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Abstract

ABSTRACT

This thesis describes a comprehensive engineering development of a new commercially
important liquid analysis technology that has found applications across a spectrum of industries.
These applications include measurements in the water, food, chemical and pharmaceutical
industries, but extend to applications for control in the heavy industries of electrical power and
manufacture. The tensiograph instrument described in this study evolved from an existing
prototype that had an information content of the signal less than 4 bits. This Mark 1 version had
been used in various application studies and demonstrated good potential. The project describes
how this very limited instrumental system was reengineered to deliver a Mark 2 instrument with
very substantial improvement. With this upgraded instrument, it has been possible to provide
ultra-sensitive measurements, for example, on priority pollutants (PP) in real water that were
detected at ppb levels. The engineering that transformed the instrument was undertaken in a
prioritised system engineering development based on using a new information-based approach
devised by the author and McMillan. This new approach is described in Chapter 6 and its
successful application to the analysis and subsequent engineering of the tensiograph system is
described. The approach employs the universal yardstick of information, which is different to
the traditional dB methods used in systems engineering. The fundamental issue is that these
traditional methods do not provide a unified systems analysis simply because the reference 0dB
levels for different energy forms are not the same. The Mark 2 was engineered rationally top-
down, so that the instrumental problems were solved in a logically ordered way. In the
following chapters the actual rigorous engineering (optical, electronic, mechanical, thermal and
software) is detailed. The chapter structure is broken down to present all the phases of this
work. Chapter 3 details the electronic engineering development and discusses the electronic
circuit design for a light source driver, silicon detector and a temperature controller. This
electronic engineering development was done in a professional environment working in Kelman
Ltd. who led the 5th Framework EU Aqua-STEW (Surveillance Techniques for Early Warning)
project that supported this work, and the highest commercial electronics engineering standards
were used throughout. Chapter .4 details the design of acquisition, analysis, control and
automation software. The software development was undertaken using the best practice Object
Oriented approach and the work described is notable for providing an integrated user
environment. Chapter 5 describes drophead developments, which were a serious attempt to
optimise the engineering of the key element of the tensiograph,; this work in fact contributed in a
number of ways to the optimised design. Chapter 6 describes the new system engineering
approach discussed above. In addition, this chapter details the engineering advances made in the
design of the anti-vibration system and thermal control module. The latter achieves the
absolutely vital accuracy of 0.1°C and reproducibility +0.01°C. The next section describes the
development of the improved liquid delivery systems. The software that controls the various
pump operations for sample delivery, cleaning and control of the drop formation (stopping at
appropriate positions, for example, within the drop cycle) is described. The entire code for all
the software runs to over 300 pages and is bound in a separate volume. Chapter 7 is on
fingerprinting and data archiving. This work describes the development of a new data mining
approach that was introduced by McMillan and the author in 1998 and shows signs at this point
of becoming an established technique with several other PhD and Masters studies being
developed around this. The theory of data-scatter has been presented based on the original
pioneering work done by the author and the utility of this method has been demonstrated in
some important tensiographic applications. The chapter concludes with a brief discussion of the
“use of the technique to reduce data storage in archiving of digital signals.




Chapter 1

CHAPTER 1

INTRODUCTION

Liquid analysis is an important subj ect in many areas of modern science such as product
development, quality control (QC), ecological monitoring and medicine. The production
processes in the brewing, distilling and soft drink industry, cleanliness monitoring of
river water and examination of body fluids are examples of the importance of advanced
liquid analysis methods. A liquid study is almost always based on the determination of
the chemical and physical characteristics of the liquid under test (LUT) that allow an
analyst to discriminate between liquids. Typical characteristics of a liquid are its surface
tension, density, colour, refractive index and viscosity that can be measured
quantitatively using appropriate ‘traditional’ measuring devices such as surface tension
balances, density - meters, ultra-violet-visible (UV-vis) spectrophotometers,
refractometers, and viscometers respectively. It is obvious that multiple measurements
are necessary to conduct a rigorous liquid analysis, and in many cases of the examples
mentioned above the analyst is in fact more interested in relative chemical and physical
characteristic ehénges of the LUT rather than their absolute values. Monitoring the
quality of river water over an extended period of time is one example of the study of
relative changes in chemical and physical characteristics of the LUT. Furthermore,
various ‘traditional’ measuring devices are required to obtain the measurands that are
necessary for the analysis of the LUT.

In the 19th century T. Tait [1-1] dev1sed a surface analysis method based on
liquid drops, which was then further developed by Rayleigh et al [1-2] using
photography and vibration techniques for the surface analysis of pendant drops. These
principles had beén adapted in 1987 by McMillan et al [1-3] to provide the basis for a _
new instrument with the capability of measuring the chemical and physical
characteristics of a liquid individually,l seQuentially or collectively. The new meésuring
technique of the chemical and physical characteristics of a liquid, Whic.h is to date
referred to as the opt1ca1 modality of tensiography, injects light into a pendant drop that
is sent aﬁer internal reflection in the drop, to a detector that converts the light signal

into an electronic signal, which is then used for further analys1s [1-4].

10



Chapter 1

The aim of the thesis will be elucidated in Section 1.1. Section 1.2 describes
briefly the optical modality of tensiography and provides the basic terminology used in
this thesis, which is helpful for the discussion of the project. An overview of the work
carried out over more than a decade on the optical modality by McMillan and co-
workers is giveﬁ in Section 1.3. This chapter continues then with the description of
challenges in Section 1.4, which the author of this thesis overcame during the
development of an effective tensiographic instrument, and ends with an outline of the

content of the remaining chapters in Section 1.5.

1.1  Aim of the Thesis

The thesis is concerned with the engineering of an instrument for liquid analysis in all
its related facets. This amplitude modulated fiber optic sensor (AMFOS) based
instrument with multiple measurement capabilities will be referred to as the
multianalyser or tensiograph. The thesis will give a theoretical description of optical
tensiotraces and the engineering issues invblved in refining the optical and mechanical
engineering of the tensiograph. It will, in particular seek to provide an in-depth analysis
of the related electronic and computer issues. These issues will involve the data capture,
signal processing, data analysis, data display, and the associated software engineering
and definition of algorithms of the multianalyser. The thesis is not therefore about
tensiography as sgch,j although it deals with aspects of tensiographic applications, as
they are relevant tdthe study of these instrumental issues. The thesis in its kernel is
about the exploration of the inter-relation of optical, electronic and software issues that

are specific to the optical modality of tensiography.

1.2 Brief Déscription of Optical Tensiography

Tensiography, the study of the chemical and physical characteristics of drops, which is a
major enhancement to the stalagmometric theory that is mainly employed in
conjkunction with surface tension related measurements [1-51, provides a method for
rapid measurements of multiple chemical and physical properﬁes of the LUT with only

~ one instrument instead of using a variety of ‘traditional’ measuring devices. J. Tyndall

11 4



Chapter 1

demonstrated in 1854 the principle of light guidance in a jet of water [1-6]. Inspired by
this man, who was also famous for his experiments on drops and rainbows [1-7],
McMillan and co-workers began in 1987 to investigate the potential of tensiography by
injecting light into the inside of drops to study rainbow type reflections in drops
distended by gravitational forces [1-8]. The field of tensiography may now have
evolved as a branch of liquid science in its own right with the more recent development
of new modalities, especially the capacitive [1-9] and ultrasonic [1-10], [1-11]
modalities. The optical modality can supply information related to optical
characteristics such as refractive index and colour, whereas the capacitive modality can
supply information related to electrical characteristics such as conductivity and
dielectric constant. Both techniques supply information on mechanical properties such
as density, viscosity and surface tension. In this thesis the author refers to the optical
modality when the term tensiography is mentioned.

The optical modality of fensiography is a new branch of science for analysing
liquids using what is, in essence, a graphically based method of analysing signals
derived from a transducer system monitoring a pendant.drop. This technique is based on
a fiber drophead and for the simplest case of a two-fiber system as shown in Figure 1-1.
The LUT is fed via a poly-ether-ether-ketone (PEEK) or stainless steel liquid delivery
tube [4] to a concave or flat drophead [2] made out of PEEK or stainless steel. The
drophead supports the growing drop [6] of the LUT until the gravitational forces
overcome the surface forces acting on the drop, at which point drop separation occurs.
Throughout this process, light from a light emitting diode (LED) [7] is injected into the
drop,through a polymethylmethacrylate (PMMA) or silicon dioxide SiO; (silica) source-
fiber [5] and the signal reflected from the inner surface of the drop is then picked up by
a collector-fiber [3] and consequently transmitted to a photodiode [Z]. A knife-edge [8]
is fitted to the end-face of a.flat drophead in order to adjust:the height / between the
end-face of the fibers and the drop-supporting edge. This height adjustment has an

effect on the measurement results, which will be fully explained in Chapter 5.

12
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4
7 :’/ =3 5= x\/ 7 [1] Photodiode (spectral response range: 320-to 1100 nm)
I's [2] Drophead (concave or flat, PEEK or stainless steel, & 9.0 mm) ‘
‘ [3] Collector-fiber (PMMA or silica, core: & 1.0 mm)
2 % [4] Liquid delivery (PEEK or stainless steel, inmer: & 1.0 mm) -

[5] Source-fiber (PMMA or silica, core: & 1.0 mm)

[6] Drop (hanging from the drophead under gravity)

S "[7] LED (selectable: 470 nm, 530 nm, 660 nm, 950 nm)
J [8] Knife-edge (for fiber-height # adjustment)

ARRRRRNRY
ESSTSSSTNY

Figure 1-1. Cross-section of a cylindrical drophead of an optical two-fiber system.

The conversion and amplification of a low photocurrent, generated in the
photodiode [1], into an adequate voltage signal is necessary before the signal is passed
to an acquisition board incorporated in a personal cornputer (PC). The scheme of the
conversion and ampliﬁcation arrangement is shown in Figure 12 and a detailed
description is given in Chapter 3. The embedded analogue to digital con\rerter (ADC) of
the acquisition board then converts the analogue voltage into a digital signal, which is “ |
subsequently transferred to the memory of the PC where it is stored in digital form for

later analysis.

Photocurrent to Voltage 3 Data Acquisition
| - Converter B . and '
" Offset and Gai | . ADC
Photodiode O set anc ~atn —
" Sienal Adjustment Data storage
lgnal — ‘ Memory and Disk
Low-pass
Filter = ‘ Data Analysis

Fxgure 1-2. The prmcrple of the s1gnal ﬂow

The key concept of a tensrograph is the fact that all the various phys1cal and
chem1ca1 processes that modulate the coupled light i in the drop produce a srgnal which -
is unique for every spemﬁc comb1nat10n of propertles of the LUT. A data set recorded
over the t1me of the 11fe cycle of a drop i 1s called a tensmtrace and Figure 1-3 shows the

_'charactensuc features of this s1gnal The 11fe cycle of a drop starts with a remnant drop,
which then grows to full 31ze and eventually separates from the drophead A tensiotrace
isan Al\/[F OS SIgnal denved from the instrument as the result of processes that produce
the proﬁle of the tens1otrace ‘which 1nclude part1al and total 1nternal reflection (TIR) of
the hght beam 1ns1de the pendant drop, absorptlon of the hght from chromophores in the i

- “llquld scattermg of the l1ght from turbld part1culate matter changes in the emission

13
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angle from the source-fiber, and indeed perhaps other processes. The specific shape of
the drop of a liquid will however in all cases be the controlling factor in the overall form '
of the resulting tensiotrace. The unique profile of a tensiotrace is obviously dependent
on the physical and chemical properties of the LUT, and shows particular sensitivity to
the surface tension/density ratio, absorbance and refractive index. The positioning of the
fibers in a drophead has been engineered, as far as possible from empirical adjustments,
to optimise the measurement of the physical and chemical properties and these complex

engineering issues will be explored in Chapter 5.

Features of this trace

5 0.8 ;t"\ 1| / 2 [Z] Rainbow Peak

= / \ ‘ ' ' Peak Period: 23.813s
"o 0.6 S Fa.\ Peak Height: 0.894

:Ug / \ / \ [2] Tensiograph Peak(s)

= 0.4 AN . (up to two for existing head)

£ / \L ™ Peak Period: 77.781s

< 02 / S , " Peak Height: 0.669

0 / Drop Period: 97.156s

0 10.20 30 40 50 60 70 80 90 100

Time (s)
Figure 1-3. Typical tensiotrace showing the characteristic features.

A tensiotrace, including the amplitudes of a rainbow peak [I] and a tensiograph
peak [2], is normalised to 4095 (maximum resolution of a 12-bit A'DC)‘ and displayed
over the time in seconds. The normalised unit of tensiographic amphtudes has been
termed tensmgraph unit (TU). The rainbow peak height (RPH) and the rainbow peak
period (RPP) are very sensitive to the refractive index of a liquid. The name rainbow
peak is derived from the fact that in rainbows a measurement of the angle of the bow
provides a measurement of the refractive index‘of the liquid [1 12]. Changing the
wavelength of the LED [7] (Flgure 1-1) in consecutlve measurement cycles has an
effect on the tensrograph peak helght (TPH) and the tensmgraph peak penod (TPP) due
to the absorbance of the LUT, which can be used for colour Venﬁcatlon purposes The
drop penod (DP) is the time taken for a drop to form and detach from the drophead and
can be used to provide: 1nformat10n about the surface ten51on/den51ty ratio of a liquid.
These and other physwal and chemlcal propertles have been shown to- 1nﬂuence the

proﬁle ofa tens1otrace [1-13], but desplte the obv1ous usefulness of an 1nstrument that

’ prov1des so many measurands the pnnc1pa1 use of the tens1ograph however i is 1ts ﬁrst .

tcommermal type asa ﬁngerpnntlng techmque The soﬁware engineering that the =

present thes1s descnbes is predlcated on thls fact It has been demonstrated over a penod

e



Chapter 1

of several years now that the complex physical and chemical properties of a drop that
ultimately define the profile of a tensiotrace provide a very sensitive fingerprint

technique of liquids or solid samples dissolved in a solvent [l-l4];

1.3 History of Tensiography

This section gives a brief overview of the various development stages of the tensiograph
and its appl1cat1ons commencmg in 1987 when McMillan and co-workers began to
investigate the potential useﬁ,llness of such an instrument. The description of historical
objectives in tensiography ends in 1997 when the author of this thesis got involved in
this project. The development periocl of the teusiogfeph from 1997 to 200}1 will then be
the subject of this thes1s which discusses the dlfferent routes that have been followed to

achieve the 1mprovement compared to a prehmmary tensmgraphw instruments.

1.3.1 Preliminary Investigations into Tensiography

Investigations into the analytical potential of measuring a property of a liquid began in
1987 using an instrument that was termed a fiber drop analyser (FDA). This FDA-setup,
Figure 1-4, marked the beginning of the development of the optical ‘modality in
tensiography [1-3].- |

Liquid feed

Y

IR LED s FDA — Detector —|  Preamplifier

Y

" .Output  |=e€—{  Computer <— 100kHz ADC

Flgure 1-4. Schematlc dlagram of the FDA apparatus.
In the followmg phase of the 11qu1d drop 1nvest1gat10ns the instrument was used to

measure 1nd1v1dually surface tens1on, viscosity, refractive index and the chemical
“compos‘itiou of the LUT [1-4]. The capability of sirrlultaneously measuring all the above

V-m'easuran‘ds'in one measuren‘lent‘oyeIe ‘was demonstfafed‘ on the basis of one set of -
resulls obtained ﬂom the sugar processiug industry [1-15]. The pfototype FDA had been
operated 'essentially' witll one infrared (IR) LED source w1th a 940nm spectral peak
~ matched to a phototransistor, Whlch was used as the light signal detector of the
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Figure 1-6. A tensiotrace showing an example of the best linear section in the trace.

First, finding the best linear section in a tensiotrace is essential for the calculation of U,
Note that only one tensiographic data set is available to carry out statistical
computations, which usually require numerous 1ndependent1y measured data sets. The

linear correlat1on coefficient 7 is applied to find a linear section in a tensiotrace.
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where A is set to 32 data points, and r close to £1 is an 1ndlcat10n that the data points are

in hnear correlatlon Usmg the best hnear sectlon ina tens1otrace, the standard deviation

08 e |

ois determined

tk+/1. ‘ (1'3)

A-1

and subsequently multlphed by 3to fall into the 99.87% conﬁdence range ofa normally
distributed standard deviation (see Table A4 1) ,
| U, <3a_ , . (1-4)

is then the maximum noise ,amplitude in this linear section. Note that the factor 4 was

empirically‘ detérmined by varymg it in bs‘ize"for ténsiotracés of different liquidé.
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1.3.2  Conversion to a Multi-Wavelength Instrument

The introduction of a charge coupled device (CCD) and a tungsten light source in 1992
converted the existing instrument into a multi-wavelength FDA. The FDA had been
used as a comprehensive spectrophotometer using a portable ‘multiv-channel‘
spectrometer (PMS). It was a landmark that in this conﬁgurationthe drop absorbance |
measurements could be made to a high standard of sensitivity, and this experimental
fact had some practical consequences for FDT measurements of a multi-wavelength
FDA with special reference to applications in medical diagnostics [1-16]. Figure 1-7(a)
shows the experimental setup of the PMS-FDA system.

Liquid feed Liquid feed
X, Y, Z Xy, 2 ' X : X
Source ———I I-— Spectrometer . pesass PC y y
z z’
Drophead ‘ INRRIN INRBIN
|[EINSESISSNEE

X,y,2z: Source-fibers ‘ JNNE| |

\/ x’, y’, 2’: Collector-fibers U '
(a) 7 ‘ | (b) ‘

Figure 1-7. (a) FDA experimental setup showing the basic PMS detector system.

(b) Cross-section of PMS-FDA cylindrical multi-fiber flat drophead’
showing posmons of three sets of fiber pairs. ;

For the multl-wavelength PMS-FDA system white hght was injected into the source
fiber from a tungsten source, operated from a controlle’d stabilised direct current (DC)
power supply, with the coupling imprOVCd by a simple lens focusing arrangement. The

smgle-wavelength system used a standard IR photod1ode as the detector For the PMS ‘
system the spectral content of the returned srgnal was recorded every 40ms, which was
a sampling rate determined by the frame rate of the CCD camera. of the PMS. This
system was oapable of analysmg the 51gna1 from 12 fibet inputs s1multaneously and the
ﬁbers used were standard 200,um s1hca ﬁbers that had been polished before mounting in

the drophead

IR
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1.3.3 Study of Vibrating Pendant Drops

Qualitative investigations into the visco-elastic Surface properties for a series of pure
liquids had been conducted using the FDA and Fast Fourier Transform (FFT) analysis,
by means of measurement of the démped vibrations in mechanically excited pendant
drops. This study revealed a range of processes in the damped vibrations of pendant
drops and opened up a new approach to the measurement of physical properties for the
micro-volume analysis of ‘quuids [1-17]. The various fiber positions in the drophead,
xx’, yy’ and zz’ as shown in Figure 1-7(b), were used to manipulate the pfoﬁle of these

specific FDTs, and this will be discussed comprehensively in Chapter 5.

1.3.4 Drophead Investigations

Drophead studies had been carried out with special reference to ﬁngerpnntmg liquids
[1-18]. The ideal drophead for the FDA was of a ﬂat cylindrical design, as shown in
Figure 1-7(b). Such'a drophead enabled surface tension measurements to be made based -
on the established stalagrnometlic.methods [1-19]. The PMMA fibers used for the
single-wavelength measurements were 1mm in diameter, and an investigation was made
into the profile of FDTs obtained for dropheads of various diameters and positioning of
the PMMA fibers. It was understood from the earliest work that most of the FDTs
produced with a flat drophead did not contam a rainbow peak However, a ralnbow peak
was obtained with a flat drophead (6mm and 7mm dlameter) for aqueous solutions of
ethanol.tC_o:nvervsely 1t ,was‘discojve‘red during the studies with a concave drophead, as
shown in Figure 1-8, fhat for all investigated liquids, a ifainb'ow peak was present in the

FDT.
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Liquid delivery tube

ARSI S

Figure 1-8. Cross-section of a cylindrical concave drophead of an optical two-fiber system.

For this reason, a concave drophead (9mm diameter and 6mm fiber separation) had been
selected as being the drophead for general use in the FDA. The multi-wavelength setup
during this research period was the same as that shown in Figure 1-7(a), with the
exception that the source and detector were replaced by components from Ocean Optics.
The light that was injected into the drop came from an Ocean Optics LS 1 tungsten
halogen lamp, an Ocean Optlcs PX-1 xenon flash lamp or from a number of LEDs
housed in a spe01a11y constructed source and detector box. The hght coupled back from
the collector-fiber in the drophead was passed either to the Ocean Optics SD1000 CCD
fiber spectrometer or to one of the several spe01a11y constructed photodlode or
phototransistor detectors, which were also located in the source and detector box. In all
cases, the amplified signal fromthe detector was passed to a DASH 16 ‘JruniorADC
card, which was incorporated in a PC and digitiSed the signal for the analysis with a

Microsoft Windows 3-11 based software package, which was written in Visual Basic.

135 Filzgerpriiziing Liquids

In 1994 McMillan and - co-workers directed their studies towards manufacturing a
commerciai instrument that would be used to ﬁngerprint liquids by acquiring a data set
generated from multiple changes of physical properties during a life cycle of a drop and
subsequently comparison. with previonsty obtained data sets. From that time, in
published papefs' and articles, the name FDA was replaced with tensiograph
multianalyser, or elther used separately The term tenswgraph was decided as a generic
name by the researchers in the Innovatlon Centre Carlow in Ireland and Kingston
Un1vers1ty in England workmg on respectlvely the optlcal and ultrasonlc/capacltlve
modahtles The respectlve data set prev1ously known as FDT became referred to

thereaﬂer as tens1otrace
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In this research period the emphasis was put on the SNR improvement of the
tensiotraces, which is an important issue for fingerprinting liquids. Hence, the pre-
production multianalyser was equipped with a specially engineered LED and detector .
system, working with three plastic-fiber-optic transmitter diodes from Siemens
SFH750V, SFH452V and SFH450V at the three wavelengths of 660nm, 770nm and-
950nm respectively and the matching detector SFH250V with a photosenSitivity
spectral range of 400mm to 1100nm. The existing Windows 3-11_ based analysis
software package was also upgraded to enable the analyst to ﬁngerprint liquids using a
fingerprint method that applies match and difference values, which are termed M-values
and D-values respectively (fully explored in Chapter 2), obtained from their tensiotraces
to build‘a database library of products. o

A brewing study in cooperation with Brewing Research International (BRI)
Ireland had shown that the fingerprint method, using M—values and D—values,\was
capable of maintaining QC standards from the interpretation of the data in terms of the
variation in the various physical and chemical properties of the product, against the ‘
standard UV-vis imethod [1-20]. In addition, a new approach to concentration
measurements of pure protein solutions had been devised, to compare once again the
measurement cap'ability of the tensiograph with a standard UV-vis instrument [1-2l].

This review of the various deveIOpment stages of a tensiographic instrument and -
the related applications has demonstrated the potential usefulness of an instrument with
multiple measurement ‘capability such as the tensiograph multlanalyser The per31stent
demand on the 1mprovement of the related optical, mechamcal thermal electronic and
computer aspects has indeed led to the PhD research prOJect‘ of ‘the author, which
commenced in 1997 and describes the tensiograph development and related applications o

until 2001.

14 ‘Challenges'facin'g: the:Effective Tensiographic Instrument Development

During the development of the tens1ograph the 1ssues surrounding the ch01ce of
drophead ﬁbers sources and detector, llquld dehvery system, temperature control
module and an ant1-v1brat1on system have all had to be very carefully con51dered In the

7 followmg d1scuss1on the major engrneenng 1ssues of the ten51ograph1c 1nstrument Wlll
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be described briefly and the approaches to minimise the noise contributions from all the

components to the total dB overhead will be given.

1.4.1 Drophead

One of the most important issues concerns drophead engineering design for the -
reproducibility of mechanical drop formation, Whieh is the single most crucial aspect for
fingerprinting liquids. A long investigation by the author of this thesis, into the
production engineering aspects has demonstrated that, even with the best automated
production facilities using the most appropriate high-precision tools; it is impossible fo
produce identical tensiotraces with different dropheads of the same kind. It has to be
noted that the reproducibility of drophead-performance is limited and can only be
carried out to a certain level of accuracy. The tolerances of borehole diameter, angle and
the overall dimensions of the 'drophead vary with the choice of material, head shape and
available manufacturing tools. The quality of the boreholes in the drophead is important ,
for the positioning of the fibers. Another second vital charecteristic vof the drophead is

its chemical resistance to damage from aggressive liquids. A PEEK drophead, for

example, might- not be the best option for conductrng expenments with low-
concentration acids, whereas a stainless steel drophead is well able to sustain a medium-

concentration acid attack, but only glass or preferébly quartz should be used for

dropheads in long-term experiments involving high—concentration ’aci‘ds.‘ Consequently,

both the shape and material of the drophead also influences its ability to be cleaned

between measurements of different liqnid samples . Obviously smooth surfaces, as they

can be found in the flat drophead de51gn, as shown in Frgure 1-7(b), are better to clean
than concave dropheads as shown in Flgure 1-8, where the placement of ﬁbers can -
produce crev1ces that can 'be easily contam1nated and consequently' exacerbate the
practical problem of decontamlnatlon The suspended hquld on a concave drophead is
forced to the edge of the drophead It has better ‘wetting capabilities as a- consequence
than a flat drophead assummg of course that both dropheads are made out of the same |
materral have the same d1mens1ons and were dry before the llqurdf dehvery started. It -

has to be notlced that the fibers of both drophead des1gns, see Figures 1-7(b) and 1-8,
are exposed to the LUT causmg a problem which wrll be d1scussed in Section 1.4.2.

The development of a new ﬂatquartz drophead desrgnongmated from the efforts of
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McMillan and the author to optimise the engineering of the drophead and to overcome
the problem of fiber exposure, see Chapter 5 for more information. This drophead
design work was carried out over the entire development phase of the tensiograph since |

the start of this project and constitutes a major advance in tensiography.

1.4.2 Fibers

PMMA fibers have a number of advantages compared to silica fibers of the same
diameter, specifically their flexibility, cheapness and availability. Their outstanding
flexibility allows the user to bend PMMA fibers virtually to any position in the
tensiograph, which is important for coupling the fibers to the drophead and the opto-
electronic components located in the instrument, where. the space is limited. The
disadvantages of PMMA fibers on the other hand are unfortunately fundamental when -
the ultraviolet (UV) capabilities of the instrument are given consideration. The two
major weaknesses of PMMA fibers are in fact their inability to resist chemical attack

and the radical attenuation of the transmitted optical signal in the UV-B and IR-A |
(Appendix 3, Table A3-2) regions of the spectrum. Covering the tips of the fibers,
which are exposed to the LUT, with a specially designed resin, eliminates the possibility
of chemical attack Vof the fibers. The effect the resinhas on the transmitted optical signal
is negligible, but the positioning of the fibers suffers rnconsistency and this affects the
drophead reproducibility, which results .in the inability to fingerprint liquids. Silica
fibers on the other hand withstand chemical attack and transmit the optical signal
basically with low attenuation' over the whole spectral range from UV-B to IR-A, but
their extreme brittleness at 1mm diameter makes it difficult to handle these fibers. It is
almost 1mp0531b1e to bend silica fibers over an extended time period. This can be

avoided after all by connectlng the opto-electronic components (LED and photodiode)-

permanently to one end of the ﬁbers 1nstead of bendmg the fibers to a remote location

of these opto- electronlc components 'An additional problem is the dlfﬁculty of ﬁxmg
the fibers in the drophead because the shrinkage of the resin during curing stresses and
vusually cracks the 1mm dlameter slhca ﬁbers Eventually Mchllan and the author came
up with a solutlon to ﬂ‘llS problem a new drophead des1gn that uses silica ﬁbers that are
1nserted only mechamcally ina quartz drophead be1ng held in pos1t10n by fixing them :

to the drophead usmg a clampmg mechamsm Chapter 5 prov1des an extenswe
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description of different drophead designs and their related advantages and

disadvantages.

1.4.3 Sources & Detector

The optimisation of the opto-electronic components and the fibers is essential in order
to maximise the output power to the detector via the processes of coupling optical
sources into the source-fiber and on the far side Aof the drophead the coupling of the
emission from the collector-fiber into the detector. The better the optical power
coupling is, the less amplification of the signal is necessary and this will result in a
marked improvement of the SNR of the tensiotrace. The first fiber and optical device
linking mechanism described here is a plastic connector housing, which incorporates a.
fiber-optic LED transmitter or a fiber-optic photodiode as detector and a micro lens for
efficient coupling. The performance of the opto-electronic components contained by
these devices is excellent with regard to the tensiograph, but the optlcal ahgnment of the
fibers is not reproducible and sometimes quite inefficient. These housings are spemally
designed to mate with 1mm diameter PMMA fibers. The fact that both the housings and
fibers are made out of plastic, places a limit on the possibility of an optimised ‘
connection. Inefﬁcient optical alignment .and the restriction to" PMMA fibers rule
against the plastlc dev1ces couphng technique in a tensmgraph A second fiber-optic
connectivity option uses the rigid SMA-type housing (Appendlx 2, Picture A2-11). The
mating connectors for these SMA-type houslngs are fitted onto the end of the fibers
(either PMMA or silica). This coupling method guarantees an optimised optical

alignment each time when the opto-electronic devices and the fibers are connected
together and therefore reduces any changes from'ﬂﬁs source on tensiotraces resulting |
from variations in either the conﬁeetion to“ the LED or the detector. The disadvantage of
this system is the extremely high cost per. eonnection and the limited availability of
commercially hlgh performance opte-electrenic components over the range from UV-B
to IR-A (Table‘ A3-2). Paradoxically, thls ‘has led -to both improvements and
deteriorations in the peffermance of the tensiograph. Chapter 6 provides a more detailed

examination of different‘light sources and detectors in‘tensiography. '
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1.4.4 Liquid Delivery System

A constant head liquid delivery system is principally the ideal method to form a drop at
the end of a drophead. Firstly, it has been noticed from observation in practice, that such
a system generates no turbulence in the liquid, as the narrowness of the capillary -
delivering the liquid ensures a laminar flow. If the system has been properly set up and
environmental vibration precautions have been carefully applied, the drop formation
shows extremely‘ low noise from mechanical drop disturbances. Secondly, the bubble
problem, as described below in this section, is avoided if the} LUT has been properly |
degassed, before it is filled into the constant head delivery system. Unfortunately, liquid
delivery via a constant head is extremely difficult to maintain and a constant liquid flow
is only realisable for short periods, because of variations in atmospheric pressure,
humidity, temperature and perhaps other influential factors. It was therefore decided
after a long experimentation period that the only practical solution for. the liquid
delivery system of the tensiograph was a stepper motor driven pump. The volume flow
rate of those particular devices is exceptionally constant and this is a very important S
aspect to fingerprint liquids. One of the disadvantages of a stepper motor pump is the
oscillation it introduces to a drop due to a step-by-step liquid deliuery to the drophead,
which subsequently generates noise in the recorded tensiotrace. The arnplitude of the
oscillation of a drdp decreases with the increasing number of steps per full stroke of the
plunger that pushes the liquid through the delivery tube to the drophead A more serious
problem is the occurrence of bubbles in the liquid delivery tube, which most deﬁmtely
have an effect on the profile of the tensmtrace during the recordlng phase These
bubbles oceur durmg the switchover pomts of the valve, which changes the direction of
liquid flow in the syringe of the pump, i.e. a 1iquid sample can either be taken into the -
syringe or this sample 'is ready to be, dispensed again. Consequently, the liquid delivery

system has to be ﬂushed between measurements to avoid the build up of bubbles and |
this option is programmed into an acqulsltlon soﬁware package of the tens1ograph

which w111 be descrlbed in Chapter 4. The hqu1d delrvery systems W111 be more fully .
explored in Chapter 6.
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1.4.5 Temperature Control Module

The tensiograph incorporates a temperature controlled drophead chamber, which is of
fundamental importance for the reproducibility of the drop formation of the same liquid,
1.e. the ability to fingerprint liquids. The temperature range of the thermal module (10°C
to 40°C) is suitable for most liquids that can be analysed with the tensiograph, but the
relatively high limit on the lowest achievable operating temperature remains a problem
for fingerprinting highly volatile liquids. Chapter 6 provides an in depth description of

the temperature control module.

1.4.6 Anti-Vibration System

The sensitivity of the technique of analysing and fingerprinting liquids clearly demands
efficient vibration isolation. Building, floor and acoustic vibrations are sources of drop
disturbances. The ultimate solution to this problem is active vibration damping
(vibrations are electronically detected, analysed and eventually compensated by
producing counter forces), but such a system is simply too expensive to offer a practical
solution for an envisaged commercial multianalyser. Passive anti-vibration systems are
relatively inexpensive and can be efficiently used for various applications. Most of
those systems are designed to absorb frequencies above 10Hz and need to be loaded
with a relatively heavy weight, but the tensiograph is very sensitive to frequencies
below 10Hz and its weight is relativély light. The vibration damping systems, which are
appropriate for this kind of application are equipped with soft springs, which can be a
problem when the structure that is resting on such an anti-vibration system has to be
levelled, as is the case for a tensiographic instrument. The anti-vibration systems

utilised will be further discussed in Chapter 6.
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1.5 Outline of the Content of the Remaining Chapters

Chapter 2 provides a theoretical review of basics, including optical components,
electronic noise, mechanical vibration, information content, principal component
analysis of tensiotraces, theoretical concepts of data-scatter and statistical fingerprinting
methods adapted specifically for tensiography. Chapter 3 continues then with the
electronic engineering development of a tensiograph, comprising the temperature
controller driver, Peltier power booster, light emitting diode driver, detector board,
acquisition board interfacing, and the system integration of all electronic circuits.
Chapter 4 describes software engineering issues, regarding important strategies for the
development efficiency of modern software applications, a data acquisition package and
the associated interfacing aspects, a software package for the data analysis of
tensiotraces, a data-scatter software package, and the integration of these software
packages. Chapter 5 concentrates on the drophead engineering development with
respect to the concave PEEK drophead design, the flat stainless steel knife-edge design,
and the flat quartz drophead design. Chapter 6 discusses the systems engineering
development, explaining the vibration damping system, thermal module, pump and
constant head liquid delivery systems, disturbing effects such as stray light and
evaporation, error budgets in conjﬁnction with information content, and the integration
of a tensiographic system. Chapter 7 elucidates fingerprint studies, concerning data-

scatter and tensiotrace data smoothing algorithms.
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CHAPTER 2

THEORETICAL REVIEW OF BASICS

This chapter will provide a review of some basic theoretical issues that relate to the
analytical discussions in subsequent chapters. The issues will not be dealt with in depth
here, but these foundations will either be deepened by the subsequent experimental
studies that form the major part of the work reported in this thesis, or an understanding
of these basic theoretical discussions will be required to appreciate the tensiograph
engineering described in the later chapters where these topics arise. It is important here
however to point out that the theoretical issues described in this chapter do not
constitute new and original contributions, with the exception of Section 2.4 and to a
limited extent Section 2.5. Section 2.1 describes basic instrument issues, including
optical components, electronic noise and mechanical vibrations. A review of instrument
performance in terms of information content is then discussed in Section 2.2. The
principal component analysis of tensiotraces is the subject of Section 2.3. Section 2.4
provides a description of the fundamental theoretical concepts of data-scatter, which is a
new development that will be more fully explored in Chapters 7. The descriptions of the
statistical fingerprinting methods in Section 2.5, while of standard form, are presented
here in a way that has been adapted specifically for the tensiograph problem (and here
also instrumentation in a more general way), where the issue of the probability of a
false-positive is really what is required by the user rather than the result of a test

statistic.
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2.1 Instrument Issues

2.1.1 Preliminary Contemplations

2.1.1.1 Solid Angle

The mathematical description of many quantities used in this study such as spectral
reflectance, absorptivity, transmissivity and indeed other physical properties of a
substance, e.g. the liquid drop shape and emission cones from silica or PMMA fibers
with regard to tensiography, require the definition of the solid angle Q or its differential

dQ, see Figure 2-1.
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Figure 2-1. For the definition of the solid angle.
The differential of a solid angle dQ, which is related to an arbitrary infinitesimal small
area d4A of a medium, e.g. a very small sector on the surface of a drop, can be
determined as follows. The projection of d4 onto the surface of a normalised sphere, i.e.
the absolute value of the radius-vector e of the sphere is one, which has been

constructed using O as the origin, determines the associated dQ.
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The definition of dQQ and dA, using spherical coordinates (9, @), is then
dQ =sin(9) d9 do 2-1)

and

2

R
dd= Msm(&z) d9dy 2-2)

where R is the distance between the origin O and the sector d4, and ¢ is the angle
between the direction of projection e and the normal # of d4. The solid angle Q, for an
extended area A4, can be calculated by integration, after rearranging Egs. (2-1) and (2-2)

and the use of an appropriate coordinate system

0= Icosgg) a4
7+ R

(2-3)

where ¢ and R depend on the upper and lower boundaries of the integral over 4. The
unit of the solid angle Q is [m’m™] and has been defined as steradian (s7), which is

dimensionless.

