )

INT.DIL.RATIOS + R32! { Calculate address and store )
: GET.CUMULATED.VOLUME ( Int. No. - Addr of Vol. )

1- 4q» ( Calculate offset )

CUMULATED. INT.VOLUMES + ( Calculate address )



.

-~

~

.

e

GET.TOTAL.VOLUME ( Int. No., -

pup

1l = OVER 2 =

OR

IF
TOTAL.VOLUME

ELSE
TOTAL.SERIAL.VOLUME

THEN

R32¢0

Int. No. :: - Total Vol. )

v If intermediate 1 or 2 )

use TOTAL.VOLUME )

-~

3 or 4 use TOTAL.SERIAL.VOLUME )

-

-

Get volume )

FIND.ENTRY.ON. INT ( Posn Int. No. ~ Entry Recd. )

GET.INT.DEFN 6+
BEGIN
DuP @
3 PICK
= NOT
WHILE
4+
REPEAT

FIND.STOCK.CONC ( Recd.
DUpP 2- ¢
pup
S =
IF
MATRIX.SOLN
ELSE
FIND.STOCK.SOLN
THEN
DUP 2+ 1160 4+ @ PLUCK

( Get solution definition )

Get posn of component )
Copy of desired position )
If not the same )

-

Goto next entry )

- Recd. :: - Conc. )

( Get position of stock solution )
( Check if matrix )

( Get record for matrix solution )
( Find record of stock solution )

( Get concentration )

CALC.FINAL.CONC ( :: Volume - Conc/ppm )

F* TOTAL.VOLUME R320 & 1E3 F* F/

CALC .CONC.FROM. SERIAL
F*
TOTAL.SERIAL.VOLUME R32@
F* F/
GET.POSN.ON.NEXT ¢

( Int.

s 1E3

DEFAULT.SAMPLE.SOLUTION 8 +

SWAP 4* 1@ ->F
CALC.FINAL.CONC

CALC .CONC . FROM. START
Fe
TOTAL.SERIAL.VOLUME R32¢
S 1E3 F* F/ DUP
GET.NEXT.SOLN ¢
SWAP GET.POSN.ON.NEXT @
OVER GET.INT.DEFN 8 +
SWAP 4* 10 ->F

( Int.

( Conc*volume/total volume )

No. - :: Volume - Con: )

( conc*volume )

( convert ml to ul )

( divide by total volume, = conc, in int. soln. )
( Find int. soln. on next soln. defn. )

( Get entry in sample definition )

( Get volume of int. used, send to f.p. stack )

( Calculate concentration in final solution )

No. - :: Vol. - Conc. )

Calculate conc. in int. soln. )

Find which int. soln. used for next step )
Find record of this soin. on next )

Get record )

Get volume of solution used )

P . S

CALC .CONC.FROM.SERIAL Continue calculation )
CALC .PPM.CONC.2 ( Soln.Contents -~ Soln.Contents+ :: - Conc. )
2+ DUP ¢ ( Find solution at start o* dilution )
l=
Ir ( Single step dilution )
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FIND.STOCK.CONC

FIND.ENTRY.ON.SAMPLE

2+ 1160 DROP

CALC .FINAL.CONC
ELSE

FIND.STOCK.CONC

OVER ¢ 1-

FIND.ENTRY.ON. INT

2+ 1168 DROP

DUP @ 1-

DUP | =

OVER 2 =

OR

IF

CALC.CCNC.FROM.SERIAL

ELSE
CALC.CONC .FROM.START
THEN
THEN

RETURN.CONCENTRATION
[ ARL )
SOLUTION.CONTENTS
BEGIN

DUP @

3% =« NOT
WHILE

4+
REPEAT
CALC.PPM.CONC.2
ARL.PORT SELECT.DEVICE
4
ASCII ©
ASCII C
F.SEND.ARL

FCBRT (1t % = n"1/3)

FABS FLOG & 3 F/ F10e»

FROOT { Int. No. ::
Dup
1l = OVER 2 =
CR
IF
FSQRT
ELSE
FCBRT
THE™

TOO.DILJUTE.ERROR t =)

—~ e e e em e e e e

X - x"1/n

(

Get concentration of stock solution )

Find record for component )
Get volume of stock solution
Calculate concentration )
More than one step dilution

used )

Get concentration of stock solution )
Get. intermediate solution number )

Find record of comporent on soln.

Get volume of staock soiution used )

Get int. soln. no. )

Was a two step dilution used

Calcula » -oncentration for *wo step

a.cilate concentrat; .

Find matrix on record )

)

Calculate concentration of matrix )

Number of places )

Send concentration )

Calculate cube root of di.u*

}
CaicL.ate appropriete raot of di.ut'or fec-tor )

defn. )

A0

ot hree st ep g

ion factor )

Square root for two step adi,ut!lon )

( C.be root for *rree step 4!.ution )

ABORT® Component to d.iute °» be made™ ( Pr.rt messaqge, ret.r-

CHECK.MINIMUM, VOLUME
OUP MINIMUM, VOLUME ¢
<
IF

CRT
TOO.DILUTE.ERROR
THEN

{

VoL,

Voi. )
ToOrPare® VH.L Mme % mirimum g,

il a0 smaLl, swi'ch output
Abort with error messsge )

canten,

-1 L ]

