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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 OdB 
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. 
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Chapter 1 

CHAPTERl 

INTRODUCTION 

Liquid analysis is an important subject in many areas of modem 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, a.'1.d 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 changes 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 191
h century T. Tait [1-1] devised 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 been 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, sequentially or collectively. The new measuring 

technique of the chemical and physical characteristics of a liquid, which is to date 

referred to as the optical modality of tensiography, injects light, into a pendant drop that 

is sent, after internal reflection in the drop, to a detector that converts the light signal 

into an electronic signal, which is then used for further analysis [1-4]. 
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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 given 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 involved 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 such, 1 although it deals with aspects of tensiographic applications, as 

they are relevant to· the 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 oftensiography. 

1.2 Brief Description 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 

conjunction with surface tension related measurements [1-5], provides a method for 
' 

rapid measurements of multiple chemicar and physical properties of the LUT with only 

one instrument instead of using a variety of 'traditional' measuring devices. J. Tyndall 
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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 tensiography 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 Si02 (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 [J]. A knife-edge [8] 

is fitted to the end-face of a flat drophead in order to adjust the height h 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. 
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[J] Photodiode (spectral response range: 320 to 1100 nm) 
[2] Drophead (concave or flat, PEEK or stainless steel, 0 9.0 mm) 
[3] Collector-fiber (PMMA or silica, core: 0 1.0 mm) 
[4] Liquid delivery (PEEK or stainless steel, inner: 0 1.0 mm) 
[5] Source-fiber (PMMA or silica, core: 0 1.0 mm) 
[6] Drop (hanging from the drophead under gravity) 
[7] LED (selectable: 470 nm, 530 nm, 660 nm, 950 nm) 
[8] Knife-edge (for fiber-height h adjustment) 

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

The conversion and amplification of a low photocurrent, generated m the 

photodiode [J], into an adequate voltage signal is necessary before the signal is passed 

to an acquisition board incorporated in a personal computer (PC). The scheme of the 

conversion and amplification arrangement is shown in Figure 1-2 and a detailed 

description is given in Chapter 3. The embedded analogue to digital converter (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. 

Photodiode 
Signal 

::tt~h~t,i[i~~~f !!'?~({crt~~t~il?;:: 
Photocurrent to Voltage 

Converter 

Offset and Gain 
Adjustment 

Low-pass 
Filter 

Figure 1-2. The principle of the signal flow. 

Data Acquisition 
and 

ADC 

Data storage 
Memory and Disk 

Data Analysis 

The key concept of a tensiograph is the fact that all the various physical and 

chemical processes that modulate the coupled light ih the drop produce a signal, which 

is unique for every specific combination of properties of the LUT. A data set recorded 

over. the time of the life cycle of a drop is called a tensiotrace and Figure 1-3 shows the 

characteristic features of this signal. The life cycle of a drop starts with a remnant drop, 

which then grows to · full size and eventually separates from the drop head. A tensiotrace 

is an AMFOS signal derived from the instrument as the result of processes that produce 

the profile of the tensiotrace, which include partial and total internal reflection (TIR) of 

the light beam.inside the pendant drop, absorption of the light from chr?mophores in the 

liquid, scattering of the light from turb,id particulate matter, changes in the emission 
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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. 

S 0. 8 -1----4--A-...._:,..:_-l-'==---1---l--..J/---"'=='I 

c. 
ai 0. 6 -l----4-l·-1--+---"-1---+---1---l--l--A---1---1 

"C 
::, = 0.4 +----l-f--!--+---+--+----1--,-.-+-""4--I 
c. 
E 
~ 0.2 +----l<--+--+----+---+---<-.,___,__...__--1----11-t 

0+--L-+--!--+---+---+----1--i--+---l-~Y 

0 10 20 30 40 50 60 70 80 90 100 

Time (s) 

Features of this trace 
[J] Rainbow Peak 

Peak Period: 23.813s 
Peak Height: 0.894 

[2] Tensiograph Peak(s) 
(up to two for existing head) 

PeakPeriod: 77.781s 
Peak Height: 0.669 

Drop Period: 97.J 56s 

Figure 1-3. Typical tensiotrace showing the characteristic features. 

A tensiotrace, including the amplitudes of a rainbow peak [1] and a tensiograph 

peak [2], is normalised to 4095 (maximum resolution of a 12-bit ADC) and displayed 

over the time in seconds. The normalised unit of tensiographic amplitudes has been 

termed tensiograph 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] (Figure 1-1) in consecutive measurement cycles has an 

effect on the tensiograph peak height (TPH) and the tensiograph peak period (TPP) due 

to the absorbance of the LUT, which can be used for colour verification purposes. The 

dropperiod (DP) is the time taken for a drop to form and detach from the·drophead and 

can be used to provide information about the surface tension/density ratio of a liquid. 

These and other physical and chemical properties have been shown to influence the 

profile of a tensiotrace [1-13], but despite the obvious usefulness of an instrument that 

provides so many measurands, the. principal use of the tensiograph however is its first 

commercial . type as · a fingerprinting technique. The. software engineering that the . 

present thesis describes is predicated on this fact. It has been demonstrated over a period 
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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 ofliquids or solid samples dissolved in a solvent [1-14]. 

1.3 History of Tensiography 

This section gives a brief overview of the various development stages of the tensiograph 

and its applications commencing in 1987 when McMillan and co~workers began to 

investigate the potential usefulness 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 period of the tensiograph from 1997 to 2001 will then be 

the subject of this thesis, which discusses the different routes that have been followed to 

achieve the improvement compared to a preliminary tensiographic 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 m 

tensiography [1-3]. 

Liquid feed 

~.___.F_D_A _ _. ~ Preamplifier 

Output Computer lOOkHzADC 

Figure 1-4. Schematic. diagram of the FDA apparatus. 

In the following phase of the liquid drop investigations the instrument was used to 

measure individually surface tension, viscosity, refractive index and the chemical 

composition of the LUT [1-4]. The capability of simultaneously measuring· all the above 

measurands in one measurement cycle was demonstrated on the basis of one set of 

results obtained from the sugar processing industry [1~15]. The prototype FDA had been 

operated essentially with one infrared (IR.) LED source with a 940nm spectral peak 

matched to a phototransistor, which was used as the light signal detector of the 
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instrument. The two approaches to the electronic processing of the signal had been via a 

Tektronics 2201 storage oscilloscope, primarily for troubleshooting and the 

investigation of small details in the fiber drop trace (FDT), and secondly via a Wild 

Vision ADC 1208 incorporated in an Acom Archimedes 440 microcomputer with 

purpose written software for the data analysis. The software was written in BBC BASIC 

and presented the captured data in a screen format triggered on the point of drop 

separation, which is shown in Figure 1-5. 

Figure 1-5. FDT captured with a preliminary FDA showing a poor signal-to-noise quality. 

For a constant liquid delivery to the drophead of the FDA the apparatus employed a 

Hamilton Microlab pump fitted with a 500µ! syringe. The capillary used for the liquid 

delivery was a standard 0.75mm inner diameter PEEK high-pressure liquid 

chromatography (HPLC) tubing. A rather poor signal-to-noise ratio (SNR) of less than 

20decibel ( dB) had been recorded in this early development phase of the instrument. 

The SNR of the captured tensiographic data presented throughout this thesis was 

calculated using Eq. (1-1) 

_ ... ····- _ -. _ .sNR =c 20dBI{ ~: J (1 -1) 

where Ua is the maximum amplitude of the acquired tensiotrace and Un is the maximum 

noise amplitude in the trace, which is derived as follows (Consider Figure 1-6 and also 

Section 2-5 of Chapter 2 for more detailed information). 

16 
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T 
(i=M 

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 Un. 

Note that only one tensiographic data set is available to carry out statistical 

computations, which usually require numerous independently measured data sets. The 

linear correlation coefficient r is applied to find a linear section in a tensiotrace. 

k+,l. k+,l. 

k+,l. })i L:Ui 
I: t. - i=k i=k u.---

i=k 
I A I A 

r= (1 :s; k :s; N - l) 
k+,l. 2 k+A 2 (1-2) 

k+,l. I:ti k+,l. I:ui 

I: t. - i=k I: i=k u.---

i=k 
I A 

i=k 
I A 

where A is set to 32 data points, and r close to ±1 is an indication that the data points are 

in linear correlation. Using the best linear section in a tensiotrace, the standard deviation 

cris determined · 

er= 
(1-3) 

l-1 

and subsequently multiplied by 3 to fall into the 99.87% confidence range of a normally 

distributed standard deviation (see TableA4""1). 

(1-4) 

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

empirically determined by varying it in size for tensiotraces of different liquids. 
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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 multi-channel 

spectrometer (PMS). It was a landmark that in this configuration the 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. 

Source 

Liquid feed 

x, y, z x',y',z' ~-
Spectrometer • ••• PC 

,---&---'-'--.a........, 

Drop head 

(a) 

x, y, z: Source-fibers 
x', y', z': Collector-fibers 

Liquid feed 

(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 positions of three sets of fib er pairs: 

For the multi-wavelength PMS-FDA system, white light was injected into the source 

:fiber from a tungsten source, operated from a controlled stabilised direct current (DC) 

power supply, with the coupling improved by a simple lens focusing arrangement. The 

single-wavelength system used a .standard IR photodiode as the detector. For the PMS 

system, the spectral content of the returned signal was recorded every 40ms, which was 

a sampling rate determined by the frame rate of the CCD camera of the PMS. This 

system was capable of analysing the signal from 12 :fiber inputs simultaneously and the 

:fibers used were standard 200µ,n silica :fibers that had been polished before mounting in 

the drophead. 
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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 damped 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 liquids [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 profile 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 fingerprinting 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 stalagmometric methods [1-19] .. The PMMA fibers used for the 

single-wavelength measurements were lmm 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 contain a rainbow peak. However, a rainbow peak 

was obtained with a flat drophead (6mm and 7mm diameter) for aqueous solutions of 

ethanol.· Conversely it was discovered during the studies with a concave drophead, as 

shown in Figure 1-8, that for an investigated liquids, a rainbow peak was present in the 

FDT. 
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Fibers 

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 Optics PX-1 xenon flash lamp or from a number of LEDs 

housed in a specially constructed source and detector box. The light coupled back from 

the collector-fiber in the drophead was passed either to the Ocean Optics SDlOOO CCD 

fiber spectrometer or to one of the several specially constructed photodiode or 

phototransistor detectors, which were also located in the source and detector box. In all 

cases, the amplified signal from the detector was passed to a DASH 16 Junior ADC 

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. 

1.3.5 Fingerprinting Liquids 

In 1994 McMillan and co-workers directed their studies towards manufacturing a 

commercial instrument that would be used to fingerprint liquids by acquiring a data set 

generated from multiple changes o~physical properties during a life cycle ofa drop and 

subsequently comparison with previously obtained data sets. From that time, in 
I 

published papers and articles, the name FDA was replaced with tensiograph 

multianalyser, or either used separately. The. temi tensiograph was decided as a generic 

name by the researchers in the Innovation Centre Carlow in Ireland and Kingston 

University in England working on respectively the optical and ultrasonic/capacitive 

modalities. The respective data set, previously known· as FDT, became referred to 
: ' 

thereafter as tensiotrace. 
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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 400nm to 11 OOnm. 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. 

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' method [1-20]. In addition, a new approach to concentration 

measurements of pure protein · solutions had been devised, to compare once again the 

measurement capability of the tensiograph with a standard UV-vis instrument [1-21]. 

This review of the various development 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 multianalyser. The persistent 

demand on the improvement of the related optical, mechanical, 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 

until 2001. 

IA Challenges facing the Effective Tensiographic Instrument Development 

During the development of the tensiograph the issues surrounding the choice of 

drophead, fibers, sources and detector, liquid delivery system, temperature control 

module and an ru:iti-vibration system have all had to be very carefully considered. In the 

following discussion the major engineering issues of the tc;nsiographic instrument will 
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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 engmeenng design for the 

reproducibility of mechanical drop formation, which 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 to 

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 characteristic of the drophead is 

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

example, might not be the best option for conducting experiments with low­

concentration acids, whereas a stainless steel dropheadis well able to sustain a medium­

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

dropheads in long-term experiments involving high-concentration acids. Consequently, 

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

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

can be found in the flat drophead design, as shown in Figure 1-7(b), are better to clean 

than concave dropheads, as shown in Figure 1-8, where the placement of fibers can 

produce crevices that can · be easily contaminated , and consequently exacerbate the 

practical problem of decontamination. The suspended liquid on a concave drophead is 

forced to the edge of the drophead. It has better wetting capabilities as a consequence 

than a flat drophead, assuming of course that both dropheads are made out of the same 

material, have the· same dimensions . and were dry before the liquid delivery started. It 

has to be. rioticed that the fibers of both drophead designs, see Figures 1-7(b) and 1-8, 

are exposed to the LUT causing a problem; which will be discussed in Section 1.4.2. 

The development of a new flat quartz drophead design ·originated 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 ch~mical 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 of the fibers. The effect the resin has on the transmitted optical signal 

is negligible, but the positioning of the fibers suffers inconsistency 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 Imm diameter makes it difficult to handle these. fibers. It is 

almost impossible· to bend silica fibers over an extended time period. This can be 

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

permanently to.one end of the fibers, instead of bending the fibers to a remote location 

of these opto-electronic components. An additional problem is the difficulty of fixing 

the fibers in the drophead because. the shrinkage of the resin during curing stresses and 

usually cracks the Imm diameter silica fib~rs. Eventually M?Millan and the author came 

up with a solution to this problem, a new drophead design that uses silica fibers that are 

inserted only mechanically in a quartz drop~ead, being held in position by fixing them 

to the drop head usmg a clamping mechanism. Chapter 5 . provides an extensive 

23 



Chapter 1 

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 of 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 optical alignment of the 

fibers is not reproducible and sometimes quite inefficient. These housings are specially 

designed to mate with Imm 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 plastic devices coupling technique in a tensiograph. A second :fiber-optic 

connectivity option uses the rigid SMA-type housing (Appendix 2, Picture A2-1 l). The 

mating connectors for these SMA-type housings 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 this source on tensiotraces resulting 

from variations in either the connection to the LED or the detector. The disadvantage of 

this system is the extremely high cost per connection and the limited availability of 

commercially high performance opto-electronic components over the range from UV'."B 

to IR-A (Table A3-2). Paradoxi~ally,, .this has led to both improvements and 

deteriorations in the performance 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 ~ 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 

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 delivery to the drophead, 

which subsequently generates noise in the recorded tensiotrace. The amplitude of the 

oscillation of a drop 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 definitely 

have an effect on the profile of the tensiotrace during the recording phase. These 

bubbles occur during the switchover points of the valve, which changes the direction of 

liquid flow in the syringe of the pump, i.e. a liquid sample can either be taken into the 

syringe or this sample 'is ready to be,dispensed again. Consequently, the liquid delivery 

system has to b~ flushed between measurements to avoid the build up of bubbles and 

this option is programmed into an acquisition. software package of the tensiograph, 
' 

which will be described in Chapter 4, The liquid delivery systems will 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, 

i.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 1 OHz and need to be loaded 

with a relatively heavy weight, but the tensiograph is very sensitive to frequencies 

below 1 OHz and its weight is relatively 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 modem 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 conjunction 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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CHAPTER2 

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. 

R (cos&)"1 df) 

y 

x 

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 dA of a medium, e.g. a very small sector on the surface of a drop, can be 

determined as follows. The projection of dA 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. 

29 



Chapter 2 

The definition of dQ and dA, using spherical coordinates ( S, rp), is then 

dQ = sin(S) dS drp (2-1) 

and 

R2 
dA = ( ) sin(S) dS dq:, 

cos 8 
(2-2) 

where R is the distance between the origin O and the sector dA, and e is the angle 

between the direction of projection e and the normal n of dA. The solid angle n, for an 

extended area A, can be calculated by integration, after rearranging Eqs. (2-1) and (2-2) 

and the use of an appropriate coordinate system 

Q = Jcos(e) dA 
R2 

A 
(2-3) 

where 8 and R depend on the upper and lower boundaries of the integral over A. The 

unit of the solid angle Q is [m2m-2
] and has been defined as steradian (sr), which is 

dimensionless. 

2.1.1.2 Refractive Index 

The speed oflight c 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 nx of a substance 

(2-4) 

where c0 [ms-1
] and Cx [ms-1

] are the speed of light in vacuum and in the substance 

respectively. The more practical use 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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(2-5) 

where n1 is the index of refraction of the medium in which the incident ray (coming 

from a light source LI or L2) travels, 61 is the angle with respect to the normal at the 

refractive boundary at which the incident ray strikes the boundary, n2 is the index of 

refraction of the medium in which the refracted ray (la, lb, 2a or 2b) travels, and Bi 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 (1 b) and at the same time partially reflected back into the 

medium from which it originated (1 b '). The ray is not deviated at the boundary of two 

dissimilar media, if the incident ray is collinear with the normal of the boundary (la 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 (2b '). 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 Be 

(2-6) 

where n 1 is the refractive index of the optically less dense medium, and nd 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 Be, 

then the refracted ray is tangent to the boundary at the point of incidence. After the 

rearrangement ofEqs. (2-4) and (2-5), the refractive index appears in the form 

cl n2 sin(el) 
n21 =--;-; =-;;; = sin(B

2
) (2-7) 

where n21 is the relative refractive index of two media 1 and 2, which is the ratio of the 

absolute refractive indices of both media. 
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(a) (b) 

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 opticalfibers 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 

'~-'~ 

(a) (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 nd than the cladding with a lower index of refraction n1. 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 TIR.s 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 fib er and the principle of the light 

guidance through the fiber respectively. 
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Polymer overcoat 

Interface 

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

With regard to Figure 2-4 (b ), the critical angle Be, which determines the maximum 

angle 81 (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 Be = 0.5n - Bi. Using the 

definition of Snell's Law in Eq. (2-5) with n2 = nd, and the definition of the critical 

angle Be in Eq. (2-6), the angle 81 can be defined as 

(2-8) 

where 81 is measured with respect to the fiber axis, and n1, n1, nd 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 81 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 nd and nz in the core and cladding respectively, the expression in Eq. 

(2-8) can be manipulated 

sin(B1 ) = 3!._sin(TC - sin-1(!!:.!_JJ 
n1 2 nd 
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sin(BJ=J_~n~ -nf (forair,n1 =l) 
n1 

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(B1) = ~(n; - nf) (2-9) 

where B1 is the acceptance angle defined above. The angle B1 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 (281) 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 NA 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 ofy. 