2.1.1.2 Refractive Index

The speed of light ¢ in a substance, e.g. air, water or glass, is related to the wavelength A
of the electromagnetic signal. The propagation of an electromagnetic signal in vacuum
does not depend on the frequency of the signal and is therefore a constant that can be
used to determine the absolute refractive index », of a substance

S

n, = ‘
e, (2-4)

where ¢, [ms™] and ¢, [ms™] are the speed of light in vacuum and in the substance
respectively. The more practical usé of the refractive index in tensiography is in general
the retardation of a wavefront, i.e. the surface defined by the locus of adjacent points
that have the same phase, passing through a boundary between two dissimilar media.
Snell’s Law, illustrated in Figure 2-2, defines the angle of refraction
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n,sin(@, ) = n, sin(6,) (2-5)

where #»; is the index of refractibn of the medium in which the incident ray (coming
from a light source LI or L2) travels, &, is the angle with respect to the normal at the
refractive boundary at which the incident ray strikes the boundary, #; is the index of
refraction of the medium in which the refracted ray (/a, 1b, 2a or 2b) travels, and & is
the angle with respect to the normal at the refractive boundary at which the refracted ray
travels. If a ray travels from a medium of lower refractive index into a medium of
higher refractive index (Figure 2-2 (a)) and the angle of incidence is greater than zero, it
is bent toward the normal (/b) and at the same time partially reflected back into the
medium from which it originated (/5°). The ray is not deviated at the boundary of two
dissimilar media, if the incident ray is collinear with the normal of the boundary (/a or
2a). If a ray travels from a medium of higher refractive index into a medium of lower
refractive index (Figure 2-2 (b)) and the angle of incidence is greater than zero, it is bent
away from the normal (2b) and at the same time partially reflected back into. the
medium from which it originated (25°). TIR occurs when a ray strikes the refracting
boundary at an angle of incidence with respect to the normal greater than an angle
termed the critical angle &,

0, =sin™ [ﬁ’—] (2-6)

n,

where n; is the refractive index of the optically less dense medium, and ny is the
refractive index of the optically denser medium. The incident ray is in the optically
denser medium and if it strikes the refractive boundary precisely at the critical angle &,
then the refracted ray is tangent to the boundary at the point of incidence. After the
rearrangement of Egs. (2-4) and (2-5), the refractive index appears in the form
n,, = 5in6) _
¢, n sin(8,) @-7

where n,; is the relative refractive index of two media / and 2, which is the ratio of the

absolute refractive indices of both media.
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Figure 2-2. Refraction and reflection of light rays travelling from a medium of lower
refractive index into a medium of higher refractive index (a) and vice versa (b).

2.1.1.3 Propagation of light in optical fibers according to ray theory

The optical multimode step-index fibers (Figure 2-3) in a tensiograph are composed of
two distinct and different types of optically transparent materials. Different modes in
Figure 2-3 (a) can be distinguished by the diversity in length of their geometrical and
optical light paths, and a constant refractive index from the core-centre of the fiber to
the interface between the core and the cladding, as shown in Figure 2-3 (b),

characterises multimode step-index fibers.

Cladding Core

(@ (b)

Figure 2-3. (a) Multimode step-index fiber, (b) profile of the refractive index n(r).
The core of the fibers is made out of silica or polymer and has a higher index of
refraction n, than the cladding with a lower index of refraction n;. The cladding
surrounds the core and transmits nearly all the light energy of the fiber. A thin layer of
cladding provides an interface at the boundary, which in the ray model of the optics of
fiber transmission will produce TIRs of the propagating rays. A polymer jacket protects
the core and cladding of the fiber from being mechanically damaged. Figures 2-4 (a)
and (b) illustrate the arrangement of an optical fiber and the principle of the light
guidance through the fiber respectively.

32



Chapter 2

Polymer overcoat

Cladding

Core, ny

(@) (b)
Figure 2-4. (a) Optical fiber, (b) principle of light guidance through the fiber.

With regard to Figure 2-4 (b), the critical angle &., which determines the maximum
angle 6, (termed the acceptance angle) at the end-face of a straight fiber, within which
optical power may be coupled into bound modes, i.e. light rays are totally reflected at
the interface between core and cladding of the fiber, is &, = 0.57 - 6. Using the
definition of Snell’s Law in Eq. (2-5) with n, = ng4 and the definition of the critical

angle 4. in Eq. (2-6), the angle 6, can be defined as

6, =sin™| 22 sin| Z —sin| 2L (2-8)
n, 2 n,

where 6 is measured with respect to the fiber axis, and n;, n;, ng are the refractive
indices of the medium between light source and fiber, cladding, and core respectively.
Rays entering an optical fiber at angles greater than &) are coupled into unbound modes
and will be attenuated. The important quantity that defines the light acceptance of a
fiber is the numerical aperture (NA). For a multimode step-index fiber in air, with a
refractive index of ng and »; in the core and cladding respectively, the expression in Eq.

(2-8) can be manipulated

sin(9,) = 2 sin(zr- —sin™ [ﬁn
n, 2 n,
sin(6,) =24 cos(sin - (i]]
n 14
sin(6,) =2 \/ 1-sin? [sin - (—'—ILD
m 1y
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sin(9,) =" 1_[3)2

n n,

sin(91)=iwln§ —n} (for air,n, =1)
n

1
to give a form that provides a measure of the ability of the fiber to accept, in its bound

modes, non-normal incident rays
NA =sin(g,) = Jin; —n} ) (29)

where 6, is the acceptance angle defined above. The angle &, is shown at both ends of
the fiber, because a short fiber will preserve the angle of incidence during propagation
of the light, hence the rays will exit the fiber with an emission cone that is usually equal
to the acceptance cone. The NA is therefore an important parameter for multimode step-
index optical fibers, as this determines both the maximum angle (26,) of the acceptance
and emission cone of the fiber. This quantity is particularly important in consideration
of the optical alignment between a light source and a fiber, see Figure 2-5, which shows
two types of fibers with different maximum angles of their acceptance cones x, z and an
LED with a lens, producing the incident cone y. The fiber with the acceptance cone x
has a smaller N4 than the fiber with the acceptance cone z. The incident cone of the
LED is smaller than z but bigger than x. Therefore, the z-cone fiber will accept all of the
light from the LED, but the output cone at the other end of the fiber will be the size of y.
Conversely, the x-cone fiber is not capable of accepting all the light from the LED, and
will have an output cone of size x. Coupling losses also occur if the fiber has been
inaccurately positioned with respect to the LED output cone. The maximum optical
power cannot be coupled into the fiber, even if the acceptance cone of the fiber is bigger
than the incident cone of the LED, as it is illustrated in Figures 2-5 (b) and (c). Only the
combination of perfectly optical alignment (sweet-spot position), and the choice of a
fiber with the appropriate N4, guarantees that the maximum optical output power of the

LED is coupled into the fiber, as shown in Figure 2-5 (a).
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(b)

Figure 2-5. Principle of the optical alignment of an LED, with a lens-focused incident
cone y, and a fiber with maximum acceptance cone x or z. (a) perfectly
aligned, (b) fiber too close to lens, (c) fiber too far away from lens.

Angular misalignment of optical fibers is one of the basic causes of variation in
performance in light transmission between supposedly identical optical fiber systems. In
addition, if the end-face of a fiber is not cut at a 90° angle with respect to the axis of the
fiber, transmitted optical power will be attenuated. The optical output power @ of an
LED in a tensiograph is coupled into the source-fiber of the drophead and subsequently
transmitted into the pendant drop of the LUT (Figure 1-1).

2.1.1.4 Spectral Considerations

The relationship of the optical power distribution on the surface of a drop, with respect
to the end-face of an optical fiber at the origin O in Figure 2-1, is
d® =1dQ (2-10)

where the proportional factor I [Wsr] is the optical intensity of the light beam at any
point and time on the surface of a growing drop. Replacing dQ in Eq. (2-10) with the
definition of the solid angle element in Eq. (2-3) yields

_yoosle) 1, _

where E [Wm™] is the irradiance, which is a measure for the optical power per area and
it obviously decreases quadratically with increasing distance R from the light source
(inverse square law). The light travels from the end-face of the fiber to the surface of the
drop and during this progression optical radiation is partially reflected, refracted and
absorbed in the liquid, which obviously means that the optical power @ at the surface of
the drop is less than the optical power at the end-face of the fiber. The interaction of the
optical radiation with a substance is specific for a LUT and can be expressed by three
optical characteristics for liquids that do not contain particulate matter, which implies

that they do not scatter radiation:
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The spectral reflectance (1) is the ratio of the reflected optical power @, z and the

emitted optical power @, g

(DJ.,R
(DA,E

p(2)= (2-12)
The spectral transmissivity 7( 1) is the ratio of the transmitted optical power @, r and the
emitted optical power @, g

(D/I,T
(D/I,E

(1) =

(2-13)

The spectral absorptivity o) is the ratio of the absorbed optical power @, 4 and the
emitted optical power @, g

CD/‘L,A

a(1)=
CDA,E

(2-14)

where p(1), 7(4) and o(4) are dimensionless and the value of each of these properties is
within the range O to 1. The following definition is limited to non-luminous substances

but applies for any wavelength.
p(A)+7(A)+al(r)=1 (2-15)

If the optical power of the light is @ at the end-face of a fiber and propagates in

the /-direction, then the optical power will be

(OFH a2 dl
dl
at the point / + d/ (e.g. on the surface of a liquid drop), which means, that
_4o
dl

is the decrease of the optical power with respect to the length / [em]. By imposing a
form for d®/dl it can also be expressed as

d® dd
E———ad)(l), or E——adl (a>0)

by introducing the proportionality factor a. The integration of this expression yields

| In(®) = In(®, )-al
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D=, e (2-16)

where @ is the optical power at the point / = 0, a(4) [cm™] is the absorption coefficient
of a substance. This expression is termed the Lambert Law. A modified Beer-Lambert
Law can be used in order to determine the absorbance A in the light path of a
tensiograph (Figure 1-1)

A=gcldl=scl, (2-17)

where ¢ [litre mol” em™] is the molar absorptivity, ¢ [mol litre'] is the concentration of
the compound in solution, / [cm] is the path length of rays in a liquid drop that couple
from the end-face of the source-fiber to the end-face of the collector-fiber, and /,, [cm]
is the average path length obtained from integration of all the photon paths that couple

across a liquid drop from the source-fiber to the collector-fiber.

2.1.2 Drop Considerations

The shape of the rainbow peak is of some interest. This characteristic shape can be seen
in Figure 1-3 with a sharp angular rise and a relatively slow linear descent after the peak
maximum. The peak is asymmetric. There are in fact three terms that contribute to this
shape.

1. The inverse square decrease in the intensity (Eq. (2-11)) due to the lengthening
of the optical path length (OPL) of the triple reflective coupling of the rainbow
peak. This is shown schematically in Figure 2-6 (a). From sequential
photographic recordings of a drop an estimate of the drop length can be made,
see Figure 2-7. It has been assumed that the inverse square law (Eq. (2-11))
applies (this is not true for an emission cone) as only the single-ray triple
reflection is considered here. This treatment is of course only an attempt to
produce a rough model that aims to uncover the physics behind the profile of the
peak.

2. The second term that is of obvious importance here is the variation in the
intensity for the coupled rays. Three ray couplings are shown in Figure 2-6 (a)
for three different sized pendant drops (strong evidence suggests [2-1] that a
triple reflection produces the rainbow peak). The angle « of a given emission

ray that couples will have a positive « for ray coupling /, an angle close to zero
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for ray coupling 2, and an « of negative sign for ray coupling 3. The emission
cone from a multimode step-index fiber is approximated by a cosz(a) term. Note
cos(2a)=cosz(a)—sin2(a).

3. The third term is illustrated in Figure 2-6 (b). An approximation of this focusing
term illustrated here, can perhaps be obtained by ignoring the ldsses due to
Fresnel reflections, i.e. light is reflected back into the fiber at the interface
between the end-face of the fiber and the liquid drop. All rays incident on the
side of the drop are TIRs, which then are coupled to the collector-fiber by two
further TIR processes. The difference between the top of the rainbow peak and
the tensiograph peak(s) (Figure 1-3) is that this coupling is close to a focused
coupling such as shown in Figure 2-6 (b) for the coupling ray 2 and volume V5.
The situation for the coupling ray / in volume V; and ray 3 in volume V; and
tensiograph peak(s) is defocused. For the couplings / and 3 the focus is well

outside of the focal point of the collector-fiber and the rays are diverging.

s _

Source fiber. 7 -1 "
ollector fibe

: Ray 1 coupling (& = pos)
: Ray 2 coupling (a=0)

: Ray 3 coupling (& =neg)
: Focal point (Ray 1 cone)

: Focal point (Ray 2 cone)
: Focal point (Ray 3 cone)

Figure 2-6. The principle of light coupling in a pendant drop for the
appearance of the rainbow peak in a tensiotrace.

Figure 2-7 shows the photographs of pendant drops hanging from a drophead
under gravity, taken during the life cycles of these drops and Figure 2-8 illustrates the

forces acting on a drop to hold it in position and give it its distinct shape.
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Figure 2-8. For the definition of the Laplace pressure.

The absolute value for the two forces ydl, (Figure 2-8 (c)) is given by
ydl,do, = Zdlldlz’ (d(ol = d—llJ
H K
similarly
ydlde, =ldlldlz’ (d¢2 =£l'g')
v

2 4!
and the summation of the two expressions above yields

y(l + i]dlla?l2
n on
dividing this term by dS = dldl, gives the Laplace pressure
1 1
p=7(—+—j (2-18)

hnon
noting this

y(—l—+—1—) =pgz+C
h n
where C is a constant. At the point x = 0 and z = 0 (see Figure 2-8 (b)) is r; = r; and can
be set to a fixed value b, and C can be defined as

2y

b |
which is the Laplace pressure at the base of a pendant drop, and this pressure is exactly

balanced by the head pressure pgz from the column of liquid standing above this point,

which is the controlling factor in all drop dynamics. It is understood that as the drop
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grows and z increases that the radius b has a proportional decrease and its magnitude is

given by 2/(pgz).

2.1.3 Noise Contributions

2.1.3.1 Electronic Noise

Consider 7 carriers of elementary charge e [4s] moving with a velocity v [m/s] through

a medium of length / [m]. The current i [4] throughout the medium is then
e (2-19)

and the fluctuation of this current is given by the total differential
ne .Y (ev, Y
di* = (T dv) + (T dn] (2-20)

where the two terms are quadratic and added together since they are statistically
uncorrelated. Eq. (2-20) shows that there are two mechanisms that contribute to the total
noise, namely velocity fluctuations and number fluctuations, which are basically
expressed as thermal noise and shot noise respectively. Thermal noise and shot noise
are both ‘white’ noise sources, i.e. the power per unit bandwidth (spectral noise power
density vs. frequency f[s™]) is constant |

dP,

—1% = const. (2-21)
The most common example of noise due to velocity fluctuations is the thermal noise of
resistors

dP

T (2-22)

where k [WsK™'] is the Boltzmann constant and T [K] the absolute temperature. Since
2
p=Y__rr
R

the spectral noise voltage density [#%s] for an ohmic resistor R [VA’I ]is
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2
d V noise

= e: =4kTR (2-23)

and the spectral noise current density [4%s] for R is

d[2naise 2 4kT
7 TR (2-24)

The total noise depends on the bandwidth of the system. A common example of noise
due to number fluctuations is shot noise, which occurs whenever carriers are injected
into a sample volume independently of one another (for example, the current flow in a

semiconductor diode — emission over a barrier). The spectral noise current density is

i?=2q,1 (2-25)

where g, [4s] is the electronic charge and 7 [4] is a DC current. Shot noise is negligible
in ohmic resistors and conductors, since the number of available charges is effectively
very large. However, all electronic circuits of the tensiograph include both
semiconductors and resistors that contribute to thermal and shot noise, which result in a
combined noise that is superimposed in the signal at the output of each electronic circuit
of the instrument. Figure 2-9 shows for example the typical noise characteristics of the
low-frequency operational amplifier LTC1051 from Linear Technology. For more

information see Schematic A2-6.
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Figure 2-9.. DC to 10H7 noise performance of the low-frequency amplifier LTC1051.
Both thermal and shot noises are purely random and the amplitude distribution is

gaussian.
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2.1.3.2 Mechanical Vibration

Figure 2-10 shows a simple model for the explanation of mechanical vibration, which
may be thought of as a single mass m supported by an elastic system £ that also includes

damping c.

i
2(1) -

=1

Figure 2-10. A simple model for the explanation of mechanical vibration.

Every type of physical oscillation is essentially an exchange of potential and kinetic
energy. In Figure 2-10, potential energy is the energy stored by the elastic deformation
ofk

1 2 ,
Ep —EkZ(t) (2'26)
and the kinetic energy is the energy of the mass m of the structure in motion
I AY)
Ek —EmZ(t) (2_27)

In general, all oscillatory motion of sufficiently small amplitude can be described as
2(t)= Zsin{wt - 6,) (2-28)

where Z is the amplitude, w [rad/s] is the frequency of the oscillation, and &, [rad] is the
initial phase of the oscillation. In unforced, free vibration, each type of energy is at its
maximum when the other type is at its minimum. Therefore, whenever the potential
energy is at its minimum, i.e. z(¢) in Eq. (2-26) is zero, then the kinetic energy in Eq. (2-
27) is at its maximum

252
ma“Z
E, = 5

and whenever the kinetic energy is at its minimum, i.e. z(t) in Eq. (2-27) is zero, then

the potential energy in Eq. (2-26) is at its maximum
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2
E =kZ

4

Setting the maximum kinetic energy equal to the maximum potential energy in order to

describe free oscillation, results in a solution for w of the form
@, == (2-29)

This solution @=w, is the natural, or resonant, frequency. When an undamped system
with a single degree of freedom, i.e. it consists of one mass only, which moves along
one axis only (here the z-axis), is allowed to oscillate freely from some initial
displacement or velocity, it will always oscillate at its natural frequency @, Up to this
point the discussion of vibration damping considered only undamped oscillation which
does not include a mechanism to dissipate mechanical energy from a mass-spring
system. Damping (expressed as damping coefficient ¢ in Figure 2-10) dissipates
mechanical energy, very often as heat, from the system and attenuates vibration more
quickly.

The tensiographic instrument is very susceptible to building vibration and all
buildings vibrate from machinery, heating and ventilation systems, or human activity on
the inside and often from trucks, trains, and heavy weather on the outside. Though
acceptable to people, these vibrations cannot be tolerated by the ultra sensitive
multianalyser. Therefore, the instrument has been equipped with a passive air spring
anti-vibration system with low natural frequency of @,=3.6Hz, to attenuate all
potentially interfering vibration amplitudes in the 0.5 to 500Hz broadband random
vibration spectrum. Most building vibrations fall within the range 5 to 30Hz (vertical)
and 0.5 to 10Hz (horizontal), acoustic vibrations are greater than 20Hz and motorized
equipment and machinery fall within the range 10 to 500Hz [2-2]. Note that the
resonance frequency (@,=3.6Hz) of the air spring anti-vibration system lies in the range
(0.5 to 10Hz) of building vibrations (horizontal), and yet it can be beneficial if the
resonance frequency of a liquid drop is high, and in the suppression region of the anti-
vibration system. Figure 2-11 [2-2] shows the typical transmissibility of vibrations

using an anti-vibration system.
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n
y=—
t

(2-30)

where 7 is the number of steps per stroke, and ¢ [s] is the time that the plunger would
need to complete a full stroke. Each step of the stepper motor driven syringe vibrates the
pendant drop and for some liquids the noise in the signal, which results from these
vibrations, might be unacceptable and makes it necessary to vary the time ¢ in Eq. (2-30)
to obtain noise-reduced signals. If the velocity v of the plunger is too high, then the
separation of the drop becomes non-reproducible because of the rapid and unpredictable
exit of the droplet from the drophead. Conversely, if an experimental setlip is used in
which v is too low then evaporation of the LUT during the measurement becomes a
problem. For most experimental conditions, a time of 200s derives an efficient
operating velocity of 120steps/s for the LUT, but surveys have indicated that the time ¢
needs to be increased for liquids with high viscosity, e.g. oil, in order to optimise
reproducible drop formation. Additionally, air bubbles that might appear in the tubing
of the liquid delivery system may act as springs, adversely affecting an accurately

dispensed volume and the SNR.

2.2 Review of Instrument Performance in Terms of Information Content

In any electronic or opto-electronic system design the question regarding noise will
almost always arise. Noise needs to be tallied to highlight the problem areas that require
further design effort or perhaps better quality components. Conversely, a noise analysis
may reveal where more inexpensive components may suffice. The traditional method of
evaluating electronic system performance is to compute an error or noise budget. A
system is essentially broken down into defined components and the root mean squared
(r.m.s.) noise contribution of each component, and eventually of the overall system, is

determined

(2-31)

where « is the individual noise contribution, and N is the number of individual noise
components. While this method is useful and widely used as the established method in

electronics, it cannot indicate how each component of the system affects the quality of
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the signal being processed if the noise components are of different generic type (e.g.
electrical, optical and mechanical noise components). In addition, it is clear that it is
desirable that an indication of signal quality must not be limited to assessments of
system noise, but must include the dynamic range of the signal.

The tensiographic information content (TIC) method, described in this thesis, is
motivated by data entropy theory. In the 1940s Claude Shannon, working in Bell
Laboratories was studying how best to encode signals for transmission down a noisy
channel. In 1949 he published a paper [2-3] in which he derived an expression for the
amount of information in a signal. Though Shannon was primarily interested in
transmitting signals down a telephone line as efficiently as possible, it soon became
evident that the expression for information content was essentially the same as that
derived in the 19™ century in relation to the efficiency of steam engines.
Mathematically, the equations for the entropy of heat engines and information content
of signals are the same and consequently the expression data entropy was coined [2-4].
Chapter 6 discusses how the TIC may be utilised to evaluate the perfofmance of a
tensiograph. A simple working definition of the TIC (3 [bits]) measure of signal quality

is taken as

3

N N

N S N
leogZ( ] Zlogz (Si)—10g2 (ai) (2-32)

3 % > (Si > 0)> (ax‘ > O)

where N signifies all signal and noise components in the system, S; and «; are
respectively the r.m.s.-signal level and the r.m.s.-noise level of the i-th components in
the system. Note that the term bit here denotes a unit of information and is not to be
confused with bits representing signal levels, for example, generated from an ADC.
This metric offers a number of advantages over the usual noise budget method.
Fundamentally, since TIC is a dimensionless quantity, errors or noise from a wide
variety of sources such as electrical, optical, mechanical and environmental may be

directly summed.
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2.3 Principal Component Analysis of Tensiotraces

A set of M-functions (match) has been defined in order to compare two tensiotraces.
The comparison approach identifies a defined set of principal components of two traces,
namely the reference and test trace, and quantifies the match between each principal
component. A software-implemented search algorithm is employed to extract the
following principal components of a tensiotrace:

e Drop period (DP)

o Rainbow peak period and height (RPP, RPH respectively)

e Tensiograph peak period(s) and height(s) (TPP, TPH respectively)

e Data points
Six normalised M-functions, i.e. (0 < M < 1), give information on various aspects of a
tensiotrace. More specifically, the comparison of two traces, using the normalisation
approach, is an advantage as this always shows how close the two values are on a
normalised scale, regardless of which trace is actually the larger. Figure 2-12 gives
details of the labelling of the tensiotraces with respect to M-function analysis. Values
associated with a maximum of the tensiotrace are shown in upper case. Conversely,
relative values are shown in lower case. The period and height of the i-th data point that
is associated with the smaller trace value is indicated by an s-index, the larger trace
value on the other hand is indicated by an ;-index. The s and ;-indices are exchangeable
for any data point of the tensiotraces, e.g. the i-th height value of the reference trace can
be larger than the test trace value, i.e. {Reference(u.); > Test(us);}, but the height value
of the test trace might be larger than the reference trace value at the (¢ + j)-th position,
i.e. {Test(u)e) > Reference(us)g)}, where (1<i<Nmax), ((<G<Nmax) and ((i+/)<Nmax)-
The value Nyax 1s the maximum number of data points in the data set of the tensiotrace

with the larger DP.
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Figure 2-12. Labelling of tensiotraces for the principal component analysis with M-functions.
An M-function that has been defined for the DP is simply
Ty

M, =25
T TL

(M, =1 for (T, = 0)) (2-33)
where T is the smaller DP value and 77 is the larger DP value of the two tensiotraces. If
T;=0 then T7¢=0 and M7 is subsequently set to 1 since the division by zero is
mathematically undefined and that also applies to the following equafions in this
section. Usually there are at most three peaks in a tensiotrace, using a drophead with the
specification in Figure 1-8, riamely the rainbow peak and up to two tensiograph peaks.
An M-function that considers RPH and TPH(s) has been defined as

U m
M, = EUi;m M, =1for(U,=0) (sm<3) (@34
where m indicates the individual peak of a tensiotrace. A similar definition of the M-

function for the RPP and TPP(s) is

M, = gj;: (M, =1for (T, =0) (<m<3) (2-35)

where m has the same meaning as in Eq. (2-34). Figure 2-12 shows an overlap of two
traces representing the i-th series of data points that have a signal value respectively (us);
and (u,); for the traces with the smaller and larger height value. An M-function “Points-
Analogue” has been defined that computes the sum of the ratio of these signal sizes over
the entire series of data points Ny and normalises the result by taking the sum over the

maximum number of data points Npay.
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NmaxEusgi Eus;i =0 ( ) ( N )
i=1 U )i Ui or uy = 0)AU> N,
BT LA

where Npiy is the number of data points of the tensiotrace with the smaller drop period

(2-36)

Ts. An alternative M-function “Points-Digital” has been defined using a tolerance set
{O(no-match), 1(match)} summation thus over the entire series of data points and

normalises the result in the same way as in Eq. (2-36)

X; x, = ((uL—-uS)l_>,uamax)v(z>Nmin)

Mpp = =—; 1 Jor (y > O) .37
N rax i ((uL—uS)'S#Gmax)A(iSNmin) ( )

I

The difference between the tensiotraces is compared point-by-point with the maximum
standard deviation omax (Eq. (1-3)) of the two traces, and a match is accepted if the
difference is within the range of om.x and discarded otherwise. The factor 4 can be
varied to weaken or strengthen the match criteria for which a match can be accepted.
Finally an M-function has been defined, which is called the “Area-Overlap-Integral”,

because it estimates the area Ag that both tensiotraces overlap, see Figure 2-12.

f(uS)i A
MAzg%( ) =A—S (MAzlfor(AL=O)) (2-38)
Uy ); -

where Ay is the smaller area that both tensiotraces overlap and A; is the larger area.

The graphical representation of differences in two tensiotraces (see Chapter 4) is

R 7‘ preferably used for a rapid trace comparison, and in this case it is usually more

" convenient to apply D-functions (difference) that are simply defined as

D=1-M

where M is one of the M-functions in the Egs. (2-33) to (2-38).
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2.4 Hough Transform Inspired Fingerprinting and Archiving Technique

The new tensiotrace analysis technique, briefly described here and fully explained in

Chapter 7, has been developed based on the well-known Generalised Hough Transform

(GHT) [2-5]. This new technique offers the potential of reducing the entire data set of a

tensiotrace to a single point in a two-dimensional feature space, which then may be used

to test for mismatch between both reference and test samples. In addition, an archiving

method has been devised as an extension of the technique above that stores the specific

information of a liquid as a single data point in a three-dimensional feature space. To

achieve the greatest utility in the tensiographic approach it is important initially to

establish the objectives for the visual archiving system. This knowledge then allows for

the definition of the algorithms and the procedural modifications of the GHT.

1.

Each data set of a tensiotrace has to be represented by a ‘single point’ (7,U,,P)
in a three-dimensional feature space (7,U,P). The computation of the feature
vector is performed over the entire data set {(f,uip)|(1 < i < Npmax)} that
constitutes the tensiotrace and hence each trace point contributes to the final
measurement with equal weighting.

It is desired that all liquids with similar physical properties will be located in this
feature space at a position that visually indicates that they are in the same
category, e.g. water is at a position removed from that of ethanol and so forth.
Hence, two of the dimensions (7,U) in the feature space have been reserved
exclusively for the representation of the shape of a tensiotrace. The third
dimension P has been assigned to serve as a refractive index, colour and
turbidity indicator of a liquid.

The specific location and distance between two points in the feature space
should represent the differences between liquids. Two equations, namely the
‘difference’ A (Eq. (7-13)) and ‘closeness’ ¢ (Eq. (7-14)), have been defined to
express the differences between liquids mathematically.

An ‘exchange operator’ Z (Eq. (7-6)) has been defined to facilitate the visual
representation of the differences between the two data sets of tensiotraces. This

difference measure is visually represented as a scattering of data points after the
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exchange operator has been applied. The amount of scatter depends on the
differences in the data sets of the tensiotraces being compared.

5. The condition for a forensic feature match of two liquids is that the centroids
(see Egs. (7-2) and (7-3)) for both the ‘Test’ and ‘Reference’ traces are deemed
close enough in the two-dimensional feature space to be satisfactory and when
the exchange operator = has been applied that there is an acceptably small
resulting scatter.

Chapter 7 will describe how the GHT has inspired the development of a new approach
to data-scatter that is called the Tensiotrace Transform (TT). This new data-scatter
technique provides the user with a graphically aided rapid fingerprinting and conceptual
archiving method for multianalyser tensiotraces, based on the 5 themes discussed above.

The experimental results also underpin the theoretical contemplation of the TT.

2.5 Statistics Reference Measurements

In nearly every laboratory in which liquid measurements must be undertaken there arise
QC issues, or research issues related to the measurements of samples that require
fingerprint analysis. The multianalyser differentiates fundamentally between the
tensiographic forensic fingerprint capability, i.e. instrumentally determined identity of
two liquids made with high resolution, and fingerprint QC measurements, which will
identify liquids in a more flexible and less demanding way. The statistics of a multi-
measurand tensiotrace, discussed here, have been developed specifically for QC
measurements and they are an approach towards forensic fingerprinting. A tensiotrace
gives in effect the signature that defines the product. Deviations from this signature can
be instantly analysed with a purposely-designed software package, which is included in
Appendix 5. Well-established standard statistical tests have been implemented for the
analysis of tensiotraces, including correlation coefficient, normal statistic tests,
nonparametric tests (Wilcoxon and Spearman) and others. The statistical fingerprint test
of two tensiotraces, namely the reference (ref) and test (¢s7) trace, can be described as

follows.
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2.5.1 Normal Distribution Inference

First of all the basic information of a tensiotrace is obtained, which is in particular the
number of data points (Vs and N,;) and the maximum sample number, represented by
the number of data points (Nmax = Nref) iIf (Nrer > Nisi) €lse (Nmax = Nisr)). The two traces
can be considered as relatively large in sample number size and it makes sense to draw

inferences from the point estimation of the mean-difference

fl Uy li
b= W >0) (2-39)

max

where ug = .o — s is the difference in the signals of the reference and test tensiotraces.
It should be noted that the absolute value of u,; is used to overcome the problem of
alternating signed values that may occur during the computation, see Figure 2-12. The
object of point estimation is to calculate, from the sample data, a single number
(hereU,,) that is likely to be close to the unknown value of the parameter. A statistic
intended for estimating this parameter is called a point estimator and the standard
deviation of this estimator is called its standard error &. The standard deviation o; of

each sample difference u, can then be determined using

Op = = A (N max = 1) (2_40)

-_9%b
&p = m (Nmax > O) (2_41)

If two tensiotraces, with randomly added noise, represent a fingerprint of one and the
same liquid, then u; will be nearly normally distributed with meanU,, and standard
error &, by computing the sample differences over Ny data points. It is understood that
this measure is particularly susceptible to differences in the DP (see Figure 2-12) of two
tensiotraces, hence its significance can only be judged in conjunction with the

nonparametric procedures described below in this section, which deals with tensiotraces
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that have a different DP. To understand how closely u, is expected to estimate U ,, see

Figure 2-13 (a).

Area=0.954 l-a
a2 2
28, —»ie—2g |

-z V4
U @ ™ O -

Figure 2-13. (a) Approximate normal distribution of u,, (b) the notation z,».

In the normal distribution, the interval running two standard errors (2&) on either side
of the meanU, contains probability 0.954. Use of the probability 0.954, which
corresponds to the multiplier 2 of the standard error, is by no means universal. The
following notation will facilitate the writing of an expression for the 100(1-&)% error
margin where 1-« denotes the desired high probability such as 95.4% or 98.2% for
instance. The upper /2 point of the standard normal distribution is zp, that is, the area
to the right of z,» is @/2, and the area between —z; and z, is 1-a, see Figure 2-13 (b).
A few values of z,, obtained from the normal distribution table appear in Table A4-1
for easy reference. An example is given, which determines the 90% error margin, to

illustrate the z,, notation. Setting 1-o = 0.90, which means that &/2 = 0.05 gives zpos =
1.645 (see Table A4-1).

The next question is, does the normal distribution serve as a reasonable model
for fingerprinting tensiotraces that produced the data set of the differences u;? An
effective way to check the plausibility of a normal model is to construct a ‘normal-
scores plot’ of the sample data. The term normal-scores refers to an idealised sample
from the standard normal distribution, namely the z-values that divide the standard

normal distribution into equal probability intervals.

i .
mi =Z(Nmax +1j (]‘SZ S]V.max) (2-42)

Suppose the sample size is Nmax = 4. Figure 2-14 (a) shows the standard normal
distribution where four points are located on the z-axis so that the distribution is divided
into five segments of equal probability 1/5 = 0.2. These four points, denoted by m;, ma,
m3 and my, are precisely the normal scores for a sample of size Nmax = 4. The m-values

shown in Figure 2-14 (b) can be found using Table A4-1.
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Figure 2-14. (a) Normal distribution and (b) normal scores for a sample of size N, =4.
A ‘normal-scores plot’ assesses how well a sample mimics the idealised normal sample.
To construct a ‘normal-scores plot’:
Order the differences of each data point of two tensiotraces from the smallest to the

largest value

lu,| <|uyl,, (A<i<Np,) (2-43)

and check if the i-th largest observed difference |u4; is linear related to the i-th largest

normal-score (U, + owm; ), using the linear correlation coefficient » [2-6]

N X

;Qudl - )((U topm ) UD)

r=—" (2-44)

S0 -8y 5@, +0m)-0.

i=1 i

32

L[]
—

The number 7 is an indicator of how well the points (jugl, U,+0wm;) fit a straight line
and if the differences |u4|; of two tensiotraces are normally distributed, then 7 is close to
*1, i.e. the points (|ugl; U »toom;) lie close or on a straight line; if r is close to 0, the
points are uncorrelated and have little or no tendency to lie on a straight line, i.e. the

differences |ug4|; are not normally distributed. An example should clarify this statistic.

Assuming that the four sample values are un=.0075, up=.0082, us=.0068, and
ug4=.0044 yieldsU ,=.00673 and 0,=.00165 using Eqs. (2-39) and (2-40) respectively.

Table 2-1 shows the ordered observed values and the associated idealised values.
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Observed Values Idealised Values
0044 U, + owm = .00673 - .00139 = .00534
.0068 U, + oymy =.00673 —.00041 = .00632
0075 U, + owms =.00673 +.00041 = .00714
0082 U, + owms=.00673 +.00139 = .00812

Table 2-1. Ordered observed values and the associated idealised values.
Using Eq. (2-44) gives r = —.145, indicating a strong evidence that the sample values
are not normally distributed, which however was not the point to prove but shows how
this statistic can be applied to data sets of tensiotraces.

A more quantitative measure of the fit can be found by using Table A4-2 (it can
be assumed that the number of data points N, in a tensiotrace, is always greater than
100). For any given observed value r,, Probn(jr| = |ro|) is the probability that N
measurements of two uncorrelated variables would give a coefficient » as large as r,.
Thus, if a coefficient », was obtained for which Proby(jr| > |ro|) is small, it is
correspondingly unlikely that the variables are uncorrelated; that is, a correlation is
indicated. In particular, if Probn(|r| = |r,]) < 5%, the correlation is called significant; if it
is less than 1%, the correlation is called highly significant. For example, the probability
that 90 measurements (N = 90) of two uncorrelated variables would yield |r| =2 0.3 is
given in Table A4-2 as 0.4%. Thus, if 90 measurements gave » = 0.3, the evidence of a

linear correlation between the two variables would be highly significant.

2.5.2 Nonparametric Inference

Nonparametric refers to inference procedures that do not require the data points of the
tensiotraces to be normally distributed. The Wilcoxon rank-sum test and Spearman’s
correlation coefficient, two useful nonparametric procedures named after their proposers
Wilcoxon and Spearman, will be described here [2-7]. For a comparative Study of two
tensiotraces, namely reference (ref) and test (zst), the data points are recorded in the
following way

ref-trace R, Ra, ooy Ruyer

tst-trace T, ..., Ty
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It is desired to test the null hypothesis Hj that there is no difference between each data
point (R;, T;), i.e. there is no difference between the two tensiotraces (the opposite to Hy
is the alternative hypotheses H}). '

Hypotheses

Hy: The two tensiotraces are identical.

H,: The two tensiotraces are shifted apart; see Figure 2-15.

ia . reference (R)
identical traces
test (7)
H, H,

Figure 2-15. For the explanation of the Hypotheses H;, and H,.
Note that no assumption is made regarding the shape of the distribﬁtion of the
tensiotrace data points. The following intuitive line of reasoning can now explain the
basic concept underlying the rank-sum test. Suppose that the two sets of tensiotrace data
points are plotted on the same diagram, using the markings R and T to identify their
sources. Under Hy, the samples come from the same population, so that the two sets of
points should be well mixed. However, if the larger observations are more often
associated with the first trace, for example, it can be inferred that population R is
possibly shifted to the right of population 7. These two situations are shown in Figures
2-16 (a) and 2-16 (b), where each combined set of data points is serially numbered from
left to the right. These numbers are called the combined sample ranks. In Figure 2-16(a)
large as well as small ranks are associated with each sample, whereas in Figure 2-16(b)
most of the larger ranks are associated with the first sample (in this example with R).
Therefore, considering the sum of the ranks associated with the first sample as a test
statistic, a large value of this statistic should reflect that the first trace is located to the

right of the second.
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R TR T TR T R R T T TR TR R R R

D OO0 OO0 OO

Ranks 1 23 4 56 7 8 9 Ranksl 2 34 56 7 89
@ (b)

Figure 2-16. Combined plot of the two samples and the combined sample ranks,
(a) mixed results, (b) higher ranks are mostly associated with R.