*o screen

AT ¥ 14
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¢ CHECK.OVERFLOM { Vol. Int. No. - Vol. Int. No. flag )
OVER ->F § 13 F/ Send volume to t.p. stack and convert ml )
DUP GET.CUMULATED.VOLUME DUP Get cumulated volume )
R32¢ r+ FOUP OVER Fetch and add new volume )
GET.TOTAL.VOLUME DROP Get total required )

| Take difference )
Fo> Check for overflow )
H
¢ GET.OVERALL.DIL.RATIO ( Int. No. - :: - Dil. Rat. )
BEGIN-CASE
1 CASE-OF
1 GET.INT.DIL.RATIO { Get dilution ratio )
ELSE
2 CASE-OF
2 GET.INT.DIL.RATIO
LSE
J CAst-oOr
3 GET.INT.DIL.RATIO ( Get first dilution ratio )
INT.3.0N @
GET.INT.DIL.RATIO ( Get second dilution ratio )
Fe ( Calculate overall dilution ratio )
N B
4 “ASE-OF
4 GET.INT.DIL.RATIO
INT.4.0N ¢
GET.INT.DIL.RATIO
r'
ELSE
DROP
END~-CASE
H
: CHECK.OLD.RATIO { Int. No., - Vol. Flag :: Dil. Rat. - Dil. Rat. 0ld. D. R. )
pop ( Check if existing dilution ratio can be used )
GET.OVERALL.DIL.RATIO ( Get existing dilution ratio )
CALC.VOL.OF.STD.IN.SERIAL ( Calculate volume of standard required )
DUP MINIMUM.VOLUME ¢ < ( Check if too small )
NOT ( 1f not then can use existing values )

: FIND.NEXT.SYRINGE.VOLUME ( Vol - Vol' )
FIND.SYRINGE.VOLUME @ PLUCK ( Find closest allowed volume )

H

¢ BACK.CALC.SYRINGE.VOLUME ( Int. No. - Int. No. Vol :: Dil. Rat, - )
GET.TOTAL.VOLUME ( From dilution ratio calcvlate volume to be used )

F* § 123 F* r->

¢ SYRINGE.VOLUME.AVAILABLE ( Int. No. - flag :: Dil, Rat. - Dil. Rat. )

roup

BACK.CALC.SYRINGE. VOLUME { Calculate volume from dilution ratlio )

PLOCK

FIND.SYRINGE.VOLUME PLUCK ( Find allowed volume )

SERIAL.VOLUMES 10 + > ( Check for overrun )

NOT ( If no overrun then a volume is available )
¢! BACK.CALC.DIL.RATIO { Int. No. Vol, - Int. No. :: - Dil. Rat. )

->F 8 1E3 F/ ( From volume calculate dilution ratio )

GET.TOTAL.VOLUME

F/

..



: CALC.IDEAL.vVOLUME ( Int. No. - Int, No. Vol. :: Di1. Rat. - Di]. Rat. ,
( From overall dilution ratio calculate ideal volume )

FDUP FROOT { Take nth root )
GET.TOTAL.VOLUNE ( Multiply into tota) volume )
Fe & 1L P { Convert to ul )
F-> { Send to inteqger stack )
H
¢ CALC.NEW.RATIO { Int. No. -~ Vol. Int, No. :: D1, Rat., - Dil. Ret., N.D.R.

CALC.IDEAL.VOLUME { Calculate ideal volume )
FIND.BEST.SYRINGE,.VCLL { Find closest al.owed volume )
BACK.CALC.DIL.RATIO t Caiculate actual di.ution ratio )
CALC.VOL.OF.STD. IN.SERIAL ( Caiculate volume of stock req..red )
SWAP { Rearranqe the stack )

.~

¢ CALC .NEW.TWO.STEP.RATIO
( Int. No. - Vol. Int. No.
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+. Rat. - DU, Rat. N.D.R. )

CALC.IDEAL.VOLUME
FIND.BEST.SYRINGE.VOLUME
BACK.CALC.DIL.RATIO ( Ta.cuiate diiution ratlo of ;ast step )
FOVER FOVER F/ { Ca.culate diiution ratio required of f.rst ¢ wo steps
DUP 2- CALC.IDEAL.VOLUME { Caicu.ate (dea. vo..me for first two steps )
FDROP
FIND.BEST.SYRINGE.VOLUME
BACK.CALC.DIL.RATIO DROP ( Ceaiculate dl.utlon ratio of second step |
FOVER F» ( Ta.cu.ate diiution ratio of jast two steps )
FROT FSWAP
CALC.VOL.OF.STD.IN.SERIAL { Caiculate volume of stock so;u'ion tequired )
SWAP FOROP FSWAP ( C.ean up stack )

OVERF LOW . ERROR =
CRT { Send output *o s.reen |
FOROP CR

.® This solution cannot pe prepared from *he stnck sa.iyt long preser* ™ §
." as the tota. vo.ume of siock $0.utioNs Wil enceed the tntg, v...me -
.® required”

ABORT (. Prir’ =e8849® and 1@t .rn cnrtpo, *. L eer
CHECK.CUMULATED.VOLUME (. Jo.. Int, No. - Vo, Inv. No. ,

CHECK, .. "ERFLOM t Thecn 1t cverf?,ow crar e, )

r

-

OVERF LOM . ERROR  If so abor*

THEN

LR F  Store ~ew «.my,a%ed vi., .me )
UPDATE.FOR.NEW.RATIO
{ Int. Mo. Mo. in Soln. -~ rv. N- . :: L. Rat. - UL, mge

FOUP OVER TOpY di..tinn retin erd e ,r - '