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 fib er, 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 NA, 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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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 <D 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<J> = I dQ (2-10) 

where the proportional factor I [Wsr-1
] 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 

d<J> = I cos(s) dA = E dA 
Rz (2-11) 

where E [Wm-2
] 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 <D 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 p(J) is the ratio of the reflected optical power <I> 2, R and the 

emitted optical power <I> 2, E 

(2-12) 

The spectral transmissivity r(2) is the ratio of the transmitted optical power <I> 2, T and the 

emitted optical power <I> 2, E 

(2-13) 

The spectral absorptivity a(2) is the ratio of the absorbed optical power <I>2, A and the 

emitted optical power <I> 2, E 

(2-14) 

where p(2), r(2) and a(2) are dimensionless and the value of each of these properties is 

within the range Oto 1. The following definition is limited to non-luminous substances 

but applies for any wavelength. 

(2-15) 

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

the /-direction, then the optical power will be 

<I>- d<I> di 
di 

at the point I + di ( e.g. on the surface of a liquid drop), which means, that 

d<I> 

di 
is the decrease of the optical power with respect to the length I [cm]. By imposing a 

form for d<I>ldl it can also be expressed as 

d<I> d<I> 
di = -a <I>(!), or (!)=-a di (a > 0) 

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

ln(<I>) = ln(<I> 0 )-al 

or 
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(2-16) 

where <Do is the optical power at the point I= 0, a(2) [cm-1
] 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) 

(2-17) 

where e [litre moT1 cm-1
] is the molar absorptivity, c [mol litre-1

] is the concentration of 

the compound in solution, I [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 lav [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 a of a given emission 

ray that couples will have a positive a for ray coupling 1, an angle close to zero 
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for ray coupling 2, and an a of negative sign for ray coupling 3. The emission 

cone from a multimode step-index fiber is approximated by a cos2{a) term. Note 

cos(2a)=cos2
( 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 losses due to 

Fresnel reflections, i.e. light is reflected ba9k 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 TIR.s, 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 Vi. 

The situation for the coupling ray 1 in volume Vi and ray 3 in volume Vi and 

tensiograph peak(s) is defocused. For the couplings 1 and 3 the focus is well 

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

D 

F 

Source fib er. · '. ·; 

, Coilector fibeg-.---+-"-

Vi : Ray 1 coupling (a= pos) 
V2 : Ray 2 coupling (a= 0) 
V1 : Ray 3 coupling (a= neg) 

x : Focal point (Ray 1 cone) 
y : Focal point (Ray 2 cone) 
z : 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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(a) (b) (c) 

(d) (e) (f) 

Figure 2-7. Characteristic drop volumes related to the rainbow peak (9mm PEEK concave 
drophead @ 25°C). (a) Water at the beginning of the rainbow peak. (b) Water 
at the top of the rainbow peak. (c) Water at the end of the rainbow peak. (d) 
Ethanol at the beginning of the rainbow peak. (e) Ethanol at the top of the 
rainbow peak. (f) Ethanol at the end of the rainbow peak. 

The forces acting on a drop are twofold, namely those force elements arising from the 

surface tension of the LUT r di, and r dl2 (microscopic, see Figure 2-8 (a)) and the 

gravitational force vp g (macroscopic, see Figure 2-8 (b )). r [Nm-1] is the surface tension 

of the LUT, dl1 [m] is the width and d/i [m] the length of the surface-element dS [m2
] , v 

[m 3
] is the volume of the drop, p [kgm-3

] is the density of the LUT, and g [ms-2] is the 

gravitational acceleration. The Laplace pressure p [Nm-2] that arises from the curvature 

at the surface of a drop is complex because of the variation in radii of the drop surface. 

For the derivation of the Laplace pressure equation consider the surface-element dS in 

Figure 2-8 (a) of an arbitrary point Mon the surface of a pendant drop illustrated in 

Figure 2-8 (b ). Surface tension forces r di, and r dl2 from adjacent elements on the 

surface acting on dS, which results in a force that has the direction into the drop of the 

surface-element normal N. 
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x 
(b) 

(a) (c) 

Figure 2-8. For the definition of the Laplace pressure. 

The absolute value for the two forces ydh (Figure 2-8 (c)) is given by 

similarly 

and the summation of the two expressions above yields 

r(_!_ + __!_Jat1 at 2 
r1 r2 

dividing this term by dS = dl1dh gives the Laplace pressure 

(2-18) 

noting this 

r(_!_ + __!_J = p g z + c 
r1 r2 

where C is a constant. At the point x = 0 and z = 0 (see Figure 2-8 (b)) is ri = r2 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 2y/(pgz). 

2.1.3 Noise Co11tributio11s 

2.1.3.1 Electronic Noise 

Consider n carriers of elementary charge e [As] moving with a velocit/v [m/s] through 

a medium oflength I [m]. The current i [A] throughout the medium is then 

. nev 
l=--

l 

and the fluctuation of this current is given by the total differential 

2 ne ev 
( )

2 ( )2 di = -
1
-dv + -

1 
dn 

(2-19) 

(2-20) 

where the two terms are quadratic and added together smce 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-1
]) is constant 

dP. 
~=canst. 

df (2-21) 

The most common example of noise due to velocity fluctuations is the thermal noise of 

resistors 

dPnoise = 4 k T 
df (2-22) 

where k [WsK1
] is the Boltzmann constant and T [K] the absolute temperature. Since 

P= v2 =l2R 
R 

the spectral noise voltage density [V2s] for an ohmic resistor R [VA-1
] is 
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dV
2

noise = e2 = 4kT R 
df n 

and the spectral noise current density [A2s] for R is 

d/ 2 
noise ·2 4kT 

---=l =--
df n R 

(2-23) 

(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 

(2-25) 

where qe [As] is the electronic charge and I [A] 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. 

i 
a, 
'C 

~ 
ii 7 . 0 E-0 7 -t-ts~tt~---t+-+-J-i-+1Hl-tH1-~H>-11-t---+-----,-,1H1-..-i-tH+--<1-t---++-+-H1 
E 
<t 
a, 

"' 0 z 

0 2 4 6 8 10 

Time (s) 

Figure 2-9. DC to 10Hz 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 k that also includes 

damping c. 

x 

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 

and the kinetic energy is the energy of the mass m of the structure in motion 

Ek = _.!._ m z(t )2 
2 

(2-26) 

(2-27) 

In general, all oscillatory motion of sufficiently small amplitude can be described as 

z(t)= Zsin(mt-B0 ) (2-28) 

where Z is the amplitude, m [rad/s] is the frequency of the oscillation, and Bo [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(t) in Eq. (2-26) is zero, then the kinetic energy in Eq. (2-

27) is at its maximum 

mm 2Z 2 

Ek=---
2 

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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kZ 2 

E =-
P 2 

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

describe free oscillation, results in a solution for OJ of the form 

(2-29) 

This solution OFOJn 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 OJn. 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 c in Figure 2-10) dissipates 

mechanical energy, very often as heat, from the system and attenuates vibration more 

quickly. 

The tensiographir. 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 OJn=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 IOHz (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 ( OJn=3.6Hz) of the air spring anti-vibration system lies in the range 

(0.5 to lOHz) 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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Figure 2-11. Transmissibility of vibration for active and passive anti-vibration systems. 

The problem that arises from using passive anti-vibration damping is the existence of 

the resonance frequency at the lower end of the vibration spectrum. If the ground 

motion in Figure 2-10 is sinusoidal with a frequency equal to the natural frequency of 

the anti-vibration system, then the vibration damping system will resonate and the 

amplitude of its dynamic response can become extremely large. Resonance amplifies 

vibrations of a building; hence a tensiograph will produce noisy tensiotraces. In 

contrast, the building vibrations will be damped, but never completely eliminated, if the 

frequency of these disturbing vibrations is greater than 4Hz (see Figure 2-11). 

2.1.3.3 Pump Vibrations 

The XP3000 micro-stepper pump from CA VRO provides a precision liquid handling 

device, which has been set up especially for the multianalyser. It was decided to operate 

this pump with a 250µ1, stepper motor driven syringe, a fixed dispense and aspirate 

resolution of 24,000steps/stroke and programmable plunger speeds from l .2s/stroke to 

600slstroke. Despite the fact that the XP3000 radiates radio frequency energy, which 

may cause interference to the tensiograph, the objective of this section is to consider the 

mechanical vibration and noise that the pump generates in a pendant drop. The velocity 

v [ steps/s] of the syringe plunger, which determines the volume flow rate of the liquid 

delivery system, is an important factor that may have an effect on the quality of the 

optical signal measurement 
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n 
v=-

t (2-30) 

where n is the number of steps per stroke, and t [ 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 tin 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 setup 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 t 

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 

M 2 

I r.m.s.= 
(2-31) 

where a 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 19th 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 performance of a 

tensiograph. A simple working definition of the TIC (3 [bits]) measure of signal quality 

is taken as 

(2-32) 
(sj > o), (ai > o) 

where N signifies all signal and noise components in the system, Si and ai 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: 

• Drop period (DP) 

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

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

• 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 L-index. The sand L-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(ui)i > Test(us)i}, but the height value 

of the test trace might be larger than the reference trace value at the (i + j)-th position, 

i.e . . {Test(ui)(i+;) > Reference(us)(i+J)}, where (l~i<Nmax), (i<J~max) and ((i+j)~rnax), 

The value Nmax is the maximum number of data points in the data set of the tensiotrace 

with the larger DP. 
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(i = 1) (i =Nmax) 

Figure 2-12. Labelling oftensiotraces for the principal component analysis with M-functions. 

An M-function that has been defined for the DP is simply 

MT= Ts (MT= 1 for (TL = o)) 
TL (2-33) 

where Ts is the smaller DP value and TL is the larger DP value of the two tensiotraces. If 

TL=O then T s=O and Mr is subsequently set to 1 since the division by zero is 

mathematically undefined and that also applies to the following equations in this 

section. Usually there are at most three peaks in a tensiotrace, using a drophead with the 

specification in Figure 1-8, namely the rainbow peak and up to two tensiograph peaks. 

An M-function that considers RPH and TPH( s) has been defined as 

M = f '\· (Mn ~lfor(UL =0)) (J,;m,;J) 
H UL m 

(2-34) 

where m indicates the individual peak of a tensiotrace. A similar definition of the M­

function for the RPP and TPP(s) is 

MT = ((Ts ))m (MT = 1 for (TL = 0 )) (1 ::; m ::; 3) (2-35) 
TL m 

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)i 

and (uL)i 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 Nmax and normalises the result by taking the sum over the 

maximum number of data points Nmax· 
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(2-36) 

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

Ts. An alternative M-function "Points-Digital" has been defined using a tolerance set 

{O(no-match), l(match)} summation thus over the entire series of data points and 

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

Nmax 
L X; 

M - .l::L_. 
PD - N ' 

max 
(2-37) 

The difference between the tensiotraces is compared point-by-point with the maximum 

standard deviation O"max (Eq. (1-3)) of the two traces, and a match is accepted if the 

difference is within the range of O"max and discarded otherwise. The factor µ 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 As that both tensiotraces overlap, see Figure 2-12. 

(2-38) 

where As is the smaller area that both tensiotraces overlap and AL is the larger area. 

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

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=I-M 

where Mis one of the M-functions in the Eqs. (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' (Tc,Uc,P) 

in a three-dimensional feature space (T,U,P). The computation of the feature 

vector is performed over the entire data set { (ti,Ui,P )J(l ::; i ::; Nmax)} that 

constitutes the tensiotrace and hence each trace point contributes to the final 

measurement with equal weighting. 

2. 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 (T,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. 

3. The specific location and distance between two points in the feature space 

should represent the differences between liquids. Two equations, namely the 

'difference' Li (Eq. (7-13)) and 'closeness' ~ (Eq. (7-14)), have been defined to 

express the differences between liquids mathematically. 

4. An 'exchange operator' 8 (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 Eqs. (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 B 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 (tst) 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 (Nref and Ntst) and the maximum sample number, represented by 

the number of data points ((Nrnax = Nref) if (Nref> Ntst) else (Nmax = Ntst)). 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 

(2-39) 

where ud = Ure/- u1s1 is the difference in the signals of the reference and test tensiotraces. 

It should be noted that the absolute value of Ud 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 

(here U D) 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 &v. The standard deviation O"v of 

each sample difference ud can then be determined using 

O" -D-
i=l 

and the standard error &v of the mean-difference U D is defined as 

(2-40) 

(2-41) 

If two tensiotraces, with randomly added noise, represent a fingerprint of one and the 

same liquid, then ud will be nearly normally distributed with mean U D and standard 

error &v, by computing the sample differences over Nmax 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 ud is expected to estimateUn, see 

Figure 2-13 (a). 

Figure 2-13. (a) Approximate normal distribution of ud, (b) the notation Za/2• 

In the normal distribution, the interval running two standard errors (2&n) on either side 

of the meanU D 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 1 OO(l-a)% error 

margin where 1-a denotes the desired high probability such as 95.4% or 98.2% for 

instance. The upper a/2 point of the standard normal distribution is za12, that is, the area 

to the right of za12 is a/2, and the area between -za12 and za12 is 1-a, see Figure 2-13 (b ). 

A few values of za12 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 za12 notation. Setting 1-a = 0.90, which means that a/2 = 0.05 gives zo.os = 

1.645 (see Table A4-l). 

The next question is, does the normal distribution serve as a reasonable model 

for fingerprinting tensiotraces that produced the data set of the differences ud? 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. 

m; = z( i ) (1 ~ i ~ N maJ 
Nmax+l 

(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 m1, m2, 

m3 and m4, 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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.2 .2 .2 

z 

m1 =-.84 
m2 =-.25 
m3 = .25 
m4= .84 

(b) 

Figure 2-14. (a) Normal distribution and (b) normal scores for a sample of size Nrruix = 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 

(2-43) 

and check if the i-th largest observed difference luali is linear related to the i-th largest 

normal-score (Un + adni ), using the linear correlation coefficient r [2-6] 

r=--;:::===i==I========================= (2-44) 

i=l i=l 

The number r is an indicator of how well the points (luali, Un +adni) fit a straight line 

and if the differences luali of two tensiotraces are normally distributed, then r is close to 

±1, i.e. the points (luali, Un +adni) 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 luali are not normally distributed. An example should clarify this statistic. 

Assuming that the four sample values are uai=.0075, utf2=.0082, utf3=.0068, and 

ua4=.0044 yields Un =.00673 and av=.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 D + (J'i}121 = .00673 - .00139 = .00534 

.0068 U D + (]'i}112 = .00673 - .00041 = .00632 

.0075 U D + (]'i}113 = .00673 + .00041 = .00714 

.0082 U D + (]'i}114 = .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 oftensiotraces. 

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 r0 , ProbN(lrl ~ lrol) is the probability that N 

measurements of two uncorrelated variables would give a coefficient r as large as r0 • 

Thus, if a coefficient r0 was obtained for which ProbN(lrl ~ jr0 1) is small, it is 

correspondingly unlikely that the variables are uncorrelated; that is, a correlation is 

indicated. In particular, if ProbN(lrl ~ jr0 1) ~ 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 lrJ ~ 0.3 is 

given in Table A4-2 as 0.4%. Thus, if 90 measurements gave r = 0.3, the evidence of a 

linear correlation between the two variables would be highly significant. 

2.5.2 Nonparametric I11fere11ce 

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 (tst), the data points are recorded in the 

following way 

ref-trace 

tst-trace 

R1, R2, · • ., Rnref 

T1, T2, .•. , Tntst 
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It is desired to test the null hypothesis Ho that there is no difference between each data 

point (Ri, It), i.e. there is no difference between the two tensiotraces (the opposite to Ho 

is the alternative hypotheses H1). 

Hypotheses 

Ho: The two tensiotraces are identical. 

H1: The two tensiotraces are shifted apart; see Figure 2-15. 

Ho 

Figure 2-15. For the explanation of the Hypotheses H 0 and H 1• 

Note that no assumption is made regarding the shape of the distribution 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 oftensiotrace data 

points are plotted on the same diagram, using the markings R and T to identify their 

sources. Under Ho, 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 T. 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 R • • 8 9 

T • Ranks 1 

T T R T R ••••• 2 3 4 5 6 

(b} 

RR R ••• 7 8 9 

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 Ho must be considered. The procedure 

for the rank-sum test, to test Ho (the two tensiotraces are identical), is as follows: 

1. Rank the combined samples of n = n,ef + n 151 data points in increasing order of 

magnitude. 

2. Find the rank-sum W,ef, 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-l. 

Under Ho, the distribution of W,ef has 

and 

which yields 

nref (nref + ntst + 1) 
mean = -----''----'-----

2 

. nrefntst (nref + ntst + 1) 
var zance = -----''-------'-----

12 

nref (nref + ntst + 1) 
W,eJ - -----'-'------

z = 2 
n,ef ntst n,ef + ntst + 1 

12 

the rejection region for the z-statistic can be determined by using Table A4-1. 

(2-45) 

If there are ties present in the ordered data set, i.e. different data points have 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. Then pairs (R1, T1), (R2, T2), ... , (Rn, Tn) are independent and the R1, 

... , Rn are then ranked respectively /JI, ... , Pn among themselves, and the T1, ... , Tn are 

ranked respectively T1, ••• , Tn among themselves. Before a measure of association can be 

presented, note a few simplifying properties. Because each of the ranks 1, 2, ... , n must 

occur exactly once in the set /JI, ... , Pn, it can be shown that 
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1+2+ ... +n n+l 
p= =-

2 n 
and 

~( . _ -)2 = n(n
2 -1) 

f;;t P, p 12 

for all possible outcomes. Similarly 

_ 1+2+ ... +n n+l 
T= = 

n 2 
and 

I(r. -f)2 = n(n2 -1) 
j;J I 12 

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 rsp is defined by 

(2-46) 

This rank correlation shares the properties of r that -1 ~ rsp ~ 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. 
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CHAPTER3 

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 

Electronic 
Controller 

Temperature 
Sensor 

Light Path 
through Fibers 

and Liquid Drop 

Power Supply 

Linear 

Switch Mode 

: . 'Tetriperature ' " 
· .. controller ririver' 

.· Board\ ... , · 

·. Detecforiioard Acquisition Board 

Peltier·· 
.· Power]3ooste~ ~ Thermal Module 
:;/Board. . 