To establish a rejection region with a specified level of significance, the distribution of
the rank-sum statistic under the null hypothesis Hy must be considered. The procedure
for the rank-sum test, to test Hy (the two tensiotraces are identical), is as follows:

1. Rank the combined samples of n = n,, + n,; data points in increasing order of
magnitude.

2. Find the rank-sum W,.; which is the sum of all ranks labelled with an R.

3. When the sample sizes are large (this can always be assumed for tensiographic
traces), the null distribution of the rank-sum statistic is approximately normal
(Figure 2-13(b)), and the test can therefore be performed using the Table A4-1.
Under H,, the distribution of #,.has

nref (nref + ntst +1)

mean =
2
and
variance = Prgy Tt (nref T 1)
12
which yields
W o (nn,f +n,, +1)
ref 2

nref Ry, (nref + o™ + 1)
12

z= \/ (2-45)

the rejection region for the z-statistic can be determined by using Table A4-1.
If there are ties present in the ordered data set, i.e. different data points hﬁve the same
value, then the average rank of the tied values is assigned to each of these data points.
Ranks may also be employed to determine the degree of association between
two tensiotraces. The » pairs (R, T1), (R2, 13), ..., (Rn, Tn) are independent and the R,
..., Ry are then ranked respectively p, ..., p, among themselves, and the T3, ..., T, are
ranked respectively 1, ..., 7; among themselves. Before a measure of association can be
presented, note a few simplifying properties. Because each of the ranks 1, 2, ..., » must

occur exactly once in the set py, ..., g, it can be shown that
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1+2+..+n n+l

p= n 2
and

“ _2_nn2—1

2.(pi~7) ——(—)12

for all possible outcomes. Similarly

1+2+..+n _n+l

z_'=
n 2
and
< _z_n(nz—l!
;(Ti_r) =T

Spearman defines a measure of correlation that is analogous to the linear correlation
coefficient r in Eq. (2-44), except that Spearman replaces the observations with their

ranks. Spearman’s rank correlation ry, is defined by

z n+l n+l1
12 - 7. —
. Z(p 2 )( 2 )

M n(n2 - 1)

(2-46)

This rank correlation shares the properties of r that —1 < rg, < 1 and that values near +1
indicate a tendency for the larger values of the first trace to be paired with the larger
values of the second trace, and values near —1 indicate the opposite relationship.
However, the rank correlation is more meaningful, because its interpretation does not

require the relationship to be linear.

59



Chapter 3

CHAPTER 3

ELECTRONIC ENGINEERING DEVELOPMENT

During the development process that comprised the electronic engineering facet of the
work on the tensiograph it was decided to modify the electronic circuitry, which existed
in preliminary tensiographic instruments, involving the replacement of electronic
components, new printed circuit board (PCB) design and the use of shielded cable,
connectors and housings in order to achieve a better SNR of the tensiotraces. Figure 3-1
shows a schematic overview of the electronic and optical system of a tensiograph. The
shaded units in this block diagram, which constitute the core developmental electronic
engineering work, will be fully described in this chapter, whereas the non-shaded units,
commercially available, were added for a more complete system overview and their

description in this chapter has been kept brief.

Light Path
through Fibers

Acquisition Board
and Liquid Drop ‘ >

Power Supply

Linear

Switch Mode

Electronic b Temperature e

Temperanee | [ peltier
Controller - Controller Driver: ~Power Booste

2 Boar ~/ Board |
Temperature

Sensor

-> Thermal Module

Figure 3-1. Arrangement of electronic and optical devices in the tensiograph.

Given the brief of engineering a near-commercial instrument, in some instances it has
been necessary to design new electronic circuits to avoid the purchase of relatively
expensive components. The temperature controller, for example, incorporates the low-
cost temperature controller driver board, which will be discussed in Section 3.1 and
fundamentally enhanced the functionality of the electronic controller device that

controls the thermal module of a tensiograph. Section 3.2 deals with the Peltier power
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booster board that drives the current for the thermal module. The light emitting diode
driver board will be discussed in Section 3.3. It describes the generation of light, which
is injected into the source-fiber, and Section 3.4 discusses then the detector board,
which converts the light signal, coming out of the collector-fiber, into an electronic
signal (see also Figures 1-1 and 1-2). After this conversion, the signal is passed on to an
acquisition board and the acquisition board interfacing in Section 3.5 explains how this
is done. The system integration in Section 3.6 finalises this chapter. Each section starts
with an explanation of the electronic circuits (schematics are given in Appendix 2) and a
description of the changes that have been made to improve the performance of a
multianalyser with regard to the electronics. This chapter, in many places, provides the
basis for the description of the work in later chapters. This chapter therefore must be
viewed in the fuller context of the overall thesis in providing an overview of the
electronic engineering, but the more substantial details of the engineering content will

be dealt with later in the thesis.

3.1 Temperature Controller Driver Board

An extensive market investigation was carried out to select the most suitable electronic
controller device (Picture A2-7) for the temperature system of a tensiograph. The
Peltier-based thermal module will be fully examined in Chapter 6, but it is of
importance here to point out that this particular thermal module operates with a bipolar
voltage supply. To allow the electronic controller device to control the thermal module
efficiently it must generate an output voltage that ranges from a positive to a negative
value. Such devices are available on the market, but the cost is high compared to an
electronic controller with only a unipolar output voltage, and therefore a low-cost
electronic circuit has been developed to overcome this problem. The additional circuit is
connected to a less expensive electronic controller with a unipolar output‘and mimics
the functionality of an electronic controller device with a bipolar voltage output. Figure
3-2 shows the arrangement of the modified electronic controller device. A detailed
electronic circuit diagram of the temperature controller driver board is provided in
Appendix 2 (Schematic A2-1) and will be used as a reference of the various components

discussed below in this section.
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Temperature Controller Driver Board

bipolar DC-power supply

: unipolar — - X " - bipolar
(C(I)Srlzrcnz(i:il:llc ontr(.)llal‘ge) output high-impedance differential inverting output output
y aval voltage input amplifier amplifier compensation voltage

Figure 3-2. Principle of the output-voltage conversion of the electronic controller.

The output voltage of the electronic controller (0 to 10¥) provides the input signal,
which has to be altered, to the temperature controller driver board. This board is
theoretically divided into five sections and the bipolar DC power supply is the first
section that is connected to all subsections on the board. The voltage (£15V) is taken
from a switch mode power supply (see Picture A2-2) and allows for the output signal of
the board to be bipolar. Two capacitors, namely C, and Cs, are used on the board to
filter unwanted noise that may have been induced in the relatively long leads from the
power supply to the board and could affect the performance of the integrated circuit (IC)
device LF347N, which forms the basis for the four remaining subsections of the whole
electronic circuit. It is recommended in the data sheet of the quad operational amplifier
LF347N, which is the IC Uj on the board, that the two capacitors C; and C; should be
placed as close as possible to the IC to minimise disturbing interferences that may be
produced on the path from the input capacitors C; and Cs to the power supply terminals
of the amplifier. Coupling the output voltage of the electronic controller device into the
high-impedance input terminal of the temperature controller driver board (pin3 of Uj,)
ensures that virtually no current is drawn from the output of the electronic controller and
this on the other hand eliminates driver board interventions with the electronic
controller device. The third section on the board, which is the arrangement of Ujp as a
differential amplifier, generates the actual desired result of this additional electronic
circuit by subtracting the on-board produced +5V from the input signal. The output
signal of the third section versus the input signal of the board is shown in Figure 3-3(a).
It has to be pointed out here that the next section of this electronic circuit reduces the
original signal amplitude due to the 0.22 gain setting of the amplifier, and this will be
one issue that has to be discussed in Section 3.2. The best method to trim the amplitude
of the given signal is to use Ujc as an inverting amplifier, which is not necessarily
desired at this point, but the gain of a non-inverting amplifier can only be set to 1 or
greater. In Section 3.2 it will be shown that this inverting effect does not impinge on the

performance of the temperature controller driver board.
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Figure 3-3. (a) The output signal of the third section, and (b) the output signal
of the last section of the temperature controller driver board.

The inverted signal is then the input signal of the last section on the board (consisting of
the components Ujp, R3, and C,), which represents the, so-called, lead compensation
that is usually used to prevent oscillation at the output caused by a phase shift of the
output signal to the input signal of the amplifier. Normally, only high-power amplifiers
tend to oscillate when they are connected to a capacitive load, which occurs
automatically with long leads connecting the output to an input of a different device. In
the case of the temperature controller driver board the output current is very low, but the
two extra components R3 and C, (the cost is less than 10 pence) have beeh added only
to facilitate future developments of the electronics. Specifically, these upgrade decisions
enable modifications of this circuit, so that it can drive different applications to the one
the board is currently designated for. R3 and C4 have no detrimental influence on the
output signal generated in the presently used application and the fourth amplifier U;p of
the IC LF347N was available anyway. The output signal of the temperature controller
driver board is illustrated in Figure 3-3(b).

3.2 Peltier Power Booster Board

The objective of the electronic circuit of the Peltier power booster board is to drive a
current, which can be as high as #24, through two Peltier devices (see Picture A2-3)
connected in series. Peltier devices will be fully explained in conjunction with the
thermal module in Chapter 6. Only the basic behaviour of these devices is of concern at

this point of the discussion, which is, that a Peltier device and an ohmic resistive load
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show similar characteristics to a current-driving source, with the major exception that
the Peltier device generates a back electromagnetic field (EMF), caused by a
temperature gradient between the two planes of this device. Schematic A2-2 serves as
an easy reference with regard to the electronic circuit and its components of the Peltier

power booster board. Figure 3-4 shows the block diagram of this electronic circuit.

Peltier Power Booster Board

+ 15V from switch mode power supply output
output range

Templ;?tureBCongoller voltage non-inverting noise clamp output - | +143V
ver boar +1.1V power amplifier reduction diodes compensation +2A

Figure 3-4. Principle of the high-power amplification.
The power supply terminals of the high-power operational amplifier L465A (IC Uy) are

bypassed with low series impedance capacitors for good stability (see the noise
reduction section in Figure 3-4). This technique, using ceramic (C,;, C;) and tantalum
(Cs, Cs) types in parallel is recommended in the data sheet of the. high-power
operational amplifier OPAS48 from BURR-BROWN (10/97). In addition, it is
recommended to put C, between the positive and negative power supply terminals and
physically as close to the IC U; as possible. In practice, these stability precautions have
been shown to be vital, considering that the switch mode power supply in Picture A2-2
provides this electronic circuit with 15V (ripple and noise 2% peak-to-peak). The
relatively high noise level of about 300m¥ would turn the power operational amplifier
L465A into an unwanted oscillator without taking the stability issues, discussed above,
into account. Many hours have been spent to reach the goal of a properly working high-
power DC amplifier that operates in the specified range (£15V, £24) that does not
oscillate or overheat. For better stability performance, the data sheet of the L465A from
SGS (03/83) recommends operating this amplifier with a gain greater than 20dB, which
has been realised with a resistor network (R; and feedback resistor R;), connected to the
non-inverting power amplifier. Now it becomes clear why the amplitude of the
temperature controller driver board, described in Section 3.1, has to be reduced before
the signal is passed on to the high-impedance input terminal of the L465A (pinl of IC
Uy). In order to achieve high circuit stability the gain of the power amplifier U; has been
adjusted to 22.3dB, and therefore the Peltier power booster generates the output voltage
in the desired range £14.37, due to the +1.1¥7 input voltage range generated by the
temperature controller driver board. The relationship between the input and output

signal of the Peltier power booster is shown in Figure 3-5. Note, that the gain setting of
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the power amplifier generates only an output voltage in the range +14.3V instead of the
expected £15V that is supplied to the amplifier. This has been carefully designed to
operate this circuit within its full input signal range from —1.17to +1.1V. If a gain value
greater than 22.3dB had been used, the output voltage of the amplifier -would have
saturated at about —14.3V or +14.3¥ anyway, because of the internal losses in the power
amplifier L465A.

15
10

5 ]

0
5 P
/

-10
-15
-1.32 -0.88 -0.44 0 0.44 0.88 1.32

Power Booster Output (V)

Controller Driver Output (V)
Figure 3-5. Linear relationship between input and output signal of the Peltier powér boester.

The Peltier device, representing an EMF-generating load, can return load current
to the amplifier U, causing the output voltage to exceed the power supply voltage. This
damaging condition has been avoided with clamp diodes (D;, D;) from the output
terminal of U; to the power supply rails. The output compensation (R3, C4) avoids
oscillation due to phase shift as described above in Section 3.1.

During the process of driving current through the Peltier devices, the high-power
operational amplifier L465A produces heat, which has to be dissipated. The power
dissipation depends on the power supply, signal, and load conditions. For DC signals,
power dissipation is equal to the product of the output current times the voltage across
the conducting output transistor in the amplifier. For resistive loads, the maximum
power dissipation occurs at the DC output voltage of one-half the power supply voltage.
The L465A requires a heatsink HS to ensure that the maximum operating junction
temperature of 125°C (145°C minus 20°C safety margin) is not exceeded. In addition,
the junction temperature should be kept as low as possible for increased reliability. The
thermal resistance Ryps [°C/W)] of the required heatsink can be determined according to

Eq. 3-1):
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Ryps = _IBD_— - Ry 3-1)

where ; [°C] is the maximum junction temperature, 94 [°C] is the maximum ambient
temperature, Pp [W] is the power dissipation, and Ry, [°C/W] is the thermal resistance
junction/case of the amplifier. With one-half the power supply voltage (7.5V) across the
conducting transistor of the L465A and maximum current (24) — thus Pp = 15W,
thermal resistance junction/case (3°C/W), and maximum ambient temperature (45°C),
the thermal resistance R;ps has been calculated to 2.33°C/W. A heatsink with thermal
resistance Ryps = 2.0°C/W is a part commercially available and has been chosen for the
Peltier power booster board. The thermal module of a tensiograph incorporates two
Peltier devices (Picture A2-3), which are usually connected in series but the power
booster with its heatsink HS has also been designed to drive the two Peltier devices
connected in parallel. As explained in Chapter 6, this has the advantage of giving both,
an increased temperature range of the thermal module and a quicker response time to
temperature changes without replacing any of the electronic circuits or components. The
electronic circuit has been tested for both parallel and series connection of the Peltier
devices and showed great performance in experimental tests. The disadvantage of
drawing a higher current out of the power amplifier is obviously the decreased
reliability brought about because the device is operating close to its maximum rating. In
addition, a more powerful power supply would be required to drive a higher current

through the Peltier devices.

3.3 Light Emitting Diode Driver Board

Different types of a light source may be used to illuminate the inner surface of a drop to
generate TIRs during drop formation, as described in previous chapters. It is
advantageous, for analytical reasons that will be explained in Chapter 6, to choose from
a variety of light sources of different wavelengths for the analysis of various LUTs with
dissimilar physical properties. This has been realised in the development of the light
emitting diode driver board, which incorporates 4 LEDs (D; to D4)’ of distinct
operational wavelengths. Schematic A2-3 will be used as the reference for the electronic

circuit and component description in this section. A preceding version of an LED driver
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board employed the simplest electronic circuit that can be used to drive LEDs. This
simple circuit is shown in Figure 3-6(a). When the sensitivity and SNR increased during
the development process of the multianalyser, exploiting better and more sophisticated
technology in this tensiographic instrument, it became evident that the simple circuit in

Figure 3-6 (a) could not retain the desired quality standard of the apparatus.

+5V
5 D1
R1
GND GND GND
(@ (b)

Figure 3-6. (a) simplest LED control, (b) constant-current control of an LED.
It was therefore necessary to develop a more advanced electronic circuit that meets the

requirements of a constant current-driven LED system. This circuit is shown in Figure
3-6(b). For a comparative study of the two circuits in Figures 3-6(a) and 3-6(b), it is
important to mention the fact that the light intensity of an LED is a function of the
forward current Ir of the LED. This relationship is graphically represented in Figure 3-7
(Example: super bright LED IF-E97, 660nm from Industrial Fiber Optics Inc).
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Figure 3-7. Normalised power launched versus forward current Ir of a
super bright LED (IF-E97, 660nm), source: Product Catalogue
Industrial Fiber Optics, Inc.

The intensity of the light delivering LED must be kept as constant as possible when the
emphasis on operational requirement is for the fingerprinting of liquids, because a small
drift in the light signal intensity generates a relatively large error during the signal
detection process. Both circuits in Figures 3-6(a) and 3-6(b) follow the same basic

concept, which is, driving a specific current through the LED to emit a light signal.
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Under ideal conditions (for instance, no changes in ambient temperature, a constant
voltage drop across the LED), circuit 3-6(a) would be the best system to meet the
operational requirements. Conversely, ambient temperature changes occur that alter, for

instance, the resistor value of R, in both circuits by

R(Y)=R,(1+a9), a= -1;—0% (3-2)
where « [K ! ] is the temperature coefficient of the resistor, Ro [£2] is the resistor value at
0°C, and 9 [°C] is the temperature of the resistor [3-1]. Furthermore, the current
through the LED D, in circuit 3-6(a) is determined by the voltage Vi across R; over the
resistance R; (Ir = V1/R;), which means that Ir, and therefore the intensity of the LED,
varies with a change in resistor value R;. Similarly, the intensity of D; in circuit 3-6(a)
will change if the voltage drop across D; varies. It must be concluded that circuit 3-6(a)
is not suitable to drive the LEDs in a high-sensitivity tensiograph as it exists today. The
circuit in Figure 3-6(b), on the other hand, overcomes the problems of the circuit in
Figure 3-6(a). The emitter potential of the transistor Q; rises about 2m¥/°C [3-2], which
can be compensated (base potential of Q; rises equally) by connecting the diode Ds
(thermally close to Q) from the base of Q; to the resistor Ry, as shown in Figure 3-6(b).
It is important that the resistors R, and Rj of the voltage divider in Figure 3-6(b) are
located thermally close together and have the same temperature coefficient ¢, to retain
the resistance ratio of the divider, which consequently anchors the base of Q; constantly
at the same potential. R; in Figure 3-6(b) is a special resistor with an impressively low
temperature coefficient o = £3ppm/°C, thus a change in temperature has.virtually no
effect on the resistance of R;. This constant current source therefore drives a remarkably
constant current through the LED D;, allowing for variations in the voltage drop across
D (see Eq. (3-3)).

-V
I, = Vra +V£5 BE | (3-3)
1

where Vg, [V] is the voltage drop across the resistor Ry, Vps [V] is the voltage drop
across the diode Ds and Vg [V] is the voltage drop across the base/emitter path of the
transistor Q,. It should be noted here that the base current of Q; is not included in the
calculation of Iy, because it is negligible due to an extremely high DC current gain hgg

(500) of the transistor ZTX690B (Q1).
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In addition, this circuit has the advantage of being able to give on/off control to
the constant current through the LED D;. Thus the multiplexer U; has been added to
make this possible. This multiplexer is computer controlled via a digital intérface that is
part of the acquisition board PC30G from Amplicon, which is located in a PC and will
be the subject of the discussion in Section 3.5. With different combinations of the
digital input signals DO, DOs, and DOg of Uy, the voltage (+5V, pin3 of U;) can be
switched to one of the outputs Yy to Y7 successively. Only the LED in use needs to be
driven, which is selected via a HIGH signal of one of the output channels Y, to Y. This
selectivity in the driver circuit limits the aging and hence operational drift of the non-
illuminated LEDs on the light emitting diode driver board. The software issue that will
be discussed in Chapter 4 gives details of the monitoring of LEDs used during a
measurement by the encoded selection of a particular LED.

The second part of the electronic circuit (Schematic A2-3) has been developed to
expand the pulse width of the output signal of a slotted opto-switch, which is used to
trigger the computer-controlled data acquisition of the tensiographic instrument and will

be explained below in this section with regard to Figures 3-8 and 3-9.

PC Light Beam

Analogue Input Channel Falling Drop
of the
Acquisition Board

Slotted Opto-Switch

A

Tensiograph Photodiode
Opto-Switch Control
of the

LED Driver Board

Figure 3-8. The principle of triggering the tensiotrace acquisition process.
The first unit (C;, Us, and C;) of the opto-switch control circuit provides the power for
the opto-switch U, and the timer IC NES555N (Uy), and it is also used to supply the
entire light emitting diode driver board with a constant and noise-reduced voltage
(+8¥). Due to a relatively high current (25mA4 to 38mA, drawn by a selected LED of the
circuit) through the integrated fixed voltage regulator Us and the voltage drop (77)
across this device, heat is produced and has to be dissipated by mounting a heatsink HS
on the voltage regulator Us. Eq. (3-1) was used to determine the minimum size of the
required heatsink HS for the voltage regulator Us. However, the opto-switch itself
contains an IR-LED that transmits a light signal to a photodiode, which is located
opposite to the IR-LED, thus there is a line-of-sight path between these two components
(see Figure 3-8). Whenever an object intercepts this light beam, the output voltage of
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the opto-switch becomes 0V, otherwise the output voltage is almost equal to the supply
voltage of the device. This functionality has been used in the tensiograph, where a
falling drop intercepts the light beam for a fraction of a second and generates therefore a
signal on the output of the opto-switch, which is subsequently sent to an analogue input
channel of the acquisition board PC30G (see Figure 3-8) and used to trigger or stop the
tensiotrace data acquisition. Figure 3-9(a) shows an example of the output signal of the
opto-switch when a falling drop intercepts the light beam (see Figure 3-8) for the time
tint & 1ms. The time t;,; varies with the size of the drop and the distance between the
drophead and the opto-switch. The size of the drop depends on the physical properties
of the LUT, and the dimensions of the thermal module determine the distance between

drophead and opto-switch.

output (V )A output (V)
I — — e 8
4- tine & 1ms 4 ™ 22ms
) ” 1)
t t (ms
(@ =) ()

Figure 3-9. Trigger signal of the opto-switch, (a) real signal-time t;, of the
light beam interception (opto-switch output), (b) extended signal-
time t;, of the light beam interception (NES55N timer output).

In Chapter 4 it will be discussed why it is necessary to generate an expanded pulse
width t;, as shown in Figure 3-9(b). Further discussions here concentrate on how this
pulse width expansion is implemented. Using the signal ti; in Figure 3-9(a) as the input
signal for the timer Uy, an expanded interception-time ti,; will be generated according to

the values of the components Ry, and C; of the associated RC-network,

tine = 1.1R14C, = 22ms (see data sheet NE555N, Phillips Semiconductors, 08/94).

3.4 Detector Board

In this section the electronic circuit of Schematic A2-4, which has evolved from a
preliminary detector circuit of a tensiograph, will be used as a reference to underpin the
signal quality improvement that has been achieved during the development process.
Further research, concerning the signal quality of the electronic circuit shown in

Schematic A2-4, has led to the production of the modified and improved version of the
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circuit, which is shown in Schematic A2-5. The principle of the conversion of a light
signal into an adequate voltage that is then being used for the tensiotrace data

acquisition is illustrated in Figure 3-10.

Detector Board
+ 15V from encapsulated linear power module
light signal .
from photocurrent to offset signal low-pass
collector-fiber voltage converter control amplification filter output range
[—® 0V to 10V

Figure 3-10. Principle of converting a light signal into a voltage.

Firstly, the light signal that has been coupled into the collector-fiber, as discussed in
Chapter 1, is sent to the photodiode D; and generates a photocurrent that varies in its
amplitude with the light intensity 6f the detected signal. The implementation of the
photocurrent to voltage converter in two consecutively constructed tensiographic
instruments were different. Figure 3-11(a) shows the obsolete version of this electronic
circuit and Figure 3-11(b) illustrates the design of the up-to-date photocurrént to voltage
converter. The comparison of the two circuits (see Figures 3-11(a) and 3-11(b)), with
identical photodiodes D; and Ds, reveals the disadvantage of the circuit in Figure 3-
11(a), because a relatively high dark current Ip, continuously flowing through the
photodiode Dy, reduces the performance of this component. The dark current Ip is a
function of the reverse voltage Vr across a photodiode and Figure 3-12 displays
graphically this relationship. It should be remembered that the shot noise increases with
the increasing current through a semiconductor, see Eq. (2-25). It is therefore extremely
important to keep the input section of the detector board at the lowest possible noise
level, since this noise affects the efficiency of the subsequent electronic circuitry. In
order to achieve this noise-reduction goal, the dark current through the photodiode must
be adjusted to a minimum, which is possible with the electronic circuit shown in Figure
3-11(b). Pin3 of the IC Usa has the potential 0¥ and therefore pin2 of Uz has also the
potential 0¥, which means, that the voltage drop across the photodiode Dy is always
kept at OV.
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Figure 3-11. (@) preliminary version of the detection of a light signal, (b) presently employed
application of the photocurrent to voltage converter.

Whenever the photodiode Dy in Figure 3-11(b) is illuminated, a photocurrent flows and
generates a voltage drop across the resistor Ry, which is proportional to the photocurrent
of D;. The modified photocurrent to voltage converter (see Figure 3-11(b)) is more
sensitive in the lower detection range than the circuit shown in Figure 3-11(a), which is
very important for sensing the extremely attenuated light rays produced by TIR in the
LUT. Another limitation of the circuit in Figure 3-11(a) is the 8% power supply that
generates only a voltage range (0V to 8¥) on the output of the detector boafd. Thisis a
limitation considering the input voltage range (0¥ to 10¥) of the acquisition board
PC30G.
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0 5 10 15 20 25 30
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Figure 3-12. Dark current I versus reverse voltage Vy of a Si PiN photodiode
(FDR 850 IR), source: Data sheet, The Fibre-Data Group,
Cornwall TR15 3RH.

The next section on the detector board (see Schematic A2-4(b)) may be used to
adjust the amplitude of the output signal to a value within the range +12¥, which is
sometimes necessary to subtract an offset from the wanted signal; or, for example, to
preset an offset for vibration experiments, which is briefly described in Chapter 4. The
old design of the detector board controls the offset via an ordinary potentiometer, but
the fine-tuning reproducibility of these devices is not good enough for a fingerprinting
application such as the tensiograph. A better reproducibility of the offset adjustment has
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been achieved by using one of the analogue outputs of the acquisition board to control
one of the input voltages of the offset-regulating section via a computer controlled
digital value, which is then converted into the required analogue voltage.

The second last section on the detector board (see Schematics A2-4 (cy, and c;))
represents a switchable gain amplifier, and again, the computer controlled gain setting
mechanism has replaced the previously used potentiometer controlled system for better
reproducibility and user friendliness. It is possible to change the potential divider ratio
of the resistor network in (c;), connected to the non-inverting amplifier in (c,), in eight
steps by using the functionality of the multiplexer in (c;), which has been discussed in
Section 3.3, setting the gain in a range from 1 to 9 (these gain values have a historical
background and will be explained in Section 3.5).

The amplified signal is then passed on to the last section (d) of the electronic
circuit on the detector board, which is a 3™ order Bessel low-pass filter, to de-noise the
output signal efficiently [3-3]. The amplitude plot of a Bessel low-pass filter is shown in
Figure 3-13. In order to retain an unchanged output signal, the cut-off frequency f; has
to be set to a value greater or equal to the highest desired frequency that passes the filter
without changing the amplitude of the signal. The cut-off frequency f; is the frequency
above which the power output of a low-pass filter is one-half the power of the passing
frequency. Since voltage V2 is proportional to power P, V is J1/2 of the V in the
passing frequency. This happens to be close to —3dB and the cut-off frequency is
frequently referred to as the —3 dB point. Experimental investigations into drop
vibrations [3-4] require a cut-off frequency of about 20Hz, thus fc ~ 32Hz including a

safety margin.
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Figure 3-13. Amplitude plot of different order Bessel low-pass filters.

The major disadvantage of the electronic circuit in Schematic A2-4 is its gain
setting mechanism. The gain can only be set in relatively large steps, and this is
uneconomic for small amplitude adjustments of the output signal. The gain is typically
set to a value that does not saturate the output signal, but generates almost the largest
possible amplitude in the range OV to 10V for the highest peak in a tensiotrace. This
ensures that the SNR is at its maximum and the ADC of the acquisition board operates
within the full conversion range (see Section 3.5). Furthermore, the 3" order Bessel
low-pass filter is over-engineered, as the comparison with a 1% order low-pass filter has
revealed. A simpler low-pass filter design does not reduce the quality of the output
signal of the detector board and spares one unit in the quad operational amplifier U;.
With these discoveries in mind, the electronic circuit of the detector board was
redesigned, and the circuit in Schematic A2-5 has been produced. For the explanation of
this electronic circuit, it is important to note that the two sections offset control and
signal amplification have been exchanged. The signal amplification control (b) now
employs the much more sophisticated digitally controlled potentiometers AD5220 (R,
R4), which allow the user of a tensiograph to change the gain 4 in the range from 1 to
121 (see Eq. (3-4))

A= (Rz +R3XR4 +R5)
Ry R,

(3-4)

in 8256 steps (see Eq. (3-5)) [3-5], and the much neater design of this circuit stage,
compared to the arrangement in Schematics A2-4 (c1) and (c2), reduces also the overall

noise level.
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(n =128 positions of potentiometer wiper) (3-5)

The instrumentation amplifier (c) is due to its high common mode rejection ratio
(CMRR) the ideal system to handle the offset issue and to eliminate most of the noise in
the signal. The CMRR describes the ability of a differential amplifier to reject
interfering signals common to both input terminals, and to amplify only the difference
between the inputs. The higher the CMRR, the better the amplifier can extract
differential signals in the presence of common mode noise. The CMRR [dB] for the
instrumentation amplifier (c) (see Eq. (3-6)) is about 84dB [3-6]
coe = anam 14505 122 e

where @ = Ro/Rj;1 = Rio/Ri2 = 1, Aa = 0.1% is the tolerance of these resistors. The
output signal of the instrumentation amplifier (c) is then the input signal of the low-pass
filter (d) that has the cut-off frequency f. = 1/(2nR;3Cs) ~ 25Hz. The electronic circuit in
Schematic A2-5 generates a qualitatively improved output signal compared to the
output signal of the electronic circuit in Schematic A2-4, and consequently replaced the

circuitry (version 01) on the detector board.

3.5 Acquisition Board Interfacing

The data acquisition board PC30G from Amplicon (see Table A2-2) is the interface
between the generated analogue signal from the electronic circuitry in a tensiograph and
the digitised data display and storage of this signal on a PC. It also provides controlling
features such as the gain and offset settings on the detector board and the LED selection
on the LED driver board located in a multianalyser. The PC30G technology allows all
of its features to be controlled from software, increasing the reproducibility of the
various settings and the user friendliness of the instrument, as discussed earlier in this
chapter. Software issues raised in this section are brief and will be fully explored in
Chapter 4. _

The instrumentation amplifiers (analogue inputs CHO and CH1) of the PC30G
have been configured as differential inputs for the signals AIl (see Schematics A2-4
and A2-5) and AI2 (see Schematic A2-3). Remember, the advantage of operating an

75



Chapter 3

analogue input in differential mode is its remarkable CMRR. The analogue signals AlIl
and AI2 are converted into digital signals and then transferred directly to the main
memory of a PC using the direct memory access (DMA) facility of the PC30G. Recall
the power supply issue in section 3.4, that the obsolete electronic circuit of a previous
tensiograph provided only an output voltage range 0¥ to 8% (0 to 3276 resolution of the
12-bit ADC on the PC30G), which is a loss in signal information content, considering
that the analogue input channels of the PC30G are configured to convert voltages in the
range 0V to 107 (0 to 4095 resolution of the 12-bit ADC on the PC30G).

The user of a tensiograph may start the data acquisition by pressing a virtual
button in an application software package (see Chapter 4), and a specially assigned
function simultaneously triggers the DMA. The throughput of the DMA channel is not
of importance with regard to the multianalyser, since the maximum sample rate (320Hz)
of the instrument is by any means small compared to the maximum sample rate
(100kHz) capability of the PC30G. The more important motivation for using the DMA
mode is the ability of the user to operate the PC without any performance constraints,
while transferring the data to the main memory of the PC. The data acquisition sample
rate is controlled via an on-board 16-bit counter/timer that is also triggered at the
beginning of the data acquisition process. Although it is possible to set the gain (1, 10,
100, 1000) on the PC30G, it is always set to 1. It has been discovered that a gain greater
than 1 causes problems due to a noisy environment in the PC. The electronic circuit in
Schematic A2-4 provided a gain from 1 to 9 that had been used in conjunction with the
variable gain of the PC30G. The signal quality was diminished after being amplified in
the noisy environment of the PC, and now it becomes clear why the redesign of the
gain-setting section on the detector board was necessary, which led to the electronic
circuit design in Schematic A2-5. The signal AO1 (see Schematics A2-4 and A2-5) is
connected to one of the digital to analogue converters (DAC) of the PC30G that
provides a voltage in the range —5¥ to +5V to adjust the offset as required. Three of the
24 available digital input/output lines of the PC30G are connected to the signals DO4,
DOS, and DO6 (see Schematic A2-3) and select, configured as outputs, one of the LEDs
on the LED driver board. Similarly, digital outputs of the PC30G are used to encode the
gain on the detector board (see Schematics A2-4 and A2-5).
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CHAPTER 4

SOFTWARE ENGINEERING DEVELOPMENT

Sophisticated diagnostic laboratory instruments, such as the multianalyser in its present
state, require in most cases complex software tools that acquire, analyse and administer
the vast amount of data that have been generated from measurements. The development
of various software packages for the tensiograph was inevitable with respect to data
mining, and a considerable amount of time has been invested to produce these software
tools to a high-quality standard. The emphasis of the software development was put on
the commercial aspect rather than the research perspective of the tensiograph as a
laboratory instrument, which means that the sofiware has been designed for flexibility,
extensibility, portability, and most importantly for efficiency and reliability. However,
researchers in the Carlow laboratory (Ireland) have been using the entire tensiograph
software suite (developed by the author and McMillan) for the past few years with great
success, which has proven the reliability and effectiveness of these tools for research
and the commercial market. Mainly two graphical user interface (GUI) programming
toolkits, namely Microsoft Visual Basic and Borland C++ Builder integrated
development environments (IDE), have been used throughout the software development
cycle to produce the acquisition, analysis and data-scatter software packages for the
multianalyser, which will be subject of this chapter. For the discussion of these software
packages flow-event-diagrams (FED) are used to explain the fundamental functionality
of important modules within a particular software package and, if necessary,
pseudocode describes the significantly important program fragments. The complete
source code of the entire tensiograph software suite can be found in Appendix S for easy
reference. Section 4.1 briefly describes important strategies for the development
‘efﬁciency of modern software applications. A data acquisition package and the
associated interfacing aspects will be the subject of Sections 4.2 and 4.3, which explore
the signal processing and controlling software issues of the tensiographic instrument.
The software package for the data analysis of acquired tensiotraces will be discussed in
Section 4.4 leading to a more advanced software tool for data analysis described in

Section 4.5. An overview of the system integration is consequently given in Section 4.6.
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4.1 Software Design Issues

The most fundamental problem in software development is complexity. There is only
one basic way of dealing with complexity, that is, divide and conquer. A problem that
can be separated into two sub-problems that can be handled separately is more than half
solved by that separation. In particular, the use of a module, or a class, in the design of
systems separates the program into two parts — the implementation and its users —
connected only by an (ideally) well-defined interface; this is the fundamental approach
to handling the inherent complexity of a program [4-1]. |

One approach that has been made to break down the complexity of the analysis
software package of the tensiograph into manageable modules is the use of ActiveX
technology. The GUI programming language Visual Basic from Microsoft supports the
ActiveX technology programming style and it provides facilities that make it convenient
(reasonably easy, safe, and efficient) to use that style. An ActiveX component is a unit
of executable code, such as an .exe, .dll, or .ocx file that follows the ActiveX
specification for providing objects [4-2]. ActiveX technology allows programmers to
assemble these reusable software components into applications and services. In other
words, it is possible to create an ActiveX cbmponent with the desired functionality that
is required in a particular software package, but can also be used in any other software
design that needs exactly the same functionality and supports ActiveX technology. An
example may clarify this situation. Suppose one creates a GUI software application (a
tensiotrace observation tool for example) that provides, besides a variety of other
features, the list facility as shown in Figure 4-1, which is used to open, select, remove,

and find files of a certain format.
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features that are standard in languages such as C or assembler, for example. It is
possible but extremely inefficient (in the experience of the author) to write software
applications in Visual Basic that operate on a ‘low-level’ basis (for example, the bit
shifting operator does not exist), which encouraged the author to choose a more
appropriate programming language for the acquisition and data-scatter applications (see
Sections 4.2 and 4.5 respectively), where the use of ‘low-level’ programming is
basically unavoidable. The programming language C has been designed to cope
perfectly with the ‘low-level’ aspects and includes all the language constructs that are
part of the programming language BASIC. C++ offers the object-oriented programming
(OOP) scheme that supports the software engineer to design reliable and efficient
modules, which encapsulate the data types and functions (known as methods) that are
operating on these data types in a unit that is called a class. The Borland C++ Builder
IDE supports also GUI software development and it was therefore decided to use this
toolkit instead of the Visual Basic IDE.

The great advantage of OOP is that a user-defined data type (known as the
object of a class) can be created, assigned, modified, and destroyed like any other
standard data type (for example an INTEGER) used in a program. The following
pseudocode example (button on a form) describes these conditions and Figure 4-3
illustrates the pseudocode step-by-step.

class button

private:
colour, size, caption, ... //properties of button
public:
press, drag, ... //functions (methods) for button
end class
program fragment
button b //create new button (a)
b = Forml //assign button to a form (b)
if b.press '
b.size = (X, y) //modify button size (c)
end if
b.drag(xPosition, yPosition) //modify button location (d)
destroy b //button does not exist anymore (e)
end program fragment
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Figure 4-4. Flow-event-diagram.

An elliptical shape introduces the process for which the FED is displayed, or labels the
end of this process. The event-queue of the Windows operating system is represented in
a hexagonal shape. Every single event (for example timer-event, mouse-move, program-
start, keyboard-activity) that a user triggers on the PC is transmitted to the event-queue
and ordered by priority of the events (for example timer-event has higher priority than
mouse-move). The next event in the queue (if available) is then processed, but only
events associated with the tensiograph application software ‘fire’ and consequently
switch to another state in the FED, which is symbolised by an arrow. A process that
needs to be expanded into an FED is represented as a rectangle, and the rhomboid shape
implies that the user or the program has to make a decision at this point in the program
flow. Events are always in lower case (here: event 1, event 2), decisions in upper case
(here: YES, NO), and the rest starts with a capital letter (here: Process, Condition,
End...).

4.2  Acquisition Package

Figure 4-5 shows the main FED of the acquisition software package that is used to
acquire the electronic data of a tensiotrace (light signal converted into a voltage and

then digitised).
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Figure 4-5. Main FED of the data acquisition software package (Acquire).
After the application Acquire has been started, which the Windows operating system

classifies as a process, this ‘Acquire’-process waits for an event to occur. The user may
decide to end the running process immediately by triggering the ‘exit’-event, which
switches to the ‘SaveTrace’-process (see below in this section), and since no data has
been acquired yet, the ‘End’-process is called and the program is terminated. The ‘End’-
process is a function of the operating system. It is responsible for clearing up, which
means for example that allocated memory is freed again and the event-queue
reorganised. However, it is more likely that the user triggers an event that does not exit
the program directly after the ¢ Acquire’-process was started.