GET.INT.DIL.RATIO

FSWAP F/ OVER

GET.INT.DEFN 0 + SWAP

3 PICK GET.CUMULATED.VCL ML

B .3 va..@ 9! ALt ior rgt e,
8.7 .00 Lplate Tertop

ot defir.*.nr r@rnergy

B . LR, a0 v, me

Fe0 R32° 7@t~ vr, ,m@
20 tloop o1 eacr er*ry
FOUP DUP JUP :.60 { “opy .pdete fertor, 30° .4 vi..me ;
Fe F-> t "8.Cu.0%@ rew vo.ume
CHRECK . MININUN, VO { "recl "6 o eme.,
4 PICK

CHECK . CUMULATED . VCLUME SACP t 7rtech 3008 *n* nver?.uw



SWAP ! 4o
Loop
DROP FDROP

UPDA™L.VOLUME { Vol .
FDUP DUP
GET.INT.DIL.RATIO
FSUAP I/

SHAP

=>F F* F->
CHECK.MINIMUM. VOLUME
SHAP

INCREASE . VOLUME.OF . INT. SOLN

BACK.CALC.SYRINGE . VOLUME
FIND.NEXT.SYRINGE.VOLUME
BACK.CALC.DIL.RATIO

DUP GET.NO.IN.INT.SOLN ¢
UPDATE.FOR.NEW.RATIO
UPDATE. VOLOME

START.NEW.INT.DEFN ( Int.
ODUP GET.CUMULATED.VOLUME
F=0 R32!

GET.NEXT.SERIAL
OVER
GET.INT.DEFN 2+ !

{ Store new volume and goto nent entry )

( Clean up stacks )

'at. No. - Vol' Int., No. :: Dil. Rat. - Dtl. Rat.

( Calculate update factor )

-

Calculate new volu-e )
( Check not too small )
( Tidy up )

Vol Int. No. - Vol' Int. No. :: D. R, = D, R.'" )
Calculate current value of syringe vol. )
increase value to go to next vol. )

Calculate new dilution factor )

1l¢

Update vols. of all entries in defn. )
Update vol. of this component )

-

No. - Int, No. )

( Zero total volume of components )
{ Get posn. of next empty vial )

( Store posn. of vial )

ENTER.ON.INT.DEFN ( Stock Recd. Vol Int. No. - t: Dii. Rat, - )

CRECK.CUMULATED . VOLUME

( Check that volume won't cause overflow )

pup ( also update cumulated volume )
GET.INT.DEFN ( Get solution defn. )
4 ROLL 4+ @ ( Get posn. of stock solution )
OVER ¢+ ( Calculate base offset for posns. )
4 PICK
GET.NO,IN,.INT.SOLN @ 4* I! ( Calculate entry offset and store posn. )
8 + ROT SWAP ( Calculate base offset for volumes )
3 PICK
GET.NO.IN.INT.SOLN @ 4* I! ( Calculate entry offset and store volume )
DUP GET.NO.IN.INT.SOLN 14! ( Increment number of components in solution )
FDROP ( Drop dilution ratio )

USE.OLD.RATIO ( Vol. Int. No. - Int. No. :: Dil. Rat., - )

{ Some entries are already in solution defn. and we can use the existing )

{ dilution factor )

SHAP

BEGIN
CRECK.OVERFLOW { Check to see if adding this volume will cause )
PLUCK FOROP ( an overflow, while yes and while a syringe volume )
OVER ( is available reduce volume of std. )
SYRINGE . VOLUME . AVAILABLE
AND { and increase volume of intermediate on next soln, )

WRILE
INCREASE . VOLUME.OF . INT. SOLN

REPEAT ( We will assume some changes have been made )

DUP STORE.INT.DIL.RATIO ( Store new dilution tactor )

ENTER.ON. INT.DEFN ( Enter this component of defn. )

281



: USE.NEW.RATIO ( Vol. Int. No. - Int. No. :: Dil. Ret. - )

DRO? FDRLP ( Can‘t use existing values of dilution ratios |
CALC.NEW.RATIO { Set rid of o!d values and calculate new ores )
our
GET.NO.IN,INT.SOLN ¢ ?DUP { “heck to see if anything already on defnr.
ir

UPDATE.FOR.NEW.RATIO ( Yes, update enisting entries for rew ra’ ..o i
ELSE

START .Nc W, INT.DEFN ( No, Start & rew defn. )
THEN
OUP STORE.INT.DIL.RAT!O { Stcre new va.ue of di.ution factor )
ENTER.ON. INT.DEFN ( Put 'rig component :nto aefn. )

VARIABLE COMPCNENT . NC

¢ F.ND.INTERMEDIATE.TO.USE { = Int. No. D10, Rat . - 0tl, Rrat. )
Fel MINIMUM VOLUME !16¢
TOTAL.SERIAL.VOLUME R12®
8 1E) F* F/ FSQRT FSHWAP  Calc.iate manimum ranqge of dai.,t.ons *.
1 { for each i{ntermediste so.uticn )

BEGIN
FOVER F* FIPICK FSWAP
CALC .VOL.OF.STD. IN.SERIA.