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 

Electronic Controller unipolar bipolar 

(commercially available) output high-impedance differential inverting output output 
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 V) 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 (±15 V) 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 C2 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 LF34 7N, 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 U1 on the board, that the two capacitors C1 and C3 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 C2 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 ofUIA) 

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 Urn as a 

differential amplifier, generates the actual desired result of this additional electronic 

circuit by subtracting the on-board produced +5 V 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 U1c 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 Um, R3, and C4), 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 C4 (the cost is less than 10 pence) have been 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 Um 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 ±2A, 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 

Temperature Controller output range 
voltage non-inverting noise clamp output ± 14.3 V Driver Board 
± l.lV - 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 U 1) are 

bypassed with low series impedance capacitors for good stability (see the noise 

reduction section in Figure 3-4). This technique, using ceramic (C1, C3) and tantalum 

(C5, C6) types in parallel is recommended in the data sheet of the high-power 

operational amplifier OPA548 from BURR-BROWN (10/97). In addition, it is 

recommended to put C2 between the positive and negative power supply terminals and 

physically as close to the IC U1 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 V would tum 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 (±l5V, ±2A) 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 (R1 and feedback resistor R2), 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 

U1). In order to achieve high circuit stability the gain of the power amplifier U1 has been 

adjusted to 22.3dB, and therefore the Peltier power booster generates the output voltage 

in the desired range ±14.3 V, due to the ±1.1 V 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 ± 14.3 V instead of the 

expected ±l5V that is supplied to the amplifier. This has been carefully designed to 

operate this circuit within its full input signal range from -1.1 V to + 1.1 V. If a gain value 

greater than 22.3dB had been used, the output voltage of the amplifier would have 

saturated at about -14.3 V or + 14.3 V anyway, because of the internal losses in the power 

amplifier L465A. 
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-1.32 -0.88 -0.44 0 0.44 0.88 1.32 

Controller Driver Output (V) 

Figure 3-5. Linear relationship between input and output signal of the Peltier power booster. 

The Peltier device, representing an EMF-generating load, can return load current 

to the amplifier U 1, causing the output voltage to exceed the power supply voltage. This 

damaging condition has been avoided with clamp diodes (D1, D2) from the output 

terminal of U 1 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 RihHS [°CIWJ of the required heatsink can be determined according to 

Eq. (3-1): 
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(3-1) 

where Bj [0 C] is the maximum junction temperature, !JA [0 C] is the maximum ambient 

temperature, PD [W] is the power dissipation, and RthJc [°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 (2A) - thus PD = 15W, 

thermal resistance junction/case (3°C/W), and maximum ambient temperature (45°C), 

the thermal resistance RthHS has been calculated to 2.33°C/W. A heatsink with thermal 

resistance RthHS = 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 TIR.s 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 (D1 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. 

Rl 

GND 

(a) 
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 IF 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 IF of a 
super bright LED (IF-E97, 660nm), source: Product Catalogue 
Industrial Fiber Optics, Inc. 
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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 ofRi in both circuits by 

R(.9) = R0 (1 + a.9), 
1 dR 

a=--
R0 d.9 (3-2) 

where a [K1
] is the temperature coefficient of the resistor, Ro [.Q] is the resistor value at 

0°C, and .9 [0 C] is the temperature of the resistor [3-1]. Furthermore, the current 

through the LED Di in circuit 3-6(a) is determined by the voltage Vi across Ri over the 

resistance Ri (IF= Vi/Ri), which means that h, and therefore the intensity of the LED, 

varies with a change in resistor value Ri. Similarly, the intensity of Di in circuit 3-6(a) 

will change if the voltage drop across Di 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 Qi rises about 2m V/°C [3-2], which 

can be compensated (base potential of Qi rises equally) by connecting the diode Ds 

(thermally close to Qi) from the base of Qi to the resistor R2, as shown in Figure 3-6(b ). 

It is important that the resistors R2 and R3 of the voltage divider in Figure 3-6(b) are 

located thermally close together and have the same temperature coefficient a, to retain 

the resistance ratio of the divider, which consequently anchors the base of Qi constantly 

at the same potential. Ri in Figure 3-6(b) is a special resistor with an impressively low 

temperature coefficient a = ±3ppm/°C, thus a change in temperature has virtually no 

effect on the resistance ofRi. This constant current source therefore drives a remarkably 

constant current through the LED Di, allowing for variations in the voltage drop across 

Di (see Eq. (3-3)). 

(3-3) 

where VR2 [V] is the voltage drop across the resistor R2, Vns [V] is the voltage drop 

across the diode Ds and VsE [ VJ is the voltage drop across the base/emitter path of the 

transistor Qi. It should be noted here that the base current of Qi is not included in the 

calculation of lp, because it is negligible due to an extremely high DC current gain hFE 

(500) of the transistor ZTX690B (Qi). 
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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 D1. Thus the multiplexer U1 has been added to 

make this possible. This multiplexer is computer controlled via a digital interface 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 D04, DOs, and D06 of U1, the voltage (+5V, pin3 of U1) can be 

switched to one of the outputs YO to Y 7 successively. Only the LED in use needs to be 

driven, which is selected via a HIGH signal of one of the output channels YO to Y 7• 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 
of the 

Acquisition Board 

i 
I 
I 
I 
I 
I 

Tensiograph I 
I 

Opto-Switch Control I 
I, ·' of the . 

LED Driver Board 
I 
I 
I 

Figure 3-8. The principle of triggering the tensiotrace acquisition process. 

The first unit (C1, U3, and C7) of the opto-switch control circuit provides the power for 

the opto-switch U4 and the timer IC NE555N (U2), and it is also used to supply the 

entire light emitting diode driver board with a constant and noise-reduced voltage 

(+8V). Due to a relatively high current (25mA to 38mA, drawn by a selected LED of the 

circuit) through the integrated fixed voltage regulator U3 and the voltage drop (7V) 

across this device, heat is produced and has to be dissipated by mounting a heatsink HS 

on the voltage regulator U3. Eq. (3-1) was used to determine the minimum size of the 

required heatsink HS for the voltage regulator U3. 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 i~ 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 O V, 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~ lms. The time tint 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. 
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Figure 3-9. Trigger signal of the opto-switch, (a) real signal-time tint of the 
light beam interception (opto-switch output), (b) extended signal­
time tint of the light beam interception (NE555N timer output). 

In Chapter 4 it will be discussed why it is necessary to generate an expanded pulse 

width tint as shown in Figure 3-9(b ). Further discussions here concentrate on how this 

pulse width expansion is implemented. Using the signal tint in Figure 3-9(a) as the input 

signal for the timer U2, an expanded interception-time tint will be generated according to 

the values of the components R14 and C2 of the associated RC-network, 

tint= l.1R14C2 = 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. 

light signal 
from 

collector-fiber 

Detector Board 

± 15V from encapsulated linear power module 

photocurrent to offset signal low-pass 
voltage converter control amplification filter 

~ ~ 

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

output range 
OVto IOV 

Firstly, the light signal that has been coupled into the collector-fiber, as discussed in 

Chapter 1, is sent to the photodiode D1 and generates a photocurrent that varies in its 

amplitude with the light intensity of the detected signal. The implementation of the 

photocurrent to voltage converter in two consecutively constructed tensiographic 

instruments were different. Figure 3-ll(a) shows the obsolete version of this electronic 

circuit and Figure 3-11 (b) illustrates the design of the up-to-date photocurrent to voltage 

converter. The comparison of the two circuits (see Figures 3-ll(a) and 3-ll(b)), with 

identical photodiodes D1 a.11.d D4, reveals the disadvantage of the circuit in Figure 3-

11 (a), because a relatively high dark current 10 , continuously flowing through the 

photodiode D4, reduces the performance of this component. The dark current lo 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 U3A has the potential O V and therefore pin2 of U3A has also the 

potential O V, which means, that the voltage drop across the photodiode D1 is always 

kept at OV. 
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Figure 3-11. (a) preliminary version of the detection of a light signal, (b) presently employed 
application of the photocurrent to voltage converter. 

Whenever the photodiode D1 in Figure 3-1 l(b) is illuminated, a photocurrent flows and 

generates a voltage drop across the resistor R9, which is proportional to the photocurrent 

of D1. The modified photocurrent to voltage converter (see Figure 3-ll(b)) is more 

sensitive in the lower detection range than the circuit shown in Figure 3-1 l(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-ll(a) is the SV power supply that 

generates only a voltage range (0 V to 8 V) on the output of the detector board. This is a 

limitation considering the input voltage range (0 V to 10 V) of the acquisition board 

PC30G. 
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Figure 3-12. Dark current 10 versus reverse voltage VR 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 ±12V, 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 (c1, and c2)) 

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 ( c2), connected to the non-inverting amplifier in ( c1), in eight 

steps by using the functionality of the multiplexer in ( c2), 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 3rd 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 fc 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 fc 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 -Jii2. 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 O V to 10 V 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 3rd order Bessel 

low-pass filter is over-engineered, as the comparison with a 1 st 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 I· 

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 (R2, 

R4), which allow the user of a tensiograph to change the gain A in the range from 1 to 

121 (see Eq. (3-4)) 

A= (R2 +R3XR4 +Rs) 
R3Rs 

(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. 

74 



Chapter 3 

n(n+l) ( 
steps= n = 128 positions of potentiometer wiper) 

2 (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] 

CMRR = 20dB lg[ (I+ R, t') !: ] (3-6) 

where a= R9/R11 = R10/R12 = 1, /j.a = 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 fc = 1/(21tR13C5) ~ 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 CHI) of the PC30G 

have been configured as differential inputs for the signals All (see Schematics A2-4 

and A2-5) and AI2 (see Schematic A2-3). Remember, the advantage of operating an 
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analogue input in differential mode is its remarkable CMRR. The analogue signals Ail 

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 OVto SV(O 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 OVto lOV(O to 4095 resolution ofthe 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 

(lOOkHz) 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, 1 OOO) 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 AOl (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 -5Vto +5Vto adjust the offset as required. Three of the 

24 available digital input/output lines of the PC30G are connected to the signals D04, 

DOS, and D06 (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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3.6 System Integration 

The electronic system of a multianalyser consists of three independent units that form 

an interconnected structure, which controls the instrument via a specially designed 

software application (see Chapter 4). Figure 3-14 shows the two units that control the 

temperature of the thermal module of a tensiograph. 

Controller Driver Board 

(a) (b) 

Figure 3-14. (a) temperature controller unit and (b) Peltier driver unit. 

The controller driver board is strapped to the electronic controller and both devices in 

unit 3-14(a) interchange signals via single core cables. A cable connection between unit 

3-14(a) and 3-14(b) provides the communication channel that controls the current 

through the Peltier devices, which is drawn from the switch mode power supply in the 

instrument (see Picture A2-2). 

The LED driver and detector boards are incorporated in a shielded metal box to 

protect these sensitive electronic circuits against electromagnetic interference (EMI) and 

physical damage. This arrangement is displayed in Figure 3-15. 
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Figure 3-15. Tensiograph source and detector unit. 
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The encapsulated linear power module ( see Picture A2- l) supplies the electronic 

circuitry inside the box via a shielded cable, and a shielded multi twisted-pair cable 

transmits the electronic signals between the source and detector unit and the acquisition 

board in the PC. 
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CHAPTER4 

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 software 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 5 for easy 

reference. Section 4.1 briefly describes important strategies for the development 

efficiency of modem 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 component 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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Figure 4-1. (a) List prior file selection, (b) post file selection, and (c) prior file removal. 

The list facility was originally designed to provide its service to the application that was 

developed to solve the problem, here the tensiotrace observation tool, but due to the 

ActiveX technology it can be linked into an application that displays a text file, for 

example, when a list entry has been selected. This is illustrated in Figure 4-2. The 

functionality of the list facility remains the same but the associated application has 

changed. The list facility could even run without assigning it to any application (this is 

very useful for module testing purposes) when it has been compiled as an executable 

(.exe) file. This software development technique supports divide and conquer, and 

produces reliable and efficient modules by encapsulating data types and functions, that 

belong together, into a maintainable unit and give access only to a well-defined 

interface between the user and the ActiveX component. A compilation of ActiveX 

modules can then be linked together to build a rather complex and relatively large 

software application, such as the analysis package for the multianalyser (Section 4.4). 

Tensiotrace Observation: 

ETHANOL.TGD 

PETROL.TGD 

WATER.TGD 
OILTGD 

A class is a user-defined type. 
.,..C_LA_S_S_. T-G-0----------.... - ' This section introduces the 

basic facilities for defining a 

Help Index: 

ACCESS.TGD • 
ARGUMENT .TGD class, creating objects of a class, 
BACKSPACE.TGD manipulating such objects ... 
BITWISE.TGD 
C++ TGD 
CL.::..':,~, H.i[• 

(a) 

(b) 

Figure 4-2. Example of two different applications (a) tensiotrace observation, and 
(b) help file, using exactly the same list-facility. 

The programming language in the Visual Basic IDE is BASIC, as the name of 

the toolkit already implies. This programming language suffers the lack of ' low-level ' 
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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, ... 

public: 

press, drag, ... 

end class 

program fragment 

button b 

b 7 Forml 

ifb.press 

b.size = (x, y) 

end if 
b.drag(xPosition, yPosition) 

destroyb 

end program fragment 
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Button 

(a) (b) (c) 

: : : : : : Button J 

..... ~ 

(d) (e) 

Figure 4-3. Illustration of the pseudocode button example, (a) create button, (b) assign 
button to a form, (c) resize button after it has been pressed, (d) button has 
been dragged to a different position, (e) button has been destroyed. 

OOP is ideal to replace the ActiveX technology programming style, which was formally 

used in the Visual Basic IDE. It also supports divide and conquer and it is definitely 

easier and more flexible to use in a program than ActiveX components. 

All software packages described in this chapter have been designed to run on the 

operating system Windows 95/98 from Microsoft. Windows 95/98 distinguishes itself 

from the historical disk operating system (DOS) in the way that it uses the event 

mechanism, which changes the classical (linear) programming style into event driven 

programming (EDP). In essence, event driven means that the program does not restrict 

what the user can do next. For example, in a Windows program, the programmer has no 

way of knowing the sequence of actions the user will perform next. They may pick a 

menu item, click a button, or mark some text. So, EDP means that the designer writes 

code to handle whatever events occur that the user is interested in, rather than writing 

code that always executes in the same restricted order. The software, which has been 

produced with the C++ Builder IDE and runs on a Windows operating system, is based 

on the properties, methods, and events (PME) model. The PME model defines the data 

members (properties), the functions that operate on the data (methods), and a way to 

interact with users of the class (events). Properties are characteristics of existing 

components in the IDE (properties can also be self-designed). It is possible to see and 

change properties at design time and get immediate feedback as the components react in 

the IDE. Well-designed properties make the components easier for others to use and 

easier for the designer to maintain. Methods are functions that are members of a class. 

Class methods can access all the public, protected and private properties and data 

members of the class and are commonly referred to as member functions. 

Consider Figure 4-4 for the explanation of the nomenclature of the FED used 

throughout this chapter. 
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Name of Process 

Wait for Events Process 

NO 

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). 

84 



Chapter4 

Acquire 

Offset, Gain ad'ust 

AcquireData start 

Port, Set controller 

Save Trace 

End 

menu 

tool 

time 

File, Acquisition, Pump 

OpenTrace, SaveTrace, Jnfonnation, 
PlungerSpeed, Volume/Time, 

Clean/Prime 

TimeBase 

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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Level 1 

Save Trace 
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Open Trace 

save Save Trace 

saveas 
SaveTraceAs 

Syringe Type 
syringe 

SerialPort 
serial 

Acquisition info 

e 

wave 

Pump speed 

volume 

clean 

Information 

Normal, 
Automatic, 
Constant, 
Vibration 

Wavelength 

PlungerSpeed 

Volume/J'ime 

Clean/Prime 

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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NO CANCEL 

Display the selected 
tensiotrace on the screen 

Wait for Events 
Level I 

Figure 4-7. FED of the 'OpenTrace'-process. 

The 'Open Trace' -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 'Open Trace' -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. 

SaveTraceAs 

NO CANCEL 

Get trace-data out of the main 
memory and save it onto disk 

Save Trace 

Get trace-data out of the main 
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 (Save Trace), 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' -

event is triggered, see Figure 4-9. 

Information 

NO 

Wait for Events >+---~ 
Level 1 

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

NO 

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 . 

(see note) 

Change to the selected type of 
tensiotrace acquisition 

. Normal: . .tinN, syringe,' seri~l, 'speed/ volume, ~lean · . 
. Automatic: time,~ serial; speed, volume, clean . 
. Constant: . time. syringe'. serial, speed, volume, clean . 
. Vibration:·.· time,' syringe, serial, speed, volume; clean·'. 

' ' . 

Wait for Events "'4------, 
Level 1 

Change to the selected type of 
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 

Save new plunger speed 
and use it in the program 

Wait for Events 
Level 1 

V olume!fime 

Save new volume and time 
and use them in the program 

Figure 4-11. FEDs of the 'PlungerSpeed'- and 'Volume/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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Wait for Events 
Level 2 

cancel 

Wait for Events 
Level! 

Start cleaning/priming the 
liquid delivery system 

Stop cleaning/priming the 
liquid delivery system 

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

The main waiting task (Wait for Events) of the Clean/Prime window (opened 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 O ( all 

events that are not associated with the application Acquire) can always be triggered. 

This means, the user of the tensiograph software 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 

'Syringe Type' -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 (COMl 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 software is designed to 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 (250µ1, 500µ1) (COMI, COM2, COM3, COM4) (1.25, 2.5, 5, 10, 20, 40s/DIV) 

l 
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 (COMl 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) ofthis process that 

allows only the specified events (adjust, stop, controller, and dma) to trigger the 

associated sub-processes. 

AcquireData 

ad'ust 

dma 
controller 

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

Offset, Gain 

Wait for Events 
Level 1 

Port, Set 

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). 
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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 //provides functionality for saving acquired data 

private: 

p[array-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 ... 

endTBoard 

AcquireData 

b TBoard, s TStorage 

s.Erase 

b.CTWrite(sample-rate) 

b.ADinBinBackground 

repeat 

check for events 

ifBackgroundADinStatus( d) 

s.Add(d) 

canvas(d) 

end if 

until 'stop'-event occurs 

· b.StopBackgroundADin 

end AcquireData 

//create the objects b and s 

//clear the main memory allocated by p[] 

//initialise counter/timer on the board 

//start sampling the data in DMA-mode 

//Level O and Level 3 

//ensures that new data is available 

//store data in buffer p[] 

//display data on canvas of main window 

//stop button, drop separated, p[] full 

//stop the DMA data sampling 

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 tint 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 CHI of the PC30G, and sometimes it has been the case that this 

time exceeded the pulse width tint;::::! Ims. 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 BackgroundADinStatus exceeds tint;::::! Ims, 

then the interception signal would be lost and the occurrence of drop separation would 

consequently be missed, using the pulse width tint as shown in Figure 3-9(a). 

Conversely, using the pulse width tint ;::::! 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 BackgroundADinStatus, which then reads the values of the updated registers, 

associated with the input channels CHO and CHI 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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Wait for Events 
Level 1 or Level 3 

Gain 

Adjust the gain by one step 
(range 1 to 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 10 V/4096 ;::: 2.44m V (see 

Section 3.5) and one step of the gain adjustment is determined by A/steps~ l.47E-2 (see 

Eqs. (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. 