The ‘menu’-event activates one of the processes ‘File’, ‘Acquisition’ or ‘Pump’,
depending on which menu item has been selected. The FEDs in Figure 4-6 illustrate
these conditions. Note the italic font in ‘Pump’-process in Figure 4-5. This is, because
this process might not be accessible in some situations due to specific program
conditions, e.g., there is no need for pump accessibility when the constant head facility
is used. Also ‘Save’, ‘Information’, ‘PlungerSpeed’, ‘Volume/Time’, ‘Clean/Prime’, and

‘TimeBase’ specify a similar behaviour.
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Figure 4-6. FEDs of the ‘menu’-event (‘File’, ‘Acquisition’, and ‘Pump’-process).

All the processes ‘File’, ¢ Acquisition’, and ‘Pump’ display separate menus on the screen
(a user may choose an item from a menu that has to be processed) and returns to the
‘Wait for Events’-state. Note that events occurring at this point refer to Level 1 and it is
possible to trigger an event that does not belong to the processes ‘File’, ‘Acquisition’,
and ‘Pump’, but share the same event level (in this case Level 1). There are different
event levels in the Acquire application, as shown below in this section, and only events
specified for the associated event level can be triggered at this particular point of the
program flow.

After triggering the ‘open’-event (user chose Open on the menu) the

‘OpenTrace’-process is started, see Figure 4-7.
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Figure 4-7. FED of the ‘OpenTrace’-process.

The ‘OpenTrace’-process opens a new window in modal mode on the screen (when a
window runs modally, the user must explicitly close it before working in another
running window), which means that no events can be triggered until this window has
been closed again, i.e. YES or CANCEL decision in Figure 4-7. The trace that has been
selected in the window of the ‘OpenTrace’-process is then displayed on the canvas in
the main window of the Acquire application. This enables the user to review
tensiotraces that have been acquired and saved in previous experiments.

Figure 4-8 illustrates the procedure of the ‘save’- or ‘saveas’-event.

R4
>
Y

SaveTrace

Get trace-data out of the main Wait for Events Get trace-data out of the main
memory and save it onto disk Level 1 memory and save it onto disk

Figure 4-8. FEDs of the ‘SaveTraceAs’- and ‘SaveTrace’-processes.

Two different data-saving methods assure that the user can save the acquired tensiotrace
data at any time and under alternative names for the same trace (SaveTraceAs), and also
reminds the user of data that has not been saved yet (SaveTrace), which is important to

prevent data loss before the termination of the application (see Figures 4-5 and 4-6).
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The information on tensiotraces, including DP, RPP, and various other useful

values can be viewed in a separate window that appears in modal mode when the ‘info’-

Wait for Events
Level 1

event is triggered, see Figure 4-9.

Remove the trace information
(DP, RPP, ...) from the screen

Display the trace information
(DP, RPP, ...) on the screen

Figure 4-9. FED of the ‘Information’-process.

If the ‘info’-event is triggered without any information available then this event is
ignored and the application returns to the waiting-state. Conversely, information is
represented if tensiotrace data has been acquired. The tensiotrace information is usually
used for a quick reference and analysis of the data, whereas the Analyse software
package (see Section 4.4) is used for a detailed analysis of the tensiotrace data.

Acquiring the data of a tensiotrace can be done in four different modes (Normal,
Automatic, Constant, Vibration) and with a variety of LEDs (wavelengths 470, 530,
660, 950nm). Figure 4-10 shows the arrangement of these selection-type FEDs.

’ Wavelength

:i:Normal 11_, m g ,geg_a_l _pgeg volume, c]ean;\‘;
.‘.lAutomatlc time, § mnge, “serial. s peed, volume, clean
";,,Constant time, gzrmge, sertal eed, volume, clean clean
(see note) V1brat10n ;_n_ng, yg g ,m geed volume, clean{

Normal, Automatic,
Constant, Vibration

v v

Change to the selected type of Wait for Events Change to the selected type of

tensiotrace acquisition ' LED (470, 530, 660, 950nm)
Figure 4-10. FEDs of the acquisition-type and ‘Wavelength’-processes.

In Normal mode the instrument uses a pump as the liquid delivery system and the data

of a single tensiotrace is acquired after starting the data acquisition. The user has to

manually save or discard the acquired data and start another acquisition process after the

instrument has finished the previous measurement. This procedure is extremely tedious
and time consuming when many samples of the same liquid have to be acquired (the

user is required to periodically restart the acquisition process). Driving the tensiograph
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in Automatic mode, on the other hand, requires the attention of the operator only at the
beginning of a series of measurements, i.e. selecting the desired number of tensiotraces
and starting the data acquisition. The acquisition software of the tensiograph
automatically acquires, saves, and restarts measurements until the preset number of
tensiotraces has been reached and subsequently stops the data acquisition process. In
Constant mode a constant head liquid delivery is required, as all pump activities have
been cancelled, which is sometimes convenient to avoid pump vibrations. The Vibration
mode offers features that support drop vibration measurements (higher sample rate and
drop volume variation facility). It has to be noted here that varying the acquisition mode
toggles assorted event responses of the program. This is indicated by the underlined
events (note in Figure 4-10), and events displayed in italic font cannot be triggered until
another program condition activates these events again (normal font).

The plunger speed of the pump and the volume or time settings of the liquid

delivery to the pendant drop can be varied as illustrated in Figure 4-11.

PlungerSpeed @

\ 4 \ 4
> »

y

y

Plunger
Speed
OK

Save new plunger speed Wait for Events Save new vol.ume and time
and use it in the program Level 1 and use them in the program

Figure 4-11. FEDs of the ‘PlungerSpeed’- and ‘Yolume/Time’-processes.

Some experimental measurements with the multianalyser require the pump to stop the
liquid delivery to the pendant drop after a defined volume has been pumped to the
drophead, or a specific liquid delivery time has elapsed. Vibrating a pendant drop of a
certain volume for surface tension and viscosity studies is one example for the
usefulness of the volume/time adjustment feature. The investigation of drop evaporation
(fully explored in Chapter 6) could not have been carried out without this facility.

It is important to provide the functionality to control the cleaning and priming of
the drophead and tubing of the liquid delivery system respectively. Such functionality is

employed in the acquisition software and Figure 4-12 shows this concept.
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Clean/Prime

initially (stop) start | Start cleaning/priming the

liquid delivery system
start
7 sto
A 4 speed
NO / Clean/Prime Wait for Events\‘ L 4
Level 2 / b T
cancel z:ﬁ
speed
L v
Save new plunger speed Wait for Events sto Stop cleaning/priming the
and use it for clean/prime Level 1 liquid delivery system

Figure 4-12. FED of the ‘Clean/Prime’-process.

The main waiting task (Wait for Events) of the Clean/Prime window (operied in modal
mode) is now on Level 2, which implies that the events of Level 1 cannot be triggered
at this point of the program execution. Conversely, events of the special Level 0 (all
events that are not associated with the application Acquire) can always be triggered.
This means, the user of the tensiograph sofiware package may start and work with as
many different applications as desired on the same PC, without affecting the running
application Acquire. Whenever the ‘Clean/Prime’-process is started, the ‘stop’-event is
initially deactivated and only the ‘start’- and ‘speed’-events are active.

The syringe size has to be changed in the software when a different sized syringe
has been fitted to the pump, in order to maintain consistency during the measurements
related to volume or time variations, e.g. vibration and evaporation experiments. The
‘SyringeType’-process gives the user the opportunity to adjust the syringe size
(software) after a different sized syringe has been fitted (hardware). A standard PC
generally incorporates two serial RS-232 ports (COMI and COM2) [4-3]. The
tensiograph occupies both of these serial ports, used for the pump and temperature
controller, and sometimes it is necessary to provide a third RS-232 port to connect more
devices that need this facility, e.g. a mouse designed for RS-232 connection. In this case
the existing RS-232 ports have to be accompanied by an RS-232 expansion board that
provides two more serial connections (COM3, COM4). It is not recommended to
operate a PC with more than four RS-232 ports, as this usually causes conflicts between
these RS232 devices. The tensiograph soﬁware is designed td control four RS-232 ports
independently. Figure 4-13 shows the mechanisms to change the syringe size, RS-232

connections, and the time base of the sampled data.
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Change to the selected type of Change to the selected serial port Change to the selected time-base
syringe (250ul, 500pl) (COM1, COM2, COM3,COM4) (1.25,2.5, 5,10, 20, 40s/DIV)

v

»~ Wait for Events™\

Level 1

Figure 4-13. FEDs of the ‘SyringeType’-, ‘SerialPort’- and ‘TimeBase’-processes.

The pump can be controlled from any of the four possible existing RS-232 ports and the
user of the tensiograph selects the appropriate serial connection (COMI1 to COM4) in
the Acquire software package. The speed with which the plunger of the pump pushes
the liquid to the drophead may be altered via software control, as mentioned above.
Following a plunger speed change, the time base of the acquired data has to be adjusted
in order to sample the detected signal efficiently and to display the tensiotrace correctly
and in an unclipped manner on the screen of the PC (see Section 4.6 for more
information).

The most important issue of the Acquire software package is its ‘AcquireData’-
process that provides the main functionality of this software package, which is
illustrated in the FED of Figure 4-14. Note the event level (Level 3) of this process that
allows only the specified events (adjust, stop, controller, and dma) to trigger the

associated sub-processes.

/‘1‘“—“——> Offset, Gain
A4
Wait for Events sto Wait for Events
< Level 3 Level 1
dma
controller Port, Set

A

Transfer the data from the input
channel of the acquisition board
to the main memory of the PC

Figure 4-14. FED of the ‘AcquireData’-process.
The following pseudocode of the program fragment explains the ‘AcquireData’-process

in more detail (excluding the ‘adjust’- and ‘controller’-event).

91



Chapter 4

The software development kit (SDK) functions ADInBinBackground, CTWrite,
BackgroundADInStatus, and StopBackgroundADIn of the application programming
interface (API) of the PC30G will be discussed in Section 4.3.

class TStorage /lprovides functionality for saving acquired data
private:
plarray-size] ...  //allocate main memory for data storage
public:
Add, Erase ... //member functions to organise the allocated memory p[]
end TStorage
class TBoard //provides functionality for the acquisition board PC30G
private: '

Initialise Board ... //initialises the PC30G board upon creation of an object

public: //API-functions of the SDK for the PC30G
ADInBinBackground, CTWrite, StopBackgroundADIn,
BackgroundADInStatus ...
end TBoard
AcquireData
b TBoard, s TStorage //create the objects b and s
s.Erase //clear the main memory allocated by p[]
b.CTWrite(sample-rate) //initialise counter/timer on the board
b.ADInBinBackground //start sampling the data in DMA-mode
repeat
check for events //Level 0 and Level 3
if BackgroundADInStatus(d) /lensures that new data is available
s.Add(d) //store data in buffer p[] |
canvas(d) //display data on canvas of main window
end if |
until ‘stop’-event occurs ~ //stop button, drop separated, p(] full
- b.StopBackgroundADIn //stop the DMA data sampling
end AcquireData

The API provides the interface between the hardware of the acquisition board PC30G

and the application software package Acquire. The ‘AcquireData’-process passes the
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control over to SDK functions and these functions handle the data acquisition process in
the background, which means that currently running processes are not interrupted or
new processes can be started without noticeable performance loss, e.g., the user can
start a data acquisition process Acquire and analyse the acquired data with the analysis
software tool Analyse (see Section 4.4) at the same time. This is only possible due to
the capability of the SDK function ADInBinBackground to acquire the data in the
background. Without the background feature, the ‘AcquireData’-process would ‘freeze’
the user interface of the PC until the ‘AcquireData’-process has completed its task,
which could take up to several minutes. At this point it is time to answer the question
raised in Section 3.3, why it is necessary to generate an expanded pulse width t;,; as
shown in Figure 3-9(b). Remember that this signal is generated from a falling drop
intercepting the light beam of a slotted opto-switch, see Figure 3-8. For further
explanations consider the pseudocode that is shown above. The code segment between
the repeat and until statements is responsible for acquiring and displaying data during a
tensiographic measurement of the multianalyser. The time that the SDK function
BackgroundADInStatus requires to return from its task depends on the time that the
PC30G needs to update internal register settings, i.e. the registers associated with the
input channels CHO and CH1 of the PC30G, and sometimes it has been the case that this
time exceeded the pulse width t,; ~ 1ms. Whenever a falling drop intercepts the light
beam of the slotted opto-switch just after updating the internal registers of the PC30G,
but the time to return from the SDK function Background ADInStatus exceeds tiy ~ 1ms,
then the interception signal would be lost and the occurrence of drop separation would
consequently be missed, using the pulse width ty as shown in Figure 3-9(a).
Conversely, using the pulse width ty, ~ 22ms, as shown in Figure 3-9(b), ensures that
the drop interception signal is still present when the program flow returns to the SDK
function Background ADInStatus, which then reads the values of the updated registers,
associated with the input channels CHO and CH1 of the PC30G and therefore senses
that drop separation has occurred. .

Changing the offset and the gain uses also SDK functions to communicate with
the analogue and digital output channels of the PC30G, but it is unnecessary to do this
in the background, because these processes take only microseconds to complete their

tasks. Figure 4-15 shows the ‘Offset’- and ‘Gain’-processes.
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v \ &
Adjust the offset by one step | Wait for Events Adjust the gain by one step
(range -5 to +5V) Level 1 or Level 3 (range 1 t0 121)

Figure 4-15. FEDs of the ‘Offset’- and ‘Gain’-processes (Level is the origin of ‘adjust’-event).

Note that one step of the offset adjustment is determined by 10774096 ~ 2.44mV (see
Section 3.5) and one step of the gain adjustment is determined by A/steps ~ 1.47E-2 (see
Eqgs. (3-4) and (3-5)). The SDK function DAOutVoltage has been used in conjunction
with the ‘Offset’-process to control one of the analogue output channels of the PC30G.
Similarly, the ‘gain’-process employs DIOPortOutput to adjust the gain of the detector
circuit according to the software settings.

The temperature controller is also controlled via software, using one of the RS-
232 ports as a communication channel between the user interface of the software and
the electronic controller CNi3252-C24-DC from Omega. A communication protocol has
been defined by Omega, in order to send/read data to/from the controller. The software
interface (see Appendix 5) for this electronic controller converts then the encoded data
into values that can be used for the display and control of the temperature in the thermal
module of the multianalyser. Figure 4-16 illustrates the arrangement of the temperature

controller software interface.

Port Set

A M

Temperature
Value
changed

Port
changed

Save serial port setting and use this . Save temperature value and adjust the
port for the temperature controller Wait for Events temperature according to this value
(COM1, COM2, COM3, COM4) Level 1 or Level 3 (range 10 to 40°C)

Figure 4-16. FEDs of the ‘Port’- and ‘Set’-processes (Level is the origin of ‘controller’-event).
The ‘Port’-process offers a similar functionality as the ‘SerialPort’-process with the
exception that the ‘Port’-process opens a window in modal mode so that no other events
can be triggered until the window has been closed, i.e. YES, CANCEL decisions, and

supports also Level 3 events. The temperature of the thermal module has to be adjusted
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in an additional modal window that opens when the ‘Set’-process is started due to the

‘controller’-event. The temperature controller will be more fully explored in Chapter 6.

4.3 Acquisition Board Interfacing

The API functions of the SDK of the acquisition board PC30G insulate the software
designer from the actual hardware details of the PC30G. This makes it easier to write
applications and to change acquisition boards as new models are released. The SDK is
supplied with the PC30G and is also available for download on the web site from Eagle
Technology (http://www.eagle.co.za). Extensive analogue to digital (A/D), digital to
analogue (D/A), digital input/output (DIO), DMA, and configuration functions are
provided, but only a subset has been employed in the acquisition software package
Acquire.

All SDK functions require a board handle as their first parameter. Board handles
are integers obtained by calling AllocBoardHandle. Once allocated the board handle
must be initialised to the PC30G before it can be accessed. This is done by calling
InitBoardType, which links the board handle to the PC30G and fills in configuration
information for it. The board handle can now be used to access the PC30G using the
SDK functions. It is important to release the board handle using FreeBoardHandle
before the program terminates. Any board handles not released when the program
terminates will cause a conflict the next time AllocBoardHandle is called (start of the
Acquire software) and it will be necessary to reboot the PC.

The two input channels CHO and CH1 of the PC30G are assigned respectively to
the output terminals AIl and AI2 of the tensiograph. Channel CHO is monitoring the
generated signal of the detector circuit and channel CH1 is connected to the optical
switch in order to sense a drop separation. The SDK function ADInBinBackground
initially starts the background data acquisition and acquires blocks of A/D data from the
two channels in use (CHO, CH1). This SDK function uses the current sampling
frequency, allocated memory, and transfer mode. The sampling frequency is determined
by the on-board counter/timer of the PC30G and can be set using the SDK function
CTWrite, which writes the specified value to the counter/timer. The required memory is
represented by an array of the standard data type INTEGER and allocated before
ADInBinBackground is called. The transfer mode has been set to DMA, which is an
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extremely efficient way to sample data. It requires very little work on the part of the
central processing unit (CPU) of the PC. The DMA controller of the PC is programmed
to transfer the data blocks from the PC30G to the allocated memory without going
through the CPU of the PC. During the process of transferring data blocks, the SDK
function Background ADInStatus needs to be called periodically to check if the transfer
of a data block has finished. As soon as a new data block is available it needs to be
separated into the signals from the channels CHO and CH1. The interpretation of the
signal from channel CH1 (sensing drop separation) then decides whether to proceed
with the data acquisition or to stop this process (drop separation occurred). The data
acquired through channel CHO is displayed on the screen and stored in memory for later
analysis. When the data acquisition process has completed or if it has to be stopped
early the SDK function StopBackgroundADIn must be called.

The SDK function DAQutVoltage sets the voltage on the D/A channel DACO of
the PC30G using a microvolt value. DACO is connected to the input terminal AO1 of
the detector circuit in the tensiograph and consequently determines the offset of the
detected signal. Similarly, the SDK function DIOPortOutput is used to write bytes of
data to the DIO ports A, B, and C of the PC30G adjusting the gain and selecting an
LED. The least-significant-bit (LSB) of port A determines the direction (up/down) of
the digitally controlled potentiometer AD5220, whereas the LSB of port C is used to
clock the wiper of the AD5220 up or down (see Schematic A2-5). DO4, DOS, and DO6
of the LED source circuit (see Schematic A2-3) are connected to three lines of the DIO
port B and an encoded byte signal on this port selects the LED that has been chosen on

the menu in the Acquire software.

4.4  Analysis Package

The data analysis of the tensiotraces, which have been acquired with the Acquire
software package, requires a comprehensive software tool that generates rapidly the
results of the analysing process. An enormous amount of information related to the
tensiotraces has to be presented in an adequate format, so that a user of the analysis
software does not get confused. It is also important that the operator of the analysis
software tool can choose the appropriate method to examine the results on the screen of

a PC, and to focus on properties in a tensiotrace that are of relevance to a particular
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application. To clarify this statement envisage the QC process in the brewing industry,
where the operator of the analysis software tool is concerned about the comparison of
two beers of the same kind from different batches, for example. Considering the first
part of the statement above, a graphically displayed result of the comparison of two
tensiotraces (representing the two beers) is the most suitable technique for rapid
fingerprinting hiding the rather confusing numerical representation of the data analysis.
Conversely, the study of the quantitative measurands is inevitable for a rigorous
inspection of the differences between the two beers. The second part of the statement
suggests that various match criteria of the tensiotrace comparison can be relaxed or
strengthened, which means that a user is allowed to adjust M-Values (weighting or
disabling match criteria) in order to concentrate on the tensiotrace propertiés that are of
more importance to a particular measurement. For example, a user may only want to
compare the two peaks RPH and TPH of the two tensiotraces, which can be done by
switching off all remaining match criteria in the analysis software (see Section 4.6 for
more information). Such a software tool has been developed as one part of the research
programme to provide the functionality discussed above. This analysis software
package is the subject of this section and it will be referred to as Analyse.

The description of Analyse is similar to that of Acquire following the same
concept, which means that the entire software package is divided into FEDs
representing processes that are triggered by the use of events. The main FED of the

tensiotrace analysis software is shown in Figure 4-17.

OpenReference reference menu File, Edit, Settings
RemoveReference

SelectAliReference

FindReference A OpenReference, RemoveReference,

Wait for Events tool SelectAllReference, FindReference,
Level 1 OpenTest, RemoveTest,
° SelectAllTest, FindTest

OpenTest
RemoveTest
SelectAllTest .
FindTest test exit tab Information, MDValues,

v Traces, Match, Difference

End

)

Figure 4-17. Main FED of the tensiotrace analysis software package (Analyse).
Analyse has been developed under control of the Visual Basic IDE and although the

programming language and conceptual use of modules (ActiveX instead of classes)
differ from those of the C++ Builder IDE, it is essential to understand that the

Windows-based PME model remains exactly the same.
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Figure 4-18 illustrates the ‘menu’-event as an FED that simply corresponds to

the display of one of the menus File, Settings, or Edit on the screen of the PC.

OpenReference

openref

SetPassword

Wait for Events

Wait for Events
Level 1 Level 1
\4
OpenTest MValues
End
RemoveTest | Femovetst @ removeref | RemoveReference
\ 4
SelectTest selecttst Wait for Events selectref SelectReference
Level 1
FindTest findtst findref FindReference

Figure 4-18. FEDs of the ‘menu’-event (‘File’, ‘Settings’, and ‘Edit’-process).

Note the similarity between the ‘openref’-event and ‘opentst’-event (both events trigger
a process that opens a tensiotrace file (.TGD) in Analyse), which implies that one of the
events in the ‘File’-process might be redundant. This implication can be rejected and the
reason for using two separate processes (‘OpenReference’ and ‘OpenTest’) is the fact
that reference and test tensiotraces are strictly held in two independent lists for easy
access and maintainability. To make this abundantly clear in the software design the
representation of the FED in Figure 4-18 has been chosen. The same applies for the
‘Edit’-process, where again the reference and test traces are processed individually.

The FEDs in Figure 4-19 underpin the separation of the ‘OpenReference’- and

‘OpenTest’-processes.
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OpenReference @

\
>, <

X

Test-
Trace
selected

Reference-
Trace
selected

CANCEL

assign it to the reference section Level 1 assign it to the test section

Analyse the tensiotrace data and ‘Wait for Events >‘7 Analyse the tensiotrace data and

Figure 4-19. FEDs of the ‘OpenReference’- and ‘OpenTest’-processes.

At this point of the program execution, the data of the tensiotraces are assigned to table
modules, which are always referenced to the calling process (OpenReference or
OpenTest). Section 4.6 will clarify this situation. The data in the table modules can then
be accessed through a well-defined interface using an index mechanism that makes it
simple to carry out computations with any combination of the data in these table
modules. Applying the ActiveX technology, by keeping the data and their associated
functions in one module, ensures that the process of assigning the analysed data to the
right section (reference or test) is done efficiently and without inconsistencies. This is
not an easy task in any way using the classical procedural programming approach,
where data and functions that belong together are usually torn apart and basically
distributed over several modules.

The FED in Figure 4-20 illustrates the M-Values scheme, which will be more
fully explored in Section 4.6. However, at this point of the discussion it is ‘important to

notice that the M-Values setting mechanism is password protected.
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Ve
<

Y¢

Y

Password
OK

Password
changed

Save new password Wait for Events SetMValues
Level 1

Figure 4-20. FEDs of the ‘SetPassword’- and ‘MValues’-processes.

When the ‘match’-event triggers the ‘“MValues’-process, the user is about to modify the
match criteria of the comparison of two tensiotraces as described earlier in this section.
This has almost always a vital impact on the outcome of the tensiotrace analysis and
only authorised personnel should have permission to change the M-Values. The
‘SetPassword’-process enables the user of the Analyse package to change the password,
which should be done on a regular basis to protect the M-Value settings from misuse.

It has been mentioned above that the quickest way of comparing tensiotraces, in
a QC laboratory, for instance, is the graphical representation of the data analysis. The
software package Analyse provides two graphical displays that present the results of the
analysis, which is suitable for rapid QC. These two processes (Match and Difference)

and the additional ‘Information’-process are illustrated in Figure 4-21.

v

Display tensiotrace information

v L Y

Display match-graph ] Wait for Events Display difference-graph
Level 1

Figure 4-21. FEDs of the ‘Match’- ‘Information’- and ‘Difference’-processes.

The display of the match and difference graphs represents eleven characteristics of the
tensiotrace comparison in a bar chart. For a close match of two tensiotraces the bars of
the match-graph are almost totally extended and close to the 100% mark, and the bars of
the difference-graph on the other hand are close to the 0% mark. This is exactly the
other way round when the two traces are completely different. The ‘Information’-

process obtains characteristic values of a single tensiotrace (stored as header
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information in the tensiotrace files ((TGD) that have been acquired with the software
package Acquire) and displays this information in the assigned table modules, as
demonstrated in Section 4.6.

The numerical values of the match and difference graphs are displayed on a
separate form that provides the user with the data for a rigorous tensiotrace analysis. For
the visualisation of the tensiotraces under test the ‘Trace’-process can be triggered,
which displays the profile of these traces on the screen. This is important when a user is
interested in the exact location of major differences between the two tensiotraces.

Figure 4-22 illustrates the two FEDs of the ‘MDValue’-process and the ‘Traces’-

Display match and Display tensiotrace(s)
difference values

process.

A4 v

DValueResolution  |4-3E05€ Wait for Events Wait for Events™ select | GraphSelection
Level 1 Level 1

Figure 4-22. FEDs of the ‘MDValues’- and ‘Traces’-processes.

Note that the two events ‘sense’ and ‘select’ can only be triggered when either the
‘MDValue’-process (‘sense’-event active) or the ‘Traces’-process (‘select’-event active)
has been called. These two processes use different windows to display their data and the
‘DValueResolution’-module resides in the ‘MDValues’-window, whereas the
‘GraphSelection’-module is located in the ‘Traces’-window.

Increasing the resolution of the graphically displayed differences between two
tensiotraces ensures that even the smallest differences are visualised. This is shown in
an example in Section 4.6. The profiles of tensiotraces can be displayed on the screen
either separately (reference trace on its own, or test trace on its own) or as an overplot of
both traces to locate possible differences between the two traces easily. Figure 4-23

shows the FEDs of this arrangement.
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DValueResolution GraphSelection

4

Set resolution of difference Select tensiotrace graph-mode
values (Norm, Milli, Micro) (Reference, Test, Overplot)

v A4
Change difference values and Wait for Events Display tensiotraces according
graph according to settings | Level 1 to selection

Figure 4-23. FEDs of the ‘DValueResolution’- and ‘GraphSelection’-processes.

It should be noted here that the resolution adjustment ‘Micro’ in Figure 4-23 is beyond
the capability of the present acquisition board (12-bit ADC) to distinguish between two
acquired data points. Future developments will solve this problem employing a new 16-
bit ADC.

The processes in Figure 4-24 are used for the administration of the tensiotraces

in their associated list modules.

@ SelectAll Find

) A Ye

Select all Trace-names in the list

v

Remove selected traces from the Wait for Events Search for the trace-name and
list Level 1 highlight it in the list if found

Figure 4-24. FEDs of the ‘Remove’-, ‘SelectAll’-, and ‘Find’-processes.
The principle of these processes is the same for the reference and test list, thus the
generalised presentation (Remove, SelectAll, and Find) of these FEDs is adequate at

this point of the discussion.

4.5 Data-Scatter Package

The data-scatter software is an essential contribution to the graphical aided comparison
of tensiotraces. Unlike the software package Analyse it visualises the analysed data of

the tensiotrace comparison in a very detailed manner, using the entire dataset of both
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traces. This extremely powerful software tool (here referred to as Data-Scatter) and its
underling algorithms are fully described in Chapter 7. The software interface of Data-
Scatter and its conceptual functionality is the subject of this section.

The software interface of Data-scatter is illustrated using FEDs in the same way
as for the software packages Acquire and Analyse in previous sections. Five events

trigger the various processes of the data-scatter software. Figure 4-25 shows the main

y

File, Scatter, Traces meny Wait for Events stat2 Statistics2
Level 1

exit stat3 Statistics3

A4

End

process Data-Scatter.

statl ) Statistics1

(1)

Figure 4-25. Main FED of the data-scatter software package.
The processes File and Traces illustrated in Figure 4-26 respectively terminate
the Data-Scatter program and transfer the data of the reference and test tensiotraces
from the mass storage medium (compact, hard or floppy disk) to the main memory of

the PC, which is represented in more detail in the FED of Figure 4-27.

v Y

Wait for Events Wait for Events
Level 1 Levell

loadre

LoadReference

Wait for Events
Level 1

exit exchange
) 4 -
LoadTest
) 4 Exchange the r-columns oadie
in the (r, B)-tables of the
End reference and test traces

Figure 4-26. FEDs of the ‘menu’-event (‘File’, ‘Scatter’, and ‘Traces’-process).

These data points are then displayed in two independent scatter diagrams on the screen

of the PC as shown in Section 4.6.
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LoadReference @

\
P 4

Y

Test-
Trace
selected

Reference-
Trace
selected

CANCEL

Load reference data into a linked Wait for Events Load test data into a linked list in
list in memory and normalise Level 1 memory and normalise

Figure 4-27. FEDs of the ‘LoadReference’- and ‘LoadTest’-processes.

Numerical values support the graphically displayed data analysis with specially
designed statistics as illustrated in the FEDs of Figure 4-28.

Centroid (RefT, TestT) T-Mean (Ref, Test)
Centroid (RefU, TestU) U-Mean (Ref, Test) Distance (Ref, Test)
Highest Peak (RefP, TestP) Deviation (RefT, TestT) Max. Points (Ref, Test)
Difference, Closeness Deviation (RefU, TestU)

7 Wait for Events™\ ¢

Level 1

»
|

Figure 4-28. FEDs of the ‘Statistics1’-, ‘Statistics2’- and “Statistics3’-processes.
The following pseudocode describes the conceptual functionality of the data
analysis software package Data-Scatter. Also see Chapter 7 for more information.
¢ Load the data of the reference and test tensiotraces into memory
o Create independent dynamic linked lists for the reference and the test
trace with the elements (;, u;)rorand (¢, 1) Tespectively
o Normalise the values in both lists v
e Compute the centroids of both tensiotraces (T, Up)rerand (Te, Uc)sst
o Estimate the area between the trace boundary and the T-axis, Eq. (7-1)
o Determine half of the area in U-direction
o Determine half of the area in 7-direction
o The interception of the two half areas represents the centroid (7c, Uo),
Egs. (7-2) and (7-3) |
¢ Compute the (7, B)-table (Table 7-1) for the reference and the test trace

o For all data points (#, u;) do
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»  Calculate 7, Eq. (7-4)
» Calculate g, Eq. (7-5)
= Store values in (7, f§)-table
e Compute the P-coordinate
o Search for the highest peak in tensiotrace and assignitto P
e Calculate the ‘Closeness’ ¢, Eq. (7-14)
e Perform the data-scatter analysis and generate the statistical values
o Apply the ‘exchange-operator’ &, Eq. (7-6)
o Display the data-scatter derived from Eq. (7-7) on the screen of a PC
o Calculate mean valuesT Eq. (7-8) andU Eq. (7-9)
o Calculate standard deviations o; Eq. (7-10) and oy Eq. (7-11)
o Calculate the ‘Distance’ &, Eq. (7-12)
o Calculate the ‘Difference’ A, Eq. (7-13)

4.6 System Integration

In this section assorted screen shots of the three software tools Acquire, Analyse and
Data-Scatter provide useful information on various aspects related to the software

description of the previous sections.

4.6.1 Acquisition Package

Two important factors of software design guided the author throughout the development
of the user interface for the data acquisition package Acquire. First, the apquired data
has to be displayed and represented rapidly and in a meaningful way on the screen of a
PC. Second, user-friendly mechanisms are provided to control the data flow and also
allow necessary adjustments to be made during the use of Acquire. The result of these
efforts is shown in Picture 4-1. Also see Figures 4-5, 4-14, and 4-15. Just pressing
virtual buttons of the software user interface easily triggers events, and the data is

displayed and represented graphically in real-time during the measurement of the LUT.
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CHAPTER 5

DROPHEAD ENGINEERING DEVELOPMENT

Since the beginning of the tensiographic project in 1987, drophead design has always
been of major concern to scientists and engineers involved in this project. The author of
this thesis was for quite some time implicated with drophead design issues and therefore
allocates a full chapter to the engineering development of the drophead. Although a
drophead comprises four essential components, namely the liquid drop supporting part,
optical fibers, liquid delivery tube, and the outer sleeve, which acts as the supporting
structure for all remaining parts and also as a thermal conductor, only the liquid drop
supporting part is of interest at this point of the description of the project. Chapter 6
examines the functioning of a drophead as a multiple component device and provides a
detailed explanation of the four main parts that constitute such a drophead. The term
drophead throughout this chapter is used for the liquid drop supporting part, unless the
author refers to the whole assembly of the drophead parts that form a multiple
component device, which will then be explicitly conveyed to the reader. Section 5.1
discusses the concave PEEK drophead design and its related advantages and
disadvantages. Some of the problems with a concave PEEK drophead design have been
reduced after the introduction of a flat stainless steel knife-edge drophead design,
explained in Section 5.2. With the flat stainless steel knife-edge design new problems
were introduced, thus further drophead studies, which are discussed in Section 5.3, had
to be conducted to eliminate any weaknesses of the two previous drophead designs.
Following these studies, McMillan and the author devised a new drophead design,
which is examined in Section 5.4. A new drophead made according to this design will

be employed in future tensiographic instruments.
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5.1 Cylindrical Concave PEEK Drophead

A cylindrical concave drophead made out of PEEK, with the dimensions as shown in
Figure 5-1, was used for most of the liquid drop measurements carried out with a
tensiograph over the past years of the tensiographic instrument development. The
features of this drophead design can be summarised as:

o Easy to manufacture.

e Low cost.

o Use of PMMA and silica fibers without major constraints.

¢
E

4.5 mml

1 i

Figure 5-1. Dimensions of a cylindrical concave drophead and the
magnification of the boreholes for the optical fibers.

2.8 mm

e ——
[ S

B
/

* Relatively good wetting capability.
Machining this drophead in one piece from a rod of PEEK is a major advantage
compared to the drophead designs described in the following sections of this chapter.
For an envisaged commercial tensiographic instrument it is important to keep
Manufacturing tasks as simple as possible, which on the other hand keeps the costs
relatively low. Another vital drophead design issue is the reproducibility of such an
important part of the tensiograph that in essence represents the ability to fingerprint
liquids. PEEK is a relatively soft material, hence the size of the boreholes for the fibers

can be chosen in such a way that the fibers are inserted into a push fit without putting
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too much strain on the fibers and also to form a sealed interface between the fiber and
the borehole avoiding gaps in which contamination usually occurs. By applying the
push fit method, both PMMA and silica fibers can be fitted into the drophead efficiently
without using any glue or clamping mechanisms. Additionally, the slope of the concave
shaped drophead guarantees that the liquid fed into the liquid delivery tube is pushed
immediately to the edge of the drophead and therefore supports a good wetting
capability. Remember that the fibers need to have a certain distance from the drop
supporting edge (here 2.8mm, see Figure 5-1) in order to generate tensiotraces with a
rainbow peak and tensiograph peak(s) during the life cycle of a drop hanging from the
drophead. The concave shaped drophead produces the required distance with regard to
the end-face of the fibers and the drop supporting edge. However, this also introduces
some drawbacks to this design that can be summarised as:

¢ Problematic fiber positioning.

e Usage of araldite to protect PMMA fibers.

» Difficult to clean due to cavities.
To improve the performance of the light transmission from the LED to the Photodiode
(see Figure 1-1), the end-faces of the fibers need to be polished before they are inserted
into the boreholes of the drophead. The positioning of the fibers, while inserting them
into the boreholes of the drophead, is quite a difficult task because of the relatively
complex shape of the drophead and its inherent tolerances. Only a very small
displacement of the fibers results in different profiles of tensiotraces for the same liquid
and hence diminishes the reproducibility of the drophead. The use of PMMA fibers
usually requires a coating of the end-faces with araldite in order to protect the fibers
against aggressive liquids that would otherwise destroy the polished end-faces, which in
tumn deteriorates the performance of the tensiographic instrument. This coating
generates arbitrarily shaped rough surfaces that are difficult to clean and also increase
the probability of light signal degradation due to scatter effects, refraction, and
reflection at these uneven surfaces. Conversely, silica fibers do not require a coating
with araldite, since they can withstand a chemical attack of aggressive liquids, but it is
possible that micro gaps between fiber and borehole, as shown schematically in the
maglliﬁed part of Figure 5-1, diminish the overall quality of a cylindrical concave
drophead. In any case, there will always be the inevitably existence of inconsistencies
on the liquid supporting surface of the drophead, which typically cause a problem

during drophead cleaning procedures. In the case of a heavily contaminated drophead, a
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5.2 Cylindrical Flat Stainless Steel Drophead

Various weaknesses of the cylindrical concave PEEK drophead design, as discussed in
the previous section, encouraged McMillan and the author to come up with a proposal
for a new drophead design that would hopefully overcome the limitations of a concave
drophead. It was suggested to exploit a cylindrical flat stainless steel core, which can be
easily extended with a stainless steel knife-edge ring used as a variable height
adjustment of the optical fibers. Figure 5-4 shows the arrangement and dimensions of
the cylindrical flat drophead that includes the following features:

o Drophead shape is similar to approved cylindrical concave drophead.

o Fibers can be polished after the insertion into the drophead.