Calcuiate manimum di.utton factor for irer )
Caicuiate vo.une of std. that wou.d be )

-, e -

FSWAP FDROP required )
MINIMUM,  VOLUME ¢ < is it less tran minimum ailowed )
WHILE
le ( While it (s Increment count and Loop )
REPEAT
FDROP FDROP ( Drop mamimum di.. ret. and 4i). reanqe )
CSE.INT.SOLN.1.0OR.2 t Int, No. - :: DI, met, - )
CHECK.OLD.RATIO ¢ "heck if emisting 4i..ticn fact.ore . ar te .sel
IF
USE.OLD.RAT!O { Yes, .s® thems )
ELSE
USE.NEW.RAT! { No, *ry fird new res )
THEN

( Enter {ntermediate $o..t.7 .sed ‘o dl.ute 'his component )
t This i3 used to ca.cu.ete “he or® .s. rorcent rat Lon
( in “he finai sol.tion )

i* SOLUTION.CONTENTS 2+ COMPONENT.NO @ ¢° -

O SOLUTION.CONTENTS COMPCNINT NO @ .« 4o ;-

REMCVE .FROM  NEXT.CUNULATED . Vil mME

t Int. Bo. Int. Vol. Memt. So,n, - I=t. wn. rt . Jo.. Nea' . 4e,n
3 PICKR GET.POSH.OW.NEXT - Fird poe.tion or remt e0. ., e
OVER GET. fv.DRFM @ - @ dafn. Hf rea® ecC., e
SHAP 4° 0 ->F & i2) ¥/ "W VN, .me H? lrtermmdig’e - remt g -
oUP GET.CUMULATED.VOLUME P Py e ed v, . ! cremt o .-
R3I20 FSUAP F- R)2° | Remnve v, .me .? .rrermediate
VOLUME . WITH . EXISTING.RAT:C (LI 79 Iee W Ve, R 2 B T
OUP GET.MEXT.SOLN ¢ [ @ - W ! c@RY 8, L inn
SET.INT.DIL.RAT! @ A, .0 ne tertar of rom' gu.r.
F/ TLlvide e, 4., laur 1% L0 by 41, re* f -os8°

SUP CET.MEXT.SCN ¢
( Ca.c vo,. of 9td erd 4.. :rq°. %0y o7 FRAMLT B ML IR T
TALC.NEW . RATIC ORGP



: CHECK.EXISTING.RATIO
( Vol. Int. no. - Vol, Int. No. :: D.r. N.D.r - D. R, N.D.z )

FOVER { Copy overall dilution factor )
VOLUME .NITH.EXISTING.RATIO ( Calculate volume of std. needed if using )
FOROP FDROP ( existing values of dil. ratios )
MINIMUN,.VOLUME ¢ < ( Compare with minimum sllowed )
NOT

:

¢ GET.OTHER.NEXT { next soln. - other next soln. )

DUP 2 MOD 2* 1- «
(10:2,:0:/210:0.20:0,lor-l,zorl)

: "SE.EXISTING.RATIO ( Vol. Int. No. - Int. No. :: D.r. N.D.r - D.r 0.D.r )
PLUCK FDROP ( Get rid of old values )
roup
VOLUME .WITR.EXISTING.RATIO ( Calculate volume and ratio required )
SHAP FSWAP rDROP ( Tidy up stacks )
DUP GET.NO.IN. INT.SOLN ¢ ( Get number of entries in defn. )
UPDATE.FOR.NEW.RATIO ( Update previous entries )
DUP GET.NEXT.SOLN @ ( Get number of next solution )
GET.TOTAL. VOLUME ( Calculate volume of intermediate to be )
F* & 123 F* F-> SUAP ( included in next solution )
REMOVE . FROM . NEXT . CUNULATED . VOLUME ( Remove old value )
CRECK.CUMULATED. VOLUME ( Check that we won't overflow next solution )
GET.INT.DEFN 8 +
3 PICK GET.POSH.OM.NEXT @
4* 1! ( Put new value into defn. )
DUP GET.INT.DIL.RATIO ( Get existing value of dil. ratio )

;

: UPDATE.FIRST.STEP
( Int. Mo. Vol. Mext. Soln No. ir.Int. - Int. No. Vol. Next. Soln )

( When changing dilution ratio of both intermediate solution the volumes }
( of all previous standards nee¢ to be updated to reflect change in both )
( dilution ratio. This routine updates volumes to reflect the change in )
( the dilution ratio of the second intermediate solution )

FDUP OVER
GET.INT.DIL.RATIO ( Get current value of dil. Rat. for next soln. )
FSWAP F/ 4 PICK { Calculate relative change )
GET.INT.DEFN 8 + SHAP ( Get defn. of this intermediate soln. )
S PICK GET.CUMULATED.VOLUME
F=0 R32! ( Clear cumulated volume )
0
DO

FOUP DOP DUP I16@ ( Get existing volume )

re F-> ( Calculate new volume )

CRECK. MININUNM. VOLUME ( Check not too small )

6 PICK

CRECK.CUMULATED. VOLUME DROP ( Check it won't overflow )

SUAP ! 4+ ( Store volume and goto next entry )
LOoOP

DROP FDROP ( Drop used defn. and update factor )



: KEEP.NEXT.SOLN { Vol. Int. No. Next Soln. - vel. Int. Ne. ty

CALC.NEBW.RATIO ( Calculate new ratio for neat scln. )

DUP GET.NO.IN.INT.SOLN ¢

UPDATE.FOR.NEW.RATIO ( Update next soln. for the new ratio )

J PICK GET.NC.IN.INT.SOLN ¢

UPDATE.FIRST.STEP ( Update this {ntermediate for chanqe as well )
DUP STORE.INT.DIL.RATIO ( Store new ratio )
REMOVE . FROM . NEXT.CUMUL . ED.VOLUME ( Remove volume from C. V. )
CHECK.CUMULATED.VOLUME ( Check adding the new volume won't averfiow )

GET.INT.DEFN 8 »
3 PICK GET.POSN.ON . NEXT @

4°* 1! ( Put new volume or defn. of nenxt soln,
FOROP
DUP GET.NO.IN.INT.SOLN ¢ ( Update this intermediete for new diigt,. n )
UPDATE.: OR.NFW.RATIO ( factor of this intermediste )
;
¢ REMOVE.FROM,NEXT { Int. No Next Soln., - Int, No. )