CANCEL 

Save serial port setting and use this 
port for the temperature controller 
(COMI, COM2, COM3, COM4) 

Wait for Events 
Level 1 or Level 3 

Set 

CANCEL 

Save temperature value and adjust the 
temperature according to this value 

(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 (AID), 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 CHI of the PC30G are assigned respectively to 

the output terminals All and AI2 of the tensiograph. Channel CHO is monitoring the 

generated signal of the detector circuit and channel CHI 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 AID data from the 

two channels in use (CHO, CHI). 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 JNTEGER and allocated before 

ADlnBinBackground 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 BackgroundADinStatus 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 CHI. The interpretation of the 

signal from channel CHI (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 DAOutVoltage sets the voltage on the DIA channel DACO of 

the PC30G using a microvolt value. DACO is connected to the input terminal AOI 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). D04, DOS, and D06 

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 properties 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 
RemoveReference 
SelectAl/Reference 
FindReference 

Open Test 
Remove Test 
SelectAl/Test 

FindTest 

reference 

test 

menu 

tool 

tab 

File, Edit, Settings 

OpenReference, RemoveReference, 
SelectAl/Reference, FindReference, 

OpenTest, RemoveTest, 
SelectAl!Test, FindTest 

Information, MDValues, 
Traces, Match, Difference 

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. 

File 

Wait for Events 
Levell 

exit 

Remove Test 

SelectTest 

FindTest 

o enref OpenReference 

Open Test 

removetst 

selecttst 

findtst 

Settings 

Wait for Events 
Levell 

removeref 

selectref 

findref 

SetPassword 

match MValues 

RemoveReference 

SelectReference 

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 

'Open Test' -processes. 
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Open Reference 

CANCEL 

YES 

Analyse the tensiotrace data and 
assign it to the reference section 

Chapter4 

Wait for Events 
Level! 

Open Test 

YES 

Analyse the tensiotrace data and 
assign it to the test section 

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 tom 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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Wait for Events 
Level I 

MValues 

CANCEL 

YES 

SetMValues 

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. 

Match ~ 

Display match-graph 

Display tensiotrace information 

Wait for Events 
Level I 

Difference 

Display difference-graph 

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'-

process. 

DValueResolution sense 

9 
Display match and 
difference values 

Wait for Events 
Level 1 

Display tensiotrace(s) 

select 

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

GraphSelection 

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 

Set resolution of difference 
values (Norm, Milli, Micro) 

Change difference values and 
graph according to settings 
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Wait for Events 
Level 1 

GraphSelection 

Select tensiotrace graph-mode 
(Reference, Test, Overplot) 

Display tensiotraces according 
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. 

Remove 

YES 

Remove selected traces from the 
list 

Select all Trace-names in the list 

Wait for Events 
Level 1 

Find 

CANCEL 

YES 

Search for the trace-name and 
highlight it in the list if found 

Figure 4-24. FEDs of the 'Remove'-, 'SelectAII'-, 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 

process Data-Scatter. 

File, Scatter, Traces menu 

Data-Scatter 

Wait for Events 
Level 1 

exit 

statl Statistics 1 

stat2 Statistics2 

stat3 Statistics3 

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. 

Wait for Events 
Level 1 

exit 

Scatter 

Wait for Events 
Level 1 

exchange 

Exchange the r-colurrms 
in the (r, ~)-tables of the 
reference and test traces 

Wait for Events 
Level 1 

loadre 

loadtst 

LoadReference 

LoadTest 

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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Wait for Events 
Level 1 

LoadTest 

CANCEL 

YES 

Load test data into a linked list in 
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. 

Statistics 1 

Centroid (RefT, TestT) 
Centroid (RefU, TestU) 

Highest Peak (RefP, TestP) 
Difference, Closeness 

Statistics2 

T-Mean (Ref, Test) 
U-Mean (Ref, Test) 

Deviation (RefT, TestT) 
Deviation (RefU, TestU) 

Statistics3 

Distance (Ref, Test) 
Max. Points (Ref, Test) 

Figure 4-28. FEDs of the 'Statistics!'-, '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 (ti, ui)ref and (ti, ui)tst respectively 

o Normalise the values in both lists 

• Compute the centroids of both tensiotraces (Tc, Uc)ref and (Tc, Uc)tst 

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 T-direction 

o The interception of the two half areas represents the centroid (Tc, Uc), 

Eqs. (7-2) and (7-3) 

• Compute the (r, ,B)-table (Table 7-1) for the reference and the test trace 

o For all data points (ti, ui) do 
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• Calculate ri, Eq. (7-4) 

• Calculate /Ji·, Eq. (7-5) 

• Store values in (r, /J)-table 

• Compute the P-coordinate 

o Search for the highest peak in tensiotrace and assign it to P 

• Calculate the 'Closeness' ~. Eq. (7-14) 

• Perform the data-scatter analysis and generate the statistical values 

o Apply the 'exchange-operator' 3, 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 aT Eq. (7-10) and O"u Eq. (7-11) 

o Calculate the 'Distance' o, Eq. (7-12) 

o Calculate the 'Difference' 11, 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 acquired 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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Picture 4-1. Software user-interface of the data acquisition package Acquire. 

- . 

Note that Picture 4-l(a) shows a recorded tensiotrace using a different time base than 

the tensiotrace shown in Picture 4-1 (b ), thus the tensiotrace is displayed in an unclipped 

manner and in a clipped manner respectively. In order to acquire the data properly, i.e. 

in an unclipped manner during a full life cycle of a liquid drop, the time base must be 

set appropriately according to the speed of the pump and the properties of the liquid. 

The use of menus is a convenient way to select an item from a set of functions in 

a software package. Picture 4-2 shows the menus of Acquire that a user can choose 

from. Also see Figure 4-6. 

file 

C2:; .Qpen. Ctrl+O 

Q _ e) 

Savees ... 

~.Erint.. . Ctrl+P 

ecquisition 

z lntorrnat1on Ctrl+I 

• Normal Acquisition 

eutomatic Acquisition 

~onstant Head 

Y:ibration 

Wavelength 

.Eump 

E'lunger ':,peed Ctrl+U 

• ~ lean/Prime ... 

• Syringe 250 ul 
Syringe §00 ul 

.S.erial Port 

Ctrl+L 

Picture 4-2. Pull-down menus of the data acquisition package Acquire. 

All of the items on these menus can be selected using the mouse of the PC on which the 

application Acquire is running. More frequently used items on a menu can also be 

selected using accelerator keys (for example Ctrl+O). By pressing the Ctrl-key and the 

0-key on the keyboard of the PC at the same time, the ' Open' -dialog will be activated 

even if the pull-down menu is invisible at the time of this action. All menu items with 

the accelerator key facility, i.e. Ctrl+'key', work in the same way as described above. 

Menu items that also display a solid black dot in the first column specify a permanent 

selection, which is valid until another menu item of the same kind will be selected. The 

solid black triangle in the last column of a menu item indicates the display of a submenu 

as soon as this particular menu item is selected. 
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After the selection of ' Open . .. ' from the ' File ' -menu, the open dialog as shown 

in Picture 4-3 will be displayed on the screen of the PC. Also see Figure 4-7. 

Open DEii 

Lookjn: j ..J TestTrace 

.!'!J 1_Water01 .tgd 
~ 2_Water01.tgd 

IMMIM 
.!] 3_ Waler01Mod.tgd 
~ 4_ Waler01.lgd 
.!J 5_Waler01 .lgd 

Fiename: p_water01 .tgd 

Fies ol Jype· IT en~ograph fles [•.tgd) Carul 

Picture 4-3. Open-dialog of the data acquisition package Acquire. 

To display the data of a tensiotrace on the canvas of the Acquire application, the user 

has to highlight one of the files with a tgd-extension (tgd stands for tensiographic data) 

and subsequently press the open button of the open dialog. The open dialog also 

provides a browser option, filename filter, folder creation option and more, but these 

facilities are of minor importance, thus they will not be discussed. 

The save dialog will be displayed on the screen of the PC following the selection 

of the ' SaveAs' -item or ' Save' -item of the ' File' -menu. Combined with this action the 

detail input window pops up to allow a user to classify the data of the tensiotrace that 

will be saved in non-volatile memory, i.e. on a hard disk, CD, or a similar storage 

medium. Picture 4-4 shows the two screenshots of the save dialog and the detail input 

window. Also see Figure 4-8 for more information. 

Acqumtion Details 

Liqt.id Name: jEthanol 

Concentration [%i ]ss. 7 

BatchlT race Nllllber: jo51103-011 

/T""E 

Save As IJEi 

Save in I J:J M9 Computer 

- 3ll Floppy (A:) 
Win98[C:) 

Fie!!<'f"" JTestTrace.tdg 

SaveasJl'pe. jTensiog,apl,files(".lgd) 

Picture 4-4. Acquisition-details and Save-dialog of the data acquisition package Acquire. 

To save the data of a tensiotrace, the user of a tensiograph has to type in a filename and 

press the save button of the save dialog. Subsequently the acquisition details will be 

added to the header of the tensiograph data file, and this header information is then used 

to distinguish between various files that were saved previously. In 'Automatic ' mode, 

the field 'Number of Traces ' of the acquisition details dialog determines how many 
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tensiotraces should be acquired without user interference. Tensiotraces of the type 

'Automatic' are saved with a leading number in their filenames as shown in Picture 4-3. 

Numerical principal component values of the graphical representation of a 

tensiotrace can be displayed by opening the information window as shown in Picture 4-

5. Figure 4-9 shows the interactive FED of the information window. 

Acqu1S1lmn lnlormation £i 

T ensiolr ace File Name: 

Drop Period [s]: 

Rainbow Peak Period [s] 

Rainbow Peak Height [TU]: 

T ensiograph Peak (1) Period [s]: 

T ens1ograph Peak (1) Height [TU]: 

T ensiograph Peak (2) Period [s]: __ _._ ___ __.;;=~ 

T ensiogr aph Peak (2) Height [TU]: 

Block Temperature t•c1: 29.9 

Wavelength/Bandwidth (nm]: 660/40 

AID Converter Error [TU]: 

Standard D.....;ation [TU]: 

Signal to Noise Ratio [dB]: 

Acquired Datapoints: 

I L ..... ~-~----..JI 

Picture 4-5. Acquisition-information of the data acquisition package Acquire. 

The most important principal components of a tensiotrace are summarised m the 

acquisition information window. The displayed information is divided into three parts, 

namely the liquid-specific values (DP, RPP, etc.), the machine-specific values (block­

temperature and wavelength), and the statistical values AID conversion error (see Table 

A2-2), SNR (see Eq. (1-1)), standard deviation a (see Eq. (1-3)), and acquired data 

points N. 

The acquisition mode and the wavelength of the LED, which illuminates the 

LUT (see Figure 1-1), can be selected from the menu as shown in Picture 4-6. 
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e,cquisition 

Z !nformation... Ctrl+I 

• Normal Acquisition 

e,utomatic Acquisition 

.Constant Head 

~ibration 

\,•./avelength I> A?O nm (blue) 
_g30 nm (green) 

------

• ]260 nm l red I 
~50 nm (infr ared) 

Picture 4-6. Pull-down menu of the data acquisition package Acquire. 

Both the acquisition mode and wavelength items on the menus will be permanently 

selected, even after a restart of the PC and Acquire application, so that the user does not 

need to select these items every time Acquire was started, unless the user wants to 

choose a different item on these menus. Figure 4-10 shows the associated FED. 

Chapters 1 and 2 briefly discussed the need for a feature that is incorporated in 

Acquire, which provides an option to change dispense and aspirate time of the liquid 

delivery system, and also facilitates a user of the tensiograph to dispense a defined 

amount of liquid to the drop head. 

Pump Plunger Speed (Acquisition) Ef Pump Volume/I une £i 

lnctoase Tune by 10s : ,--
, ........ .. ..... ... ..... ....... ........ .... ......... ... , 

Plunger Up Speed: Jm..:J Seconds/Stroke lncreaoe hne by 1 s . 

Plunger Down Speed: P-53 Seconds/Stroke lncr""se Time by O ls 

f'l.mp Trne 

f'l.mp Volume 

Picture 4-7. Pump-setting dialogs of the data acquisition package Acquire. 

The ' Pump Plunger Speed' -dialog in Picture 4-7 (also see Figure 4-11) presents the user 

with the possibility to change the plunger speed of upward and downward directions in 

several steps, whereas the 'Pump Volume/Time' -dialog can be used to stop the pump of 

the tensiograph, after a predefined dispense time has elapsed, which results in a defined 

volume of the LUT hanging from the drophead. This feature was used to carry out 

vibration and evaporation studies that will be discussed in Chapter 6. 

Drophead cleaning procedures and the prime process of the liquid delivery 

system, i.e. pump, tubing, and drophead, are vital tasks during a measurement of LUTs. 

Picture 4-8 shows a screenshot how the 'Pump Clean/Prime' -dialog is presented to the 

user of Acquire. Figure 4-12 represents this dialog in a more detailed manner. 
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·;:;:i Pump Clean/Prime 13 

Clean Cycles: ~ ~ Start!;;lean 

Prime Cycles: Start .Erime 

Progress: 

Clean ~peed I Prime Sp_!!ed j Cancel 

Picture 4-8. Clean and Prime dialog for the pump of the data acquisition package Acquire. 

Priming requires usually a higher plunger speed of the pump than cleaning, which can 

easily be adjusted by opening the 'Pump Plunger Speed' -dialog (Picture 4-7) from the 

'Pump Clean/Prime' -dialog to choose the appropriate speeds for cleaning and priming. 

A preset number of pump cycles will be used to pump the LUT or a cleaning solution 

from a sample container via the pump and tubing to the drophead. Chapter 6 describes 

these issues in more detail. 

The changing of the syringe type and serial port connection has been described 

in conjunction with Figure 4-13 . Picture 4-9 shows now how this is implemented in the 

user interface of the data acquisition package Acquire . 

.Eump 

II .Elunger Speed... Ctrl+U 

I t!i :f 

II blean/Prime... Ctrl+L 

• Syringe l50 ul 

Syringe §00 ul 

• COM,;: I F:S-232 I 
COM~ [ RS-232 I 
COM.4 [ RS -232 I 

Picture 4-9. Pull-down menu of the data acquisition package Acquire. 

A 250µ! syringe is usually used with the micro-stepper pump of the tensiograph and 

will only be changed to 500µ! for research purposes; hence the syringe options on the 

'Pump' -menu are not assigned to an acceleration key. However, the appropriate syringe 

type has to be selected on the 'Pump' -menu, following an amendment of the syringe 

size, in order to maintain the expected performance of the tensiograph. Communication 

between the pump and the acquisition software of the tensiograph is computer 

controlled via an RS-232 connection. One of a number of possible COM ports of the PC 

has to be assigned to the pump, which can also be done from the 'Pump' -menu. 
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A second COM port of the PC is reserved for the communication between the 

temperature controller and the acquisition software of the tensiograph and can be 

selected in the 'Digital Display Communication Port' -dialog as shown in Picture 4-1 O. 

The mutual exclusion of choosing an active COM port, i.e. a COM port of the PC that is 

already assigned to an external device, is indicated by a faded option on the menu in 

Pictures 4-9 and 4-10. That means two devices can never be assigned to one and the 

same COM port. 

·~, Digital Display Communication Port EJ 

Serial Port Numbe--· 

r." CO Ml ( AS-232) 

r COM.J ( AS-232) 

r COM~ ( AS-232) 

I :·······.Qk ·······:1 
....... . ..... . 

Cancel j 

Digital Display Setpoint Value l!!ll!J Et 

Setpoint Value: ~ ·c 

Picture 4-10. Temperature-controller settings of the data acquisition package Acquire. 

Picture 4-10 also shows that the temperature of the thermal system, incorporated in a 

tensiograph, can be adjusted in a dialog of the software user interface. Also see Figure 

4-16. The thermal system will be discussed in Chapter 6. 

4.6.2 Analysis Package 

The objective of the analysis software package Analyse is to elucidate the data of 

tensiotraces more comprehensively than is possible with the acquisition software 

Acquire. The presentation of a relatively large amount of information while maintaining 

a user-friendly software interface challenged the author during the development phase 

of this software package. Picture 4-11 shows the user interface of the data analysis 

package Analyse. Figures 4-17, 4-21, and 4-22 show the associated FEDs of this 

particular screenshot. 
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r'l I ensoograph Analysis l!llii Ef 
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Picture 4-11. Software interface of the data analysis package Analyse. 

Note that the principal components displayed in Picture 4-11 are the same as in Picture 

4-5 (Information screen of Acquire), with the exception that the data of two tensiotraces 

are shown. This is the inherent characteristic of Analyse and facilitates the comparison 

of two tensiotraces at the same time and many traces in subsequent order. Further 

information on multiple tensiotrace comparisons is provided below in this section. 

The menus of Analyse, shown in Picture 4-12 and more fully explored in Figure 

4-18, operate in the same way as the menus of the data acquisition package Acquire, 

which has been discussed above in the previous section. 

,Edit 

O per , B ete1enc,;, Ctrl+Fl fi,;,ter,;,nc,;, Tr:ic,;, ~ 

Open lest ... Shift+Fl lest Trace Select AU Ctrl+F3 

find.. . Ctrl+F 4 

!,_etbngs 

Match Values .. 

!ndicator Va_1u_e•---·~-

8fflphtude (Traces) 
.Iime (Traces) 

lS_eyboard Status Ctrl+K 

Picture 4-12. Pull-down menus of the data analysis package Analyse. 

'Open Reference ' and 'Open Test' on the 'File ' -menu display the same dialog as shown 

in Picture 4-3 enabling the user of Analyse to select various tensiotraces from a mass 

storage device and load them into the main memory that is allocated by Analyse. Also 

see Figure 4-19. 

Analyse includes a password protection mechanism to prevent the maltreatment 

of values in the 'M-Values Setting' -dialog. Picture 4-13 shows the screenshot of the 

user interface that was described in conjunction with Figure 4-20 in Section 4.4. 
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Picture 4-13. Password and M-Values dialogs of the data analysis package Analyse. 

It should be noted here that the match criterion of any principal component m a 

tensiotrace can either be switched off, strengthened or weakened by respectively 

altering the check boxes (squared-shaped) on the left hand side of the principal 

component name, or by using the up/down buttons on their right hand side. Slightly 

different behavior of the option buttons ( circular-shaped) guarantees that at least one of 

the less flexible match criteria, namely 'points-analogue' (Eq. (2-36)), 'points-digital ' 

(Eq. (2-37)), and 'tensiograph area' (Eq. (2-38)), is active for the comparison of two 

tensiotraces. 

Pictures 4-14 and 4-15 conceptually show three different visualisation schemes 

comprising the comparison of two tensiotraces, namely the reference and the test trace. 

The comparison of two tensiotraces, using bar graphs as shown in Picture 4-14 ( also see 

Figure 4-21), is the quickest method, whereas a rapid interpretation of the numerical 

representation in Picture 4-15 is more difficult. 
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Picture 4-14. Match and difference views of the data analysis package Analyse. 