¢ Easy fiber adjustment with additional knife-edge ring.

o Stainless steel is resistant against almost all chemicals and organic solvents.
The cylindrical concave drophead has served as a model for the design of a flat stainless
steel drophead, in this way the good characteristics of the concave drophead design can
be copied and any weaknesses may possibly be eliminated. One of the weaknesses of
the concave shaped drophead is the inability to polish the fibers after mounting them in
the drophead, but it is possible to polish the optical fibers when they are inserted in the
flat drophead. This has the advantage that the end-face of the fibers and the liquid drop-
supporting surface of the flat drophead form a smooth surface, which is easy to clean
and also provides a basis for excellent reproducibility of tensiotraces of the same liquid.
Subsequent to a combined polishing process of the optical fibers and the liquid drop-
supporting surface, the height of the fibers (here 1mm, see Figure 5-4) can be adjusted
by heat-shrinking a knife-edge ring onto the flat stainless steel core of the drophead.
The envisaged use of the tensiograph in the water quality monitoring industry, and also
in the pharmaceutical, dairy, food, brewery, beverage, and bioprocessing industries,
requires a drophead with excellent impact resistance. Stainless steel is a suitable
material, which is resistant against almost all chemicals and organic solvents that are

used in these applications [5-2].
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Figure 5-4. Dimensions of a cylindrical flat drophead and the
magnification of the drop supporting knife-edge.

However, this design bears various problems that are briefly described below in this
section. The following list provides an overview of these problems:

¢ Optical silica fibers crack when glued into stainless steel drophead.

e Protection of PMMA fibers against aggressive liquids is still required.

e Micro gap between stainless steel core and the knife-edge ring can aggravate

contamination problems.

¢ Knife-edge is very sensitive to mechanical damage.
Fixing optical silica fibers in a stainless steel drophead, using special glue that holds the
fibers in position and also seals the interface between silica and stainless steel, usually
cracks the fibers due to the shrinkage of the glue during curing time. The brittleness of
optical silica fibers is one of their major disadvantages and this is the reason why optical
PMMA fibers are more suitable in conjunction with a stainless steel drophead.
Conversely this diminishes the optical performance of a tensiographic instrument (see
Figure 5-5) and also requires an additional coating of the end-faces of the fibers with a
special resin that prevents chemical attack from aggressive liquids. Figure 5-5 (a)
indicates that there is very little attenuation of a light signal in silica fibers in the
wavelength range between 320nm and 1200mm [5-3], which is the optical range a
tensiograph works in. The transmission spectrum of a PMMA fiber in Figure 5-5 (b)
shows clearly that the range of low attenuation is smaller compared to that of silica

fibers, which affects the optical performance of a tensiograph in the UV and IR regions.
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the contamination issue to a minimum is a flat smooth surface without any gaps and
bumps, which is used to support a pendant liquid drop. Figure 5-6 shows in principle
how such a drophead could be realised. For research purposes only, PSDs with different
diameter d and thickness s were produced in order to find the ideal dimensions of a PSD
for a variety of liquids. A stainless steel liquid delivery tube is moulded into a centre-
hole of the PSD and the fiber separation f can be varied, whereas the space between the
fiber end-faces and the liquid supporting drophead surface is given by s.

fibers

spacer disc o .
liquid delivery

.
»
I d >

Figure 5-6. PSD with fiber position relative to PSD.

This drophead design has the major advantage of generating the desired space s and at
the same time it provides excellent protection of the fiber end-faces. It also offers the
simplest imaginable geometrical shape, which is very easy to produce accurately and
presents a flat smooth drop-supporting surface without cavities. _

Remember that the shape of a drophead and the position of the fibers are
responsible for the distinct profile of tensiotraces that include a rainbow peak and
tensiograph peak(s). Figure 5-7 shows various water tensiotraces that were obtained

with different dropheads and fiber separations as outlined in Table 5-1.
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Figure 5-7. Water tensiotraces taken with differently sized PSDs and stainless steel drophead.

d f s
Tensiotrace | PSD diameter | Fiber separation | PSD thickness | Pump speed
[mm] [mm] [mm] [s/stroke]
Waterl SS drophead SS drophead SS drophead 200
Water2 8 6 2 200
Water3 6 4 1 200
Ethanoll SS drophead SS drophead SS drophead 200
Ethanol2 6 6 3 200
Ethanol3 8 4 2 200
Ethanol4 6 4 3 - 429

Table 5-1. PSD dimensions for various measurements of different liquids.

A flat stainless steel knife-edge drophead, as described in the previous section, was used

to generate the tensiotrace Waterl. The aim of the PSD studies was to prove that there

exists a drophead dimension with its associated fiber separation that would give a

similar result as that created with a stainless steel drophead. Although the ‘experiments

have not been carried out exhaustively, it can clearly be seen from the tensiotraces in

Figure 5-7 that this goal can be achieved by varying the PSD dimensions d, s, and the

fiber separation J- The characteristic features seen for the tensiotrace Water2 in Figure

5-7 are undoubtedly evidence, since well-defined rainbow and tensiograph peaks exist.

The level of noise seen is a result of the unoptimised working conditions and is not

anticipated to be a problem. The studies of a PSD drophead have centred on the use of

ethanol to simulate tensiotraces given by liquids with low surface tension. Figure 5-8
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shows ethanol tensiotraces obtained with different dropheads and fiber sepafations. Also

see Table 5-1 for more information.
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Figure 5-8. Ethanol tensiotraces taken with differently sized PSDs and stainless steel drophead.

Comparing the tensiotrace Ethanoll, which was obtained with a flat stainless steel
knife-edge drophead as discussed in the previous section, with the tensiotrace Ethanol2
clarifies the advantage of a PSD design approach. The information content and profile
of the trace Ethanol2 are very different to the trace Ethanoll, for which the tensiograph
peak is not well defined and the principal features of the trace are all contained in the
second half of the trace. This disadvantage, which has its nature in the fact of using the
same drophead (optimised for water in these studies) for a vast variety of liquid
samples, had to be looked into in more detail and led to the development work of a
dimensionally invariant representation of tensiotraces, which is briefly discussed below
in this section. Water and ethanol provide two liquids with a relatively high surface
tension and a relatively low surface tension respectively and were chosen to simulate
the two boundaries for a range of surface tensions of different liquids. The experiments
of the PSD concentrated on the physical feasibility of such a drophead design and did
not consider any chemical resistance studies of the drophead material and hence the use
of water and ethanol was justified. Later in this chapter various reasons for using a

material other than Plexiglas will be discussed and a final drophead design is given.

3.3.2  Dimensionally Invariant Representation of Tensiotraces

The observation that the tensiotrace profiles for water on a drophead (d=8mm) with
fiber separation Jf=6mm and PSD thickness s=2mm and that of ethanol on a drophead
(@=6mm) with fiber separation f=4mm and PSD thickness s=3mm are similar, strongly
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suggested the utility of a dimensionally invariant representation of tensiotraces. The
variation in pump speed for the ethanol tensiotrace (see Table 5-1) lengthens the drop
period to that seen for liquids of higher surface tension. Figure 5-9 shows these two
tensiotrace profiles of water and ethanol that have been obtained with dissimilar

dropheads and different pump speeds.
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Figure 5-9. Tensiotrace comparison of different liquids taken with differently sized PSDs.

These tensiotraces are the result of a non-rigorous experimental procedure, but strong
evidence suggests [5-4], using an approach via the Laplace equation (2-18) and the
principal radii of a liquid drop as shown in Figure 2-8, that a continuously varying set of
parameters, including the nature of the LUT, can give rise to an identical tensiotrace.
The practical importance of this phenomenon is the utilisation of application specific
dropheads, which can be optimised for the representation of extensive information

content or the measurement of particular physical and chemical properties for example.

5.4 Flat Quartz Drophead

Previous sections of this chapter described several drophead designs and their related
pros and cons, which finally led to a new flat quartz drophead design that is discussed in
this section. The material of a PSD, as mentioned in Section 5.3, is obviously neither
robust nor chemically inert enough to be considered for anything other than
development work, and therefore quartz was chosen to replace the Plexiglas disc.
Quartz meets the specific characteristics required by a robust and reproducible drophead
that is easy to clean, withstands any chemical attacks from aggressive liquids [5-5], and
Protects the optical fibers with minimum optical constraints (see Figure 5-5 (a)). The

flat quartz drophead consists of two parts as illustrated in Figure 5-10.
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Figure 5-10. Dimensions of a cylindrical flat quartz drophead and the
assembly of the two quartz drophead parts. '

The optical silica fibers pass through precision-drilled holes of the upper quartz section
of the drophead, but do not enter the lower quartz spacer disc. This guarantees that the
fibers accurately retain their desired position and separation distance. Subsequent to
fiber insertion, a quartz spacer disc is fused [5-6] into the gap of the upper part of the
drophead as shown in Figure 5-10. Prior to the fusing process, refractive index matching
oil is applied to the surface of the spacer disc in order to avoid Fresnel losses as
described in Chapter 2. The numerical aperture (Eq. 2-9) and position of light injection
into a pendant droplet are precisely defined by the optical properties of the quartz spacer
disc, whilst 4 (see Figure 5-10) maintains the optical fibers the requisite distance from
the lower surface of the drophead to produce optimal tensiotraces. Application specific
dropheads can be manufactured by adjusting the dimensions %’ and d of the quartz
spacer disc (see Figure 5-10). A stainless steel liquid delivery tube is moulded into the
centre-hole of the quartz spacer disc and fitted through a precision-drilled hole of the
upper drophead section.

Concluding it can be said that most of the weaknesses considered in previous
drophead designs have been eliminated. Cavities that resulted from interfaces between
fibers and boreholes or between the knife-edge and the end-face of the drophead do not
exist anymore. Fibers are not exposed to the LUT and yet the light intensity injected
into a liquid drop barely attenuates passing through the thin quartz disc at the end-face
of the drophead. Manufacturing thin quartz discs to high precision is easy compared to

complex systems such as concave or knife-edge dropheads. The positioning of fibers is
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only depending on the dimensions of the thin quartz disc and does not require precision-
drilled and accurately distanced boreholes. The end-face of a flat quartz drophead is
now resistant against almost all chemicals and organic solvents and can easily be
cleaned. The only remaining disadvantage, compared to previous drophead designs, is
its slightly worse first-time wetting capability, but this can be solved with an external jet

of LUT that moisturises the end-face of the drophead just before the use of the

tensiograph.
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CHAPTER 6

SYSTEM ENGINEERING DEVELOPMENT

In this chapter various aspects that have been described in previous chapters from a
single component point of view will now be discussed in a more apparatus embedded
manner. The vibration damping system in Section 6.1 examines briefly the purpose of
anti-vibration devices and covers then the vibration damping issue with regard to a
tensiographic system. Section 6.2 begins with an introduction to Peltier elements, which
is followed by a discussion of an integrated thermally controlled Peltier based module
and its role as a temperature-keeping device in a tensiograph. Liquid delivery systems
such as a stepper motor driven pump and constant head delivery form the basis of the
discussion in Section 6.3, in which the emphasis is put on the pros and cons of using
these devices in a liquid drop forming system. Section 6.4 illustrates the effects that
stray light and evaporation of a liquid drop can have on the recording of a data set over
the time of the life cycle of a drop. McMillan and the author of this thesis came up with
the new idea of evaluating the performance of a complete system, with multiple noise
and error sources (mechanical, optical, electrical), by using the information content and
error budget approach. Section 6.5 describes how this approach is applied to a
tensiographic apparatus. The system integration of a tensiograph is finally discussed in

Section 6.6 of this chapter.

6.1 Vibration Damping System

Section 1.4.6 mentioned briefly the cause for disturbing vibration effects and Section
2.1.3.2 discussed mechanical vibration issues theoretically that usually diminish the
overall performance of sensitive measuring equipment. These disturbing vibrations are
in most cases twofold from an instrumentation point of view, i.e. external building
vibrations and internal vibrations generated by cooling fans, electromagnetic switches,
stepper motors, etc. Without proper contemplation of these vibration issues, a design of

a sensitive measuring device will most likely be unsuccessful in terms of delivering the
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expected high quality results. Therefore external as well as internal vibration sources
have to be considered during the design process of an instrument. Figure 6-1 illustrates

the principle of a vibration damping system as it is used in a tensiograph.

Anti-vibration
mountings

Top frame
Bottom frame

Leveling feet

Figure 6-1. Vibration damping system of a tensiographic apparatus.

~ Abottom frame, resting on four levelling feet, forms the main supporting platform for
all additional components that constitute a tensiograph. Later sections of this chapter
describe these parts in more detail but in this section a more general approach has been
chosen to describe an anti-vibration system. All vibrating devices, including a cooling
fan, stepper motor pump, switch mode power supply, are placed onto this bottom frame.
A top frame, which is separated from the bottom frame by anti-vibration mountings,
supports the components of a tensiograph that are susceptible to external and internal
vibrations. The anti-vibration feet need to be loaded with a certain mass m [kg] to
operate properly (see Picture A2-6), which is here accomplished by mounting the
thermal module (see Section 6.2) onto the top frame. The thermal module has to be

located on the top frame in such a way that the resulting force

F=mg (glms ] gravitational acceleration)

acts on the centre point and perpendicular to the top frame as illustrated in Figure 6-1.
By using the levelling feet of the anti-vibration system, it is always possible to vary the
direction of the force vector F relative to the top frame. This fine tuning mechanism
allows the user of a tensiograph to achieve both an equally distributed weight over the
four existing anti-vibration mountings and the accurate levelling of the drophead
incorporated in the temperature controlled environment, which will be further discussed
In Section 6.2.

In order to test the performance of the anti-vibration system of a tensiograph, the

following experiment was conducted. A flat stainless steel drophead, as discussed in
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Chapter 5, was mounted vertically onto the surface of the top frame (see Figure 6-2) of
an anti-vibration system as shown in Figure 6-1. A pendant drop of water (5024) served
as a vibration detector. An optical signal, injected into the drop through a source-fiber,
was then transmitted via a collector-fiber to a light-to-electronic converter unit after its
modulation that resulted from vibration and was subsequently recorded over time.
Figure 6-3 shows the results that were recorded after a plastic ball (1kg) had been
dropped from 1m above the surface of the workbench on which the experiment was

carried out.

Optical fibers

Drophead ﬁ
Top frame of an :

anti-vibration sysh'

Light to electronic
converter

Signal recording device

Figure 6-2. Experimental setup for anti-vibration system studies.

These results illustrate two vibrating instances caused by the impact of the plastic ball
on the surface of the workbench, which initiated a number of responses from the anti-
vibration system and the suspended liquid drop at the end-face of the drophead. In the
first case (Figure 6-3 (a)), the top frame of the anti-vibration system was loaded with a
mass of 8kg, which shows clearly a quantitatively poorer performance than a system
that had been loaded with a mass of 16kg as illustrated in Figure 6-3 (b). The amplitudes
of the oscillating signal are generally greater and the decay of these amplitudes is slower
in Figure 6-3 (a), which is due to the usage of the anti-vibration feet under unoptimised
conditions (see Picture A2-6). It is also understood that the rather complex graphical
Tepresentation of the vibrating signals include primarily two superimposed oscillations,
hamely the oscillations of the pendant liquid drop and the anti-vibration feet. It can be
seen from Figure 6-3 (a) that the motion of the anti-vibration feet keeps the oscillating
amplitude of the vibrating pendant drop for about 2s (3s to 5s) almost at a constant
level, while Figure 6-3 (b) shows a more rapid decay of the oscillating amplitudes
within this range due to a change of the overall weight resting on the anti-vibration feet.
The experiment of generating an impact on the surface of a workbench falls into the
category of external vibration isolation as outlined above, whereas the following

di ; . ) ..
1Scussion concentrates on internal vibration issues.
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Figure 6-3. Anti-vibration system test, (a) loaded with 8kg and (b) loaded with 16kg.

For the next experiment the anti-vibration feet were removed and the top frame,
including the drophead assembly as shown in Figure 6-2, was placed directly onto the
surface of the bottom frame of the mechanical structure shown in Figure 6-1. A
tensiotrace, generated from the life cycle of a water drop, was then recorded and the top
of the rainbow peak magnified as shown in Figure 6-4 (a). The same procedure was
repeated but this time with the anti-vibration feed mounted back in place. Figure 6-4 (b)
shows the result after recording it during the life cycle of a water drop. It has to be noted
that there were several vibrating devices bolted to the bottom frame of the structure,
which are not shown in the figures above. A stepper motor pump and a switch mode
power supply (further discussed below) were respectively used to deliver the liquid to
the drophead and supply the necessary power for the whole experimental arrangement.
These devices generate vibration that has to be tackled and as can be seen from the
magnified top of the rainbow peak, this is accomplished by using anti-vibration feet,
which damp the vibration to a tolerable value (see Figure 6-4 (b)) compared to the noisy

signal that had been generated without vibration precautions (see Figure 6-4 (a)).
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Figure 6-4. Top of a tensiotrace rainbow peak, (a) without and (b) with vibration damping.

Concluding it can be said that it is important to consider internally and externally
produced vibration. The exposure of the tensiograph to external vibration can usually be
limited by setting up the instrument in an environment that generates very little or
preferably no vibration, i.e. far away from machinery like motors, transformers,
generators, etc., on a concrete stand instead of a swinging wooden floor, and isolation
from traffic-induced vibration [6-1] are only a few examples to prevent excessively high
external vibration amplitudes. However, the anti-vibration feet in a tensiograph will
damp any building vibration that occurs and is greater than 3.6Hz (see Picture A2-6).
Internal vibrations, generated by active components in a tensiograph, can be tackled
more easily, because of their inherent nature of being greater than 10Hz with relatively

small amplitudes, which will be efficiently damped (see Figures 2-11 and 6-4).

6.2 Thermal Module

Early 19" century scientists, Thomas Seebeck and Jean Peltier, first discovered the
phenomena that are the basis for Peltier devices. Seebeck found that if one placed a
temperature gradient across the junction of two dissimilar conductors, electrical current
would flow [6-2]. Peltier, on the other hand, discovered that passing current through
two dissimilar conductors caused heat to be either emitted or absorbed at the junction of
the materials [6-3]. Employing this characteristic in a thermoelectric (TE) module is an
effective technique that is utilised in solid-state heat pumps. The Peltier devices
MELCOR Cp 1.4-127-10L (see Picture A2-3) used for the TE module in a tensiograph
consist of an array of Bismuth telluride semiconductor pellets [6-4], which have been

doped’ 5o that one type of charge carrier — either positive or negative — carries the
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majority of current [6-5]. The pairs of P/N pellets are configured electrically in series,

but thermally in parallel (see Figure 6-5).

Conductor tab _; Electrical insulation,
‘N’ type — . + 4 good hfeat conductor
semiconductor RAR iy (ceramic substrate)
AR
Electronic carriers v 5 ‘P’ type
moving heat to the semiconductor
heatsink

DC source

Figure 6-5. Solid-state heat pump assembly using a Peltier device.
Ceramic substrates provide the platform for the pellets and the small conductive tabs
that connect them. When DC voltage is applied to the module, the positive and negative
charge carriers in the pellet array absorb heat energy from one substrate surface and
release it to the substrate at the opposite side. The surface where heat energy is absorbed
becomes cold and the opposite surface where heat energy is released becomes hot. In
other words, the circulating current carries heat from the thermal load to some type of
heatsink, which can efficiently discharge the heat into the outside environment. The
direction of heat pumping in a TE module is fully reversible. Changing the polarity of
the DC power supply causes heat to be pumped in the opposite direction — a cooler can
then become a heater. »

Figure 6-6 illustrates the cross section of a thermal module as it is used in a
tensiographic apparatus. This module incorporates a relatively large braés block to store
the thermal energy () that is needed to keep a pendant liquid drop, hanging from the
drophead, at a constant temperature over the life cycle of the drop. The brass block was
originally chosen to provide the necessary thermal properties as well as the appropriate
weight for the spring mount anti-vibration feet shown in Picture A2-6. A later
feassessment of the thermal module in conjunction with the existing anti-vibration
System suggests that an aluminium block in comparison to a brass block would probably
be more efficient (see Table A3-1). The weight that would be lost due to the use of an

aluminium block could be added by mounting a heavier top frame (Figure 6-1).
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However, the thermal module described in this thesis incorporates a brass block instead

5
/ [1] Drophead support tube, stainless

steel, @ x L: 12 x 150 mm,
filled with stainless steel inserts
[2] Aluminium heatsink, 6 fins,
HxWxD: 180 x 82 x 68 mm
[3] Liquid drop hanging from a
stainless steel drophead, &9 mm
[4] Peltier H x W x D: 40 x 40 x 4.7 mm
[5] Temperature probe & x L: 6 x 150 mm
— [6] Brass block,
: ‘ Hx WxD: 195 x 80 x 50 mm
4 : T | 7 [7] Through hole & 12 mm

of an aluminium block.

1

AN

Figure 6-6. Cross-section of the Peltier based thermal module in a tensiograph.

One approach to describe the behaviour of a tensiographic thermal system, as
shown in Figure 6-6, is finite element analysis (FEA) [6-6]. FEA consists of a computer
model of a material or design that is analysed for specific results. Modifying an existing
product is utilised to qualify the product for a new service condition. A modification of
the tensiographic TE module was not anticipated during the time the author of this
thesis was implicated with TE module issues and a more practical approach, described
below in this section, had been chosen to analyse the brass-block TE module of a
tensiograph. FEA could, however, be an important tool in relation to a redesign of the
existing tensiographic TE module, involving an aluminium block in order to reduce the
size of the module and also to increase efficiency.

The aim of the TE module (Picture A2-9) in a tensiograph is to keep the
temperature of a pendant drop as constant as possible. An experimental setup as shown
in Figure 6-7 was used to study the behaviour of a TE module consisting of two
heatsinks HS, two Peltier devices PD, the drophead DH, and the brass block BB. A
liquid sample LS can be drawn through the liquid delivery tube LDT1 into the syringe
of the pump P XP3000 (Picture A2-8) by moving the syringe plunger .downwards'.
Subsequent to the filling procedure of the syringe the direction of the plunger movement
changes and the liquid sample LS is pushed through the liquid delivery tube LDT2 to
the end-face of the drophead DH. Hence the temperature of a gradually growing liquid
drop can then be measured with the thermometer TM Testo 925 (Picture A2-5) whose
temperature probe ig located in the borehole of the brass block BB and close to the end-

face of the drophead DH. The tempefature probe Pt100 (Picture A2-4) and the
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electronic controller EC Cni3252-C24-DC (Picture A2-7) are part of a closed loop
controlling unit (further discussed below in this section), which control the process
temperature close to the end-face of the drophead DH according to the set point

temperature of the TE module.

HS PD DH

Figure 6-7. Experimental setup for thermal studies of a tensiographic apparatus.
For good thermal conductivity the stainless steel drophead DH (Picture A2-10) is filled
with cylindrically shaped aluminium inserts with a centre hole to fit a stainless steel
tube, which connects the end-face of the drophead DH and the liquid delivery tube
LDT2. Apart from the possibility to measure the temperature of a liquid drop constantly
with the thermometer TM, Figure 6-7 illustrates the TE module and liquid delivery
system of an industrialized tensiograph used for realistic liquid analysis. The
measurement of the temperature of a liquid drop with the thermometer TM as shown in
Figure 6-7 would obviously diminish the concept of a gradually growing liquid drop
under gravity and is therefore only part of this particular experimental setup, which
concentrates on temperature studies only. To verify the effectiveness of the TE module
45 a temperature-keeping device, water samples with different temperatures were
pumped via the liquid delivery tubes LDT1 and LDT2 to the end-face of the drophead
DH using various plunger speeds of the pump P. The aim of this experiment was to
prove that a gradually growing suspended liquid drop at the end-face of the drophead
DH is continually kept at the set point temperature of the TE module over the life cycle

of the drop. Figure 6-8 shows the results of this experiment.
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[0°C Liquid Sample g 100°C Liquid Sample No | s/stroke
1 600
o T 2 300
;’- 3 100
+ 4 40
o 5 30
° 6 15
5 7 10
® 8 15
-4 9 6.0
E 10 5.0
2 11 4.3
% 12 3.7
] 13] 33
0 R
= T T I I O O 14 29
ﬂ- b T T L T 1 T 1 T T T T 15 2.6
1.2 3 4 56 6 7 8 9 1011 12 13 14 15 16 17 18 [ 14 22
Plunger Speed (see table on the right hand side) 17 1.9
18 1.6

Figure 6-8. Heat conductivity performance of a tensiographic thermal module.

The length of the grey bars in Figure 6-8 illustrate the maximum speed the plunger of
pump P can move upwards, forming a liquid drop at the end-face of the drophead DH,
in order to adjust a 0°C water sample to certain process temperatures (+0.1°C) of the TE
module, which had been selected before the measuring procedure. The process
temperature of the liquid drop differed to the set point temperature of the TE module by
more than +0.1°C when the speed of the plunger of pump P was greater than the values
represented by the maximum length of the grey bars (see Figure 6-8). Black bars in
Figure 6-8 exemplify the same as grey bars with the exception that a watér sample at
100°C was employed. There are several reasons for using water as the LUT in a heat
conductivity experiment as described above, of which

* Availability

* High specific heat (see Table A3-1)

* Easy to set and hold at 0°C and 100°C without additional controlling.devices
are the most important. Water is always available in laboratories or similar
environments; consequently it can be obtained and used as a sample liquid without any
problems. More important than the availability is the fact that the specific heat of water
is very high and thus it absorbs, compared to other liquids, a relatively high amount of
thermal energy Q of the brass block BB during the life cycle of a liquid drop. In this
¢ase it can simply be verified if the brass block BB is able to supply enough thermal
energy O to keep the temperature of a gradually growing suspended drop at a constant

level. In order fo cover a wide range of differences between the temperature of the
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liquid sample LS and the brass block BB it is necessary to cool down or to heat up the
liquid sample LS to a fixed and well-known temperature, which is easily done by using
ice cubes in water (0°C) or by heating up a water sample to the boiling point (100°C).
The thermal conductivity of water (see Table A3-1) compared to other liquids, like
alcohol for example, is relatively high [6-7]. This fact diminishes the usefulness of
water as the LUT for thermal conductivity studies slightly, but it does not have a
significant effect on the results shown in Figure 6-7. The user of a tensiograph must
only be aware of the possibility that in some cases it might be necessary to reduce a
particular plunger speed by one unit if the LUT has got a lower thermal conductivity
than water. The liquid sample LS is usually at room temperature before it is pumped to
the end-face of the drophead DH and the speed of the plunger of pump P can then be
adjusted between No 10 (5.0s/stroke) and No 13 (3.3s/stroke), or lower of course, for
liquids with thermal conductivities ranging between 0.13Wm 'K T and 0.6Wm 'K’
respectively, to work within the temperature range (10°C to 40°C) of the brass block BB
without affecting the set point temperature of a pendant liquid drop.

The next experiment concentrates still on temperature studies, but this time from
a different point of view. A test circuit, schematically shown in Figure 6-9, was used to
examine the reliability of the controller driver circuit CDC (Schematic A2-1), the power
booster circuit PBC (Schematic A2-2) and the full temperature range of the Brass Block

BB related to the output voltage range of the electronic controller EC in Figure 6-7.

PS ECS >  cpc >  PBC
VO1 COM V02 VO3 —  in from PS — in0Oto 10V in£l.1V
M outOto 10V M outxl.1V H’ out £14.3V
Rl |-

R2

Figure 6-9. Schematic of a temperature test of a tensiographic TE module.
The output voltage of the electronic controller EC depends on its input and controlling
Parameters as described below in this section, which gave rise to a temporary

replacement of the electronic controller EC with the electronic controller simulator
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ECS (Figure 6-9) that can be adjusted manually from OV to 10V. The éwitch mode
power supply PS (Picture A2-2) supplied the test circuit with DC power. To draw the
minimum load current from the switch mode power supply PS, which is necessary for
proper operation, resistors R1=R2=10R/3W are connected across the output terminals
VOl and COM. At the beginning of the experiment (power off) the temperature of the
brass block BB, close to the end-face of the drophead DH (Figure 6-7), and the room
temperature of the laboratory in which the experiment took place, were measured
(24.7°C) using the thermometer TM (Picture A2-5). The power supply PS was then
switched on and the output voltage of the electronic controller simulator ECS was
adjusted to 10V. After 120 minutes the electric current (1100mA) through the Peltier
devices PD and the temperature (60.3°C) of the brass block BB, close to the drophead
DH, were measured with the ampere meter A and the thermometer TM respectively.

Marker [a] of Figure 6-10 illustrates this stage of the experiment.

__ 2000 d Measurements start at 24.7°C
‘&E 1500 ; (system and room temperature)
= 1000 a
€ 500 Heating -
50 A/'//"///: [a] 60.3°C (after 120 min.)
0 S0 ——=> [b] 60.1°C (after 121 min.)
s -1000 5
= 150004~ .
& 2000 “« Cooling

pm ' ' N [¢] 9.6°C (after 240 min.)

= 0 5 10 [d] 9.8°C (after 241 min.)

Controller Output (V)

Figure 6-10. Hysteresis loop of a tensiographic thermal module during heating and cooling.
Note that the temperature of the brass block BB (60.3°C) was reached after 60 minutes,
but 60 more minutes elapsed before the temperature was recorded to eﬁsure that it was
absolutely steady. In other words, 60.3°C is the maximum temperature of the brass
block BB the TE module in Figure 6-9 can reach at room temperature 24.7 °C. The
measuring procedure continued as followed:

* Reduce output voltage of ECS to 5¥; measure current (411m4) using A.

* Reduce output voltage of ECS to 0¥; measure current (-484m4) using A.

* Reduce output voltage of ECS to -5¥; measure current (-1135m4) using A.

* Reduce output voltage of ECS to -10¥; measure current (-1940m4) using A and

temperature (60.1°C) of BB close to DH using TM; between markers [a] and [b]
of Figure 6-10 elapsed 1 minute. |
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o After 119 more minutes measure current (-1407mA) using A and temperature
(9.6°C) of BB close to DH using TM; marker [c] of Figure 6-10 illustrates this
stage of the experiment. Note that the temperature of BB was absolutely steady
at this point, which means, that 9.6°C is the minimum temperature of the brass
block BB the TE module in Figure 6-9 can reach at room temperature 24.7°C.
¢ Increase output voltage of ECS to -5V; measure current (-501m4) using A.
¢ Increase output voltage of ECS to 0¥; measure current (258m4) using A.
e Increase output voltage of ECS to 5V; measure current (1103mA) using A.
o Increase output voltage of ECS to 10V; measure current (1938mA) using A and
temperature (9.8°C) of BB close to DH using TM; between markers [¢] and [d]
of Figure 6-10 elapsed 1 minute.
The hysteresis of the electric current through the Peltier devices PD, that can be seen in
Figure 6-10, is a result of the inherent Seeback effect of these devices, which generates
a back EMF due to a temperature difference between the cold phase and the hot phase
of the Peltier devices PD. Figure 6-10 also reflects the linear characteristic of Peltier
devices in a TE module. Concluding it can be said that the TE module of a tensiograph
operates perfectly over the entire temperature range (10 to 40°C) at room temperatures
ranging from 15°C to 24°C, which is a requirement of McMillan and the author.

A closed loop circuit as schematically shown in Figure 6-11 is an ideal structure,
which automatically controls the process temperature of the brass block BB by

comparing this value with a set point temperature of the TE module.

[TP] Temperature Probe

L = TL_EC T PC [BB] Brass Block
f [PD] Peltier Device
. [HS] Heatsink

CDC [+ [EC] Electronic Controller

[CDC] Controller Driver Circuit
Y [PBC] Power Booster Circuit

PBC < PS [PC] Personal Computer

[PS] Power Supply

> unidirectional signal < bi-directional signal — power rail

Figure 6-11. Structure of a tensiographic closed loop temperature controlled unit.
The electronic controller EC (Picture A2-7) is a proportional-integral-derivative (PID)
type of feedback controller whose output is based on the difference between the user-
defined set point and the measured process variable. Each element of the PID controller

refers to a Particular action taken on the difference [6-8]:
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« Proportional: difference multiplied by a gain K,. It is responsible for process
stability. If K, is too low then the process value can drift away; too high and the
process value can oscillate.

o Integral: the integral of the difference multiplied by a gain K. It is responsible
for driving the difference to zero, but setting K; too high is to invite oscillation
or instability.

o Derivative: the rate of change of the difference multiplied by a gain Kg. It is
responsible for system response: K4 too low and the process value will oscillate;
too high and the process value will respond slowly.

The electronic controller EC includes an auto-tune PID option, which involves the
adjustment of K,, K, and K4 to achieve an optimal system response. A resistive
temperature detector (RTD) serves as the temperature probe TP (Picture A2-4) that
detects the present temperature (process value) of the brass block BB. The resistance R
of the temperature probe TP is a function of the temperature § and within the
temperature range (-50 °C to +250 €C) the relationship R=f(:9) is almost linear, i.e. the
temperature probe TP adjusts its resistance proportional to the temperature of the brass
block BB. The resistance of the temperature probe TP is the input value of the
electronic controller EC and represents the process variable, which is continuously
compared with the set point variable. The difference between the set point and process
variables determines in conjunction with the parameters K,, K;, and K4 the output
voltage (0¥ to 10¥) of the electronic controller EC. The output signal of the electronic
controller EC is the input signal of the controller driver circuit CDC (Schematic A2-1)
that converts the unipolar input signal to a bipolar DC voltage (+1.17), which is
necessary to operate the TE module of a tensiograph in heating and cooling mode. The
power booster circuit PBC (Schematic A2-2), connected to the output of the controller
driver circuit CDC, is then able to drive an electric current in the range of +44 (see
operational amplifier I465A in Table A2-1) through an electric load connected to its
output. The Peltier devices PD in the TE module of a tensiograph draw an electric
current to about £1940m4 (see above) and consequently transfer heat from the brass
block BB to the heatsinks HS where it is dissipated (cooling mode), or they transfer
heat from the heatsinks HS to the brass block BB (heating mode). The switch mode
Power supply PS (Picture A2-2) provides the units EC, CDC, and PBC with power that
Is required to control the temperature of the TE module (BB, PD, HS) in Figure 6-11
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efficiently within the range of 10 °C to 40°C. The electronic controller EC
communicates via a serial communication port RS232 of the personal computer PC
with the acquisition software Acquire (Picture 4-1), in which a set point variable can
easily be chosen using the software interface of the electronic controller EC as shown in
Figure 6-12. This software interface also displays the current process variable to ensure
that the user of a tensiograph starts the examination of liquid drops only when a steady
temperature of the TE module has been reached, i.e. the difference between the set point

and process temperatures is zero (Figure 6-12).

4 rBlock Temperature ['Cl= =7 1 [1] Selection of the serial communication
i o port (COM1 to COM4).
3 2 [2] Adjustment of the set point
temperature (10 to 40°C).

[3] Display of the set point temperature.
[4] Display of the process temperature.

Figure 6-12. Software interface of the electronic controller of a tensiograph.

6.3 Liquid Delivery Systems

The two liquid delivery systems, namely constant head and stepper motor pump, are the
subject of this section. First of all the behaviour of a constant head is explained
followed by an analysis of tensiotraces that were generated using a stepper motor pump.
Comparison of these liquid delivery systems emphasises the pros and cons of these

devices and concludes this section.

6.3.1 Constant Head

The principle of a tensiographic constant head liquid delivery system, as it was utilised
In an experimental setup, is shown in Figure 6-13. A glass beaker, termed constant head
CH, is bolted to a solid metal rod that is adjustable in height and therefore labelled as
height control HC, To produce a pendant drop at the end-face of the drophead DH
pump P (which does not need to be exact or expensive) fills the constant head CH up to
@level just above the outlet of the overflow OF with the sample liquid SL, followed by
opening the valve V after the sample liquid SL in the constant head CH has reached the

correct level. In order to reach the correct liquid level in the constant head CH pump P
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must be deactivated and any excess liquid above the outlet of the overflow OF must

have disappeared as illustrated in Figure 6-13.

Figure 6-13. Principle of a tensiographic constant head liquid delivery system.
The liquid delivery tube between the constant head CH and the valve V is flexible
allowing for height variations of the constant head CH without affecting the fixed
height of the drophead DH. Varying the height of the constant head CH by shifting the
height control HC up or down decreases or increases the drop period of a tensiotrace
respectively. Without an automated height control HC it is extremely difficult to choose

a particular drop period of a tensiotrace, as described below in conjunction with Figure
6-14.

—

_os m\
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g 0.4 \\\\\\\\ //// Q&\x _—1race3

<Ef~ 0.2 g \\\}y[ ———Trace4
0

0 8 16 24 32 40 48 56 64 72 80
Time [s]
Figure 6-14. Data of Tracel to Traced were acquired using a constant head
liquid delivery system and water as sample liquid SL at room
temperature (23.6°C) and atmospheric pressure (1018hPa). The

variation in drop period is due to the changing level of the sample
liquid SL in the constant head CH.

The volume (P+12341) of pure water drop hanging on the end-face of the drophead
DH (Picture A2-10) - atmospheric pressure (1018%Pa), temperature (23.6 °C) — is just
about to fall off. This was verified by employing a stepper motor pump (Picture A2-8)
and the pump-setting dialog (Picture 4-7) of the data acquisition package Acquire.
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With

follows

%k -6 3
Ah=123 10" dm

015 2 =0.00174dm =174 um
z*0. m

where 7 is the inner radius of the constant head CH and 4% is the height difference of
the liquid level after the consumption of the drop volume V from the reservoir of the
constant head CH. Now it is obvious why manual exploitation of the height control HC
is impractical considering the relatively high difference between the drop periods of
tensiotraces (Figure 6-14) due to a quite small change of the liquid level (1744m) in the
constant head CH. Note the data of the tensiotraces shown in Figure 6-14 have been
acquired successively — beginning with Tracel — without refilling the constant head CH
with the sample liquid SL. A constant head liquid delivery system is also rather
susceptible to temperature and atmospheric pressure changes, thus it is difficult to run
experiments in an uncontrolled environment over an extended period of time. But a
constant head liquid delivery system has got advantages as well, which are discussed in

Section 6.3.3.

6.3.2  Stepper Motor Pump

One of the most noticeable advantages of a stepper motor pump over a constant head
liquid delivery system is the similarity in the drop period of tensiotraces acquired
Sequentially using the same liquid, plunger speed, drophead etc. Figure 6-15 shows the
overplot of several tensiotraces that validates this statement. Precisely dispensed liquid
o a drophead is in fact the reason to employ a fairly expensive stepper motor pump.