( If switching to other intermediate for the next atep in *he di!ution )
( need to remove the intermediste from the one it s already on )
{ this is done by entering a zero for the volume )

0 OVER

REMC VY FROM, NEXT .CUMULATED . VOLUME ( Remove current volume from C. V., )
GET.INT.DEFN &

4 FICK GET.POSN.ON.NEXT @

4 1!
: SWITCH.NEXT.SOLN { Int., No. Next Soln. Cyrr. Soin. - Int, Mo, )
( MARMING: This code is untested ''! )
.* Switching *
REMOVE . FRONM. MEXT ( Remove from defn. of current nest soln. )
DUP 3 PICK GET.MEXT.SOLM ! ( Store new nemt )
DUP GET.NO.IN.INT.S0LM ¢
3 PICK GRT.POSN.OM.MEXT ! { Get poeition on next nemt )
OUP GET.NO.IN.INT.S0LN ¢ ( Cheach if anything slready in new nemt )
Ir
CALC . MEN.RATIO { 1f yos, calculete new ratio for it )
DUP GET.N0.IN.INT.S0'MN §
UPOATE . FOR. MEN . RATIO { Update to new retio )
GET.OTHER . ¥DXT
3 PICK GET.NO.IN.INT.S0LN ¢
UPDATE.FIRST. STRP ( Update this intermediste for change )
@ET.ONER. ( of next eoln. )
CGECR . CAERATED . VOLIVE ( Qheck we can edd to newt )

ﬂg‘“ﬂ
®
e
[ ] .
.
.
.g !
[ ]



¢t RESTART.TWCQ ‘1L { Vol. Int, No. - Int. No. :: Dil. Rat. - )

OVER
BACK.CALC .DIL.RAT: - ( Calculate dilution factor in first step )
FIPICK FSWAP F/ ( Calculate dilution still to go )
FIND.INTERMEDIATE.TO.USE ( Find what the next soln. required )
pup
3 PICK GET.NEXT.SOLN @ ( Compare with the current soln. )
IF
KEEP .NEXT.SOLN ( They are the same )
ELSE
OVER GET.NEXT.SOLN @ ( They are different )
SWITCH.NEXT.SOLN
THEN
¢ START.TWO.STEP.DIL ( Vol. Int. No. - ¢t Dil. Rat. New Dil. Rat. - )
START.NEW. INT.DEFN ( Start a new defn. )
OVER
BACK.CALC.DIL.RATIO ( Calculate dilution factor of first step )
F3PICK FSNAP F/ ( Calculate what remains )
FIND.INTERMEDIATE.TO.USE { Find which intermediate to use )
pop
3 PICK GET.NEXT.SOLN ! ( Store value )
DUP GET.NO.IN.INT.SOLN @
3 PICK GET.POSN.ON.NEXT ! ( Store position in the defn. )
OVER GET.INT.DEFN 2- ( Enter this solution on defn. as if it were )
SWAP USE.INT.SOLN.1.0R.2 ( 1ike any other standard )

: UPDATE.TWO.STEP.DIL
( Vol. Int. No. - Vol, Int. No. :: D.r. N.D.r - D.r N.D.r )

CHECK.EXISTING.RATIO ( See if current ratio of next soln. can be used )
IF

USE.EXISTING.RATIO ( Use it only change dil. ratio of first step )
ELSE

RESTART, TWO.STEP.DIL ( No, try find a set that can be )
THEN

: USE.NEW.TWO.STEP.RATIO ( Int, No. Vol. - Int. No. :: D.r N.D.r - Dil. Rat. )

DROP FDROP ( Get rid off old values )
CALC.NEW.TWO,.STEP.RATIO ( Calculate new values )
Dup
GET.NO.IN.INT.SOLN @ ( Check if anything already on defn. )
IF

UPDATE.TWO.STEP.DIL ( Yes, then make necessary changes to existing )
ELSE ( entries )

START.TWNO.STEP.DIL ( No, then it is a new defn. )
THEN
DUP STORE.INT.DIL.RATIO ( Store new value of dilution factor )

ENTER.ON.INT.DEFN ( Enter defn. )



: UPDATE.TWO.STE. .RATIO ( Int. No. - Int. No. )

Something entered on next soln. may have changed volume of this solution )
and hence the dilution factor of this solution, using old values will )
cause an error since the product of the two dilution factors will be )
erroneous. Hence we recalculate the dilution factor of this solution. )

DUP GET.NO.IN.INT.SOLN @ { Check if there are entries in the defn. )
IF

DUP GET.NEXT.SOLN ¢ ( Yes, get next solution )

GET.INT.DEFN 8 +

OVER GET.POSN.ON.NEXT @

4* 1@ ->F & 1E3 7/ ( Get volume of intermediate )
GET.TOTAL.VOLUME F/ { Get total volume of next solution )
DUP STORE. INT.DIL.RATIO ( Store result )
THEN
¢ USE.INT.SOLN.3.OR.4 ( Int. No, - :: Dil, Rat, - )
UPDATE . TWO.STEP.RATIO ( Get current dilution factor )
CHECK.OLD.RATIO ( See if old values can be used )
IF
USE.OLD.RATIO ( Use old values )
ELSE
USE.NEW.TWO.STEP.RATIO ( Try use new values )
THEN

1+ SOLUTION.CONTENTS 2+ COMPONENT.NO @ 4* I!
0 SOLUTION.CONTENTS COMPONENT.NO @ 1+ 4+ I!