The tensiotrace profile representation, shown in Picture 4-15 (also see Figure 4-22) 

proves to be very useful, when it is important to locate the exact location of differences 

in the two tensiotraces, which can be done by dragging a cross hair across the display 

and resting it at the position of interest. 

Otference St.uta 

Picture 4-15. MD-Values and traces views of the data analysis package Analyse. 

It has to be noted that this tensiotrace analysis tool is usually used to fingerprint two 

liquids, which means, that the differences in the two tensiotraces will not be as obvious 

as illustrated in these pictures. 

The D-Value sensitivity setting, as shown in Picture 4-16 (also see Figure 4-23), 

has been implemented to increase the visibility of differences in two tensiotraces 

(compare the two bar graphs in Pictures 4-14 and 4-16 where the D-Value sensitivity is 

set to normalised and milli differences respectively). 
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Picture 4-16. D-Value sensitivity-control of the data analysis package Analyse. 

The D-Value sensitivity feature facilitates the user of Analyse, with regard to the bar 

graph analysis, to discriminate two tensiotraces of the same liquid (noise will always be 

present), unless the reference and test traces are identical, which is only possible when 

one data set of a tensiotrace is used as the reference and the test trace. 

To display the profile of the tensiotraces in an unclipped manner the time base 

and amplitude range of the displayed traces can be adjusted appropriately. Picture 4-17 

illustrates this facility. 
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Picture 4-17. Amplitude and time-control of the data analysis package Analyse. 

The analysis package Analyse incorporates two independently controlled list 

modules in order to conduct a rapid analysis of multiple tensiotraces. In Picture 4-18 it 

is illustrated that a variety of tensiographic data sets can easily be added to the list, 

removed from the list, or found in the list. 
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Picture 4-18. Sample-list control of the data analysis package Analyse. 

The comparison of multiple tensiotraces is initiated by a step-by-step selection of items 

in the test list, following the selection of an item in the reference list, which means that 

all data sets in both lists can be compared against each other. For more information see 

also Figure 4-24. 

4. 6.3 Data-scatter Package 

The data-scatter software package Scatter, briefly described here and fully discussed in 

Chapter 7, has been developed in addition to the software tool Analyse. The 

visualisation of differences in tensiotraces, compared to the method in Analyse, is much 

more effective because every single data point in both tensiotraces, namely the 

reference and test trace, contributes to the visualisation process as described below. 

Picture 4-19 shows the user interface of the software package Scatter. Also see Figure 

4-25. 
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Picture 4-19. Software interface of the data-scatter package Scatter. 

Loading two tensiographic data sets, which have been acquired with the software tool 

Acquire, position the two centroids ( each consisting of overlapped data points of the 

entire tensiographic data set) and two additional points (representing the maximum peak 

height of a tensiotrace) onto the (T,U)-plane and (T,P)-plane respectively. The pull­

down menu 'Traces ', shown in Picture 4-20, can be used for loading tensiographic data 

sets in the same way as described in previous sections of this chapter. 

file ~catter .I races 

bo,::id F:eterence Ctrl+F: 

LQad Test. .. Ctrl+ T 

Picture 4-20. Pull-down menus of the data-scatter package Scatter. 

Figures 4-26 and 4-27 provide more information of the underlying functionality of the 

menus shown in Picture 4-20. 

The two currently compared tensiotraces might be similar or even identical if the 

centroids of both traces are placed at the same position of the (T,U)-plane and only the 

use of the exchange operator (Eq. (7-6), triggered by clicking on Exchange in the 

'Scatter' -menu or using the accelerator key Ctrl-E) divulges the differences between the 

two tensiotraces. 
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Picture 4-21. (r, J3)-table in the data-scatter package Scatter is exchanged. 

Picture 4-21 shows the screenshot of the user interface subsequent to the utilisation of 

the exchange operator. Sets of statistical values, which describe the differences between 

the two tensiotraces in a numerical manner, are also displayed and can be used for 

further analysis. Also see Figure 4-28. 
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CHAPTERS 

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: 

• Easy to manufacture. 

• Low cost. 

• Use of PMMA and silica fibers without major constraints. 

4.5mm 

0Imm 

2.Smm 

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

• 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.Smm, 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. 

• 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 

tum 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 surface~. 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 

magnified 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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cleaning solution especially devised for a tensiograph has to be used to clean the 

drophead [5-1]. A less contaminated drophead can always be cleaned with pure water 

between measurements as discussed below in this section. Consider Figure 5-2 for the 

first steps involved in the overall measuring procedure for a particular liquid. 
R'"""'"Soi.4mN- R"-«S'*""'N- r .. s......,w ... 
I BI.rt I BI.rt I S"!l'f2Bl: Ff'9IIDII M"'11: i 

Refelenr:eTrace: Refetenceiraee: Teitlr4tt T1acesMak:t: [No 

F_BlANlTGD µ_BIANUGD ::JF_SUliAA28 TGD 3 1,.,..s .... ~fi6ii 

lri.- M-o-v .... J.v..., r- M.idl hm""" M-D-V..., J.v .... r,- Maleh D..,_. 

(a) (b) 

Figure 5-2. (a) Reference tensiotrace of water measured with a clean drophead and 
(b) overlapped tensiotraces of water and a sugar solution measured with 
the same drophead. 

s,-. 

The most important issue is to start a new measurement with a clean drophead. To 

ensure that this is the case, one can prime the tensiographic system with water until the 

profile of a measured tensiotrace indicates acceptably small differences to a previous 

recorded tensiotrace out of the same batch. The data of this trace are then stored in 

memory and serve as the first reference trace (Figure 5-2 (a)) of the overall measuring 

procedure. Similarly, the LUT (in this case a sugar solution) is fed to the drophead until 

the variation between the water reference trace and the tensiotrace of the LUT comes to 

equilibrium (Figure 5-2 (b )). The tensiotrace data of the LUT is then also stored in 

memory (second reference trace) . For the remaining description of the overall 

measuring procedure consider Figure 5-3. 
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Figure 5-3. (a) Comparison of two sugar solution tensiotraces measured with the 
same drophead and (b) comparison of two water tensiotraces after the 
cleaning procedure of the drophead. 

Subsequent to the preparatory steps of the measuring procedure, as outlined above, the 

analysis of the LUT can begin, which involves the comparison of the LUT with the 

second reference trace that was recorded earlier in the process (here a sugar solution, 

see Figure 5-2 (b)). One example would be the QC of sugar solutions from different 

batches as shown in Figure 5-3 (a). The remaining step is to clean the drophead with 

pure water again, until the comparison of the test trace and the first (water) reference 

trace show acceptably small differences as shown in Figure 5-3 (b ). The last step in the 

measurement procedure ensures that the drophead does not remain permanently 

contaminated, which otherwise would require cleaning of the drophead with an 

appropriate cleaning solution as mentioned above in this section. It also provides the 

information whether the overall measurement was satisfactory (Match-indicators in 

Figure 5-3 (b) show only YES according to the preset match criteria) or that there was a 

problem during the measuring procedure and the measurement should be repeated ( one 

or more Match-indicators in Figure 5-3 (b) show NO according to the preset match 

criteria). Note that at this point of the discussion Match-indicators serve as a gauge as to 

how many cleaning or priming cycles are required to clean the drophead properly. Any 

cleaning or priming processes that are necessary during a measuring procedure, as 

described above, require typically about twenty to fifty pump cycles (see Chapter 6), 

which can be initiated from the data acquisition software package Acquire (Picture 4-8). 
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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: 

• Drophead shape is similar to approved cylindrical concave drophead. 

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

• Easy fiber adjustment with additional knife-edge ring. 

• 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 drop head, 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 Imm, 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. 

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

• 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 I200nm [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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Figure 5-5. (a) Transmissibility of silica within the range UV-A to IR-B and 
(b) attenuation of an PMMA fiber in the VIS range. 

Another problem with the stainless steel flat drophead design arises from the fact that 

there exists a gap between the core of the drophead and the knife-edge ring after the 

assembly of these parts and consequently a relatively high probability that small 

particles in the LUT contaminate this cavity. The knife-edge of the drophead also lacks 

mechanical strength and hence can easily be damaged as illustrated in the magnification 

of Figure 5-4. Obviously, there were various problems introduced by the stainless steel 

flat drophead design, which were not present in the PMMA concave drophead design 

and therefore further drophead studies had to be carried out by co-workers of the 

tensiographic project and the author. 

5.3 Plexiglas Spacer Disc Drophead 

The study of a Plexiglas spacer disc (PSD) drophead was conducted in order to 

eliminate any problems with previous drophead designs and to discuss the theory and 

the practical use of a dimensionally invariant representation of tensiotraces. 

5.3.J Plexiglas Spacer Disc Studies 

Several attempts have been made so far to produce an ideal drophead that generates 

reproducible tensiotraces of liquid samples. From the commercial point of view these 

attempts have generally met with failure, since there is a persistent problem of drophead 

contamination. It is obvious that the most appropriate shape of a drophead that reduces 
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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/ can be varied, whereas the space between the 

fiber end-faces and the liquid supporting drophead surface is given bys. 

spacer disc 

I I 
I I 

d 

fibers 

liquid delivery 

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 

fib er separation f The characteristic features seen for the tensiotrace W ater2 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 separations. 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 Ethanol 1, 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. 

5.3.2 Dime11sio11ally I11varia11t Representation of Tensiotraces 

The observation that the tensiotrace profiles for water on a drophead (d=8mm) with 

fiber separation .f=6mm and PSD thickness s=2mm and that of ethanol on a drophead 

(d==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 drop head 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 h (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 h' 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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CHAPTER6 

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. 

F Anti-vibration 
mountings 

Top frame 

Bottom frame 

Leveling feet 

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

A bottom 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 (g[ ms-2 
] 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 

mcorporated 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 (50µ!) 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 (lkg) had been 

dropped from Im above the surface of the workbench on which the experiment was 

carried out. 

Liquid drop 

Top frame of an 
anti-vibration system 

Signal recording device 

~b~i11;,~. 
...._....,l·,lU~;~D 

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 Skg, which shows clearly a quantitatively poorer performance than a system 

that had been loaded with a mass of I 6kg 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 

representation of the vibrating signals include primarily two superimposed· oscillations, 

namely 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 

discussion concentrates on internal vibration issues. 
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Figure 6-3. Anti-vibration system test, (a) loaded with Skg 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 1 OHz with relatively 

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

6.2 Thermal Module 

Early 19th 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-lOL (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' so that one type of charge carrier - either positive or negative - carries the 
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majority of current [6-5]. The pairs of PIN pellets are configured electrically in series, 

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

I Conductor tab 

'N' type 
semiconductor 

Electronic carriers 
moving heat to the 

heatsink 

· Qbj ect to be c6oled' .. 

------1 I I i-------' 
DC source 

Electrical insulation, 
good heat conductor 
( ceramic substrate) 

'P' type 
semiconductor 

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. fu 

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 brass block to store 

the thermal energy Q 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 

reassessment 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-l). 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 

of an aluminium block. 

[1] Drophead support tube, stainless 
steel, 0 x L: 12 x 150 mm, 
filled with stainless steel inserts 

[2] Aluminium heatsink, 6 fins, 
HxWxD: 180x82x68mm 

[3] Liquid drop hanging from a 
stainless steel drophead, 0 9 mm 

[4] Peltier H x W x D: 40 x 40 x 4.7 mm 
[5] Temperature probe 0 x L: 6 x 150 mm 
[ 6] Brass block, 

H x W x D: 195 x 80 x 50 mm 
[7] Through hole 0 12 mm 

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 OH, and the brass block BB. A 

liquid sample LS can be drawn through the liquid delivery tube LDTl 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 OH. Hence the temperature of a gradually growing liquid 

drop can then be measured with the thermometer TM Testa 925 (Picture A2-5) whose 

temperature probe is located in the borehole of the brass block BB and close to the end­

face of the drophead DH. The temperature probe Ptl 00 (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 OH according to the set point 

temperature of the TE module. 

LDT2 LDTI 

---------------·-------. I 
I 

HS PD DH BB TM EC p LS 

Figure 6-7. Experimental setup for thermal studies of a tensiographic apparatus. 

For good thermal conductivity the stainless steel drophead OH (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 OH 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 

as a temperature-keeping device, water samples with different temperatures were 

pumped via the liquid delivery tubes LOTl and LOT2 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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o0°C Liquid Sample 11100°c Liquid Sample 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

Plunger Speed (see table on the right hand side) 

No 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

s/stroke 
600 
300 
100 
40 
30 
15 
10 
7.5 
6.0 
5.0 
4.3 
3.7 
3.3 
2.9 
2.6 
2.2 
1.9 
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 water 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 

case it can simply be verified if the brass block BB is able to supply enough thermal 

energy Q to keep the temperature of a gradually growing suspended drop at a constant 

level. In order to 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-l) 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 (5.0slstroke) and No 13 (3.3s/stroke), or lower of course, for 

liquids with thermal conductivities ranging between 0.13Wm-1K 1 and 0.6Wm-1K 1 

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-l), 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 
VOl COM V02 V03 

ECS 
in from PS 

out Oto lOV 

TM 

CDC 
in Oto lOV 
out ±1.lV 

PBC 
in ±1.lV 

out±14.3V 

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 O V to 10 V. The switch 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 Rl =R2=10R/3 Ware 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 lOV. After 120 minutes the electric current (llOOmA) 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] ofFigure 6-10 illustrates this stage of the experiment. 

2000 d Measurements start at 24.7°C 
~ 1500 (system and room temperature) 
.§. .. 1000 a 
c: 500 Heating Q) ... ... 0 [a] 60.3°C (after 120 min.) :::, 
CJ -500 [b] 60.1°C (after 121 min.) ... 
. !!! .. 
Q) Cooling 
D. 

-5 0 5 10 
[c] 9.6°C (after 240 min.) 
[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 ensure 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 V; measure current ( 41 lmA) using A. 

• Reduce output voltage of ECS to O V; measure current (-484mA) using A. 

• Reduce output voltage ofECS to -5V; measure current (-l l35mA) using A. 

• Reduce output voltage of ECS to -lOV; measure current (-1940mA) using A and 

temperature (60.1 °C) ofBB close to DH using TM; between markers [a] and [b] 

of Figure 6-10 elapsed 1 minute. 
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• After 119 more minutes measure current (-1407mA) using A and temperature 

(9.6°C) ofBB 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 ofECS to -5 V; measure current (-501mA) using A. 

• Increase output voltage ofECS to OV; measure current (258mA) using A. 

• Increase output voltage ofECS to 5 V; measure current (1103mA) using A. 

• Increase output voltage of ECS to 10 V; measure current (193 8mA) using A and 

temperature (9.8°C) of BB close to DH using TM; between markers [c] 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 

/inn 
PD 

: ............ .. . . 
: HS : •............ : 

EC 

CDC 

PBC 

PC 

PS 

[TP] Temperature Probe 
[BB] Brass Block 
[PD] Peltier Device 
[HS] Heatsink 
[EC] Electronic Controller 
[CDC] Controller Driver Circuit 
[PBC] Power Booster Circuit 
[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 Kp. It is responsible for process 

stability. If Kp is too low then the process value can drift away; too high and the 

process value can oscillate. 

• Integral: the integral of the difference multiplied by a gain Ki. It is responsible 

for driving the difference to zero, but setting Ki too high is to invite oscillation 

or instability. 

• Derivative: the rate of change of the difference multiplied by a gain ~. It is 

responsible for system response: ~ 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 Kp, Ki, and ~ 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 fJ. 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 Kp, Ki, and ~ the output 

voltage (0 V to 10 V) 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-l) 

that converts the unipolar input signal to a bipolar DC voltage (±1.1 V), 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 ±4A (see 

operational amplifier L465A 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 ±1940mA (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). 

[1] Selection of the serial communication 
port (COMl to COM4). 

[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 oftensiotraces 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.J Constant Head 

The principle of a tensiographic constant head liquid delivery system, as it was utilised 

man 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 

a 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 OH. 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. 

....... 0.8 
::, 
I- -Trace1 ...... 
C1) 0.6 

"'C -Trace2 
:I -
c. 0.4 -Trace3 

E _Trace4 
<( 0.2 

0 

0 8 16 24 32 40 48 56 64 72 80 

Time [s] 

Figure 6-14. Data of Tracel to Trace4 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 (V:.::::123µ1) of a pure water drop hanging on the end-face of the drophead 

DH (Picture A2-10) - atmospheric pressure (1018hPa), temperature (23.6 "C) - is just 

about to fall off. This was verified by employing a stepper motor pump (Picture A2-S) 

and the pump-setting dialog (Picture 4-7) of the data acquisition package Acquire. 
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With 

follows 

11h= 123 *l0-
6

dm
3 

=0.00l74dm=l74 m 
Jr*0.15 2 dm 2 µ 

where r is the inner radius of the constant head CH and LJ.h 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 (174µm) 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 

to 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 ofTracel to Trace4 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. 

0.385 
0.38 

0.375 
0.37 

0.365 
0.36 

5' 0.355 
t:. 0.35 
~ 0.345 
~ 0.34 
c. 0.335 
~ 0.33 

0.325 
0.32 

0.315 
0.31 

0.305 
0.3 

/,'/ 

-A"T7 

fY/ 
lr'f'_/ 

/7 I 
•r • 

/,If 
--// 

/77-'i 
//// ',i 

d~ 

;I{ 

,-7 I 

I I I 
/1"1"--

II/ .,,_,,, 

12.25 12.56 12.88 13.19 

Time [sj 

(a) 

5' 
!:. 
., 0.68 +---IH-lf\-B>!lJ,lJ-1;1-i-'ff,!·W-it~~flWfW'II--! 
"C 
:::, 

:: 0 675 -1,.+j.,!\,Hfl--'-Hl,\lH-l-~--~......--tr-~ c. . 
E 
cl: 

0. 665 -l--,--,--,---,---,---,---,----,--.--.--,---r 

77.3 77.6 77.9 78.3 78.6 78.9 79.2 

Time [s] 

(b) 

-Trace1 

-Trace2 

-Trace3 

-Trace4 

Figure 6-16. Comparison of water tensiotraces Tracel to Trace4 acquired at 
room temperature (23.3°C) and atmospheric pressure (1018hPa). 
(a) 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 Trace4 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 oflight 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 0.01 TU and 0.008TU peak to peak. 

If Vi 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 tum 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 Vi 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 

equal 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 adjust 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.Ss to 79.Ss). 