(Picture A2-8) contributing to the ability to fingerprint liquids of the same kind.
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Figure 6-15. Data of Tracel to Traced4 were acquired using a pump liquid
delivery system and water as sample liquid SL at room
temperature (23.3°C) and atmospheric pressure (1018hPa).
The overplot of four similar data sets results in the visibility
of only one trace.

Conversely, stepper motor pumps have a tendency to excite a pendant drop at the end-

face of a drophead during drop formation causing increased signal noise amplitudes in

the tensiotrace. Figure 6-16 shows the magnified sections for specific time periods in

relation to their total drop periods shown in Figure 6-15.
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Figure 6-16. Comparison of water tensiotraces Tracel to Trace4 acquired at
room temperature (23.3°C) and atmospheric pressure (1018hPa).
() positive slope, (b) tensiograph peak. The maximum amplitude
of the signal noise is less than 0.012 TU peak to peak.

It has to be noted that the maximum signal noise amplitude is very similar in sections

that are moderately distant from each other, i.e. comparable noise patterns can be seen

In the tensiotraces for relatively small or large drop volumes. One has to keep in mind

that this particular effect is connected to the set of water tensiotraces in Figure 6-15 and

diverges probably from the effect a stepper motor pump has on liquids with dissimilar

Properties, but the explanation for these noise patterns is the same. Consider also

Figures 6-17 and 6-18 for the following description.
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Figure 6-17. Comparison of water tensiotraces Tracel to Traced acquired at
room temperature (23.3°C) and atmospheric pressure (1018hPa).
(a) rainbow peak, (b) negative slope. The maximum amplitude of
the signal noise is less than 0.005 TU peak to peak.

The theoretical coupling of light rays during the growth of a liquid drop (see Figure 2-6)
may help to clarify the existence of different signal noise amplitudes in a tensiotrace.

Each step of a stepper motor pump excites a pendant liquid drop causing the oscillation

of the reflecting inner surface of the drop.
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Figure 6-18.

Comparison of water tensiotraces Tracel to Trace4 acquired at room

temperature (23.3°C) and atmospheric pressure (1018hPa). (a) local
minimum, (b) negative slope. The maximum amplitudes of the signal
noise are respectively less than 0.01TU and 0.008TU peak to peak.

If 7 is the drop volume (produced, for example, after the pump dispense time referring
to the begin of the time section shown in Figure 6-16(a)) the oscillation of the reflecting
mner surface of the drop (caused by single steps of the stepper motor pump) may have,
depending on the curvature of the drop surface, great effect on the focal point x (see
Figure 2-6(b), which in turn generates relatively large signal noise amplitudes. For the
drop volume V2, on the other hand, the conditions for ray coupling have changed and
May therefore have only little effect on the focal point y (represented, for example, in

Figure 6-17(a)). Consequently Figure 6-18(a) (maximum signal noise amplitudes,
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compared to Figures 6-17(a) and 6-17(b), have increased) might represent the situation
for the drop volume V3 and the associated focal point z shown in Figure 2-6(b). There is
obviously always a superimposed signal noise (varying in amplitude) in a tensiotrace
caused by the micro-stepper pump (Picture A2-8). From the system engineering point of
view the stepper motor pump of a tensiograph has to be optimised (decreasing the
micro-step size) in order to reduce noise in a tensiotrace, but the micro-step size can
only be reduced to a certain extend, hence tensiotrace-smoothing algorithms (discussed

in Chapter 7) have to be applied to improve the quality of tensiotraces.

6.3.3 Comparison between Constant Head and Stepper Motor Pump

The previous two sections describe independently of each other the pros and cons of the
constant head liquid delivery system and the stepper motor pump. The advantages of a
constant head over a micro-stepper pump and vice versa are the subject of this section.
Figure 6-19 shows the tensiotraces ConstHead and Pump acquired with a constant head

liquid delivery system and a micro-stepper pump respectively.
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Figure 6-19. Data of tensiotraces ConstHead and Pump were acquired using water as
sample liquid SL at room temperatures (23.6°C, 23.5°C respectively) and
atmospheric pressure (1018hPa).

For experimental reasons the drop period of the tensiotrace ConstHead had to be less or
¢qual the drop period of the tensiotrace Pump and was therefore adjusted to about 71s as
illustrated in Figure 6-19. Remember it is extremely difficult to adjﬁst the drop period of
tensiotraces, acquired with a constant head liquid delivery system,\manually using the

height control HC in Figure 6-13.
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Figure 6-20. Comparison of water tensiotraces ConstHead and Pump acquired at
room temperatures (23.6°C, 23.5°C respectively) and atmospheric
pressure (1018hPa). (a) rainbow peak ConstHead (17.0s to 18.7s), Pump
(22.6s to 24.9s); (b) negative slope ConstHead (35.4s to 36.0s), Pump
(47.4s to 48.0s); (c) tensiograph peak ConstHead (57.3s to 58.6s), Pump
(77.8s to 79.5s).

Figure 6-20 shows magnified sections of the tensiotraces ConstHead and Pump in order
to compare the signal noise in both traces. It should be noted that the tensiotraces have
dissimilar drop periods (see Figure 6-19), that is why the sections with similar
amplitudes in Figures 6-20(a), 6-20(b), and 6-20(c) start at different positions on the
time axis. Considering Figure 6-20 it can be said that a tensiotrace obtained with a
constant head liquid delivery system is not as noisy as a tensiotrace obtained with a
micro-stepper pump. This is due to a constant liquid flow in the constant head liquid
delivery system whose magnitude of drop oscillation is less compared to micro-stepper
pumps. This is a major advantage of a constant head liquid delivery system and this
result was achieved although the flow rate of the liquid for the tensiotrace ConstHead
was greater than the flow rate for the tensiotrace Pump, which usually increases the
signal noise in a tensiotrace due to a more turbulent flow. That implies the signal noise
in tensiotraces, acquired with a constant head liquid delivery system, decreases by
lowering the flow rate of the liquid. Table 6-1 summarises the discussion about constant

head versus pump.
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constant head pump
liquid flow CONSTANT CHOPPED
(due to micro-steps)
Sflow-rate adjustment DIFFICULT EASY
{(depending on height of constant head)
flow-rate stability BAD GOOD
(depending on liquid level in constant head)
bubble build-up NO YES
(in delivery tubes) (due to valve switchover)
cost manual system CHEAP EXPENSIVE
automated system EXPENSIVE

Table 6-1. constant head versus pump.

The question is which liquid delivery system is more suitable for a tensiographic
apparatus? It depends on the application. If the flow rate adjustment or stability is not an
issue the tensiograph could incorporate a manually operated constant head liquid
delivery system that is inexpensive, generates relatively smooth tensiotraces, and avoids
bubble build-up in liquid delivery tubes, which occur during switchover periods of the
valves in a stepper motor pump. Though a stepper motor pump is expensive it is still the
better liquid delivery system for a tensiograph. Weaknesses such as chopped liquid
delivery and bubble build-up in liquid delivery tubes can be eliminated by tensiotrace-

smoothing algorithms and ﬁéquent flushing of the liquid delivery tubes respectively.

6.4 Disturbing Effects

Any light penetrating the surface of a pendant drop from the outside and the evaporation
of liquid during drop formation are disturbing effects for a tensiographic apparatus. This

section describes the effect that stray light and evaporation have on tensiotraces.

6.4.1 Stray Light

Unwanted light, which travels through gaps (ventilation outlets etc) in the housing of a
tensiograph from the outside to the inside, is recognised as stray light throughout this
thesis. Stray light diverged by diffuse reflection at the relatively rough surface of the top
frame (Figure 6-2) propagates towards the pendant drop incorporated in the brass block
of the TE module (Figure 6-7). The stray light that is not totally reflected at the outer

surface of the drop is refracted into the drop and subsequently injected into the
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collector-fiber at the end-face of the drophead. To examine stray light disturbances at
the end-face of a drophead the tensiotraces in Figure 6-21 were acquired with and

without stray light protection.
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Figure 6-21. Data of Trace_1 to Trace_6 and Tracel to Trace6 were acquired
using a pump liquid delivery system and water as sample liquid SL
at room temperatures (22.6°C, 22.4°C respectively) and atmospheric
pressure (1016hPa). Trace 1 to Trace 6 were acquired without
stray light protection whereas Tracel to Trace6 were acquired with
stray light protection in place. The overplot of twelve similar data
sets results in the visibility of only one trace.

Several sections of the tensiotraces in Figure 6-21 have been chosen to compare the
‘stray light contaminated traces’ (labelled with an underscore in their name) versus

‘stray light protected traces’. Figures 6-22, 6-23, and 6-24 show the results.
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Figure 6-22. Data of Trace_1 to Trace_6 and Tracel to Trace6 were acquired using
a pump liquid delivery system and water as sample liquid SL at room
temperatures (22.6°C, 22.4°C respectively) and atmospheric pressure
(1016hPa). (a) rainbow peak without stray light protection, (b) rainbow
peak with stray light protection. The maximum amplitudes of the signal
noise are respectively less than 0.007TU and 0.003TU peak to peak.

It should be noted that the visible 660nm LED (Table A2-1) was used to illuminate the
inner drop and the photodiode (Table A2-1) with spectral response range 320 to 1100am

served as detector during the data acquisition for the tensiotraces shown in Figure 6-21.
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Figure 6-23. Data of Trace_1 to Trace_6 and Tracel to Trace6 were acquired using a
pump liquid delivery system and water as sample liquid SL at room
temperatures (22.6°C, 22.4°C respectively) and atmospheric pressure
(1016hPa). (a) local minimum without stray light protection, (b) local
minimum with stray light protection. The maximum amplitudes of the
signal noise are respectively less than 0.013TU and 0.005TU peak to peak.

It can be seen from Figures 6-22(a), 6-23(a), and 6-24(a) that the signal noise
amplitudes in tensiotraces with superimposed stray light noise are greater than the
signal noise amplitudes of ‘stray light protected tensiotraces’ (Figures 6-22(b), 6-23(b),
and 6-24(b)). Stray light (usually visible light in the range 380 to 780nm, Table A3-2)
lies in the spectral range of the photodiode and therefore contributes with its complex
signal (scattered refraction and reflection) to the light signal originating from the 660nm
LED. Note that the pump‘effect (alternating maximum signal noise amplitudes), as

described in Section 6.3.2, is also observable from these results.
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Figure 6-24. Data of Trace_1 to Trace 6 and Tracel to Trace6 were acquired
using a pump liquid delivery system and water as sample liquid SL -
at room temperatures (22.6°C, 22.4°C respectively) and atmospheric
pressure (1016hPa). (a) tensiograph peak without stray light
protection, (b) tensiograph peak with stray light protection. The
maximum amplitudes of the signal noise are respectively less than
0.014TU and 0.006TU peak to peak.

The assessment of this stray light experiment had an influence on the design for the
housing of a tensiographic instrument. A ‘light resistant’ material is obviously the
minimum requirement for such a housing, which is also equipped with light-baffling

systems at gaps such as ventilation outlet, door hinges etc.
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6.4.2 Evaporation

Evaporation of the pendant liquid drop during tensiographic data acquisition is a
disturbing effect that deserves consideration. Figure 6-25 shows several tensiotraces for
ethanol and water obtained at different temperatures. These tensiotraces are references

for the following discussion.
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Figure 6-25. Water references Tracel to Trace3 (drop period greater than 91s) and
ethanol references Trace4 to Trace6 were acquired using a pump
liquid delivery system at 12.0°C, 22.5°C, and 40.0°C respectively.

If the liquid delivery to the end-face of a drophead is cancelled after the time duration #
(beginning with #,=0), then evaporation of the liquid drop generates similar signal
amplitudes (presents of noise) of the tensiotrace (u(%) to u(#)) in reversed order, but
usually on a different time scale beginning with =t;, i.e. u(7)~u(t.1), w(B)~u(ti2), ..., if
the data acquisition process continues. An example may clarify this statement. From
Figure 6-25 it can be seen u(26s)=0.2TU, u(295)=0.8TU, and u(325)=0.3TU are
amplitudes of Trace6 at #;,, ¢, and ¢; respectively. These are specific quantities of an
ethanol tensiotrace obtained at 40.0 °C. Now imagine one is acquiring the data for an
ethanol sample under the same conditions as outlined above, but this time the liquid
delivery is cancelled at #=32s and the data acquisition process of a gradually
evaporating liquid drop continues at 40.0 °C. The results after the evaporation process
would then be as follows: u()=u(32s), u(n)~u(29s), and u(zn)~u(26s) where 7=32s,
7=120s, and =191s (see Section 6.4.3 for more information). Note that the time

increments between 7, 7;, and 7, are different. The use of the measuring procedure as
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described in the example above delivered the tensiotraces in Figures 6-26 and 6-27 and
the outcome is, evaporation has an insignificant affect on water samples during drop

formation at 12.0 °C and 22.5 °C, but the affect is significant at 40.0 °C (see Figure 6-26).
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Figure 6-26. Tracel to Trace3 are representations of evaporating pendant drops of
water at 12.0°C, 22.5°C, and 40.0°C respectively. Liquid delivery to a
drophead was cancelled respectively after 13.5s, 38.5s, and 18.5s -
(compared to the time axis of their associated reference tensiotraces)

before the evaporation process was monitored. Traces are normalised
to 0.786TU (maximum amplitude) in the series of traces.

Conversely, evaporation during ‘the drop formation of ethanol samples is already a
highly significant issue at 12.0 °C and 22.5 °C (see Figuré 6-27). It should be noticed that
the maximum signal noise amplitudes in the tensiotraces of these examples are less than

0.004TU peak to peak (no stray light protection!).
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Figure 6-27. Trace4 and Trace5 are representations of evaporating pendant drops
of ethanol at 12.0°C, and 22.5°C respectively. Liquid delivery to a
drophead was cancelled after 27.5s (compared to the time axis of their
associated reference tensiotraces) before the evaporation process was
monitored. Traces are normalised to 0.786TU (maximum amplitude)
in the series of traces.

Evaporation of liquid during drop formation on the drophead can be minimised by
lowering the temperature of the TE module, but it can never be totally avoided and the

user of a tensiograph must be aware of this fact.

6.4.3 Utilisation of Evaporation for Tensiotrace Data Acquisition

Although evaporation is regarded as a disturbing effect it can be utilised as an
alternative to constant head liquid delivery. Figure 6-28 shows a tensiotrace generated
during the evaporation process of an ethanol drop hanging on a drophead. Evaporation
NoisepeakTopeak<0.004TU compared to constant head Nois€peaktopeak<0.005TU (see
Figures 6-26 and 6-20(c) respectively) and at the same time the advantage of a stepper
motor pump liquid delivery could be beneficial for some applications. Rather long drop
periods, on the other hand, diminish the advantage of the evaporation method. However,
this method might be interesting for applications using highly volatile liquids such as

whiskey etc.
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Figure 6-28. Trace6 is a representation of an evaporating pendant drop of ethanol
at 40.0°C. Liquid delivery to a drophead was cancelled after 38.0s
(compared to the time axis of the associated reference tensiotrace)
before the evaporation process was monitored.

6.5 Error Budget and Information Content

Sometimes there is a tendency for someone involved in the design of a technical device
to fall into the trap of thinking that a few strategically placed precision components will
result in a device with precision performance. On rare occasions this will be true, but
even an electronic circuit, for example, prepared with 0.01% resistors and expensive
operational amplifiers will not perform to expectations if somewhere in the circuit there
is an input offset current multiplied by a source resistance that gives a voltage error such
as 10mV. With almost any technical device, e.g. a tensiograph, there will be errors
arising from many sources and it is essential to tally them, if for no other reason than to
locate problem areas where better components or a design change might be needed. The
error budget in this section results in rational design and eventually permits a careful
performance estimate of the tensiographic apparatus culminating in a discussion about
information content of a measurand in a tensiotrace, which is motivated by the

remarkable theorems of Claude Shannon about data entropy [2-2, 2-3].
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6.5.1 Error Budget for a Tensiograph

An optical signal injected into the source-fiber of the drophead in a tensiograph suffers
from intensity losses at several places in the optical signal transfer system until it is
picked up by the detector at the end of the light path. Figure 6-29 shows an
experimental setup that was used to determine optical losses in each component of the
optical signal transfer system, which comprises SMA connectors and PMMA fibers to

couple and transfer an optical signal respectively.

1mm PMMA Source Fiber 1mm PMMA Collector Fiber
Length=50cm Length=50cm
Digital
Voltmeter
LED #=1.9cm #=7.9cm|  Detector R
Source Board
(Schematic A2-3) Detector Board
I=10mA ] —]} ED{ (Schematic A2-5)
or \[// Gain=1
1=20mA
SMA Connectors

Figure 6-29. For the measurement of losses in the optical system of a tensiograph.

A constant current source (Schematic A2-3) drives a current consecutively through one
of four LEDs (Ir=10mA for 470, 530nm LEDs; Ir/=20mA for 660, 950nm LEDs) whose
light is then coupled, using an SMA connector, into a bent (radius 7=7.9cm) PMMA
optical fiber (length=50cm, core diameter=1mm). Subsequently the light signal is either
coupled directly into a second optical fiber or indirectly via a slowly growing drop of
water. Note that both direct (SMA connector) and indirect (drop of water) coupling
must be applied in order to obtain optical losses in the liquid quantitatively. The light
coupled into the detector (photodiode S2386-18K) is then converted, using the circuit in
Schematic A2-5 (gain=1), to a voltage V,, [V] measured with a digital voltmeter.
Following this measurement the current I, [4] through the photodiode can be

determined -

where R, [Q] is-the feedback resistor across pins 8 and 9 of U1C. Note that the input
current of U1C is 100p4 max and is therefore insignificant for the calculation of 7,5 in

this expefimental setup. Further
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is the optical power [W] detected by the photodiode, where S(A) [AW'] is the photo
sensitivity of the photodiode depending on the wavelengths A [#m] of the light sources.
The optical power loss @ [W] or @4 [dB] in the light transfer system in Figure 6-29

is then

D, =0, ~D,, or O,,= IOdBlog(%J

in

respectively, where @, is the optical power coupled into the source fiber. Note that the

absolute optical power @ [dBm] at a particular point in the optical system is determined

o
® =10dBm log( L J

ImW

where @, [mW] is the optical power at this point. Table 6-2 shows the error budget for
the light transfer system of a tensiograph.
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Error Budget for optical components of a tensiograph
LED CHARACTERISTICS (see Table A2-1)
Parameter Blue Green Red IR Unit
Type IF-E92B | IF-E93 | IF-E97 | IF-E91A
A Wavelength 470 530 660 950 nm
D, Optical Power 75 75 100 100 uw
coupled into a 1mm PMMA Fiber -11.2 -11.2 -10.0 -10.0 dBm
PHOTODIODE CHARACTERISTICS (see Table A2-1)
Type S2386-18K
S(A) __ Photo Sensitivity 027 | 033 | 046 | 0.60 [ AW’
MEASURED AND CALCULATED VALUES (without water)
Vourt Output Voltage 1.31 1.63 2.87 2.77 4
Lnt Photo Current 13.1 16.3 28.7 27.7 LA
®p, Optical Power Detected 48.5 494 62.4 46.2 uw
-13.1 -13.1 -12.0 -134 dBm
@ Optical Power Loss 26.5 25.6 37.6 53.8 uw
Drum 1.9 1.8 2.0 34 dB
SOURCES OF OPTICAL POWER LOSS @,z
Fiber Connector Losses 1.7 1.6 1.7 1.7 dB
Fiber Bend Losses 0.1 0.1 0.1 0.1 dB
Fiber Length Losses 0.1 0.1 0.2 1.6 dB
WATER CHARACTERISTICS (see Figure 6-30)
a(A) _ Absorption Coefficient | 10 [ 5*10° | 5*10° | 107 cm’!
MEASURED AND CALCULATED VALUES (with water)
Vous Output Voltage 0.62 0.77 1.36 1.09 |14
Lowy Photo Current 6.2 7.7 13.6 10.9 uA
Dpy Optical Power Detected 23.0 23.3 29.6 18.2 uw
-16.4 -16.3 -15.3 -17.4 dBm
@y, Optical Power Loss 52.0 51.7 70.4 81.8 uw
Drim 5.1 5.1 53 7.4 dB
SOURCES OF OPTICAL POWER LOSS ®, 4,
Refraction and reflection losses in a water drop 3.2 33 33 4.0 dB
and also significant absorption at 950nm.

Table 6-2. Error budget for optical components of a tensiograph.
It should be noted that the results for Voun, Lom, ©p1, Prw1, and @4z were obtained
with the centre SMA connector (see Figure 6-29) in place, whereas Voun, Ln2, @p2,
Dy, and @y 4p; correspond to the optical signal through a pendant drop of water, which
is detected at the end of the collector-fiber when the size of the water drdp represents
the rainbow peak (V.. max) in a tensiotrace, i.e. the centre SMA connector was
replaced with a flat stainless steel drophead and a stepper motor pump delivered water
to the end-face of the drophead during the time the voltage V,.» was monitored.
Knowing the optical losses in the SMA connectors and the PMMA fibers (see Picture
A2-11 and Table A2-1 respectively) in Figure 6-29 the optical losses in the liquid
(Water in this case) can be determined. It can be seen from Figure 6-30 [6-9] (also see

a(A) in Table 6-2) that optical losses due to absorption in water are negligible at
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sources in a tensiograph are fixed devices, thus the only way to increase the optical
power detected by the photodiode is to improve the light transfer system (without
liquid). It should be noted that the optical power losses in the light transfer system of a
tensiograph depend on the wavelengths of the light sources. Figure 6-31 shows clearly
the difference in optical power attenuation at the wavelengths 660 and 950nm.

Not only optical losses should be considered in the error budget for a
tensiograph, but also the errors arising from vibration, stray light, etc that diminish the
overall performance of the instrument. Most of these errors, described above in this

chapter, are listed in Table 6-3 for easy reference.

Categorised Error Budget for a tensiograph
Error a,, [TU]
Category Test Conditions min max Information
External Vibration load 84g <0.25 Figure 6-3(a)
load 16kg <0.16 Figure 6-3(b)
Internal Vibration no vib. damping <0.10 Figure 6-4(a)
v with vib. damping <0.005 Figure 6-4(b)
Stepper Motor Pump @ flow-rate (water) < (0.005 Figure 6-17
1.249u/s <0.012 Figure 6-16
Constant Head @ flow-rates (water) <0.003 Figure 6-20(a, b)
1.618 to 1.783ul/s <0.005 Figure 6-20(c)
Stray Light without protection <0.007 Figure 6-22(a)
without protection <0.014 Figure 6-24(a)
with protection <0.003 Figure 6-22(b)
with protection <0.006 Figure 6-24(b)
Evaporation no stray light protection <0.004 Figure 6-26
Temperature Variations, @ room temperature <0.001 | <0.003 | Empirical observations
EMI, Component Drift, (20 t0 25 C)
Electronics, etc
ADC Incorporated in a PC 0.00049 Table A2-2

Table 6-3. Categorised error budget for a tensiograph.
From a system engineering point of view the noise amplitudes peak-to-peak (errors) o,
in Table 6-3 can be interpreted as follows.

e A properly loaded anti-vibration system is the basis for the design of a noise-
reduced AMFOS based instrument. Remember that the relatively large errors
(4p<0.25TU, 4,;<0.16TU) arose from forced external vibration.

o Vibrating devices (stepper motor pump, switch mode power supply, etc) must
not be bolted onto the top frame of the anti-vibration system (see Figure 6-1) in
order to reduce the error (;<0.107U) resulting from undamped internal
vibration. In addition, it does not make sense to consider tensiographic
components, other than the vibration-damping system with regard to noise

caused by internal vibration, as long as the error ¢, is not less than 0.0057T.

164



Chapter 6

Any attempt to improve the SNR of a tensiotrace will fail if the anti-vibration
system of a tensiograph performs insufficiently well.

The noise generated by the stepper motor pump is rather complex because of
relatively large amplitude variations (,p;<0.0057U to @,;<0.0127U) in the
signal noise of the entire tensiotrace, which may be improved upon by varying
the flow rate of the LUT, for example. However, it has been proven (see
category constant head: ¢,,<0.0037U to a,,<0.0057U) that amplitude variations
in the signal noise caused by liquid delivery are reducible. A stepper motor
pump represents besides internal and external vibrations a considerable noise
source.

Disturbances due to stray light can easily be dealt with (housing, light baffling,
etc). ‘

A relativgly small and unvarying error (,;<0.0047U and probably less by
employing stray light protection) in tensiotraces distinguishes the evaporation
method from conventional liquid delivery techniques.

At this development stage of a tensiograph it is unnecessary to consider errors
arising from EMI, electronic components, and temperature drift. The
observation of ,;<0.003TU for the categories in Table 6-3 discussed so far
firstly implies that this error also applies for the second last category, but it can
be assumed that o, is even less than 0.0017U for this category because
tensiotraces with SNR over 60dB have been recorded already (see Picture 4-5).
After a rigorous assessment of the errors described above it is obvious that an
ADC with a resolution greater than 12bits will not perform to expectations
unless the overall error in the tensiographic instrument can be reduced to

p<0.00049TU.

An error budget is an excellent method to locate problem areas in a tensiograph where

better components or a design change might be needed, but it provides only little

information on the overall performance. Eq. (2-31) yields a single number that

summarises the overall error. opun<0.0041TU and appa4x<0.0075TU are respectively

the minimum and maximum overall errors calculated from the values in Table 6-3,

which do not include the dynamic range of a tensiotrace. Note that forced external

vibration and internal vibration without anti-vibration feet are not common in

tensiographic experiments; hence they are excluded from calculations of the overall
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error. Errors arising from internal vibrations with anti-vibration feet, evaporation, and
the ADC are included in both oy and ogpuax. It should also be noted that optical
losses in Table 6-2 are not included in the overall errors appmn and appmax. The next
section describes how to overcome these weaknesses so that the dynamic range of a

tensiotrace, losses, and errors are treated equally for the estimate of the overall system

performance.

6.5.2 Information Content with Regard to Tensiography

The previous section discussed system performance in terms of r.m.s-errors (Eq.(2-31)).
A single number, not including the dynamic range of a tensiotrace, summarises the
overall error in a system. This single number does not give information on signal
quality, i.e. a tensiotrace of relatively low quality (,p=0.0017U, ux=0.017T,
SNR=20dB) gives the impression to be qualitatively better than a tensiotrace of
relatively high quality (¢,,=0.005TU, #ne=1.0TU, SNR=46dB), which is clearly the
wrong perception. Furthermore, Eq.(2-31) is a disadvantageous choice for the
summation of quantities when they are of different generic type, e.g. optical,
mechanical, and electrical errors. The reassessment of these problems has led to a
method that describes a two-sided differentiation of noise and losses that is illustrated in
Figure 6-32 as the conceptual basis for the tensiographic information content (TIC)
approach, where the dynamic range of a tensiotrace, losses, and errors are treated

equally for the estimate of the overall system performance using Eq.(2-32).

2«1 '
A A Losses A0
b .. 2 4 Jj-th losses component
L{L o Jj-th noise component
N max number of losses and
s [bits] 3r [bits] noise components
3s tensiographic information
23 l content of source signal
| 3r tensiographic information
y | & ____, o content of final signal
N Noise

Figure 6-32. Conceptual basis for the tensiographic information content approach
with two-sided differentiation of noise and losses.

A function relating to the energy change in a system has been termed the

entropy-function by Rudolf Clausius [6-10], who chose the Greek word ('cponnw =
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change, conversion, transformation) and used the prefix “en” for “energy” to emphasise
the energy change in a thermodynamic system. The value of the entropy-function for a
particular state of a system is called the entropy. In general, it is impossible for
irreversible processes in a macroscopic closed system for entropy to decrease. This is
the principle of the increase in entropy and a statement of the second law of
thermodynamics. The principle of entropy increase determines the direction of the
process. For example, a falling stone that converts its energy into heat is a feasible
process for which entropy increases during the fall and at the time of the impact on the
ground. To cool down the stone so that it rises up is impossible. This would decrease in
entropy as a consequence. Ludwig Boltzmann found that the entropy of a state is
proportional to the natural logarithm of its thermodynamic probability, i.e. the principle
of the increase in entropy is identical with the statement that naturally occurring
processes alter a system in such way that it changes from less probable to more probable
states. The analogy in signal processing is an entropy-function that describes the change
in information of encoded signals transmitted over a noisy digital system [2-3]. The
entropy is then the information content of the encoded signal at a particular point in the
communications channel. The measurement of information is therefore the
measurement of the uncertainty (error). That measurement is called entropy. If entropy
is large, then a large amount of information is contained in the signal. If entropy is
small, then only a small amount of information is contained in the signal. Noise in a
communications channel is usually the principal cause of uncertainty. Motivated by
these theorems McMillan and the author of this thesis introduced a metric that they have
termed TIC (Eq.(2-32)), which describes the information content in a tensiographic
signal by taking patterns from the entropy measurement of thermodynamic and
communications systems. Note that the TIC includes both noise and losses. The TIC of
the source J5 does not depend on losses. The amount of information in a signal § is
dependent on the error « (3 depends on ). A given signal § does not furnish the same
information if the error is high or small. The amount of information 3 is dependent on
the correlation in the signal S. If S presents large features above the error ¢, it contains a
lot of information. A non-amplified signal will always be subject to losses, i.e. the
amplitude of the propagating signal S decreases gradually. Conversely, the amount of
noise in the signal of interest might increase or decrease, depending on the

characteristics of the system (CMRR of an electronic circuit, light baffling, noise filters,
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etc), which could have the effect that the final signal S contains more information than
the source signal Ss, (37>3s). It should also be noted that the information content in a
signal S is zero for S<a (3<0). A signal §;, part of a tensiographic data set, with negative

information content (-3,) is useless, hence Eq.(2-32) has to be redefined which yields

3 s s s (@ >0)
I="E 3, =3, +log2(—‘), logz[—")EOfor—"—<l, (1<i<N) (6-1)
N a, a, a;
(30 = 0)

where a signal S; that falls into the region of the error threshold has no influence on the
TIC 3;, which is rational because such a signal contains no useful information in
tensiographic applications. Inspired by a theorem of C. Shannon [6-11] the average
effective information content Isz [bits] in a tensiotrace is determined

_3g+3; (6-2)

ISF 2

This quantity is also called the average mutual information, which gives a good estimate
of the overall tensiographic system performance. The TIC is a special case of this
mutual information since /ss=3s and Irr=3F. The following example shows how to apply
TIC in tensiography.

Assuming that the encapsulated linear power supply (Picture A2-1) generates
the highest noise signal (ay.s=1m¥) in the constant current sources of schematics A2-3,
the relative voltage noise ay.zgp of the LED (only 660nm LED IF-E97 considered, see
Table A2-1) would be approximately

Qy_rep = Ay _1mV ~0.1%

v, 17V

where Vr is the forward voltage across the LED. Note, the small signal gain of the
transistor ZTX690B is hg=1.0 (see Table A2-1), which means that the relative current
noise of the LED is a;zp~0.1%. Note that the relative voltage noise ay.zxp is probably
less than 0.1% due to the typical supply voltage rejection (SVR~80dB) of the fixed
voltage regulators (see Table A2-1) in the electronic circuit. However, employing the
relative current noise .zzp=0.1% in Figure 3-7 returns the relative intensity noise
(700*10'6) of the LED IF-E97 at 20mA, and the optical power error oy of the source
(LED) is then )
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@y =@, *700%107 =100 *700*10™ = 70n W

where @, is the optical power (LED source signal Sg) coupled into a 1mm PMMA fiber.
Applying Eq.(6-1) with N=1, the TIC of the source signal is

ds =log, (ig-) = 1082(17085;/) =10.48bits.

0

With @ p1=Sr.p=62.4uW (see Table 6-2) the final TIC (Eq.(6-1), N=1) is

S 62.4uW ]
drp = logz( ;03 ) = 10g2( 70;;1/ ) =9.80bits

where Sr.p is the final blank (no water drop) signal at the detector after attenuation in
the light transfer system of a tensiograph. It has been assumed that the signal noise in
the light transfer system is constant. The losses of information due to the SMA
connectors and PMMA fibers in the system are 0.68bits. The tensiotrace in Figure 6-33

serves as reference for the calculation of the final TIC with respect to specific trace data.
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Figure 6-33. Tensiotrace of water for tensiographic information content calculations
acquired at 22.7°C (660nm LED, RPH=0.548TU, SNR=52.5, data points=3152,
«=0.0013TU).

The final TIC with respect to the maximum peak height in the tensiotrace (Eq.(6-1),
N=1)is

Sk 0.548TU .
EF—P = logz( ;P ) = 10g2(m) =8.72bits

where Sr.p is the maximum peak height in the tensiotrace and « is the maximum error.
The calculation of 3p.p for tensiotraces is part of the analysis package Analyse (see
Appendix 5). A more rigorous method to determine the final TIC of a tensiotrace is to
use the ehtire data set of the trace. Applying Eci.(6—1) with N=3152 and a=0.00137U

(max data points and max error respectively, see Figure 6-33) the final TIC average is
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3., =6.990bits

that includes additional information on the profile of the tensiotrace. The ethanol
tensiotrace in Figure 6-34, for example, with the same maximum signal amplitude
(S/—=0.548TU) compared to the tensiotrace in Figure 6-33 includes less information. The
final TIC average is

i s ctane = 2:97 bits
assuming that the error (e=0.00137U) is the same for both tensiotraces.

0.6
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Figure 6-34. Tensiotrace for TIC calculations normalised to maximum
RPH=0.548TU (LED 660nm).

The source and final TICs (35 and 3 respectively) are related to each other but as single
measurands they do not contain much information on the overall performance of a
tensiograph. The average mutual information Isr (Eq.(6-2), on the other hand, provides
a good estimate of the overall performance, and

_3g+3p 5 10.48bits +9.80bits

Iy p= 5 = 5 =10.14bits,
| 48bi 12bi

Iy, =35 +2E]F_P _ 10 48b1ts;—8 72 bits — 9.60bits,

Iy, = 3 +23F_A _ 10.48b1ts;— 6.99bits _ 2 TAbits

are respectively the average mutual information about the tensiographic system
performance of a blank (no water drop) light path arrangement, light guidance through a
water drop taking the max peak height of a tensiotrace, and light guidance through a
Wwater drop taking the TIC average of the entire tensiotrace. Note, the final signal (Sf) in
a system contains no information if I is half the TIC (3s) of the source.

This section has shown that an error budget is inevitable for the proper design of
a sensitive instrument suéh as the tensiograph that comprises a variety of error sources,

which have to be dealt with in order to choose the most suitable components for the
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system. A minimum overall error in a system is what needs to be achieved following an
error budget and subsequent redesign of the system. The single number obtained from
Eq.(2-31) considers mainly the quality of the components in a system and does not
include the dynamic range of the signal. Hence TIC, which provides meaningful

information on signal and system quality, has been introduced.

6.6 System Integration

The various parts that constitute a tensiographic instrument are shown in Figure 6-35.
This figure is divided into five sections presenting the front view (top left), back view
(top right), drophead (bottom left), side view (bottom right), and top view (centre) of the
instrument. The TE module (top left, also Picture A2-9) is bolted to an aluminium frame
using a solid nylon bracket with relatively low thermal conductivity (see Table A3-1),
which consequently acts as a thermal insulator between the aluminium frame and the
brass block. The Peltier devices (Picture A2-3) are sandwiched between the brass block
and the heatsinks using a clamping mechanism. A heat sink compound, applied to the
surfaces of the Peltier devices prior to the assembly of the TE module, improves the

thermal conductivity.
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measured. The level control on top of the brass block can be used to adjust the angle of
the through-hole in such a way that the drophead is exactly vertical when it is inserted
into the brass block. The slotted through scan opto-switch (see Table A2-1) is located
beneath the end-face of the drophead and in the centre of the through-hole in the brass
block. A falling drop intercepts the optical barrier of the opto-switch (see Figure 3-8),
which at the same time generates an electrical pulse that triggers the beginning or the
end of a data acquisition process. The drophead (bottom left, also Picture A2-10) is
inserted into the through-hole in the brass block and the optical fibers (source and
detector) are connected to the shielded metal box (also see Figure 3-15) that encloses
the electronic circuit boards (Schematics A2-3 and A2-5). The TE module, drophead,
shielded metal box, and power booster (bottom right, also see Figure 3-14(b) and
Schematic A2-2) form one unit that is bolted to the top frame of the instrument. Devices
(top right in Figure 6-35) including the linear power supply (Picture A2-1), switch mode
power supply (Picture A2-2), and electronic controller (Picture A2-7) with the
associated controller driver board (see Schematic A2-1 and also Figure 3-14(a)) form
another unit that is mounted on rubber feet, which rest on the bottom frame of a
tensiograph. The rubber feet damp the vibration (low frequency) that arises from the fan
incorporated in the switch mode power supply. The stepper motor pump (Picture A2-8),
also bolted onto rubber feet that rest on the bottom frame, is connected to the sample
container on one side and the liquid delivery tube of the drophead on the other side
using PEEK tubing in order to pump the liquid from the sample container to the end-
face of the drophead. The spring mount anti-vibration feet (Picture A2-6) combine the
parts on the top frame with the parts on the bottom frame and provide at the same time
vibration damping for a liquid drop hanging on the end-face of the drophead. A
prototype of a tensiograph is shown in Figure 6-36. The apparatus is equipped with
levelling feet that can be adjusted to obtain a precisely perpendicular drophead. The
housing protects the inner parts against stray light and physical damage. The
tensiograph is connected to a PC that can be used to acquire, store, and analyse
tensiographic data. It is also used to control and monitor the light sources (LEDs),

stepper motor pump, and temperature of the TE module.
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CHAPTER 7

FINGERPRINT AND DATA ARCHIVING STUDIES

Previous chapters describe the tensiographic apparatus in general, but also concentrate
on specific hardware and software issues of the tensiograph. The discussion in this
chapter focuses on the data analysis of tensiotraces. A special method, which is outlined
in Section 7.1, has been developed to improve the precise visualisation of the
comparison of individual tensiotraces and the efficiency of tensiographic data archiving.
For fingerprinting purposes it is important to de-noise tensiotraces before the analysis
process. Two data-smoothing-algorithms that have been used to de-noise tensiotraces
are described in Section 7.2, which is also the last section of the thesis before the

discussion of the conclusions and deliverables.