.
’

¢ USE.INTERMEDIATES = ¢: Dil. Rat. - )
FIND.INTERMEDIATE.TO.USE ( Find which solution to use first )
DUP
BEGIN-CASE
1 CASE-Or
USE. INT.SOLN.1.0R.2
ELSE
2 CASE-Or
USE. INT.SOLN.1.0R.2
ELSE
3 CASE-OF
USE. INT.SOLN.3.0R.4
ELSE
4 CASE-OF
USE. INT.SOLN.3.0R. 4
ELSE
TOO.DILUTE. ERROR ( Fo.ca too dilute error )

{ Concentration desired too dilute to be done in a three step dilution )
( and I'a WOT going to even think about how to use more stages )
( TOUGH CHUCK CHUM )

END-CASE
H
: FINISH.INTERMEDIATES (=)
{ Finish definition of intermediate solutions )
51
DO
I GET.NO.IN.INT.SOLN ¢ ?DUP { Check to see if any entries are in it )
Ir

I GET.INT.DEFN ! ( Store number of components )

I GET.TOTAL.VOLUME

I GET.CUMULATED.VOLUME

R3I2¢ F- § 13 F* ( Calculate volume of solvent needed )
1 GET.INT.DEFN 4+ 116! ( Store it )



~e

.
’

I
I
OR
Ir
T GET.INT.DIL.RATIO
' GET.INT.DEFN 2-
NO.IN.SAMPLE ¢
I GET.POSN.ON.NEXT !
ENTER,.ON.SAMPLE . SOLUTION
THEN
THEN
Loop

1=
2=

MAKE . INTERMEDIATES ( - )
1 4
DO
I GET.NO.IN,INT.SOLN @
IF
I GET.INT.DEFN
MAKE . SOLUTION
{ Debugging code )
( ." Intermediate soln. #* I
( SOLUTION.PRINT )
( KEY DROP )
THEN
-1
+LOOP

VARIABLE COUNTER

.
,

FIND.MIN (0nl n2nd..,.. -0
2 COUNTER !
BEGIN
COUNTER ¢ DUP 1+
PICK
WRILE
ROLL
OVER OVER <«
Ir
SWAP
THEN
COUNTER 1+!
REPEAT
DROP

EMPTY. INTERMEDIATES (=)

-

Check if these are second stage ints. )

( Get dilution factor )

{ Store position of intermediate )
( Enter intermediate on final soln. defn. )

( Make intermediates in reverse order )
( Check if soln. defined )

( Get Defn. )

CR )

ni nj ... min(n) )

{ Get next number on the stack, while not zero )

( Get the number )
( Make copies of top two numbers and compare )

{ If new low swap )

( Increment counter )
( Repeat until zero is reached )

( Drop zero )

( Empty intermediate solutions, empty vials in first row first to avoid)
({ collisions when emptying vials in back row )

1

800

I GET.NO.IN.INT.SOLN ¢
Ir
I GET.INT.DEFN 2+ ¢
THEN
LooP
BEGIN
DuUP
WAILE
FIND.MIN

( Mark end of list with zero )
( Check if intermediate was used )

{ If so get position of bottle )

( Check if reached marker )

( Find next bottle to empty )



.

DUMP . SOLUTION
REPEAT

INIT.INTERMEDIATES ( - )

Empty it )

( Initialise variables used in definition of intermediates )

51
DO
F=0

I GET.CUMULATED.VOLUME R32!

I GET.NO.IN.INT.SOLN 0!

F=1 I STORE.INT.DIL.RATIO

Loop

( Zero volumes )

(
(

Zero counter )
No dilution )

: PRINT.PPM ( :: conc/ppm -~ conc/ppm )
( Print concentration in appropriate w/v units )

-

FDUP F=1 F-
FO<
IF
FDUP & 1E3 F»
7 6 F.R ." ppb"
9 EMIT
ELSE
FDUP & 1E3 P-
FO>
IF
FDUP & 1E4 F/
7 6 F.R ." §»
9 EMIT
ELSE
FDUP
7 6F.R." ppm"
9 EMIT
THEN
THEN

PRINT .MOLARITY ( soln.
DUP 2- ¢
pup
S =
Ir
DROP
MATRIX.MOL.WEIGHT
ELSE
1= 4q»
AT.WEIGHTS +
THEN
R32¢ ¥/
FDUP F=1 P- FoO<
Ir
S 123 P
7 6 F.R 230 EMIT ." M"
CR
ELSE
FDUP & 1E3 F- FO>
Ir
S 1E)
76 F.R " N
CR
ELSE
76 F.R ." gt

conts.

( if conc < 1lppm print in PPDb )

( if conc > 1000ppm print in & )

( print in ppm )

= soln. conts. :: conc/ppm - )

(

(

(

(

(

Check if matrix )

Use molecular weight of matrix )

Otherwise use atomic weight of element )

Calculate milliMolarity )

if conc < 1mM print microMolarity )

if conc > 1000mM print M )

print mM )



CR
THER
THEN

¢ PRINT.CONC ( :: conc/ppm - )

PRINT.PPM
PRINT.MOLARITY
H
¢ PRINT,SUMMARY.2 (=)
SOLUTION.CONTENTS ( Get contents of solution, tells what was in it )
BEGIN ( and what solution the original std. was pipetted )
DUP @ ( into. Get element, while not zero )
WHILE
DUP ¢
DUP
3§ = ( Check if matrix )
IF
DROP
MATRIX.NAME ( Use matrix name )
ELSE
[ ARL ]
ELEMENT.SYMBOLS ( Otherwise use element symbol )
[ FORTH )
SWAP
0
Do
COUNT +
Loop
THEN
$. 9 EMIT ( Print element symbol or matrix name )
CALC.PPM.CONC.2 ( Calculate concentration in ppm )
PRINT.CONC ( print conc w/v and molarity )
2+ ( Goto next entry )
REPEAT
DROP