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) 
flow-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 I CHEAP EXPENSIVE 

automated system I 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 frequent 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.J 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 6-2L Data of Trace_l 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_l 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_l 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 I IOOnm 

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_l 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 O.OOSTU 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_l 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 1s 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 ti 

(beginning with t0=0), then evaporation of the liquid drop generates similar signal 

amplitudes (presents of noise) of the tensiotrace (u(t0) to u(ti)) in reversed order, but 

usually on a different time scale beginning with To=ti, i.e. u( T1}=::iu(ti-I), u( T2)~u(ti-2), ... , 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(29s)=0.8TU, and u(32s)=0.3TU are 

amplitudes of Trace6 at ti-2, ti-l, and ti 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 t,-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( T0)=u(32s), u( T1)~u(29s), and u( T2)~u(26s) where T0=32s, 

T1==120s, and T2=191s (see Section 6.4.3 for more information). Note that the time 

increments between To, Ti, and T2 are different. The use of the measuring procedure as 

156 



Chapter 6 

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.Ss, 38.Ss, and 18.Ss 
(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 Figure 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 Traces 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.Ss ( 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 NoisepeakTOpeak<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 lOm V. 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. 

Imm PMMA Source Fiber 
Length=50cm 

Source Board 
(Schematic A2-3) 

h=lOmA 
or 

l,=20mA 

~ 

Imm PMMA Collector Fiber 
Length=50cm 

/ Digital 
Voltmeter 

---1.----
Detector Board 

(Schematic A2-5) 
Gain=! 

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 (h=lOmA for 470, 530nm LEDs; lp=20mA for 660, 950nm LEDs) whose 

light is then coupled, using an SMA connector, into a bent (radius r=7.9cm) PMMA 

optical fiber (length=50cm, core diameter=lmm). 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=l), to a voltage Vout [V] measured with a digital voltmeter. 

Following this measurement the current fph [A] through the photodiode can be 

determined 

I = Vout 
ph R 

1 

where R1 [Q] is-the feedback resistor across pins 8 and 9 of UlC. Note that the input 

current of Ul C is 1 OOpA max and is therefore insignificant for the calculation of fph in 

this experimental setup. Further 
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is the optical power [ WJ detected by the photodiode, where S( A) [AW 1] is the photo 

sensitivity of the photodiode depending on the wavelengths A [nm] of the light sources. 

The optical power loss <DLw [WJ or <DLdB [dB] in the light transfer system in Figure 6-29 

is then 

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

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

<D = lOdBmlog(~J 
lmW 

where <Dp [ m WJ 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 Bud1tetfor optical components of a tensioeraoh 
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 

<l>;n Optical Power 75 75 100 100 µW 
coupled into a Imm PMMA Fiber -11.2 -11.2 -10.0 -10.0 dBm 

PHOTODIODE CHARACTERISTICS (see Table A2-1) 
Type S2386-18K 
S(A) Photo Sensitivitv 0.27 0.33 0.46 0.60 AW' 
MEASURED AND CALCULATED VALUES without water) 
Vou11 Output Voltage 1.31 1.63 2.87 2.77 v 
ITJht Photo Current 13.1 16.3 28.7 27.7 µA 

<l>m Optical Power Detected 48.5 49.4 62.4 46.2 µW 
-13.1 -13.1 -12.0 -13.4 dBm 

<l>LWI Optical Power Loss 26.5 25.6 37.6 53.8 µW 
<l>LdBI 1.9 1.8 2.0 3.4 dB 

SOURCES OF OPTICAL POWER LOSS <J)u81 

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) 
aU) Absorption Coefficient 10-4 5*104 5*10-3 10-' cm -1 

MEASURED AND CALCULATED VALUES I with water 
Vout2 Output Voltage 0.62 0.77 1.36 1.09 v 
fvh2 Photo Current 6.2 7.7 13.6 10.9 uA 

<l>D2 Optical Power Detected 23.0 23.3 29.6 18.2 µW 
-16.4 -16.3 -15.3 -17.4 dBm 

<l>un Optical Power Loss 52.0 51.7 70.4 81.8 µW 
<l>Ld82 5.1 5.1 5.3 7.4 dB 

SOURCES OF OPTICAL POWER LOSS <J)Ldm 

Refraction and reflection losses in a water drop 3.2 3.3 3.3 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 Voutl, Iphh <l>D1, <l>un, and <l>LdBl were obtained 

with the centre SMA connector (see Figure 6-29) in place,· whereas Vou12, Iph2, <l>m, 

<I>Lm, and <l>Lds2 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 drop represents 

the rainbow peak (V0 u12 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 V0 u12 was monitored. 

Knowing the optical losses in the SMA connectors and the PMMA fibers (see Picture 

A2-l l and Table A2-l 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(J) in Table 6-2) that optical losses due to absorption in water are negligible at 
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wavelengths 470, 530, and 660nm, but absorption at 950nm adds signifi cantly to optical 

losses. 
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Figure 6-30. Absorption spectrum of water. 
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To this point the discussion about the error budget for a tensiographic instrument has 

only concentrated on the light transferring system in conjunction with a pendant drop of 

water used as the LUT. Liquids other than water will almost certainly have a dissimilar 

effect on the overall optical losses in the system, but the optical power detected by the 

photodiode at the end of the light path will always be less than the optical power in the 

directly coupled system as shown in Figure 6-29. It can be seen from Figure 6-31 that 

the optical power coupled into the light transferring system OPC is firstly attenuated by 

SMA connector and PMMA fiber losses (see OPDl) and secondly by liquid (water) 

losses (see OPD2). 
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Figure 6-31. Power losses in the optical system of a tensiograph. (OPC) optical 
power coupled into a lmm PMMA fiber. (OPDl) optical power 
detected in a bent two-fiber system. (OPD2) optical power detected 
through a pendant drop of water in a bent two-fiber system. 

Nothing can be done in terms of ' liquid-improvement' , because the liquid is the given 

quantity that has to be analysed, i.e. it must not be altered. Now assume that the light 
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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. 

CateKorised Error Budf!et for a tensiof!raoh 
Error a..~ [TU] 

Category Test Conditions min max Information 
External Vibration load 8kg <0.25 Figure 6-3(a) 

load 16kz < 0.16 Figure 6-3(b) 
Internal Vibration no vib. damping <0.10 Figure 6-4(a) 

with vib. damping < 0.005 Figure 6-4(b) 
Stepper Motor Pump @ flow-rate (water) < 0.005 Figure 6-17 

1.249µ!/s < 0.012 Figure 6-16 
Constant Head @ flow-rates (water) < 0.003 Figure 6-20(a, b) 

1.618 to 1.783µ//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 to 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) app 

in Table 6-3 can be interpreted as follows. 

• 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 

(app<0.25TU, app<0.16TU) arose from forced external vibration. 

• 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 ( app<O. l OTU) 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 nois~ 

caused by internal vibration, as long as the error app is not less than 0.005TU. 
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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 (app<0.005TU to app<0.012TU) 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: app<0.003TU to app<0.005TU) 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 relatively small and unvarying error (app<0.004TU 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 app<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 app is even less than O.OOlTU 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 

app<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. appMI~0.004lTU and appMA)('(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 
" \ 

165 



Chapter 6 

error. Errors arising from internal vibrations with anti-vibration feet, evaporation, and 

the ADC are included in both appMJN and CXppMAX· It should also be noted that optical 

losses in Table 6-2 are not included in the overall errors appMJN 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 (app=O.OOlTU, Umax=O.OlTU, 

SNR=20dB) gives the impression to be qualitatively better than a tensiotrace of 

relatively high quality (app=0.005TU, Umax=l.OTU, 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). 

21 

r 
Ai 

Losses ., 
21=0 

Aj ........... it Aj j-th losses component 

tZj j-th noise component 
N max number of losses and 

3s [bits] 3F [bits] noise components 

l ···········Ll_ 
3s tensiographic information 

tZj 
content of source signal 

3F tensiographic information 
a2 aN content of final signal 

a1 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 (tpom1 = 
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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 =Is does not depend on losses. The amount of information in a signal S is 

dependent on the error a (:3 depends on a). A given signal S 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 a, 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 SF contains more information than 

the source signal Ss, (3F>3s). It should also be noted that the information content in a 

signal Sis zero for S<a (3<0). A signal Si, part of a tensiographic data set, with negative 

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

( ) ( ) 

ta. > o) 
3 s. s. s. 1,; 

1 

3=__!!_, 3; =3;_1 +log2 -
1 

, log2 -
1 =Ofor-1 <l, (l~i~N) 

N a. a. a. ( ) 
l l I 30 = 0 

(6-1) 

where a signal Si that falls into the region of the error threshold has no influence on the 

TIC 3i, 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 lsF [bits] in a tensiotrace is determined 

(6-2) 

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 Iss=3s and 1FF=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 (av-s=lmV) in the constant current sources of schematics A2-3, 

the relative voltage noise av-LED of the LED ( only 660nm LED IF-E97 considered, see 

Table A2-1) would be approximately 

_ av-s _ lmV - 0 aV-LED - -- - -- - 0.1 Yo 
VF l.7V 

where VF is the forward voltage across the LED. Note, the small signal gain of the 

transistor ZTX690B is hre=l.O (see Table A2-1), which means that the relative current 

noise of the LED is ai-LEn,;:::,0.1 %. Note that the relative voltage noise av-LED 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 a1-ren=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 ao of the source 

(LED) is then 
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a 0 = <l\n * 700 * 10-6 = lOOµW * 700 * 10-6 = ?On W 

where C!\n is the optical power (LED source signal Ss) coupled into a lmm PMMA fiber. 

Applying Eq.(6-1) with N=l, the TIC of the source signal is 

3s = log2 (Ss) = log2 (100µW) = 10.48bits. 
a 0 70nW 

With <Dm=Sp_s=62.4µW(see Table 6-2) the final TIC (Eq.(6-1), N=l) is 

1 (
s F-B) 1 (62.4µW) . :lF-B = og2 -- = og2 = 9.80bzts 
a 0 70nW 

where SF-Bis 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, 
a.=0.0013TU). 

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

N=I) is 

(
SF-P) ( 0.548TU) 8 72b. 3F-P = log 2 -- = log 2 = . zts 

a 0.00I3TU 

where Sp_p is the maximum peak height in the tensiotrace and a 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 entire data set of the trace. Applying Eq.(6-1) with N=3152 and a=0.0013TU 

(max data points and:max error respectively, see Figure 6-33) the final TIC average is 
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3F-A = 6.99bitS 

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 

(Sp=0.548TU) compared to the tensiotrace in Figure 6-33 includes less information. The 

final TIC average is 

3F-A-ethanol = 2.97 bits 

assuming that the error ( a=O .0013 TU) is the same for both tensiotraces. 
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Figure 6-34. Tensiotrace for TIC calculations normalised to maximum 
RPH=0.548TU (LED 660nm). 

The source and final TICs (3s and 3F 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 lsF (Eq.(6-2), on the other hand, provides 

a good estimate of the overall performance, and 

I 
_ 35 +3F-B _ l0.48bits+9.80bits _

1014
b. 

SF-B -
2 

-
2 

- . zts, 

I 
_ 3s +3F-P _ l0.48bits+8.72bits _ 

9 60
b. 

SF-P -
2 

-
2 

- . zts, 

I 
_ 35 +3F-A _ l0.48bits+6.99bits _ 

8 74
b. 

SF-A -
2 

-
2 

- . zts 

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 

water drop taking the TIC average of the entire tensiotrace. Note, the final signal (SF) in 

a system contains no information if lsF 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 such 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-l), 

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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Figure 6-35. Integration of a tensiographic system. 

A heat sink compound is squeezed into the 06mm borehole in the brass block before 

the temperature probe (Picture A2-4) is inserted. The length (l50mm) of the temperature 

probe guarantees that the correct temperature close to the end-face of the drophead is 
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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-l) 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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Personal computer 

I 

Figure 6-36. Prototype of a tensiograph. 

This chapter described the system engineering development and highlighted the 

problems that occurred during this phase. The following chapter concentrates on 

tensiotrace analysis and smoothing algorithms for the de-noising process of 

tensiographic data sets. 
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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 oftensiotraces. 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 oftensiographic 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 (Tc~Uc) 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 (Tc,Uc,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. 

p 

(Tc,Uc,P) 

(i = 1) (i=N) 
(a) (b) 

Figure 7-2. (a) Typical tensiotrace with centroid position (Tc,Uc), distance r1 and angle /J; of 
the i-th 'data point (t1,u1) in the (T,U)-plane, (b) feature-space (T,U,P) showing 
the transformed point (Tc,Uc,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 (Tc,Uc) 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 the GHT insp~red technique for the rapid fingerprinting and conceptual 
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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, (Y,P)-table as 

demonstrated in Figure 7-2 (a), where Yi is the distance between the centroid (Tc,Uc) and 

the i-th data point of the tensiotrace, and /Ji· 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 
Datapoint Yref /Jref Ytst f3tst 

(t1,u1) Y1 /31 Y1 /31 

. . 

(ti,ui) Y; /Ji Yi /Ji 

(tN,UN) YN /JN YN /JN 

Table 7-1. (r,.8)-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 (Tc, Uc) 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 
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that leads to the estimated coordinates of the centroid (Tc,Uc) 

and 

(O~i<N) 

(ao = o) 

(O~i<N) 

(O~j~NJ 

(aj,0 =0) 

Nu =in{:u) 

(7-1) 

(7-2) 

(7-3) 

where !:iu, 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 Uc, Nu, with the maximum 

amplitude p of the tensiotrace over !:iu, is the maximum number of steps (here 

int(p*40950)) in U-direction in order to reach the maximum peak height p, and A is the 

area between the T-axis and the tensiotrace. Note that decreasing the step-width 

coefficient k increases the precision of Uc, but also increases the time estimating Uc, 

Next, each data point along the trace is visited in turn where the orientation f3 and the 

distance from the centroid r are calculated. As each data point is visited the computed 

(r,/3)-pair is stored in the columns rrefand /Jrefofthe lookup table, indexed by i 

(1 ~ i ~ N) 
(7-4) 

and 

(x = 7t) ((t; - Tc)< 0) 
if else (x= 0) 

/3; =tan- \: 1 c +x 1(fu. -U )J (x=2n) 

(t; - TJ (/3; = n/2) 
(7-5) 

for (l~i~N) 
(/3; = 31t/2) (t; = Tc)/\ (u; ~ Uc) 

Subsequently each data point along !he test trace is visited computing the (r,/3)-pairs by 

using the Eqs. (7~4) and (7-5). Again, as each data point is visited the computed (r,/3)­

pair is'stored in the lookup table, this time in the columns reserved for the test trace r,st 
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and /J1s1, indexed by i. Note that the formulation of Eq. (7-5) generates only positive 

angles /Ji in the range (05'/J<2rc) (mathematical convention: an angle in a (X,Y)-plane 

increases anti-clockwise beginning on the X-axis). At this point, the centroids (Tc,Uc)ref 

and (Tc,Uc)1s1 can be considered respectively as stacks of N,e1and N151 exactly overlaying 

data points, where each point (Tc,Uc)i has been assigned a (ri,/Ji)-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 S has been defined that simply 

exchanges the two columns r,ef and r 151 in the lookup table 

S{~ref, Pref 1 (rtst, /Jrst )} ~ {~rsr' /Jref 1 ~ref' /Jrst )} (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 (ti,ui)ref on the reference and (ti,Ui)tst on the 

test trace and using the (ri,/Ji)-pair from the lookup table to compute (tc,uc)i 

(tc ,uJ, = ((ti - ricos(/Ji )),(ui - rjsin(/JJ)) (15, i :s; N) (7-7) 

The lowercase tc and Uc 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 (tc,uc)i for the reference trace will be close to the centroid (Tc,Uc)ref, 

and each point Ctc,uc)i for the test trace will be close to the centroid (Tc,Uc)tst· 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 Eqs. (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 Nin the data set of either the reference 

trace or the test trace. 

1 N 

T =-Ilh cos(/Ji~ -ITc -till 
N i=l 

(N>O) (7-8) 

and 

(N>O) (7-9) 

the deviations crr and cru of the mean values T and U are 
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1 N (i -I~l7i cos(/J;~-1~ -till-rf 
N-l i=1 

(N > 1) (7-10) 

and 

1 N (i -)2 
au= -2:~Jr;sin(fJ;~-JUc -u;Jj-u 

N-l i=l 
(N > 1) (7-11) 

Note that lricos({Ji)l=!Tc-til and !risin({Ji)i=!Uc-uil before the exchange operator Eq. (7-6) is 

applied, i.e. the mean values Eqs. (7-8), (7-9) and the standard deviations Eqs. (7-10), 

(7-11) are zero. Pythagorean measures are the most obvious method of defining the 

'Distance' 8 between the reference and test trace data points and their associated 

centroids. 

(7-12) 

The overall 'Difference' !}. for the two dimensional projection of the data points in the 

(T, U)-plane is then given by 

(7-13) 

where 8,ef is the averaged 'Distance' between the centroid (Tc,Uc)ref and the scattered 

data points of the reference trace and btst is the averaged 'Distance' between the centroid 

(Tc,Uc)tst 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 

t; = J(Tc_ref - ~-1s1 )
2 

+ (uc-ref -Uc-1s1 )
2 

+ (P,.ef -P,s, )
2 

(7-14) 

where Tc-ref, Uc-ref and Pref are l."espectively the centroid coordinates and the highest peak 

of the reference trace, and Tc-tst, Uc-tst and Pist are respectively the centroid coordinates 

and the highest peak of the test trace. It is important here to notice that the TT technique 

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 w,as 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 AS, r-A and P-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 AS are greater than Bl to BS ( different ..6.u); traces are not 

shifted (Figure 7-3). 

2. Amplitudes Al, A2 are greater than Bl, B2 and A3 = B3 and A4, AS are less 

than B4, BS (different ..6.u); traces are not shifted (Figure 7-4). 

3. Amplitudes Al to AS are greater than Bl to BS (same ..6.u); traces are not shifted 

(Figure 7-5). 

4. Amplitudes Al to AS are equal Bl to BS; test trace shifted to the right of the 

reference trace (same ..6.t) (Figure 7-6). 

5. Amplitudes Al, A2 are greater than Bl, B2 and A3 = B3 and A4, AS are less 

than B4, BS ( different ..6.u); test trace is shifted to the right of the reference trace 

(same ..6.t) (Figure 7-7). 

6. Amplitudes Al to AS are greater than Bl to BS (same ..6.u); test trace is shifted to 

the right of the reference trace (same ..6.t) (Figure 7-8). 