7.1 Data-Scatter and Data Archiving

This section refers to the introduction of the Hough transform inspired fingerprinting
and archiving technique discussed in Chapter 2. Tensiotraces vary widely in their
profile from liquid to liquid as can be seen in Figure 7-1, which shows the tensiotraces
of water and ethanol. The feature space is based on dimensionless normalised units.
This three-coordinate space is represented by (T,U,P), as shown in Figure 7-2.
Remember that the coordinates (7,,U,) are computed by estimating the area between the
T-axis and the tensiotrace and determining approximately the centroid of this area. It is
essential to note that the (T,U)-plane in Figure 7-2(b) is basically used to represent the

shape of tensiotraces as single dots.
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Figure 7-1. Two tensiotraces of different liquids acquired with a stainless steel knife-edge
drophead @ 22.5°C and 660nm.

A shape analysis in most situations on its own should identify the nature of the LUT and
give a taxiometric designation to this liquid. The height of the maximum peak of a
tensiotrace is used to form a new axis, denoted as P, so that planes of (T,U,P) contain
transformed points (7,,U,,P) from LUTs with different refractive index, colour and
turbidity, i.e. lighter liquids with higher refractive index have usually a greater P-value
than darker liquids with lower refractive index, depending on the wavelength of the
selected LED.

A

) (ti:ui)

(T,UsP)

(@) (b)

Figure 7-2. (a) Typical tensiotrace with centroid position (7,,U,), distance ; and angle £ of
the i-th'data peint (#;,4;) in the (T,U)-plane, (b) feature-space (T,U,P) showing
the transformed point (7,,U,,P) and feature-vector v.
Although the feature space (T,U,P) minimises the occurrence of false-rejects it still
permits false-accepts. This can be seen by realising that it is possible for two different
tensiotraces to have the same centroid (7,,U,) and maximum height P, and hence have
equivalent feature vectors v. Therefore it is impossible to distinguish between the two

traces from these two hypothetical liquids using the strategy above. To overcome this

~problem ‘t}llye uGHT?inspi.red technique for the rapid fingerprinting and conceptual

N
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archiving of multianalyser tensiotraces has been developed. In its classical formulation
in the field of image processing, the Hough transform [7-1] can only be used to detect
curves, which can be defined by a closed form analytical equation. This was later
extended to the formulation of the GHT, which employs a lookup table that can be used
to detect arbitrary shapes in an image [7-2]. This lookup table is illustrated in Table 7-1
and each tensiotrace is conceptually linked with the, so called, (r,[)-table as
demonstrated in Figure 7-2 (a), where r; is the distance between the centroid (7,U,) and

the i-th data point of the tensiotrace, and f; is the orientation that this data point has to

the centroid.
Reference (r,p-table (r,p-table
and of the of the

Test trace reference trace test trace

Data point Fref Lrer Fist Bist
(t1,u1) i B n B
(ti’ui) ¥y ,Bx vi ﬁt
(tnun) YN o N By

Table 7-1. (r,H)-tables of the reference and test traces used for the TT.
The comparison and fingerprinting technique, termed tensiotrace transform (TT), is a
basic modification of the GHT. The initial step of the TT is to build up a representation
of a reference trace, i.e. the trace of the known liquid. This is obtained by first choosing
some arbitrary point inside the area between the trace and the T-axis. Tensiotraces vary
radically in both their shape and length, hence the centroid (7¢,U,) has been adopted as
the best point with which to execute the TT. The centroid has the property of being a
very stable point with respect to tensiotrace shape variations. Changes of the shape of a
trace will move the centroid. The algorithm is based on an average of all the data points
N of a trace and this makes it robust in that it produces small changes in the position of
the centroid for small changes in the profile of a tensiotrace. It is noted that in certain
cases the centroid may occur outside the trace boundary (in U-direction), but this does
not affect the performance of the t;chnique. In the implementation here, the centroid is

computed from the area estimation algorithm

177



Chapter 7

N-1

Z( u+u,+1)(tx+1 x)J (7-1)

=1

that leads to the estimated coordinates of the centroid (7,U,)

(OSZ'<N)

A 1
T, =t, fora,, > 5 i, =4 +5(ui +ui+1)(ti+1 _ti)’ (ao = O) (7-2)

and

U, =jAu fora1;+1>A jx+1=aj,i+l(ui+ui+l)(ti+l—ti)’ (OSi<N)
2 2 (0<j<N,)

(aj,o = 0) (7-3)

E(]+1)Au u,.>(j+1)Au Au—( k J Nu=int(—‘?—j

=(j+ l)Au Tu > (j +1)Au | RES_,, Au

i+l

where Au, with the step-width coefficient k£ (here 0.1) over the maximum resolution
RESmax (here 4095, 12-bit) of the ADC, is the amplitude fraction that is successively
summed in order to calculate the centroid coordinate U.. N,, with the maximum
amplitude p of the tensiotrace over Aw, is the maximum number of steps (here
int(p*40950)) in U-direction in order to reach the maximum peak height p, and 4 is the
area between the T-axis and the tensiotrace. Note that decreasing the step-width
coefficient k increases the precision of U,, but also increases the time estimating U..
Next, each data point along the trace is visited in turn where the orientation S and the
distance from the centroid r are calculated. As each data point is visited the computed

(¥,B)-pair is stored in the columns r,,rand S,.rof the lookup table, indexed by i

r=l-Uy +6-T) (=i<N)

(7-4)
and
(x=m) (-T2 <0)
if else x=0)
=2 i—U)<0<(t-Tp)
B, = A, -U ) oy (x=2m) ((u (75)
@-1)
(Bi=n/2) G&=T) A > Up)
for (1gi<

(Bi=3n/2) G=TH)AWw<U)

Subsequently each data point along the test trace is visited computing the (r,f)-pairs by
using the Eqgs. (7-4) and (7-5). Again, as each data point is visited the computed (r,)-

. Dair is'stored in the lookup table, this time in the columns reserved for the test trace 7y
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and fi, indexed by i. Note that the formulation of Eq. (7-5) generates only positive
angles f; in the range (0<A<2m) (mathematical convention: an angle in a (X,Y)-plane
increases anti-clockwise beginning on the X-axis). At this point, the centroids (7¢,Uc)rer
and (7, U.)is: can be considered respectively as stacks of N, and N, exactly overlaying
data points, where each point (7,,U,); has been assigned a (7;,5;)-pair in the lookup table,
i.e. reference and test trace are both represented as ‘single points’ in the (T,U)-plane. To
compare the two tensiotraces an exchange operator = has been defined that simply

exchanges the two columns 7. and 7, in the lookup table

E{( ref ’ ﬂref )’( tst b ﬁtst )} {( tst > Mref )’( ref H ﬁtst )} (7_6)

When the steps above have been completed, it is possible to carry out the TT. This is
done by once again visiting each data point (¢;,u;),.r on the reference and (#;,u;),x on the

test trace and using the (r;,5;)-pair from the lookup table to compute (#.,u.);
(tc U, )l. ((t -7 cos(,B )) ( -7, sm(ﬁ ))) (1 <i<N ) 7-7)

The lowercase ¢, and u. indicate that the i-th value can be different to the (i-th + 1)
value. If there is little difference between the reference and test traces, then each of the
computed points (¢.u.); for the reference trace will be close to the centroid (7,Uc)res
and each point (¢.,u.); for the test trace will be close to the centroid (7,U.):s. If on the
other hand the reference and test traces differ, the resulting TT will contain a high
degree of scatter around the centroids. In the implementation of the TT the mean values

as shown in Egs. (7-8) and (7-9) are used to automate the measurement of the degree of

scatter, whereT andU represent the mean values that are calculated simply by
summation over the entire number of data points N in the data set of either the reference

trace or the test trace.

T= —Zur cos(,B )‘

' —1, l] (N >0) (7-8)

and

U,-u| (N>0) (7-9)

—Léﬂr sin(g3, | -

N

the deviations o7 and oy of the mean values7 andU are
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-t]-Tf (V1) (7-10)

or :\/Nl I,ZNIQF cos ﬂ)l

and

U -ul-Uf  (V>1) (7-11)

0 = | Srsin(a) -

i=1

Note that |r,cos(8)|=|Tc-ti| and |r;sin(S;)|=|U.-u,| before the exchange operator Eq. (7-6) is
applied, i.e. the mean values Egs. (7-8), (7-9) and the standard deviations Egs. (7-10),
(7-11) are zero. Pythagorean measures are the most obvious method of defining the
‘Distance’ & between the reference and test trace data points and their associated

centroids.

5 _ TZ +l72 (7-12)
The overall ‘Difference’ A for the two dimensional projection of the data points in the
(T, U)-plane is then given by

A=6,,+0, (7-13)

where Jy is the averaged ‘Distance’ between the centroid (7, U)rs and the scattered
data points of the reference trace and J, is the averaged ‘Distance’ between the centroid
(Te,U.)ss: and the scattered data points of the test trace. The ‘Closeness’ ¢ of the two
centroids of different liquids in the three-dimensional feature space (T,U,P) gives a

measure of the distance between these particular points

g = \/(Tc—ref - I::—tst )2 + (Uc—ref - Uc-tst )2 + (Ref - Ptst )2 (7_14)

where Te.ref, Ue-rer and P, r are respectively the centroid coordinates and the highest peak
of the reference trace, and T,y U..sx and Py, are respectively the centroid coordinates
and the highest peak of the test trace. It is important here to notice that the TT techhique
can be generally applied to any application that produces data sets in text format, which
represent the data as two-dimensional arrays. The next section visualises the relatively
theoretical discussion outlined above and describes briefly patterns that can be seen in

the scatter diagrams after the TT was applied.
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7.1.1 Diagnosing the Error

From the equations of the previous section it is usually quite difficult to fully
understand the principle of the TT. Hence, the author of the thesis has generated six
cases of the TT with different properties and limited data sets in order to show
reoccurring patterns in the scatter diagrams. For the following discussion examine
Figure 7-3 to Figure 7-8. The classification of the six cases is as follows:

A is associated with the reference trace, where Ac, Al to A5, r-A and B-A denote the
centroid, the data points, the distance between data points and centroid and the
orientation that the data points have to the centroid respectively. B is associated with the
test trace (the attributes are the same as for A).

Cases:

1. Amplitudes Al to A5 are greater than B1 to B5 (different Au); traces are not
shifted (Figure 7-3).

2. Amplitudes Al, A2 are greater than B1, B2 and A3 = B3 and A4, AS are less
than B4, BS5 (different Au); traces are not shifted (Figure 7-4).

3. Amplitudes Ai to A5 are greater than B1 to B5 (same Au); traces are not shifted
(Figure 7-5).

4. Amplitudes A1l to AS are equal B1 to BS5; test trace shifted to the right of the
reference trace (same At) (Figure 7-6).

5. Amplitudes Al, A2 are greater than B1, B2 and A3 = B3 and A4, AS are less
than B4, B5 (different Au); test trace is shifted to the right of the reference trace
(same At) (Figure 7-7)7.

6. Amplitudes Al to A5 are greater than B1 to B5 (same Auy); test trace is shifted to
the right of the reference trace (same At) (Figure 7-8).

- Results:

* Figure 7-3 and Figure 7-4 suggest the most basic patterns of the TT: Data point
pairs Al, B1 to A5, B5 are horizontally further away from their centroids Ac
and Be the greater the difference between these data point pairs. If the data
points Ai are greater than Bi (reference trace is above test trace) reference data
points Ai are in the upper half of the scatter diagram while data points Bi are in

the lower half. In contrast, if the data points Ai are less than Bi (reference trace

181



Chapter 7

is below test trace) reference data points Ai are in the lower half of the scatter
diagram while data points Bi are in the upper half. If the data points Ai are equal
Bi these data points end up at the same position as their adversary centroids, i.e.,
Ai = Be and Bi = Ac. These patterns occur after the comparison of similar
tensiotraces that contain random signal noise. This means, tensiotraces of this
kind are usually obtained with a properly working tensiograph.

Figure 7-5 and Figure 7-6 show very special patterns of the TT: Data point pairs
Al, B1 to A5, BS are on opposite horizontal lines in the scatter diagram if the
reference and test traces are horizontally shifted apart by the same distance Au
(no shift on the time axis At = 0). In contrast, if the tensiotraces are vertically
shifted apart by the same distance At, but not shifted horizontally (Au = 0), the
data points Al to AS and B1 to BS end up at the same position as their
associated centroids Ac and Be. These patterns usually occur in the scatter
diagrams df the TT if the tensiographic instrument acquires tensiotraces with a
systematic error (Figure 7-5: drophead tilted, electronic offset, etc.) following
the data acquisition of a reference tensiotrace. The pattern in the scatter diagram
of Figure 7-6 suggests that the data of the reference trace Al to AS was obtained
with a greater remnant drop size than the data of the test trace B1 to B5, which
could happen when the temperatures are different between measurements.

Figure 7-7 and Figure 7-8 show combinations of patterns in scatter diagrams that

are discussed above in this section.

It can be concluded that the TT is not only an excellent method to analyse tensiotraces,

but also a rather useful technique to set up a tensiographic apparatus properly. The next

section describes common signal de-noising algorithms, which are an outstanding

enhancement to the fingerprinting capability of tensiotraces with the TT.
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A (reference trace) B (test trace)
) u t r B u t r B
Data Point [TU} [ms] 1 [rad] [TU] [ms] 1 (rad]
1 0.215 0.223 0.142 4.70924110 0.180 0.223 0.168 470972827
2 0.720 0.446 0.363 1.57141341 0.677 0.446 0.329 1.57147718
3 0.913 0.670 0.556 1.57079633 0.893 0.670 0.545 1.57079633
4 0.749 0.893 0.392 1.57022745 0.735 0.893 0.387 1.57022010
5 0.450 1.116 0.093 1.56600066 0.442 1.116 0.094 1.56605168
Centroid 0.357 0.670 0 471238898 0.348 0.670 0 471238898
A-B A-Scatter B-Scatter
Au At Ar AB u t u t
Data Point [TU] [ms]} 1] [rad] [Ty [ms] [(TU] [ms]
1 0.035 0 -0.026 -0.00048717 0.383 0.752 0.322 0.601
2 0.043 0 0.034 -0.00006377 0.391 0.649 0.314 0.693
3 0.020 0 0.011 0 0.368 0.670 0.337 0.670
4 0.014 0 0.005 0.00000735 0.362 0.673 0.343 0.667
5 0.008 0 -0.001 -0.00005102 0.356 0.665 0.349 0.675
Centroid 0.009 0 0 0 0.357 0.670 0.348 0.670
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Figure 7-3. Showing a table with tensiographic values and the associated trace-diagram as
well ‘as the scatter-diagram (A: reference trace, B: test trace). Properties:

Uy,23,4,5ref 7 W1,23,45tt5 Uerer > Uetsts t123,45re0 = t123.45000

183




Chapter 7

A (reference trace) B (test trace)
u t r B u t r i)
Data Point [TU] [ms] {11 {rad] [TU] [ms] M [rad]
1 0.215 0.223 0.142 4.70924110 0.180 0.223 0.180 4.70990565
2 0.720 0.446 0.363 1.57141341 0.677 0.446 0.317 1.57150295
3 0.913 0.670 0.556 1.57079633 0.913 0.670 0.553 1.57079633
4 0.749 0.893 0.392 1.57022745 0.781 0.893 0.421 1.57026664
5 0.450 1.116 0.093 1.56600066 0.476 1.116 0.116 1.56695152
Centroid 0.357 0.670 0 4.71238898 0.360 0.670 0 4.71238898
A-B A-Scatter B-Scatter
Au At Ar AB u t u t
Data Point [TU] [ms) (1] [rad] [TU] [ms] [TU] [ms]
1 0.035 0 -0.038 -0.00066455 0.395 0.790 0.322 0.576
2 0.043 0 0.046 -0.00008954 0.403 0.642 0.314 0.703
3 0 0 0.003 0 0.360 0.670 0.357 0.670
4 -0.032 0 -0.029 -0.00003919 0.328 0.654 0.389 0.685
5 -0.026 0 -0.023 -0.00095086 0.334 0.560 0.383 0.758
Centroid -0.003 0 0 0 0.357 0.670 0.360 0.670
1 [ , . .
E i - A{ref)
0.9 bmmnev L = -5 - B(tst) |
1) S S S —
2 Bh e
L g : : : :
0.7 f=--nnm- 4 -
/g : i : ; \ :
_oe a ' ; '
E /i . \ s
5 ! ' ; ;
0.5 a o
/y 5]
0.4 A 5o
'/ ' Ac*
0.3 . | !
g/ i a
uf} i
0.2 3
0.1 i | i |
2 3 4 5 6 7 8 9 10 11 12
Tisl x 10°
0.42
A2
.04
B4 A1
* BS
0.38
= Bc A3
B 0.3 .
2 Ac B3
0.34
* A5
B1 Al
0.32 =
B2
0.3
5.5 6 6.5 7 7.5 8
Tls] x 10%

Figure 7-4. Showing a table with tensiographic values and the associated trace-diagram as
well as the scatter-diagram (A: reference trace, B: test trace). Properties:
“Up2ref > Upests Uarer = Uststs Ua,Sref < Uaststs Uerer < Uetsts t1,2,3,4,5ref = 1,234,501
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A (reference trace) B (test trace)
u t r B u t r B
Data Point [TU] [ms] (1] [rad] [TU] [ms] (1 [rad]
1 0.215 0.223 0.142 4.70924110 0.180 0.223 0.162 4.70962973
2 0.720 0.446 0.363 1.57141341 0.685 0.446 0.343 1.57144939
3 0.913 0.670 0.556 1.57079633 0.878 0.670 0.536 1.57079633
4 0.749 0.893 0.392 1.57022745 0.714 0.893 0.372 1.57019686
5 0.450 1.116 0.093 1.56600066 0.415 1.116 0.073 1.56468681
Centroid 0.357 0.670 0 4.71238898 0.342 0.670 0 4.71238898
A-B A-Scatter B-Scatter
Au At Ar AB u t u t
Data Point [TU] [ms] [1] [rad} [TU] [ms] [TU] [ms]
1 0.035 0 -0.020 -0.00038863 0.377 0.733 0.322 0.615
2 0.035 0 0.020 -0.00003598 0.377 0.658 0.322 0.683
3 0.035 0 0.020 0 0.377 0.670 0.322 0.670
4 0.035 0 0.020 0.00003059 0.377 0.681 0.322 0.658
5 0.035 0 0.020 0.00131385 0.377 0.766 0.322 0.548
Centroid 0.015 0 0 0 0.357 0.670 0.342 0.670
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Figure 7-5, Showing a table with tensiographic values and the associated trace-diagram as
well as the scatter-diagram (A: reference trace, B: test trace). Properties:

U12,3,4,5ref > Ui2,3,4,505¢ (Same difference); Uerer > Uetsts t1,2,3,4,5me8 = tr23,4.500
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A (reference trace) B (test trace)
u t r B u t r B
Data Point [TU} [ms] ] [rad] [TU] [ms] 1] [rad)
1 0.215 0.223 0.142 4.70924110 0.215 0.446 0.142 4.70924110
2 0.720 0.446 0.363 1.57141341 0.720 0.670 0.363 1.57141065
3 0.913 0.670 0.556 1.57079633 0.913 0.893 0.556 1.57079633
4 0.749 0.893 0.392 1.57022745 0.749 1.116 0.392 1.57022745
5 0.450 1.116 0.093 1.56600066 0.450 1.339 0.093 1.56600066
Centroid 0.357 0.670 0 4.71238898 0.357 0.893 0 4.71238898
A-B A-Scatter B-Scatter
Au At Ar AB u t u t
Data Point [TU] [ms] mn [rad] [TU] [ms] [TU] [ms]
1 0 -0.223 0 0 0.357 0.670 0.357 0.893
2 0 -0.224 0 0.00000276 0.357 0.670 0.357 0.893
3 0 -0.223 0 0 0.357 0.670 0.357 0.893
4 0 -0.223 0 0 0.357 0.670 0.357 0.893
S 0 -0.223 0 0 0.357 0.670 0.357 0.893
Centroid 0 -0.223 0 0 0.357 0.670 0.357 0.893
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Figure 7.6, Showing a table with tensiographic values and the associated trace-diagram as
well as the scatter-diagram (A: reference trace, B: test trace). Properties:

U1,2.3,4,5ref = Wy 2,3,4,505t5 erer = Uetst t1,23.4,5ref < t1,2,3,4,55t0
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" A (reference trace) B (test trace)
u t r B u t r B
Data Point [TU] [ms] (1] [rad] [TU] [ms] {1 [rad]
1 0.215 0.223 0.142 4.70924110 0.180 0.446 0.180 4.70990565
2 0.720 0.446 0.363 1.57141341 0.677 0.670 0.317 1.57149980
3 0.913 0.670 0.556 1.57079633 0.913 0.893 0.553 1.57079633
4 0.749 0.893 0.392 1.57022745 0.781 1.116 0.421 1.57026664
5 0.450 1.116 0.093 1.56600066 0.476 1.339 0.116 1.56695152
Centroid 0.357 0.670 0 4.71238898 0.360 0.893 0 4.71238898
A-B A-Scatter B-Scatter
Au At Ar AB u t u t
Data Point [TU] {ms] [1] [rad] [TU] [ms] [TU] [ms]
1 0.035 -0.223 -0.038 -0.00066455 0.395 0.790 0.322 0.799
2 0.043 -0.224 0.046 -0.00008639 0.403 0.642 0.314 0.925
3 0 -0.223 0.003 0 0.360 0.670 0.357 0.893
4 -0.032 -0.223 -0.029 -0.00003919 0.328 0.654 0.389 0.908
5 -0.026 -0.223 -0.023 -0.00095086 0.334 0.560 0.383 0.981
Centroid -0.003 -0.223 0 0 0.357 0.670 0.360 0.893
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Figure 7-

7. Showing a table with tensiographic values and the associated trace-diagram as

well as the scatter-diagram (A: reference trace, B: test trace). Properties:

Wi,2ref > Wy tsey Usrer = Usgses Uy,5ref < Uygststs Ucref < Uerses t1,2,3,4,5ref < £1,2,3,4,5tste
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r’ A (reference trace) B (test trace)
u t r B u t r i]
Data Point [TU] [ms] 1 [rad] [TU] [ms] 1] [rad]
1 0.215 0.223 0.142 4.70924110 0.180 0.446 0.162 4.70962973
2 0.720 0.446 0.363 1.57141341 0.685 0.670 0.343 1.57144647
3 0913 0.670 0.556 1.57079633 0.878 0.893 0.536 1.57079633
4 0.749 0.893 0.392 1.57022745 0.714 1.116 0.372 1.57019686
5 0.450 1.116 0.093 1.56600066 0415 1.339 0.073 1.56468681
Centroid 0.357 0.670 0 4.71238898 0.342 0.893 0 4.71238898
A-B A-Scatter B-Scatter
Au At Ar AB u t u t
Data Point [TU] [ms] 11 [rad) [TU] fms] [TU] [ms]
1 0.035 -0.223 -0.020 -0.00038863 0.377 0.733 0.322 0.838
2 0.035 -0.224 0.020 -0.00003306 0.377 0.658 0.322 0.906
3 0.035 -0.223 0.020 0 0377 0.670 0.322 0.893
4 0.035 -0.223 0.020 0.00003059 0.377 0.681 0.322 0.881
5 0.035 -0.223 0.020 0.00131385 0.377 0.766 0.322 0.771
Centroid 0.015 -0.223 0 0 0.357 0.670 0.342 0.893
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Figure 7., Showing a table with tensiographic values and the associated trace-diagram as
well as the scatter-diagram (A: reference trace, B: test trace). Properties:

W1,2.3,4,5rer > U123,4 515¢ (SAMe difference); Uerer > Ueeses £1,2,3,4,5rer < £1,2,3,4,5tste
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7.2 Data Smoothing

Previous chapters examine precautionary techniques utilized in tensiography, which
contribute to the improvement of the SNR. These techniques, including vibration
damping, ambient light baffling, precise temperature control, etc., have been proven
extremely useful in order to obtain tensiotraces of high quality. However, some
tensiographic data sets require signal de-noising prior fingerprinting procedures. Signal
de-noising is one of the most serious problems in digital signal processing [7-3]. Any
practical signal, apart from useful information, contains traces of irrelevant influence

(interference or noise). The model of such a signal can be described as

ult)= f(t)+oalt) (7-15)

where f{¢) is the useful signal, a(f) is the noise, ¢ is the noise level and u(f) is the signal
under consideration. In most cases it can be suggested that the function a(?) is described
by the white (Gaussian) noise model [7-4], and information about the noise is contained
in the high frequency spectral region of the signal, while the useful information is
contained in the low frequency one. The aim of signal de-noising is to minimise the
term oa() in Eq. (7-15) as much as possible without causing severe distortion in the
useful signal f{7). Sections 2.1 and 2.2 of Chapter 2 briefly discuss the theory of noise
contributions, whereas the next two sections describe different methods of de-noising

tensiotraces in a more practical way.

7.2.1 Averaging Algorithm

The first data-smoothing (or signal de-noising) method described here is an averaging
algorithm that has been especially adapted for the use of the de-noising procedure of

tensiotraces. The equation
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U+t Uy, Uy Fotll, Uy o+t iy c} N,ne®
b

ADS = " yeees
{ n n n N>2n>2

(7-16)

0 if n=2
= 1
“FVOk0k) o, T n>2

returns the averaged data set (4DS) of a tensiotrace, where u; is the amplitude of a single
data point in a tensiographic data set, N is the maximum number of data points in this
data set and » is the number of data points used for each averaging calculation in ADS.
Figure 7-9 shows a plot of the reference tensiotrace RT, which is used as the bases for
the explanation of de-noising processes. In order to analyse a de-noised data set of RT in
more detail the signals under test have been magnified in the zoom-region Z as shown

below in this section.
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0a] | N /
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Amplitude [TU]

0 10 20 30 40 50 60 70 80 90 100

Time [s]

Figure 7-9. Reference tensiotrace [RT] of water obtained at 23.5°C using a micro-stepper
pump and a 660nm LED. The data of this tensiotrace provides the bases for the
explanation of de-noising processes. /Z] is the zoom-region for detailed analysis.

Figure 7-10 shows the magnified region Z of RT before the employment of Eq. (7-16).
RT was acquired using a tensiograph equipped with ‘noise-reducing’ devices, namely,
anti-vibration feet, high-resolution stepper motor pump, ambient light baffling, etc., but
the quality of the SNR of RT is relatively low. This could be a result of a temporarily

noisy environment at the location of the tensiograph during the data acquisition process.
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Figure 7-10. A signal-fraction in the zoom-region [Z] of the reference tensiotrace [R7].
However, for fingerprinting purposes a tensiographic data set, as represented by RT,
should be de-noised prior additional data analysis procedures. Figure 7-11 shows the

signals before and after Eq. (7-16) was applied to RT with n =3 and n = 12.
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Figure 7-11. The signal-fractions in the zoom-region /Z] of the reference tensiotrace [RT].
The grey signal is showing the raw data of /RT]. The solid black signal and
the dotted signal are showing the 3-point and 12-point averaged smoothed
data set of [R7] respectively.

There is obviously a severe distortion of the signals the greater » is. Hence Eq. (7-16)
should only be applied to tensiographic data sets with relatively low noise content, in
order to obtain qualitatively good smoothed signals with a reasonably small averaging
Parameter n. The advantage of the averaging algorithm described above is that it can be
quickly implemented and used. The next section describes a more complex method of

de-noising signals.
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7.2.2 Wavelet Transform

Wavelet analysis is presently one of the most promising data analysis technologies and
signal de-noising is just one application in a wide range of intellectual activities [7-5].
Wavelets are a special class of functions (or sequences) that are widely used for
analysing time series, i.e., a sequence of observations recorded over time such as a data
set of a tensiotrace. Just as Fourier analysis is based upon the notion of representing (or
re-expressing) a time series as a linear combination of sinusoids, the idea underlying
wavelet analysis is to represent a series as a linear combination of wavelets. In Fourier
analysis, each sinusoid is associated with a particular frequency f, so is can be deduced
what frequencies are important in a particular time series by studying the magnitudes of
the coefficients of the various sinusoids in the linear combination [7-6]. In contrast,
each wavelet is associated with two independent variables, namely, time ¢ and scale 7,
because each wavelet is essentially nonzero only inside a particular interval of times,
namely, [f - 7, ¢ + 7]. Within that interval the wavelet spends roughly an equal amount of
time above and below zero, so it appears to be a ‘small wave’ centred at time ¢ and
having a width of 27. Thus it can be learned how a time series varies on particular scales
across time if it is re-expressed using wavelets [7-7]. Although this thesis concentrates
entirely on data sampled over time, in fact wavelets are used extensively with data
sampled over other independent variables, including two dimensional grids, parametric
curves within a two dimensional surface and three dimensional objects [7-8]. Because
this thesis is concerned about signal de-noising and not about wavelets as such, it would
be useful for a reader who wants to delve more into wavelet analysis to consider the
references [7-9, 7-10, 7-1 1].

The following discussion concentrates on signal de-noising using the wavelet
transform tool in MATLAB [7-12]. The reference tensiotrace in Figure 7-9 served as the
data set under test in this signal de-noising study and will be hereafter referred to as RT.

The MATLAB function ,
[DDS,...| = WDENCMP(..., RT,'db',,...)
returns a de-noised data set (DDS) of the input signal RT, where ‘db’ is a wavelet

function of the Daubechies wavelet family [7-13] and wavelet decomposition is

Performed at level o. Note that there exist a variety of wavelet families in order to suit
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different applications and dimensions of data sets as mentioned above. Figure 7-12

shows the DDS of RT as a result of the ‘db’ wavelet transform performed at 2nd level.
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Figure 7-12. Showing the reference tensiotrace [R7] past de-noising procedures with a
2nd level wavelet transform.

The Comparison of the tensiotraces in Figure 7-9 and Figure 7-12 does not clearly
reveal the improvement of the SNR following the 2nd level wavelet de-noising
procedure. For a more methodical analysis of these two tensiotraces it is very
convenient to zoom into a fraction of the data sets and Figure 7-13 shows the region Z,
as illustrated in Figure 7-9, of RT before and after the 1st and 2nd level wavelet de-

noising process.
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Figure 7-13. The signal-fractions in the zoom-region /Z] of the reference tensiotrace [RT].
The grey signal is showing the raw data of [RT]. The solid black signal and
the dotted signal are showing the wavelet transform of the 1st and 2nd level
de-noised data set of /RT] respectively.

It can be clearly seen from Figure 7-13 that the trend of the raw tensiotrace RT is

Preserved in the 1st and 2nd level wavelet de-noised tensiotraces. To observe the de-
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noised data sets of the 1st and 2nd level wavelet transform in more detail the magnified

regions Z are shown in Figure 7-14 and Figure 7-15 respectively.
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Figure 7-14. The signal-fraction in the zoom-region /Z] of the reference tensiotrace [RT]
showing the wavelet transform of the 1st level de-noised data set of /RT].
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Figure 7-15. The signal-fraction in the zoom-region /Z] of the reference tensiotrace [RT]
showing the wavelet transform of the 2nd level de-noised data set of [RT].

The SNR has been increased by 5.6% (MATLAB analysis) following the 2nd level
Wavelet de-noising process of RT (compare Figures7-9, 7-12 and Figures 7-10, 7-15). It
is also important to notice that the smoothed data sets here are less distorted than the
ADS samples of Section 7.2.1. This is a major advantage of the wavelet transform.
There are many combinations (wavelet family, noise level, signal frequency, etc.),
which have to be considered carefully in order to choose a suitable wavelet function and
noise level for a particular signal that has to be de-noised using wavelet transform.

IllaPPYOpﬁate wavelet parameters will cause more damage than good. For that reason an
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analyst, specialised in wavelet transform, is usually required to obtain the proper
parameters through pre-analysing data sets with an appropriate tool, for example,
MATLAB. This is a disadvantage of the de-noising method described here, which
- generally requires more time and theoretical knowledge compared to the simple de-
noising method in Section 7.2.1. In this thesis the author has only dealt with a very
small part of wavelet transform limited to just one wavelet family, two noise levels and
one particular tensiotrace. It would have been far beyond the scope of this thesis to
describe a rigorous data analysis using wavelet transforms, but the brief discussion
about de-noising in this section has shown that there is a lot of potential in this
technology that will be extremely useful for tensiographic applications in the future.

Next, the reader of this thesis will find the Conclusions and Deliverables.

195



Conclusions and Deliverables

CONCLUSIONS AND DELIVERABLES

The thesis reports the work over an extended period, which has produced a physical
reality of a working, easy to operate and reliable instrument. All aspects of this
 instrument have been engineered and the first important conclusion is that the present
. work has fundamentally advanced the instrumental basis of tensiography. The
instrument now is at the point where application studies of some value can be
undertaken. Indeed, many such application studies have been made; not least of which
was the successful 5th Framework European Union (EU) project AQUA-STEW
 undertaken with two major water companies IRH, Nancy and ADASA, Barcelona [c-1].
The second major conclusion is that this work has introduced a new system
design technique based on information for opto-electronic systems engineering. The
work described here is broad and gives a fully developed example of the successful use
of the new method. The starting point for this study was that an upgrade of the
tensiographic system was necessary. However, no established engineering principles
really could cope with the engineering problems requiring the integrated engineering of
optical, electronic, thermal, mechanical and software systems so as to minimise noise
and maximise signal quality. Information approaches to complex systems, such as
described here, have previously been developed only for telescope engineering, which
are coincidently systems with many types of mnoise contributions. This system
engineering development has extended these approaches to optical monitoring
equipment and as such constitutes an important and original contribution. The utility of
these techniques have then been fully demonstrated through practice. Well-defined and
proscribed steps to the engineering of the tensiographic system have been followed in
this current development resulting in an instrument of high precision. Quite simply, the
proof of the approach demonstrated in practice.
While the work described here has been in most places rapidly superseded by
W commercial technological developments, it is the belief of the author that this thesis
fepresents a landmark study in tensiography as a new scientific-industrial technology
for both laboratory and process control applications. The thesis is very unusual in that it
describes the work done by the author while in the employ of Carl Stuart Ltd., Tallaght,
»Dublin and for a shorter period Kelman Ltd., Lisburn, N. Ireland. Subsequently, work
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was done in collaboration with two major water companies in a €1,200,000 EU project.
Such industrial involvement is very important for any engineering project, as it has
raised the stage of engineering to professional levels in every area. The new and
universal systems engineering method devised by the author may have some important
contributions in future projects in which multi-energy systems are being designed. The
claim here is that the work is for the most part of a very high quality and probably as
such is not typical of PhD studies, which rarely one suspects deliver commercial quality
products. It is worth pointing out that the work described is the launch pad for the
current commercial developments of this technology in Carl Stuart Ltd.

Importantly, the various solutions to the many engineering problems proposed
here for the instrument arrived through the author working with a diverse team of
engineers and applications people. Eventually a system was devised that answered all
the demands of this diverse and demanding group, which is a notable achievement in
itself. The recent and remarkable application results from Morrin [c-2], Bertho [c-3] and
Dunne [c-4] are testament to the value of the instrument developed by the author. The
instrument has, in addition to good instrumental sensitivity, accuracy and precision,
many other attributes, which are worthy of mention and were devised by the author to
answer the needs of these applications researchers. The most important are firstly the
design of a thermal Peltier module, which can be varied in a relatively wide temperature
range (10°C to 40°C). This requirement arose from the huge variety of solutions that had
to be analysed in order to verify the quality of the instrument by testing the applicability
for different important applications. These vital measurements had been conducted in a
harsh laboratory environment with people causing mechanical disturbances, doors
opening and closing, operating machinery and ambient light interference. Precise
measurements were only made possible by protecting the instrument using sophisticated
anti-vibration and light baffling systems. However, the key elements of a tensiograph
are the drophead and the liquid delivery system and continuous development of these
central devices has been of enormous benefit to all researchers involved in the
tensiographic project.

It is clear that tensiography and micro-volume spectroscopy is developing
imernationally (Singapore, China, Texas EPA). This impressive growth can be seen as
being in part led by the work of the author as an important member in the Carl Stuart
team, but also working closely with Augousti in Kingston University. It must be

concluded that the work described here is of some very real value, in the first instance to
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Carl Stuart Ltd., but ripples of disturbance from these engineering developments have
gone out to encourage the wider development of the new technology. From 1999 with
the appearance of the Nanodrop spectrometer a whole international development has
opened up in micro-volume spectral analysis largely led by the need to do
Deoxyribonucleic Acid (DNA), Ribonucleic Acid (RNA) and other UV bio-assays. The
work of McMillan on drop analysis was quoted in the Nanodrop patents, but in reality
the micro-volume UV and fluorescence spectrometer are not really drop analysers as
they pull the liquid sample up into a capillaries for the analysis. This method causes
problems of cleaning and very short OPL, but the commercial development has been
very successful and this is not the top selling instrument in the world. McMillan,
O’Neill and Smith undertook recent studies of micro-volume measurements, based on
the idea of actually using the drop as a cuvette. These techniques are in fact drop
spectrometers and new analytical equations will be devised to provide a sound
theoretical basis for drop spectroscopy, which is recognisable as a modified Beer’s law.
Drop spectrometers have a higher sensitivity than traditional instruments. The actual
reasons for this are rather complex and not of concern to this thesis, but here it is
important to point out that the work reported has contributed to these new and exciting
developments.

The commercial plans of Carl Stuart Ltd. are now in place and a
commercialisation project, funded by the Scientific Research & Development Institute
RTI, commenced in 2007. The objectives of this project were successfully achieved in
the detection and fingerprinting of PP in real waters [c-5]. This study was however one
of a number of important application studies done under the supervision of McMillan
for wine [c-6] and water [c-7] quality assurance. It is concluded that these objectives for
a new major project have come directly from not just the engineering advances of the
author, but from his research collaboration with McMillan. The author is cited on many

Papers as outlined in the List of Publications of Appendix O.
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GLOSSARY OF ABBREVIATIONS

Acronyms are listed in alphabetical order, with the expansion of an acronym given in
parenthesis. For example, the acronym PC is followed by the expansion, (Personal
Computer)'. A superscript number is used to point out the chapter in which the acronym
appeared for the first time. Note that the superscript numbers 0 and 8 are used for the
Abstract and Conclusions and Deliverables respectively. The list in this appendix
includes terminology found in literature as well as self-defined abbreviations used

throughout this thesis.