-~

: PRINT.DESIRED.SOLN ( - )
." Standard asked for " CR
SOLN.COMP DUP @

SHAP 2+ SWAP

0

DO
DUP Ce
[ ARL )
ELEMENT . SYMBOLS
[ FORTRH )
SWAP

COUNT +
Loop
$. 9 EMIT ( Print element symbol )
1+ DUP R32¢
PRINT.PPM
4+ FDROP CR
LOOP
DROP



-

PREP. SOLM (B

( Prepare the solution defined )

INIT.PREP
INIT.INTERMEDIATES
SOLN.COMP DUP @ SWAP 2+ SWAP DUP
0
DO
OVER C¢ ROT 1+ =-ROT
[ ARL )
DUP SOLUTION.CONTENTS I 4* I!
3 PICK R32¢ FDUP
ROT 4+ -ROT DUP
DUP
35 =
IF
MATRIX.SOLL.
ELSE
FIND.STOCK.SOLN
THEN
pup
2+ I168 F/
FDUP
CALC.VOLUME
FSHAP FOe
Ir
DROP
ENTER.ON.SAMPLE.SOLUTION
1 SOLUTION.CONTENTS 2+ I 4+ It
O SOLUTION.CONTENTS I 1+ 4* I!
ELSE
MINIMUM. VOLUME @
< NOT
IF
ENTER.ON.SAMPLE. SOLUTION

-

Initialise variables )

{ Initialise variable used for intermediates )
( Get number of components )

( Get channel number, element )

( Store in Soln. conts. )

( Get concentration required )

{ Check if this is matrix )

( Get matrix stock solution record )

{ Find record of stock solution )

Get conc. of stock )

Calculate dilution factor )
Calculate volume required )

-~ -

( Zero concentration )

( Compare with minimum allowed )

( Can be prepared in one step )

1 SOLUTION.CONTENTS 2+ I 4+ I!
0 SOLUTION.CONTENTS I 1+ 4+ I!

ELSE
I COMPONENT.NO !
USE.INTERMEDIATES
THEN
THEN
DDROP
Loop
DROP
0 SWAP ELEMEWT.ARRAY + C!
FINISH.INTERMEDIATES
FINISH.SAMPLE
MAKE. INTERMEDIATES
DEFAULT. SAMPLE. SOLUTION
MAKE . SOLUTION

( Needs more than one step )

{ Finish definition of intermediates ) .
( ¥inish definition of sample )

{ Make intermediate solutions )

{ Make sample solution )

( ." Sample Solution Composition ™ CR ) ( Debugging code )

( SOLUTION.PRINT )
EMPTY. INTERMEDIATES
PRINT.SUMMARY. 2

[ FORTH }

TAKE.SAMPLE.TO.ARL ( - )
DEFAULT.SAMPLE . SOLUTION 2+ §
SAMPLE.TO.ARL

( Empty intermadiate solutions )
( Print actual concentrations )

( Take solution to 1,1 position )



¢ DO.SOLUTION.MEASURE (B

[ ROBOT )
1 1 ARL.SAMPLES ( Measure full matrix solution )
START.MEASURE . SAMPLE ( Start sampling solution )
WAIT.ROBOT ( Wait for robot )
ARL.PORT SELECT.DEVICE
{ ARL )
13 CEMIT
ASCII S
ASCII 1
SYNC.ARL ( Send start signal )
FORCE.FLUSH { Forced preflush )
NO.REPL @
(o]
DO
I GET.DATA ( Get emission data )
Loop
GET.MEAN ( Get average intensity )
[ ROBOT ]
STOP .MEASURE. SAMPLE ( Stop sampling )
WAIT.ROBOT ( Wait for robot )
BCKWRD ARL.PROBE ( Replace sampling probe )
¢ DO.MATRIX.BLANK.MEASURE (=)
[ ROBOT )
FRWRD ARL.PROBE ( Pick up sampling probe )
1 2 ARL.SAMPLES
START .MEASURE . SAMPLE ( Start sampling matrix blank )
WAIT.ROBOT
ARL.PORT SELECT.DEVICE
[ ARL ]
13 cEMIT
ASCII 8
ASCII I
SYNC.ARL ( Send start signal )
FORCE.FLUSH ( Forced preflush )
NO.REPL ¢
0
DO
1 GET.DATA ( Get emission intensities )
LOOP
GET.MEAN { Get avarage intensity )
( ROBOT )
STOP . MEASURE . SAMPLE ( Stop sampling )
WAIT.ROBOT ( Wait for Marvin )
H
: DEFINE.MATRIX.BLANK (=)
1 SOLN.COMP ! { Only matrix included )
35S SOLN.CONP 2+ C! ( The matrix uses channel number 35 )

MATRIX.CONCENTRATIONS DATA.POINT.NO ¢ 2* +
I16¢ SOLN.COMP 3 + R32! ( Fetch concentration and store in defn. )



¢ DEFINE.MATRIX.SOLUTION (=)
[ ARL ]

NO.ELEMENTS @ 1+ SOLN.COMP ! ( Matrix + analytes )
ANALYTES .CONCENTRATION I16¢ ( Get analyte concentration )
SOLN.COMP 2+ ( Start of solution defn. )
ELEMENT . ARRAY ( Analytes )
BEGIN
DUP Ce@ ( Get analyte channel number )
200 ( While not zero )
WHILE
[ ARL )
DUP
Cd2 = NOT ( Check if Cd2 channel being used )
IF
3 PICK C! ( If not store channel number )
SWAP 1+ DUP FDUP R32! ( Store concentration )
4+ SWAP ( Goto next entry )
ELSE
DROP { If Cd2 ignore, Cd will entered as Cdl )
THEN
1+
REPEAT
DROP FDROP ({ Clean up stacks )

DUP 35 SWAP C!