Results: 

• Figure 7-3 and Figure 7-4 suggest the most basic patterns of the TT: Data point 

pairs Al, Bl to AS, BS 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 
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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, Bl to AS, BS are on opposite horizontal lines in the scatter diagram if the 

reference and test traces are horizontally shifted apart by the same distance flu 

(no shift on the time axis flt = 0). In contrast, if the tensiotraces are vertically 

shifted apart by the same distance flt, but not shifted horizontally (flu= 0), the 

data points Al to AS and Bl to BS end up at the same position as their 

associated centroids Ac and Be. These patterns usually occur in the scatter 

diagrams of 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 Bl to BS, 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 oftensiotraces with the TT. 
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A (reference trace) B (test trace) 
u t r I} u t r 

[TU] [ms] [l] rradl [TU] [ms] [l] 
0.215 0.223 0.142 4.70924110 0.180 0.223 0.168 
0.720 0.446 0.363 1.57141341 0.677 0.446 0.329 
0.913 0.670 0.556 1.57079633 0.893 0.670 0.545 
0.749 0.893 0.392 1.57022745 0.735 0.893 0.387 
0.450 1.116 0.093 l.56600066 0.442 1.116 0.094 
0.357 0.670 0 4.71238898 0.348 0.670 0 

A-B A-Scatter 
Au At Ar Al} u t u 

fTUl fmsl r11 [radl [TU] [ms] [TU] 
0.035 0 -0.026 -0.00048717 0.383 0.752 0.322 
0.043 0 0.034 -0.00006377 0.391 0.649 0.314 
0.020 0 0.011 0 0.368 0.670 0.337 
0.014 0 0.005 0.00000735 0.362 0.673 0.343 
0.008 0 -0.001 -0.00005102 0.356 0.665 0.349 
0.009 0 0 0 0.357 0.670 0.348 
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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: 
Ut,2,3,4,5r;f ?' Ut,2,3,4,5tst; Ucref > Uctst; t1,2,3,4,5ref = t1,2,3,4,5tst• . ·,' . 
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A (reference trace) B (test trace) 
u t r p u t r p 

Data Point [TU] [ms] [l) fradl [TU] [ms) [l J fradl 
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 ap u t u t 
Data Point fTUl fmsl fll fradl [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 

0.9 -----+-------~-------i-------+---
3 

!-------~-------+------ ~ ~ ~:i 
l l : :?7 : ~ l l : : 
: : : ~ : :::,.....!' :4 : : 

o.a ------1--------~-------t-- 7 -~--------r-------~-,d ------t------- : ------
: : 2 :/ l l : ~ l l 
' ' /' ' ' ' '" ' ' 0. 7 ------1-------+--(p --f-------+-------~-------1-------+- -~-f------- ~------
: : : : : : : ,: : : : I : : : : : ..... : 

.......... 0.6 ------i------- y------t-------~--------~-------~--------~-------: ~-----: ------
:::> : ' : : : : : : ~: c. : ;: : : : : : : : 5 
:) 0.5 ------t--- 7--~-------t-------+-------~-------~--------~-------t------~~ ----

l I l ! ! i ! i ! : 
4 

I I I I I I I I I 

O. ------~ 1------r-------r·-----r-Be ---r·------r-------r-------i-------r·-----
/: i ! i Ac• ! i ) l : 

o.3 ---1:--------r-------t-------:--------:-------:--------r-------t--------: ------
1 / : : : : : : : l : 

I I I I I I I I I 

0. 2 ~ ----1--------r-------1-------1--------r-------1--------r-------1-------r------
: : : : : : : : : 
I I I I I I I I I 

0.1'--~-'--~-'-~---'-~-'-~--'-~~'--~-'-~~~---'-~~ 
2 3 4 5 6 7 8 9 10 11 12 

T[s] x 10-4 

0.42 -••••··-··•···-r·••••••-••••••·-,···-•••••-••••••1···-··••••-•••••T••••••••••••-••-1 
I I I I I 
I I I I I 
I I I I I 
I I I I I 
I I I I I 

l A21 l l l 
I • t I I I 

0. 4 ---------------r----------------~----------------1----------------+----------------! 
: : : : . : 
: : 84 : : A1 : 
l i 1 l BS : 

0.38 
I I I I • I 
I I I I I ---------------1-----------------4-----------------4----------------+----------------· I I I I I 
I I I I I 
I I i I I 
I I I I I 
I I I I I 
I I I I I 
I I I I I 

~ 0.36 
l : BcA3 ! l l ---------------~----------------i----------------""·---------------·----------------,1 : : . : : : 
: : Ac 83 : : : 
I I I I I 
I I I I I 
I I I I I 
I I I I I 

0.34 

0.32 

I I I I I 
I I I I I _______________ .,. _______________ _. ________________ -4----------------+----------------· 
I I I I I 
I I I I I 
I I I I I 
I I I I I 
I I I I I 

: l•A4 : : : 
I I I I I 
I I I I I 

• I I I I I ---------------~·--------------i·---------------i - t - : 
i ! :. 82 l l 
I I I I I 
I I I I I 
I I I I I 
I I I I I 
I I I I I 

•A5 

81 

0.3'-------L------'------'~---~---~ 
5.5 6 6.5 7 7.5 8 

T[s] x 10-4 

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:. 

· U1,2:~j > U1
1
2tst; UJref = llJtst; U4,5ref < U4',stst; Ucref < Uctsd t1,2,3,4,5ref = t1,2,3,4,5tst• 
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A (reference trace) B (test trace) 

u t r p u t r p 
Data Point [TU] [ms] [l] rradl [TU] [ms] [l] fradl 

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 AP u t u t 
Data Point fTUl fmsl r11 fradl [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 

~0.6 
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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: 
U1,2,3,4,5ref > llJ,2,3,4,Stst (same difference); llcref > }1,ctst; t1,2,3,4,Sref = t1,2,3,4,5tst• 
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Chapter 7 

A (reference trace) B (test trace) 
u t r p u t r 

[TU] [ms) [l) fradl [TU] [ms] [l] 
0.215 0.223 0.142 4.70924110 0.215 0.446 0.142 
0.720 0.446 0.363 1.57141341 0.720 0.670 0.363 
0.913 0.670 0.556 1.57079633 0.913 0.893 0.556 
0.749 0.893 0.392 1.57022745 0.749 1.116 0.392 
0.450 1.116 0.093 1.56600066 0.450 1.339 0.093 
0.357 0.670 0 4.71238898 0.357 0.893 0 

A-B A-Scatter 
Au At ~ AP u t u 

fTUl fmsl fll [rad] [TU] [ms) [TU] 
0 -0.223 0 0 0.357 0.670 0.357 
0 -0.224 0 0.00000276 0.357 0.670 0.357 
0 -0.223 0 0 0.357 0.670 0.357 
0 -0.223 0 0 0.357 0.670 0.357 
0 -0.223 0 0 0.357 0.670 0.357 
0 -0.223 0 0 0.357 0.670 0.357 
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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 = U1,2,3,4,5tst; Ucref = llctst; t1,2,3,4,5ref < t1,2,3,4,Stst• 
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Chapter 7 

A (reference trace) B <test trace) 

u t r p u t r 
[TU] [ms] [l] fradl [TU] [ms] [1] 

0.215 0.223 0.142 4.70924110 0.180 0.446 0.180 
0.720 0.446 0.363 1.57141341 0.677 0.670 0.317 
0.913 0.670 0.556 1.57079633 0.913 0.893 0.553 
0.749 0.893 0.392 1.57022745 0.781 1.116 0.421 
0.450 1.116 0.093 1.56600066 0.476 1.339 0.116 

0.357 0.670 0 4.71238898 0.360 0.893 0 
A-B A-Scatter 

Au At Ar AP u t u 

fTUl fmsl fll fradl [TU] [ms] [TU] 

0.035 -0.223 -0.038 -0.00066455 0.395 0.790 0.322 
0.043 -0.224 0.046 -0.00008639 0.403 0.642 0.314 

0 -0.223 0.003 0 0.360 0.670 0.357 
-0.032 -0.223 -0.029 -0.00003919 0.328 0.654 0.389 
-0.026 -0.223 -0.023 -0.00095086 0.334 0.560 0.383 

-0.003 -0.223 0 0 0.357 0.670 0.360 
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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: 
U1,2ref > llt,2tst; llJref = U31st; U4,5ref < ll4,5tst; Ucref < Uctst; t1,2,3,4,5ref < t1,2,3,4,Ststo 
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A (reference trace) B (test trace) 

u t r p u t r 
[TU] [ms] (l] rradl [TU] [ms] [l] 
0.215 0.223 0.142 4.70924110 0.180 0.446 0.162 
0.720 0.446 0.363 1.57141341 0.685 0.670 0.343 
0.913 0.670 0.556 1.57079633 0.878 0.893 0.536 
0.749 0.893 0.392 1.57022745 0.714 1.116 0.372 
0.450 1.116 0.093 1.56600066 0.415 1.339 0.073 

0.357 0.670 0 4.71238898 0.342 0.893 0 
A-B A-Scatter 

Au At Ar AP u t u 
rrn1 rmsl fl l rradl [TU] [ms] [TU] 
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Figure 7-8. 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 > llJ,2,3,4,Stst (same difference); Ucref > llctst; t1,2,3,4,5ref < t1,2,3,4,Stst• 
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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 

u(t) = J(t )+ o- a(t) (7-15) 

where fit) is the useful signal, a(t) is the noise, a is the noise level and u(t) is the signal 

under consideration. In most cases it can be suggested that the function a(t) 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 aa(t) in Eq. (7-15) as much as possible without causing severe distortion in the 

useful signal f(t). 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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n=2 

n>2 

N,n et{ 

N>2n >2 
(7-16) 

returns the averaged data set (ADS) of a tensiotrace, where ui 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 n 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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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. [ZJ 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 /ZJ of the reference tensiotrace /RT]. 

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 RTwith n = 3 and n = 12. 
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Figure 7-11. The signal-fractions in the zoom-region /ZJ 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 /RT] respectively. 

There is obviously a severe distortion of the signals the greater n 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 t and scale r, 

because each wavelet is essentially nonzero only inside a particular interval of times, 

namely, [t - r, t + r]. 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 t and 

having a width of 2r. 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, 7-11]. 

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', o-, ... ) 

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 (l. 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 [RT] 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 lst and 2nd level wavelet de­

noising process. 
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Figure 7-13. The signal-fractions in the zoom-region [ZJ 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 lst 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 lst and 2nd level wavelet de-noised tensiotraces. To observe the de-
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noised data sets of the 1 st 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 {ZJ of the reference tensiotrace {RT] 
showing the wavelet transform of the lst 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. 

Inappropriate 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. 
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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 IRR, 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 noise 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 

new commercial technological developments, it is the belief of the author that this thesis 

represents 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], Bertha [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 

internationally (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 0. 
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APPENDIXl 

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)1
• A superscript number is used to point out the chapter in which the acronym 

appeared for the first time. Note that the superscript numbers O 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. 

AID (Analogue to Digital)4 

ADC (Analogue to Digital Converter)1 

ADS (Averaged Data Set)7 

AMFOS (Amplitude Modulated Fiber Optic Sensor)1 

API (Application-Programming Interface)4 

BRI (Brewing Research Intemational)1 

CCD (Charge Coupled Device)1 

CMRR (Common Mode Rejection Ratio)3 

CPU (Central Processing Unit)4 

DIA (Digital to Analogue)4 

DAC (Digital to Analogue Converter)3 

dB ( decibel) 1 

DC (Direct Current)1 

DDS (De-noised Data Set)7 

DIO (Digital Input-Output)4 

DMA (Direct Memory Access )3 

DNA (Deoxyribonucleic Acid)8 

Dos (Disk Operating System)4 

DP (Drop Period)1 
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. )4 EDP (Event Driven Programmmg 

EMF (Electro Magnetic Field)3 

EMI (Electromagnetic Interference )3 

EU (European Union)8 

FDA (Fiber Drop Analyser)
1 

FDT (Fiber Drop Trace) 1 

FEA (Finite Element Analysis)6 

FED (Flow-Event-Diagram)4 

FFT (Fast Fourier Transform)1 

GHT (Generalised Hough Transform)2 

GUI (Graphical User Interface)4 

HPLC (High-Pressure Liquid Chromatography/ 

IC (Integrated Circuit)3 

IDE (Integrated Development Environment)4 

IR (Infrared) 1 

LED (Light Emitting Diode) 1 

LSB (Least-Significant-Bit)4 

LUT (Liquid Under Test)1 

NA (Numerical Aperture )2 

OOP (Object-Oriented Programming)4 

OPL (Optical Path Length)2 

PID.(Proportional-Integral-Derivative)6 

PC (Personal Computer)1 

PCB (Printed Circuit Board)3 

PEEK (Poly-Ether-Ether-Ketone)1 

PMMA (polymethylmethacrylate)1 

PME (Properties Methods Events )4 

PMS (Portable Multi-channel Spectrometer)1 

PP (Priority Pollutants)0 

PSD (Plexiglas Spacer Disc )5 

QC (Quality Control/ 

r.m.s. (root mean squared)2 

RNA (Ribonucleic Acid)8 

RPH (Rainbow Peak Height)1 
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RPP (Rainbow Peak Period) 
1 

RS-232 ( defines serial, asynchronous communication)4 

RTD (Resistive Temperature Detector)6 

SDK (Software Development Kit)4 

silica (silicon dioxide Si02 used in optical glass fibers)
1 

SNR (Signal-to-Noise Ratio )
1 

sr (steradian, the unit of a solid angle )2 

TE (Thermoelectric )6 

TIC (Tensiographic Information Content)2 

TIR (Total Internal Reflection)1 

TPH (Tensiograph Peak Height)1 

TPP (Tensiograph Peak Period)1 

TT (Tensiotrace Transform/ 

TU (Tensiograph Units)1 

UV (ultraviolet/ 

UV-vis (Ultra-Violet-Visible/ 
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APPENDIX2 

TENSIOGRAPH COMPONENTS SPECIFICATIONS 

The specifications of the components are brief - they include neither detailed 

explanations nor examples. Instead, the specifications are meant to serve as 

supplementary information. For a more comprehensive version of a particular 

specification links to manufactures, distributors, source of data sheets etc. have been 

added. 

Encapsulated AC/DC Linear Power Module 
Distributor Location Road Town Cou11tv!Postcode 
Amplicon Centenary Hollingdean Road Brighton East Sussex 

Liveline Limited Industrial Estate BN24AW 

Additional Details 
Model Ripple Noise Volta,:e accuracv Temp. coeff. 
365D 1.0mV rms +1.0% +0.02%/°C 

Output Specification 
Output +V Output-V 

V11om + 15V -15V 
Imax +200mA -200mA 

Picture A2-1. Encapsulated linear power module. 
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Universal Input Switch Mode Power Suoolv 

Distributor Location Road Town County/Postcode 
Amp Ii con Centenary Hollingdean Road Brighton East Sussex 

Liveline Limited Industrial Estate BN24AW 
Additional Details 

Model Rioole and Noise Output Power Temp. coeff. Line ref!ulation 
PU200-41 2% peak-to-peak 200W ±0.04%/°C ±0.5% max. 

Output Specification 
Output I Output 2 Output 3 Output4 

Vnom +5V +15V -15V +24V 
Imin 3A OA OA OA 
Imax 30A 6A 4A 4A 

Tolerance 2% 4% 4% 4% 

Picture A2-2. Switch mode power supply. 

Peltier Device 
Manufacturer Distributor Road Town County/Postcode 

Melcor Thermo Electric High Street Moreton-in-Marsh Gloucestershire 

Devices GL56 OAF 

Additional Details 
Model Dimensions PIN Pellets 

CP 1.4-127-lOL 40 x 40 x 4.7 mm 127 
Ratings 

Imax Qmax Vmax ,1.Tmax 
3.9A 33.4W 15.4V 70°C 

Picture A2-3. Peltier device. 
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Temperature Sensor 
Manufacturer Distributor Road Town County/Postcode 

LAB FACILITY RS Components Birchington Road Corby Northants 
Ltd. NN179RS 

Additional Details 
Model Dimensions Sensinf.! Lenf.!th Accuracy Temp. Ranf.!e 

PtlOO, 4-wire 06mrn 25mrn ±0.06°C -50 to +250°C 
sensor m length 150mrn at 

stainless steel 0°C 
probe 

Picture A2-4. Temperature sensor (1000 @ 0°C). 

Thermometer 
Manufacturer Distributor Road Town County/Postcode 

TES TO RS Components Birchington Road Corby Northants 
Ltd. NN17 9RS 

Additional Details 
Model Accuracy Temp. Ranf.!e Temp. Probe 

Testa 925 + 1 digit -50 to + 1000°C Type K input 
[±1 °C, +0.5%] 

( -40 to +900°C) 

Picture A2-5. Thermometer. 
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Spring Mount Anti-Vibration Mountings 
Manufacturer Road Town County/Postcode Web-PaKe 
Farrat Isolevel Balmoral Road Altrincham Cheshire www.farrat.com 

Ltd. WA15 8HJ 
Additional Details 

Model Dimensions Minimum Optimum Maximum 
[mm] Load Load Load 

CRll D 53, L 77, 3 kg 4kg 5 kg 
W39, CRS 55, COn = 4.5 Hz COn = 3.6 Hz COn = 3.2 Hz 

d 7.5, H 59 

CllS 

(a) (b) 

Picture A2-6. Spring mount anti-vibration mounting. 
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Temperature Controller iSeries (Cni3252-C24-DC) 
Manufacturer Location Road Town Countv!Postcode 

OMEGA One Omega Drive Northbank Irlam Manchester 
River Bend M44 SEX 

Technology Centre UK 
Specifications 

Accuracy ± O.S°C temp; 0.03% reading process 
Resolution 1 °/0.1 °; 10µ v process 
Temperature Stability 1) RTD: 0.04°C/°C 

2) TC @ 2S°C (77°F): O.OS°C/°C 
(Cold Junction Compensation) 

3) Process: SOppm/°C 
NMRR,CMRR 60dB, 120dB 
AID Conversion Dual slope 
Readinf! Rate 3 samples per second 
Dif!ital Filter Programmable 
Display Single 4-digit 9-segment LED 
Warm up to Rated Accuracy 30min 
RTDinput 100/SOO/ lOOOD. Pt sensor, 2-, 3- or 4-wire 
Voltaf!e Input Oto lOOmV, 0 to IV, 0 to lOVdc 
Input Impedance lOMD. for lOOmV, lMD. for lOVdc 
Current Input O to 20mA ( S ohm load) 
Step Response 0.7sec for 99.9% 
Setpoint Adjustment -1999 to 9999 counts 
Span Adjustment 0.001 to 9999 counts 
Offset Adjustment -9999 to +9999 counts 
Modes Time and Amplitude Proportional Control Modes; 

selectable Manual or Auto PID, Proportional, 
Proportional with Integral, Proportional with 
Derivative with Anti-reset Windup and ON/OFF 

Auto Tune Operator initiated from front panel 
Analof!ue Output Non-Isolated, Proportional Oto lOVdc 
Communications (RS232) 300 to 19.2k baud 
Environmental Conditions Oto SS°C, 90% RH non-condensing 
Power Suoolv 12 - 36Vdc, SW 

Picture A2-7. Programmable Temperature Controller. 
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Dieital Stepper Motor Pump XP3000 
Manufacturer Road Town County/Postcode 

CAVRO 242 Humboldt Court Sunnyvale CA 94086 
Scientific Instruments, Inc. 