A/D (Analogue to Digital)*
ADC (Analogue to Digital Converter)’
ADS (Averaged Data Set)’
AMFOS (Amplitude Modulated Fiber Optic Sensor)'
API (Application-Programming Interface)”
BRI (Brewing Research International)’
CCD (Charge Coupled Device)'
CMRR (Common Mode Rejection Ratio)®
CPU (Central Processing Unit)*
D/A (Digital to Analogue)’
DAC (Digital to Analogue Converter)®
dB (decibel)"
DC (Direct Current)’
DDS (De-noised Data Set)’
DIO (Digital Input-Output)*
DMA (Direct Memory Access)’
DNA (Deoxyribonucleic Acid)®
| DQS (Disk Operating System)”
DP (Drop Period)! ,
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EDP (Event Driven Pro gramming)"*

 EMF (Electro Magnetic Field)’

EMI (Electromagnetic Interference)’
EU (European Union)8
FDA (Fiber Drop Analyser)'
FDT (Fiber Drop Trace)'
' FEA (Finite Element Analysis)’
- FED (Flow-Event—Diagram)4

FFT (Fast Fourier Transform)'

GHT (Generalised Hough Transform)2
“GUI (Graphical User Interface)”

HPLC (High-Pressure Liquid Chromatography)’
IC (Integrated Circuit)®

IDE (Integrated Development Environment)*
IR (Infrared)’

'LED (Light Emitting Diode)"

LSB (Least-Significant-Bit)’

LUT (Liquid Under Test)"

NA (Numerical Aperture)?

OOP (Object-Oriented Programming)”
- OPL (Optical Path Length)?
PID (Proportional-Integral-Derivative)®
: PC (Personal Computer)’
PCB (Printed Circuit Board)®
- PEEK (Poly-Ether-Ether-Ketone)’
PMMA (polymethylmethacrylate)®
PME (Properties Methods Events)”

o :PMS (Portable Multi-channel Spectrometer)1

PP (Priority Pollutants)°

o PSD (Plexiglas Spacer Disc)’

~ QC (Quality Controt)!

B r.‘m.s.‘ (root mean squared)?

L RNA (Ribonucleic Acid)®

- RPH (Rainbow Peak Height)!
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RPP (Rainbow Peak Period)l

RS-232 (defines serial, asynchronous communication)4
RTD (Resistive Temperature Detector)®

SDK (Software Development Kit)*

silica (silicon dioxide SiO; used in optical glass fibers)’
SNR (Signal-to-Noise Ratio)'

sr (steradian, the unit of a solid angle)’

TE (T hermoelectric)®

TIC (Tensiographic Information Content)’

TIR (Total Internal Reflection)’

TPH (Tensiograph Peak Height)'

TPP (Tensiograph Peak Period)’

TT (Tensiotrace Transform)

TU (Tensiograph Units)'

UV (ultraviolet)"

UV-vis (Ultra-Violet-Visible)'
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Appendix 2

Thermoelectric module

Manufacturer Road Town County/Postcode

Thermo Electric Devices High Street Moreton-in-Marsh Gloucestershire
GL56 0AF
Additional Details
Type H[lmm] | W[mm] | D [mm] Comment
Brass Block 195 80 50 Boreholes for drophead (& 12mm) and
temperature probe (& 6mm, H=150mm).
Heatsink 180 82 68 Aluminium, 6 fins.
Peltier Device 40 4.7 40 Also see Picture A2-3

Temperature Probe 150 - - Also see Picture A2-4

2y

Heatsink Peltier Device Brass Block

Picture A2-9. Thermoelectric module.
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Appendix 2

SMA connector and housing for optical sources and detector

Distributor Road Town County/Postcode
RS Components Ltd. Birchington Road Corby Northants
NN17 9RS
Additional Details
Information Inner Diameter Typical Loss Material

Designed specifically for the
installer who demands fast and
easy assembly. The design of
the rear of the connector
crimps directly on the optical 2.4mm 0.5dB Stainless Steel
fiber (eliminating pull-away
from the connector) or
incorporates an optical source
or detector. Mates with male
SMA connector.

Picture A2-11. SMA connector.
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Appendix 2

Controller Driver Circuit

Design Version Input Output
0to 10V
Sven Riedel et al 01 from +1.1V
electronic controller
. I . . . 1 . _—
Power supply and input buffer I Differential amplifier 1 Inverting amplitier | Output buffer
| {IN - 5V} | (Gain=022) | {OUT=022(5V-IN)}
1 I 1

+15V, -15V, GND
R1, R2, R4, RS, R6
R3

R7

C1,C3,C4,C6
C2,C5,C7

ul

U2

From Switch Mode Power Supply
10k, 0.25W, 1%

4R7,0.25W, 1%

2k2,0.25W, 1%

0.1pF, 50V, Ceramic

10uF, 25V, Tantalum

LF347N (Operational Amplifier)
LM2931AZ-5 (Voltage Regulator)

(13~
144 OUT
+
D

U

+15V ——l———vin

GND
cht | +5V
GND +
TC6 U2 —I-C7
GND

Schematic A2-1. Controller Driver.
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Power Booster Circuit

Design Version Input Output
+1.1V
Sven Riedel 01 from +14.3V
controller driver

Power supply and input filter

{Gain

Non-inverting power amplifier

=13}

+15V ¢

"

GND

{OUT =13 * IN}

AV !
cé
=2 L 4
cs lC4
L}u +— l—J_ \D2 R3
GND
GND GND

-15V b

+15V, -15V, GND
R1

R2

R3

Cl, C3, C4

C2

Cs,C6

D1, D2

Ul

HS

From Switch Mode Power Supply
10k, 0.25W, 1%

120k, 0.25W, 1%

4R7,0.25W, 1%

0.1puF, 50V, Ceramic

0.01uF, 50V, Ceramic

10uF, 25V, Tantalum

1N4001 (Diode)

LA465A (Power Amplifier)
2.0°C/W (Heatsink)

Schematic A2-2. Power Booster.

ouT
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Source and Opto-Switch Circuits
Design Version Input QOutput
From digital outputs To analogue input
Sven Riedel 01 of the of the
acquisition board acquisition board
+5V i
IC3 16
GND 7 Vee
-5V —e VEE YO0
lCS Y1
T7 swsv3lor w2
GND Y3
pos—H A Y4
pos—4 B Y5
pos—4 C Y6
6 INH Y7
GND
Ul 8
b
GND
+8|V +8V
> 8
RI3 Ve v, R14
+15v-e—4 VvV +8v 2 A 20 RsT  DSG X i
Vo ——20 T]RG THD
GND + K ‘L—SO CTL  OUT [2—4p
C1 C7 GND
GND
U3 2 U4 C6 L
I ki I —F | = T TG
GND GND GND GND GND GND GND GND
+15V, GND From Encapsulated Linear Power Supply
+5V, -5V From Voltage Regulator (Detector Board)
R1, R4 110R, 0.5W, a =% 3ppm/°C
R2, R5, R8, R11 200R, 0.6W, 1% U1 MM74HC4051N (Analogue Multiplexer)
R3,R6,R9, R12  100R, 0.6W, 1% U2 NE555N (Timer)
R7 91R, 0.5W, a == 3ppm/°C U3 MC7808CT (Voltage Regulator +8V)
R10 75R, 0.5W, o =+ 3ppm/°C U4 Slotted Opto Switch with Logic
R13 300R, 0.6W, 1% HS Clip-on Heatsink
R14 200k, 0.6W, 1% D1-D4 LEDs (respectively blue, red, green, infrared)
C1,C2,C3,C4,C5 0.1pF, 50V, Ceramic Q1-Q4 ZTX690B (NPN-Medium Power Transistor)
Cé6 0.01pF, 50V, Ceramic DO4, DOS, DO6 From Digital Outputs (Acquisition Board)
Cc7 10pF, 25V, Tantalum Al2 To Analogue Input (Acquisition Board)
D5-D8 1N4001 (Diodes).

Schematics A2-3. Optical sources and opto-switch.
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Detector-Board Circuit
Design Version Input Output
From digital outputs To analogue input
Sven Riedel et al 01 of the of the
acquisition board acquisition board

7 R11l RI12
l—l::!-—l?—(:)l
12
+
8 o R16 13
U3D

Vv
GND cc
5V —e 7 VEE YO0 13 RS R7
lc1:z y1 e
1 m=3 o1 y2 [
o v3 |2 R4 RS
Do1-J1 A Y4 P
D02 10 B Y5 3 R15 R6
po3—2 C Y6 |2
6| INH Y7 4
GND R14 R13
u2 8 .
]
GND GND
(c2)
T aw R1 5
**) s 7 12
IC6 13 149 A1l
UIB
‘GND UlD
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Detector-Board Circuit (continued)

Design Version Input Output
From digital outputs To analogue input
Sven Riedel et al 01 of the of the
acquisition board acquisition board
+15v-e—H V. 12V P ° 3 v, +5v H +5V
GND +]_ GND +
C4 C7 C8
I N
GND GND GND GND GND
Asv-e—H v, -12v B ° 2 v, sV -5V
GND I GND
C9 C10 Cl5
| =T T 7T 7
GND GND GND GND GND
(e)

+15V, -15V, GND

R1
R2
R3
R4
RS
Ro6
R7
R8
R9

R10, R12

R11,

R13
R14
R15

R16

C1, C2, C4,C5, C6
€9, C11, C12,C13

‘C14
C3

C7,C8, C10, C15

From Encapsulated Linear Power Supply
39k, 0.6W, 1%

36k, 0.6W, 1% U1, U3
68k, 0.6W, 1% v2

18k, 0.6W, 1% U4

51k, 0.6W, 1% Us

1k6, 0.6W, 1% U6

3k, 0.6W, 1% u7

2k4, 0.6W, 1% DO1, DO2, DO3
100k, 0.6W, 1% All

6k2, 0.6W, 1% AO1

20k, 0.6W, 1% D1

11k, 0.6W, 1%
5k1, 0.6W, 1%
7kS, 0.6W, 1%

0.1uF, 50V, Ceramic
0.047pF, 50V, Ceramic
10pF, 25V, Tantalum

OP497FP (Operational Amplifier)
MM74HC4051N (Analogue Multiplexer)
KA7812ATU (Voltage Regulator +12V)
LM2931AZ-5 (Voltage Regulator +5V)
LM7912CT (Voltage Regulator —12V)
LM79L0O5SACZ (Voltage Regulator —5V)
From Digital Outputs (Acquisition Board)
To Analogue Input (Acquisition Board)
From Analogue Output (Acquisition Board)
FDRS850IR (Si PiN Photodiode)

Schematics A2-4. Detector-Board (a) photocurrent to voltage converter, (b) high
input-impedance subtraction, (c;, ¢;) switchable gain amplifier,
(d) 3" order Bessel low-pass filter, (e) constant voltage supply.
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Detector-Board Circuit

Design Version Input Qutput
From digital outputs To analogue input
Sven Riedel 02 of the of the
acquisition board acquisition board

* 14 o
13
> A
UID
we R
o—op
R3
RS
GND GND
(b)
* 12 14 R9 R11
13
+12V 3
U2D R6 |
—-—} 6 N4 . GND 3
R7 5 . 5 + 1 R13 5 ;
11 _
___} U2B ' ca 6 p— Al
U2A
RS -12v ULB
2 8 R10 | Ri2 Lo
ao—L T
v2C GND GND
|
(c) i (d)
__________________________ e e e e e e —————— e
CLK (1)¢-]> D> b E' """" i s
Cs (e EN E | ! —1 0
UP/ DOWN c | ;
CNTR | O = g (5)W
U/ DE) o :
v - ¢ (6)B
RS R [ :
[P §
POR ¢ (8) VDD
404 ADS220 ¢ (4)GND
(e)
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Detector-Board Circuit (continued)

Design Version Input Qutput
From digital outputs To analogue input
Sven Riedel 02 of the of the
acquisition board acquisition board
1 3 o 3 1
+15V Vi +12V Via +5V +5V
GND +J_ GND +
C6 Cc7 C8
GND GND GND GND GND
asv-e—2 v, -12v B * 2V, -5v P -5V
GND l GND
C9 i C10 C11
GND GND GND GND GND
+15V, -15V, GND  From Encapsulated Linear Power Supply
R1 100k, 0.1%
R2, R4 ADS5220 (Variable R, 100k) U1,U2  OP497FP (Operational Amplifier)
R3, RS, R6, RS, U3 KA7812ATU (Voltage Regulator +12V)
R9, R10, R11, R12 10k, 0.1% U4 LM2931AZ-5 (Voltage Regulator +5V)
R7,R13 2k87,0.1% us LM7912CT (Voltage Regulator —12V)
C1,C2,C3,C4, ué LM79L05ACZ (Voltage Regulator —5V)
C6, C9 0.1uF, 50V, Ceramic AO1 From Analogue Output (Acquisition Board)
Cs 2.2uF, 25V, Tantalum All To Analogue Input (Acquisition Board)
C7,C8,C10,C11  10ypF, 25V, Tantalum D1 $2386-18K (Si Photodiode)
U/D (AD5220) Digital I/0-Port 0 (Acquisition Board)
CLK (AD5220) Digital I/0-Port 2 (Acquisition Board)
CS (AD5220) Connected to GND
VDD (AD5220) Connected to +5V

Schematics A2-5. Detector-Board (a) photocurrent to voltage converter, (b)
variable gain amplifier (c) instrumentation amplifier, (d)
low-pass filter, (e) digitally controlled variable resistor
device, (f) constant voltage supply.

223




Appendix 2

DC to 10H7z Noise Test Circuit for the LTC1051 Operational Amplifier

Design Supply Voltage | Operating Temperature Range Gain
Linear Technology VetV T=25°C G=10000
100k 475k
0.1uF
+5V I———Jl
+5V
100 8
- 158k 316k 475k
+ 1 4 > To X-Y
p Recorder
172 LTC1051 0.1uF  ==0.1uF LT1012
-5V
-5V
GND  GND GND GND  GND

Schematic A2-6. Noise test circuit for operational amplifier.
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Appendix 2

Hardware specifications of components used in a tensiograph

High efficiency power operational amplifier L4654 (SGS)
Distributor Road Town County/Postcode
RS Components Ltd. Birchington Road Corby Northants NN17 9RS
Electrical characteristics (V=+15V, T.x=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max, | Unit
\'A Supply voltage +3 +20 \
Vi Input voltage +20 \Y
Vi Differential input voltage *15 \'
I, Peak output current 4 A
Peo: Power dissipation (Te,e=90°C) 20 W
T; Junction temperature -40 150 °C
Rinjease Thermal resistance junction-case 3 °C/W
Tsa Thermal shutdown junction temp. 145 °C
14 Quiescent drain current 45 mA
Iy Input bias current V~=¢18V 0.3 1 pA
Vs Input offset voltage +2 +20 mV
Los Input offset current +200 | nA
SR Slew-Rate 14 V/us
V, Output voltage swing f=1kHz I,=0.5A 26 27 Vip
I,=4A 25 Voo
f=10kHz I,=0.5A 27 Voo
I,=4A 24 Vo
By Power bandwidth P=1W R;=4Q 100 kHz
R; Input resistance (pin 1) f=1kHz 100 | 500 kQ
Gy Voltage gain (open loop) 80 dB
eN Input noise voltage B=10 to 10000 2 6 uv
in Input noise current 100 pA
CMR  Common mode rejection R,<10kQ G,=30dB 70 dB
SVR ~ Supply voltage rejection R=22kQ G,=10 60 dB
Vr5ipple=0.5Vims | Gv=100 40 dB
fﬁpp]e=1 00Hz
n Efficiency f=1kHz I;=3A 66 %
R =4Q
Si Photodiode $2386-18K (HAMAMATSU)
Distributor Post Box Town Postcode
LasIRvis PO Box 428 Bedford MK42 8BF
Optoelectronic Components Ltd.
Characteristics (T,,,=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max. | Unit
A Spectral Response Range 320 1100 | nm
Ay Peak Sensitivity Wavelength 960 nm
@470nm 0.27
S Photo Sensitivity @530nm 0.33 A/W
@660nm 0.46
@950nm 0.60
14 Dark Current Vr=10mV 2.0 pA

225




Appendix 2

Hardware specifications of components used in a tensiograph (continued)

Plastic Fiber Optic Blue LED IF-E92B (Industrial Fiber Optics, Inc.)

Distributor Post Box Town Postcode
LasIRvis PO Box 428 Bedford MK42 8BF
Optoelectronic Components Ltd.
Characteristics (T,,»=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max. | Unit
| Apesk Peak Wavelength 470 nm
AN Spectral Bandwidth (50% of Apear) 25 nm
Oy, Output Power Coupled into polished Plastic Fiber 75 uw
(core @1mm, length 10cm) [;=10mA -11 dBm
Ir Forward Current DC 35 mA
VE Forward Voltage Ir=20mA 4.0 \'%
Plastic Fiber Optic Green LED IF-E93 (Industrial Fiber Optics, Inc.)
Distributor Post Box Town Postcode
LasIRvis PO Box 428 Bedford MK42 8BF
Optoelectronic Components Ltd.
Characteristics (T.my=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max. | Unit
| Apeak __ Peak Wavelength 530 nm
AA Spectral Bandwidth (50% of Apear) 50 nm
O;, Output Power Coupled into polished Plastic Fiber 75 uw
(core D1mm, length 10cm) [z=10mA -11 dBm
Ik Forward Current DC 35 mA
Vg Forward Voltage I =20mA 4.0 A\
Plastic Fiber Optic Super-Bright Red LED IF-E97 (Industrial Fiber Optics, Inc.)
Distributor Post Box Town Postcode
LasIRvis PO Box 428 Bedford MK42 8BF
Optoelectronic Components Ltd.
Characteristics (T.my=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max. | Unit
| Apeax Peak Wavelength 660 nm
AN Spectral Bandwidth (50% of Apear) 40 nm
(O Output Power Coupled into polished Plastic Fiber 100 uw
(core D1mm, length 10cm) [z=20mA -10 dBm
Iz Forward Current DC 40 mA
VE Forward Voltage Ir =40mA 1.7 \
Plastic Fiber Optic IR LED IF-E91A (Industrial Fiber Optics, Inc.)
Distributor Post Box Town Postcode
LasIRvis PO Box 428 Bedford MK42 8BF
Optoelectronic Components Ltd.
Characteristics (T.ny=25°C unless otherwise specified)

Parameter Test conditions Min. | Typ. | Max. | Unit
| Apeak __Peak Wavelength 950 nm
AA Spectral Bandwidth (50% of Apear) 40 nm
(O Output Power Coupled into polished Plastic Fiber 100 uwW

: (core Y1mm, length 10cm) [;=20mA -10 dBm
If Forward Current DC 50 mA
A\ Ir =50mA 1.5 \%

Forward Voltage
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Hardware specifications of components used in a tensiograph (continued)

Optical PMMA Fiber (Industrial Fiber Optics, Inc.)

Distributor Post Box Town Postcode
LasIRvis Optoelectronic Components Ltd. PO Box 428 Bedford MK42 8BF
Characteristics (T,m=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max. Unit
d. Core Diameter 1.0 mm
d; Jacket Diameter 2.13 220 | 2.27 mm
(O Attenuation @470nm 0.1 dB/m
@530nm <0.1
@660nm 0.2
@950nm 1.6
NA Numerical Aperture 0.51
S, Oper. Temperature -55 +70 °C
NPN small signal Transistor ZTX690B (Zetex)
Distributor Road Town County/Postcode
RS Components Ltd. Birchington Road Corby Northants NN17 9RS
Electrical characteristics (T,,,=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max. | Unit
Ic Collector current 2.0 A
Iec Continues collector current 100 mA
Pp Power dissipation 1.0 W
\o Collector-Emitter voltage 45.0 \"
heg DC current gain (I=100mA, Vce=1.0V) 500
he, Small Signal current gain (Ic=100mA, V=10V, £=1.0MHz) 1.0
General use operational amplifier LF347N (National Semiconductor)
Distributor Road Town County/Postcode
RS Components Ltd. Birchington Road Corby Northants NN17 9RS
Electrical characteristics (@V.=*15V, T.n=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max. | Unit
Vee Supply Voltage +18 \%
GBP = Gain Bandwidth Product 4.0 MHz
SR Slew Rate 13.0 V/us
Vos Input Offset Voltage 10.0 mV
I Input Bias Current 200 PA
3, Operating Temperature +70 °C
Precision Picoampere Input Current Operational Amplifier OP-497 (Analog Devices)
Distributor Road Town County/Postcode
RS Components Ltd. Birchington Road Corby Northants NN17 9RS
Electrical characteristics (@V.—=£15V, T,,»=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max. | Unit
Vs Input Offset Voltage 20 50 uv
TCV,s Input Offset Voltage drift 0.2 0.5 nwv/oC
Iz &. Input Bias Current 30 100 pPA
TCIs  Input Bias Current drift -40°C £ Typp < +85°C 0.5 pA/°C
Ios Input Offset Current 15 100 PA
TCl,s - Input Offset Current drift 0.2 pA/°C
CMR Common-Mode Rejection Vem==£13V 120 | 140 dB
V, Output Voltage Swing Ry = 10kQ *13 | %14 \'
A4 Supply Voltage Range -40°C £ T,pp S +85°C | £2.5 +20 \
SR Slew Rate : 0.05 | 0.15 V/us
GBW . Gain Bandwidth Product ~ ‘ 500 kHz
e.p-p. - Voltage Noise 0.1Hz to 10Hz 0.3 uVp-p
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Hardware specifications of components used in a tensiograph (continued)

8-Channel Analog Multiplexer MM74HC4051 (National Semiconductor)

Distributor Road Town County/Postcode
RS Components Ltd. Birchington Road Corby Northants NN17 9RS
Electrical characteristics (T,1,=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max. Unit
Vee Supply Voltage 2 6 \Y
Ve Supply Voltage 0 -6 \Y
Vin DC Input Voltage 0 Vee \'%
Vout DC Qutput Voltage 0 Vee \'%
3, Operating Temperature -40 +85 °C
Py Power Dissipation 600 mw
Ron “ON” Resistance Vee=-4.5V, Voc=4.5V 20 90 Q
High Precision Timer NE5S55N (Phillips Semiconductors)
Distributor Road Town County/Postcode
RS Components Ltd. Birchington Road Corby Northants NN17 9RS
Electrical characteristics (@Vce=+5V to +15V, T,my=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max. Unit
Vee Supply Voltage 4.5 16 \Y
Icc Supply Current Vee=15V,Rp =« 10 15 mA
Pp Power Dissipation 600 mwW
3. Operating Temperature 0 +70 °C
Timing error (monostable) R, =2kQ to 100kQ
tm Initial accuracy C=0.1yF 1.0 3.0 %
Aty/AT Drift with temperature 50 150 | ppmv/°C
Aty/AV Drift with supply voltage 0.1 0.5 %IV
Timing error (astable) R, Rp= 1kQ to 100kQ
ta Initial accuracy C=0.1pF 5 13 %
Atp/AT Drift with temperature Ve =15V 500 | ppm/°C
Ats/AV Drift with supply voltage 0.3 1 %/V
Vou Output Voltage (low) Vec=15V, Lin=100mA 2.0 2.5 \
Voxn Output Voltage (high) V=15V, Liuee=100mA | 12.8 | 13.3 \
torF Turn-off time VRESET = VCC 0.5 2.0 us
tr Rise time of output 100 300 ns
tr Fall time of output 100 300 ns
Increment/Decrement Digital Potentiometer AD5220 (Analog Devices)
Distributor Road Town County/Postcode
RS Components Ltd. Birchington Road Corby Northants NN17 9RS
Electrical characteristics (Vpp=5V, T.m=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max. Unit
Vbp Supply Voltage 2.7 5.5 \
Ino Supply Current ' 15 40 pA
Ppiss  Power Dissipation 75 200 uw
PSS Power Supply Sensitivity 0.004 | 0.015 | %/%
N Resolution 7 ) Bits
INL Integral Nonlinearity Rap = 10kQ -1 +0.5 +1 LSB
Rap = 50kQ), 100kQ -0.5 | 0.2 | +0.5 LSB
AVw/AT Voltage Divider Temp. Coeff. Code =404 20 ppm/°C
Vwesg  Full-Scale Error Code = 7Fy -2 -0.5 0 LSB
Vwzse . Zero-Scale Error Code =00y4 0 +0.5 +1 LSB
Viu Input Logic High ‘ 2.4 \"
Vi Input Logic Low ‘ ) 0.8 \4
Iy, Input Current Vn=0Vorsv +] LA
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Hardware specifications of components used in a tensiograph (continued)

Slotted, Through Scan Opto Switch with Logic

Distributor Road Town County/Postcode
RS Components Ltd. Birchington Road Corby Northants NN17 9RS
Electrical characteristics (T,,,,=25°C unless otherwise specified)
Parameter Test conditions Min. | Typ. | Max. Unit
Diode
VE Forward Voltage @Ir =29mA 1.5 v
Vr Reverse Voltage 3 v
Ir Continues Forward Current 50 mA
Photodetector
Vee Supply Voltage range +4.5 +16 v
Tsinx Output sink current 15 mA
I, Operating Current 15 mA
Pp Power dissipation 250 mW
Coupled
tep Propagation Delay Time 5 Us
(high to low, or low to high)
tor Output rise time 150 180 ns
tor Output fall time 23 50 ns
3 Operating Temperature -40 +100 °C
Low dropout fixed voltage regulator LM29314Z-5
Distributor Road Town County/Postcode
RS Components Ltd. Birchington Road Corby Northants NN17 9RS

Electrical characteristics (Vin=14.4V, I,=10mA, T,»=25°C unless otherwise specified)

Parameter Test conditions Min. | Typ. | Max. Unit
Vo Output Voltage 6VSVNL26V, [,<100mA 475 5 5.25 \Y
-40°C<T£+125°C
Ve Forward Input Voltage 26 \
en Output Noise Voltage 10Hz to 100kHz 500 uVrms
SVR  Supply Voltage Rejection | £=120Hz 80 dB
AV,  Line Regulation 9VIV <16V 2 10 mV
6VSV<26V 4 30 mV
AV, Load Regulation SmA<I,<100mA 14 50 mV
Ripjcase  Thermal Resistance junction-case 55 °C/W
3, Operating Temperature -40 +85 °C
3 Junction Temperature +125 °C

Table A2-1. Hardware specifications of components used in a tensiograph.
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Acquisition Board PC30G

Distributor Location Road Town County/Postcode
Amplicon Centenary Hollingdean Road Brighton East Sussex
Liveline Limited | Industrial Estate BN2 4AW

Analogue Inputs

Number of Channels

16 single-ended or 8 differential (software selectable)

Resolution

12-bits (1 in 4096)

Total System Accuracy (absolute accuracy)

Linearity: Integral +0.05% FS
Differential + % LSB max.
A/D Input Voltage-Ranges +5V,+ 10V, 0to 10V
Data Acquisition Rate 100kHz
Input Impedance: On Channel 10M/20pF
Off Channel 10M/100pF
Offset Voltage + 5 LSB adjustable to 0
Input Bias Current + 100pA/°C
Input Bias Offset Drift + 30ppm/°C
Input Gains:
Ranges 1, 10, 100, 1000 (software selectable)
Guain Error Adjustable to 0
Gain Accuracy 0.25% max, 0.05% typical for gains < 1000
CMRR for various gains 1% max, 0.1% for gain = 1000
Monotonicity 0 to 70°C
Temperature Drift:
Full Scale Error Drift 6ppm/°C
Bipolar Zero Drift 1ppm/°C
Gain + 30ppm/°C
Input Over Voltage Protection + 12V
A/D FIFO Buffer Size 16 samples
General Gain/Queue Length 31
A/D Clock:
Internal Clock 2MHz or 8MHz (software selectable)
Clock frequency tolerance | 0.01%
Clock Drift 10ppm/°C
Internal Clock Divider 2 x 16 bit stages
External Clock TTL compatible
External Trigger TTL compatible
Channel List Length 31
Block Scan Mode Up to 256 channels per block; all channels converted
at max. throughput on each clock pulse
Noise Levels (p-p) G=1:%1bit; G=10: £ 1 bit; G= 100: + 2 bits
Noise levels will vary according to environmental
conditions .
Data Acquisition Modes Polled I/O, Interrupts, Single and Dual Channel DMA
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Acquisition Board PC30G (continued)

Analogue Outputs
Number of Channels 4
Resolution Two 12-bit, two 8-bit
Accuracy + 1 LSB (12-bit), 0 LSB (8-bit)
Differential Nonlinearity + 1 LSB max.
Output Ranges + 5V, = 10V, 0 to 10V (software selectable)
Offset Error Unipolar: Y2 LSB typical, 1 LSB max. (12 bit)
Bipolar: ¥ LSB typical, 2 LSB max. (12 bit)
Gain: Ranges x1, x2
Error 2 LSB typical, 5 LSB (12 bit)
Settling Time to ¥: LSB 10us max. in a Load of 500pF, 2k
Throughput Rate 500kHz (depending on computer)
Temperature Drift 100ppm/°C of full scale
Max. Current Output Source SmA maximum
Monotonicity 0 to 70°C
Digital I/O
Number of I/O Lines 24 in 3 ports (8255 PPI)
Voltage Compatibility TTL
Interface Selection Programmable for simple I/O, strobed I/O, or

handshake I/O

Max. Input Voltage

5.5V

Max. Current Source/Sink

+ lmA

Timer/Counter Specifications

Resolution 16 bits

Voltage Compatibility TTL

Number of Counters 3 (2 used for A/D timing)
Environmental Specifications

Operating Temperature 0 to 70°C

Storage Temperature -55to 150°C

Relative Humidity 5% to 95% noncondensing
Power Requirements
+ 5V 500mA typ.
+12V 100mA typ.
-12V 100mA typ.
Software Support

Supported by EDR Software Development Kit

DOS language support

Windows 3.1 language support (DLL)

Windows 95 language support

Table A2-2. Hardware Specifications of the acquisition board PC30G.
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APPENDIX 3

TABLES OF PHYSICAL AND CHEMICAL PROPERTIES

Material @ 20°C Thermal Conductivity Specific Heat® Specific Weight
W m K™ [Ws ke K] [k m™|

Aluminium Al 237 890 2700
Brass 70Cu, 30Zn 109 388 8500
Stainless Steel (18-8) 15 460 7800
74Fe, 18Cr, 8Ni

Nylon 0.25 - 1150
Water H,O 0.6 4182 998

Table A3-1. Thermal and mechanical properties of various materials. (Source:
Kaye & Laby, Table of Physical and Chemical Constants, Fifteenth
Edition, Longman Group Limited 1986, ISBN 0582463548.
Radiation Type Abbreviation Wavelength Frequency Photons
[nm] [THz] [eV]

Vacuum-UV VUV (UV-C) 100 — 200 3000 — 1500 124-6.2
Far-UV FUV (UV-0O) 200 —280 1500 — 1070 6.2-44
Medium-UV UV-B 280315 1070 — 950 44-39
Near-UV UV-A 315~380 950 -790 39-33
Light VIS 380 — 780 790 - 385 3.3-1.6
Near-IR NIR (IR-A) 780 — 1400 385-215 1.6 -0.9
Near-IR NIR (IR-B) 1400 — 3000 215-100 0.9-0.4
Medium-IR MIR (IR-C) 3000 — 5*10° 100-6 04 -0.025
Far-IR FIR (IR-C) 5%10% - 10° 6—0.3 0.025 — 10~

Table A3-2. The spectral range of the optical radiation in vacuum. (Source:
Bergmann e Schaefer, Lehrbuch der Experimentalphysik, Band III
Optik, 8. Auflage, Walter de Gruyter 1987, ISBN 3110108828, p. 639.

Physical/Chemical Constant Symbol Value Unit Comment
Elementary Charge e 1.6021892 * 10™° As
Bolzmann-Constant k 1.380662 * 10> K k=R/N,
Universal (molar) Gas-Constant R 8.31441 Jmol 'K
Avogadro-Constant Na 6.0221358 * 107 mol”

- Table A3-3. Physical and Chemical constants. (Source: Bergmann e Schaefer,
Lehrbuch der Experimentalphysik, Band ITII Optik, 8. Auflage, Walter de
Gruyter 1987, ISBN 3110108828, p. 1098.

* Energy Units in specific heat constants:

‘1J(joule) = 1Ws = 0.2388cal
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APPENDIX 4

STATISTICS TABLES
z .09 .08 .07 .06 05 .04 03 .02 01 .00
35 0.99984 0.999835 0.99983 0.99982 0.99981 0.9998  0.99979 0.99978 0.99977 0.99976
34 0.99975 0.99974  0.99973 0.99972 0.99971 0.9997  0.99969 0.99968 0.99967 0.99966
33 0.99965 0.99964  0.99963 0.99961 0.99959 0.99957 0.99955 0.99954 0.99952 0.9995
3.2 0.99948 0.99947  0.99945 0.99943 0.99941 0.99939 0.99937 0.99935 0.99933 0.9993
3.1 0.99928 0.99925  0.99922 0.9992  0.99918 0.99916 0.99913 0.99908 0.99905 0.99901
3.0 0.99898 0.99895  0.99889 0.99887 0.99885 0.9988  0.99875 0.99871 0.99868 0.99865
29 0.9986  0.99855  0.9985  0.99845 0.9984  0.99835 0.99828 0.9982  0.99815 0.9981
2.8 0.99805 0.9980 0.99794 0.9979  0.99784 0.99773 0.9977 0.9976 0.9975  0.9974
2.7 0.99735 0.9973 0.9972  0.9971 0.9970  0.9969 0.9968  0.9967 0.9966  0.9965
2.6 0.9964  0.9963 0.9962 0.9961 09960 0.9959  0.9957 0.9956  0.9955  0.9953
2.5 0.9952  0.9951 0.9949 09948 0.9946 0.9945 0.9943  0.9941  0.9940  0.9938
24 09936  0.9934 09932  0.9931 0.9929 09927 0.9925 0.9922 0.9920  0.9918
2.3 0.9916  0.9913 0.9911 = 0.9909 0.9906 0.9904 0.9901 0.9898  0.9896  0.9893
2.2 098900  0.9887 0.9884  0.9881 0.9878 0.9875  0.9871 0.9868 0.9864  0.9861
2.1 0.9857  0.9854 0.9850 0.9846 0.9842 0.9838 0.9834 0.9830 0.9826  0.9821
2.0 09817  0.9812 0.9808 0.9803 0.9798 09793 0.9788 0.9783  0.9778  0.9772
1.9 0.9767  0.9761 09756 0.9750 0.9744 09738 09732 0.9726 0.9719 09713
1.8 0.9706  0.9699 09693 09686 0.9678  0.9671  0.9664  0.9656 0.9649  0.9641
1.7 0.9633  0.9625 0.9616 0.9608 0.9599  0.9591  0.9582  0.9573  0.9564 0.9554
1.6 0.9545  0.9535 0.9525 09515 09505 0.9495 0.9484  0.9474 0.9463  0.9452
1.5 0.9441  0.9429 09418 0.9406 0.9394 0.9382 0.9370 © 0.9357 0.9345  0.9332
1.4 0.9319  0.9306 0.9292  0.9279 - 09265 0.9251 0.9236 0.9222 0.9207 0.9192
1.3 09177  0.9162 0.9147 09131 09115 0.9099 0.9082 0.9066 0.9049  0.9032
1.2 0.9015  0.8997 0.8980 0.8962 0.8944  0.8925 0.8907 0.8888  0.8869  0.8849
1.1 0.8830  0.8810 08790 0.8770 0.8749  0.8729 0.8708 0.8686  0.8665  0.8643
1.0 0.8621  0.8599 08577 0.8554 0.8531 0.8508 0.8485 0.8461  0.8438  0.8413
0.9 0.8389  0.8365 0.8340 0.8315 0.8289  0.8264  0.8238 0.8212 0.8186  0.8159
0.8 0.8133  0.8106 0.8078  0.8051 0.8023 0.7995 0.7967 0.7939  0.7910  0.7881
0.7 0.7852  0.7823 0.7794 07764 07734 0.7703  0.7673  0.7642  0.7611  0.7580
0.6 0.7549  0.7517 0.7486  0.7454  0.7422 - 0.7389  0.7357 0.7324  0.7201  0.7257
0.5 0.7224  0.7190 0.7157  0.7123  0.7088  0.7054 ~ 0.7019  0.6985 0.6950 0.6915
0.4 0.6879  0.6844 0.6808 0.6772 0.6736  0.6700  0.6664  0.6628  0.6591  0.6554
0.3 0.6517  0.6480 0.6443  0.6406 0.6368  0.6331 -~ 0.6293  0.6255 0.6217  0.6179
0.2 0.6141  0.6103 0.6064  0.6026  0.5987 0.5948 0.5910  0.5871  0.5832  0.5793
0.1 0.5753  0.5714 0.5675  0.5636 0.5596 0.5557 0.5517 0.5478  0.5438  0.5398
0.0 0.5359  0.5319 0.5279  0.5239 0.5199 05160 0.5120  0.5080 - 0.5040  0.5000

Table A4-1. Standard normal probabilities P(z), [ P(-z) = 1 - P(2) ],

The values in Table A4-1 were calculated from the integral:

P(Z)

1

2z

z —-l-t
Je ?
0

2

dt

source: (R. Johnson, G. Bhattacharyya, Statistics - Principles
and Methods, 2" ed., 1992, pp. 630-631).
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N 0 05 .10 A5 20 25 30 35 40 45 sce 1.0
50 100 73 49 30 16 8.0 34 1.3 04 0.1
60 100 70 45 25 13 5.4 20 0.6 0.2
70 100 68 41 22 9.7 3.7 12 0.3 0.1
80 100 66 38 18 7.5 2.5 0.7 0.1
90 100 64 35 16 59 1.7 0.4 0.1
100 100 62 32 14 4.6 12 0.2

Table A4-2.

The percentage probability Proby(r| 2 |r,|) that N measurements
of two uncorrelated variables give a correlation coefficient with
[r| 2 |r,o}, as a function of N and r,. (Blanks indicate probabilities
less than 0.05%), source: (J. R. Taylor, AN INTRODUCTION

TO Error Analysis, 2™ ed., 1997, pp. 290-291).

The values in Table A4-2 were calculated from the integral:

Prob, er >

rD
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