1+ MATRIX.CONCENTRATIONS
DATA.POINT.NO @ 2* + I160 ( Get matrix concentration )
R32! Store matrix concentration )

-

Store matrix channel number )

-

: STORE.MATRIX.COMCS ( 0 cl c2 ¢3 .... cn - )

MATRIX.CONCENTRATIONS

NO.OF .DATA.POINTS 0! ( Zero counter )

BEGIN
SWAP
200P

WHILE
OVER ! 2+ Store concentration )
NO.OF.DATA.POINTS 1+! ( Increment counter )

REPEAT Repeat until zero reached )

-

Check if end of list reached )

-

: STORE.MATRIX.NAME ( addr$ - )
MATRIX.NAME ( String variable address )
OVER C¢ 2+ Get character count )
cMOVE Move string to MATRIX.NAME )



t TAKE.BLANK.TO.ARL ( = )
[ ROBOT )
DEFAULT.SAMPLE.SOLUTION 2+ ¢ ( Get position of bottle )
CAECK.GRIP
GRIP.ACTIVE @ SWAP
0 GRIP.ACTIVE !
MOVE . TO
PICK.UP.SOLN
FRWRD SAMPLE.TO.ARL.PATH
1 2 ARL.SAMPLES MOVE.TO
$ S MOVE.BACK
$ 235 MOVE.DOWN
S 40 NMOVE.DOWN
GRIP.OPEN
$ 35 MOVE.UP
§ 10 MOVE.BACK ( Move away )
SAMPLE.TO.ARL.PATH.2 MOVE.TO
GRIP.ACTIVE ! ( Reactivate grip )

Deactivate grip )

Move to solution position )
Pleck it yp )

Move to measurement area )
Move to 1,2 position )

-

Put solution down )
Let gqo )

-

’

: EMPTY.BLANK ( - )
[ RODOT )
CHEECK.GRIP
GRIP.ACTIVE ¢
0 GRIP.ACTIVE ! ( Deactivate grip )
SAMPLE.TO.ARL.PATH.2 MOVE.TO

1 2 ARL.SAMPLES MOVE.TO Move to blank solution )

$ 5 MOVE.BACK

$ 275 MOVE.DOWN

GRIP.CLOSE

GRIP.ACTIVE !

S 40 MOVE.UP ( Pick up blank solution )
WAIT.ROBOT ( Wait for slow coach )
FRWRD EMPTY.CONTAINER ( Empty used solution )
WAIT.NOBOT { Ho Hum )

[ ARL ]}

DRAIN @ WAIT ( Wait for solution to drain )
[ ROBOT )

FRWRD DIRTY.GLASSWARE ( Dump used glass in bucket )
[ FORTR )

! MAKE.MATRIX.BLANK ( - )

DEFINE .MATRIX.BLANK ( Detine solution )
PREP.SOLN ( Make it )
TAKE .BLANK. TO. ARL ( Take it to measurement area )
:
: MAKE.MATRIX.SOLOTION (=)
DEFINE.MNATRIX.SOLUTION ( Define full solution )
PREP . S0LN ( Make it )
TAKE . SAMPLE.TO.ARL ( Take it to be measured )
’
¢ MAKE.ANALYTE.SOLUTION (=)
DEFINE.MATRIX.SOLUTION ( Define solution with matrix )
[ ARL )
NO.ELEMENTS ¢ SOLN.COMP ! ( Force PREP.SOLN to ignore the matrix by )
PREP.SOLN ( reducing the component count to just analytes )



t MATRIX.STUDY (=)
GET.INTO
-" Matrix Study Program * CR
DATE. 9 EMIT TIME. CR
INIT.ARL
MAKE.ANALYTE. SOLUTION
START . BLANK . MEASURE
TAKE.SAMPLE. TO.ARL
GET.BLANK.DATA

Print header )

Date and time stamp )

Initialise ARL )

Make solution with analytes only )

Start measurement of distilled water blank )
Bring analyte solution to be measured )

Get water blank data )

o~ e oo o o e

( ROBOT 1}
FRNRD ARL.PROBE { Pick up sampling probe )
+" Analytes " CR
DO.SOLUTION.MEASURE ( Start measuring analyte solution )
EMPTY. SAMPLE - ( Empty it )
CRT
[ ARL )
9 EMIT LIST.ELEMENTS CR { List element symbols )
>FILE
NO.OF.DATA.POINTS ¢
[}
DO ( Start matrix study )
I DATA.POINT.NO !
MAKE . MATRIX . BLANK
MAKE . MATRIX.SOLUTION
RETURN . CONCENTRATION ( Send matrix concentration to ARL )
." Matrix Blank" CR
{ ARL )
9 EMIT LIST.ELEMENTS CR
DO.MATRIX. BLANK.MEASURE ( Measure matrix blank )
-" Matrix Solution * I 1+ ., CR
DO.SOLUTION . MEASURE ( Measure full solution )
EMPTY.SANPLE ( Empty full solution )
EMPTY . BLANK ( Eapty matrix blank )
-" Relative Sensitivity = cR
GET.RESPONSE ( Get relative sensitivities )
LoOoP ( Loop for each data point )
GET .RESPONSE . MATRIX ( Get full data table )
TIME. CR ( Time stamp )
(

CLOSE-OUTPUT Close file )