Resolution 
Plunger Drive: 

Syringes: 

Valve Drive: 

Valves: 

Environmental: 

Power Supply: 

Interface: 

Communications 

Specifications 
24000 steps 

Principle Rack and pinion drive with quadrature encoder and home flag 
Travel 30mm 
Plunl(er Speed Variable from l.2secs/stroke to 20min/stroke 
Sizes 50µ1 , 100µ1 , 250µ1 , 500µ1 , l.Oml , 2.5ml, 5.0ml 
Barrel Material Borosillicate Glass 
Plunger Material Stainless Steel 
Seal Material Virgin Teflon (PTFE, TFE) 
Precision < 0.05% CV at full stroke (250µ1 syringe and above) 

< 0.1 % CV at full stroke (50µ1 and 100µ1 syringe) 
Accuracv < 1 % at full stroke 
Turn time Circa 250ms between adjacent ports (3-port valve) 
Drive Stepper motor with optical encoder for positioning feedback 
Plug Material Virgin Teflon 
Body Material Kel-F 
Fittinf!S Yi - 28" tubing and syringe, M6 or Yi - 28" syringe fittings 
Operating Temp. 59°F (15°C) to 104°F (40°C) 
Operating Hum. 20-95% RH at 104°F (40°C) 
Storal(e Temp. -4°F (20°C) to 149°F (65°C) 
Voltage 24Vdc ± 10% 
Current l.5A (peak) 
Type RS-232, RS-485 or CAN 
Baud Rate 9600 or 38400 (RS-232 and RS-485 only) 
Format Data Bits: 8, Parity: No, Stop Bit: 1, Half Duplex 

Data terminal and OEM protocol (with error recognition) 

Valve Port (In) 
Valve Port (Out) 

Valve Block 

Syringe 

Plunger 

Plunger Lock Screw 

Termination Jumpers 

Communications and 
::=.===:::::}- Power Supply 

(DB-15 Connector) 

Config. Jumpers 
Address Switch 

Picture A2-8. Stepper Motor Pump. 
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Thermoelectric module 
Manufacturer Road Town County/Postcode 

Thermo Electric Devices High Street Moreton-in-Marsh Gloucestershire 
GL560AF 

Additional Details 
Tvoe H{mm/ W{mm/ D{mm/ Comment 

Brass Block 195 80 50 Boreholes for drophead (0 12mm) and 
temperature probe (0 6mm, H=l50mm). 

Heats ink 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 

H 

D 

w 

Heatsink Peltier Device Brass Block 

Picture A2-9. Thermoelectric module. 
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Flat Drophead 
Stainless steel Stainless steel Stainless Stainless steel 

L Liquid delivery End-face steel Outer sleeve Optical fibers 
tube Knife-edge 

150.0rnrn inner 0 l.Ornrn 0 9.0rnrn 0 9.0rnrn inner 0 9.0rnrn core 0 l.Omm 

outer 0 1.2rnrn outer 0 12.0rnrn 
Additional Information 

The drophead is filled with cylindrically shaped aluminium inserts with a centre hole to provide an 
optimised thermal interface between the liquid delivery tube and the outer sleeve of the drophead. 

Liquid delivery 

Picture A2-10. Flat stainless steel drophead. 
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SMA connector and housing for optical sources and detector 
Distributor Road Town County/Postcode 

RS Components Ltd. Birchington Road Corby Northants 
NN179RS 

Additional Details 
Information Inner Diameter Tvoical 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 
fib er ( eliminating pull-away 
from the connector) or 
incorporates an optical source 
or detector. Mates with male 
SMA connector. 

Picture A2-11. SMA connector. 

216 



Appendix 2 

Controller Driver Circuit 
DesiKn Version 

Sven Riedel et al 01 

Power supply and input buffer 

C3 
+15V --------------!~ 

+ GND 
C2 rl IN 

GND + CS 

Cl 
-15V --------------! ~ 

GND 

Input 
Oto lOV 

from 
electronic controller 

Differential amplifier 
{IN-5V} 

R2 

GND 

7 

R5 

Inverting amplifier 
{Gain= 0.22} 

GND 

Outout 

±1.lV 

Output buffer 
{OUT= 0.22(5V- IN)} 

OUT 

GND 

+lSV, -lSV, GND 
Rl, R2, R4, RS, R6 
R3 

From Switch Mode Power Supply 
10k,0.25W, 1% + 15V _____ _,yin Yout >-------+5V 

R7 
Cl, C3, C4, C6 
C2,CS, C7 
U1 
U2 

4R7,0.25W, 1% 
2k2, 0.25W, 1 % 
O.lµF, 50V, Ceramic 
lOµF, 25V, Tantalum 
LF347N (Operational Amplifier) 
LM2931AZ-5 (Voltage Regulator) 

C6 

Schematic A2-1. Controller Driver. 
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Power Booster Circuit 
Desif:!n Version Input 

±1.lV 
Sven Riedel 01 from 

controller driver 

Power supply and input filter Non-inverting power amplifier 
{Gain= 13} 

+lSV, -lSV, GND 
Rl 
R2 
R3 
Cl, C3, C4 
C2 
C5,C6 
Dl,02 
U1 
HS 

C2 

From Switch Mode Power Supply 
10k,0.25W, 1% 
120k, 0.25W, 1 % 
4R7,0.25W, 1% 
O.lµF, 50V, Ceramic 
O.OlµF, 50V, Ceramic 
lOµF, 25V, Tantalum 
1N4001 (Diode) 
IA65A (Power Amplifier) 
2.0°C/W (Heatsink) 

C3 

~ 
GND 

Schematic A2-2. Power Booster. 
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Source and Opto-Switch Circuits 
Desif!n Version Input Output 

From digital outputs To analogue input 
Sven Riedel 01 of the of the 

acquisition board acquisition board 

+8V +8V 

+5V 

IC3 16 

Vee GND 
-5V 7 VEE YO 13 

Yl 14 

IC5 
+5V 3 0/I Y2 15 GND GND GND GND 

GND Y3 12 

D04 11 A Y4 +8V +8V 

DOS 10 B Y5 5 

D06 9 c Y6 2 

6 INH Y7 4 

GND R9 

U1 

GND 

GND GND GND GND 

' B +8V +8V 

I 8 I 
Vee 

+8V 3 R13 
A 

Vee 7 R14 
+15V vin RST DSG 

Vo TRG THD 
6 

GND + K CTL OUT 3 
AI2 

ICl 
IC7 GND GND 

U3 
IC2 IC4 U2 

GND GND GND GND GND GND GND 

+ISV,GND From Encapsulated Linear Power Supply 
+SV,-SV From Voltage Regulator (Detector Board) 
Rl,R4 1 lOR, 0.5W, a=± 3ppmi°C 
R2, RS, R8, Rll 200R, 0.6W, 1 % U1 MM74HC4051N (Analogue Multiplexer) 
R3, R6, R9, R12 JOOR, 0.6W, I% U2 NE555N (Timer) 
R7 91R, 0.5W, a=± 3ppmi°C U3 MC7808CT (Voltage Regulator+SV) 
RIO 75R, 0.5W, a = ± 3ppmi°C 04 Slotted Opto Switch with Logic 
R13 300R, 0.6W, 1 % HS Clip-on Heatsink 
R14 200k, 0.6W, 1 % Dl-04 LEDs (respectively blue, red, green, infrared) 
Cl, C2, C3, C4, CS O.lµF, 50V, Ceramic Ql-Q4 ZTX690B (NPN-Medium Power Transistor) 
C6 O.OlµF, 50V, Ceramic 004, DOS, 006 From Digital Outputs (Acquisition Board) 
C7 IOµF, 25V, Tantalum Al2 To Analogue Input (Acquisition Board) 
DS-08 1N4001 (Diodes) 

Schematics A2-3. Optical sources and opto-switch. 
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DesiKn Version 

Sven Riedel et al 01 

R9 

+12V Cl3 

~ 

Dl Cl4 AOl 

-12V 1_ 
GND GND GND 

Appendix 2 

Detector-Board Circuit 
Input 

From digital outputs 
of the 

acquisition board 

R12 

GND (*) 

14 

Output 
To analogue input 

of the 
acquisition board 

+12V Cl 

r-i 
GND 

-12V 
GND 

(a) 
1 

(b) : (c1) 
--------------~----------------------~---------------

+5V 

-5V 

j_Cll 
(**) 

I 16 

Vee I I R5 

~ GND 
7 VEE YO 13 IJ 

j_Cl2 Yl 14 

I (*) --1 0/I Y2 15 I R4 Ii Y3 12 I GND 
001-1.l A Y4 1 

D02-1.Q. B YS 5 
R15 I 003---2 c Y6 2 

R7 

R8 

R6 

___Q INH Y7 4 

GND R14 I Rl3 

U2 8 

-~ --
GND GN D 

C5 

7 R2 R3 
>--1_4 ___ AI1 

(d) 
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Sven Riedel et al 

+15V 

IC4 

GND 

-15V 2 

IC9 

GND 

+lSV, -lSV, GND 
Rl 
R2 
R3 
R4 
R5 
R6 
R7 
RS 
R9 
RIO, R12 
Rll,R16 
R13 
R14 
RlS 
Cl, C2, C4, CS, C6 
C9, Cll, C12, C13 

'C14 
C3 
C7, CS, ClO, ClS 

Appendix 2 

Detector-Board Circuit ( continued) 
Version Input Output 

From digital outputs To analogue input 
01 of the of the 

acquisition board acquisition board 

V· +12V 3 3 vin +SV +5V Ill 

GND + GND + 

U4 IC7 us IC8 

GND GND GND GND 

vin -12V 3 2 vin -SV 3 -5V 

GND GND 

U6 +IClO U7 +IC15 

GND GND GND GND 

(e) 

From Encapsulated Linear Power Supply 
39k, 0.6W, 1% 
36k, 0.6W, 1% 
68k, 0.6W, 1% 
18k, 0.6W, 1% 
51k, 0.6W; 1% 
lk6, 0.6W, 1% 
3k,0.6W, 1% 
2k4, 0.6W, 1 % 
lOOk, 0.6W, 1 % 
6k2, 0.6W, 1 % 
20k, 0.6W, 1 % 
1 lk, 0.6W, 1% 
5kl, 0.6W, 1% 
7k5, 0.6W, 1% 

O.lµF, 50V, Ceramic 
0.047µF, 50V, Ceramic 
lOµF, 25V, Tantalum 

Ul, U3 
U2 
U4 
us 
U6 
U7 
DOI, 002, 003 
All 
AOl 
D1 

OP497FP (Operational Amplifier) 
MM74HC4051N (Analogue Multiplexer) 
KA7812ATU (Voltage Regulator+l2V) 
LM2931AZ-5 (Voltage Regulator+5V) 
LM7912CT (Voltage Regulator-12V) 
LM79L05ACZ (Voltage Regulator -5V) 
From Digital Outputs (Acquisition Board) 
To Analogue Input (Acquisition Board) 
From Analogue Output (Acquisition Board) 
FDR850IR (Si PiN Photodiode) 

Schematics A2-4. Detector-Board (a) photocurrent to voltage converter, (b} high 
input-impedance subtraction, (ci, c2) switchable gain amplifier, 
(d) 3rd order Bessel low-pass filter, (e) constant voltage supply. 
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Detector-Board Circuit 
Desi~n Version Input Output 

From digital outputs To analogue input 
Sven Riedel 02 of the of the 

acquisition board acquisition board 

Rl 
14 

+12V Cl 

tJ_ 
GND 

A 

UlA 
UlD 

{ Dl 

w 

-12V 
GND GND GND GND GND 

(a) i (b) 
------------------L----------------------------------

(*) 14 R9 Rll 

U2D 
+12V C3 

R6 tJ_ 

R7 
7 

All 

R8 -12V 

8 RIO R12 + -cs 
I AOl 

U2C GND GND 

(c) : (d) 
I --------------------------~--------------------------

CLK(l) 
r-------

D 
CS (7) E (3)A 

UP/DOWN c 
CNTR 0 (5)W 

u ID (2) 
D 
E (6) B 

RS R 
--------

POR (8)VDD 

40H AD5220 (4) GND 

(e) 
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Sven Riedel 

+15V 

IC6 

GND 

-15V 2 

IC9 

GND 

+lSV, -lSV, GND 
Rl 
R2,R4 
R3, RS, R6, RS, 
R9, RIO, Rll, R12 
R7,R13 
Cl, C2, C3, C4, 
C6,C9 
CS 
C7, CS, ClO, Cll 
U/D (ADS220) 
CLK (ADS220) 
CS (ADS220) 
VDD (ADS220) 

Appendix 2 

Detector-Board Circuit ( continued) 
Version Invut Output 

From digital outputs To analogue input 
02 of the of the 

acquisition board acquisition board 

y. +12Y 3 
1Il 

GND + 

U3 IC7 

GND GND 

y. -12Y 3 
1Il 

GND 

us +ICIO 

GND GND 

(f) 

From Encapsulated Linear Power Supply 
lOOk, 0.1% 
AD5220 (Variable R, lOOk) 

lOk, 0.1% 
2k87, 0.1% 

O.lµF, 50V, Ceramic 
2.2µF, 25V, Tantalum 
lOµF, 25V, Tantalum 
Digital I/0-Port O (Acquisition Board) 
Digital I/0-Port 2 (Acquisition Board) 
Connected to GND 
Connected to +5V 

3 yin +5Y +5V 

GND + 

U4 2 IC8 

GND GND 

2 yin -5Y 3 -5V 

U6 

Ul, U2 
U3 
U4 
us 
U6 
AOl 
All 
D1 

GND 
+ICll 

GND GND 

OP497FP (Operational Amplifier) 
KA7812ATU (Voltage Regulator+l2V) 
LM2931AZ-5 (Voltage Regulator +5V) 
LM7912CT (Voltage Regulator-12V) 
LM79L05ACZ (Voltage Regulator-SY) 
From Analogue Output (Acquisition Board) 
To Analogue Input (Acquisition Board) 
S2386-18K (Si Photodiode) 

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. 
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lifter 
Desi n Gain 

Linear Technology G=lOOOO 

IOOk 475k 

O.lµF 

+5V 
+5V 

158k 3!6k 475k 

ToX-Y 
Recorder r~ rµF 

-5V 
-5V 

GND GND GND GND GND 

Schematic A2-6. Noise test circuit for operational amplifier. 
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Hardware specifications of components used in a tensiograph 
Hi!1h ef{iciencv oower ooerational amolifier L465A (SGS) 

Distributor Road I Town I County/Postcode 
RS Components Ltd. Birchington Road I Corby I Northants NNl 7 9RS 

Electrical characteristics (Vs=±15V, Tamb=25°C unless otherwise specified) 
Parameter Test conditions Min. Typ. Max. Unit 

Vs Supply voltage ±3 ±20 v 
V; Input voltage ±20 v 
vdi Differential input voltage ±15 v 
lo Peak output current 4 A 
Ptot Power dissipation (Tcase=90°C) 20 w 
T; Junction temperature -40 150 oc 

Rth i-case Thermal resistance junction-case 3 oc;w 

Tsd Thermal shutdown junction temp. 145 oc 

Id Quiescent drain current 45 mA 
lb Input bias current Vs=±18V 0.3 1 µA 

Vos Input offset voltage ±2 ±20 mV 

los Input offset current ±200 nA 
SR Slew-Rate 14 V/µs 
Vo Output voltage swing f=lkHz Io=0.5A 26 27 Von 

Io=4A 25 Von 
f=lOkHz In=0.5A 27 Vno 

In=4A 24 Vnn 
Bw Power bandwidth Po=lW RL=4.Q 100 kHz 
R; Input resistance (pin 1) f=lkHz 100 500 k..Q 

Gv Voltage gain ( open loop) 80 dB 
eN Input noise voltage B= 10 to 10000 2 6 µV 
iN Input noise current 100 pA 
CMR Common mode rejection Rg:::::lOk.Q Gv=30dB 70 dB 
SVR Supply voltage rejection Rg=22k.Q Gv=lO 60 dB 

V ripple=0.5V rms Gv=lOO 40 dB 
frioole=lOOHz 

1'l Efficiency f=lkHz Ip=3A 66 % 
RL=4..Q 

Si Photodiode S2386-18K (HAMAMATSU) 
Distributor Post Box Town Postcode 

LasIRvis PO Box428 Bedford MK.428BF 
Optoelectronic Components Ltd. 

Characteristics (T amb=25°C unless otherwise specified) 
Parameter Test conditions Min. Typ. Max. Unit 

A, Spectral Response Range 320 1100 nm 

Ao Peak Sensitivity Wavelength 960 nm 
@470nm 0.27 

s Photo Sensitivity @530nm 0.33 AIW 
@660nm 0.46 
(@,950nm 0.60 

Id Dark Current VR=lOmV 2.0 pA 
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Hardware specifications of components used in a tensiograph ( continued) 
Plastic Fiber Ootic Blue LED IF-E92B (Industrial Fiber Optics, Inc.) 

Distributor Post Box Town Postcode 
LasIRvis PO Box428 Bedford MK42 SBF 

Optoelectronic Components Ltd. 
Characteristics (Tamb=25°C unless otherwise specified) 

Parameter Test conditions Min. Typ. Max. Unit 

Aneak Peak Wavelength 470 nm 
!:-,_')..,, Spectral Bandwidth (50% OfAneak) 25 nm 

Cl>in Output Power Coupled into polished Plastic Fiber 75 µW 
(core 01rnm, length 10cm) lp=lOmA -11 dBm 

lp Forward Current DC 35 mA 
VF Forward Voltage lp=20mA 4.0 v 

Plastic Fiber Optic Green LED IF-E93 (Industrial Fiber Optics, Inc.) 
Distributor Post Box Town Postcode 

LasIRvis PO Box428 Bedford MK42 SBF 
Optoelectronic Components Ltd. 

Characteristics (Tamb=25°C unless otherwise specified) 
Parameter Test conditions Min. Typ. Max. Unit 

Aoeak Peak Wavelength 530 nm 
!:-,_')..,, Spectral Bandwidth ( 50% of Aneak) 50 nm 

Cl>in Output Power Coupled into polished Plastic Fiber 75 µW 
(core 01rnm, length 10cm) lp=lOmA -11 dBm 

lp Forward Current DC 35 mA 
VF Forward Voltage lp=20mA 4.0 v 

Plastic Fiber Optic Super-Brif!ht Red LED IF-E97 (Industrial Fiber Optics, Inc.) 
Distributor Post Box Town Postcode 

LasIRvis PO Box428 Bedford MK42 SBF 
Optoelectronic Components Ltd. 

Characteristics (T amb=25°C unless otherwise specified) 
Parameter Test conditions Min. Typ. Max. Unit 

Aneak Peak Wavelength 660 nm 
!:-,_')..,, Spectral Bandwidth (50% Of Aoeak) 40 nm 

Cl>in Output Power Coupled into polished Plastic Fiber 100 µW 
( core 01rnm, length 10cm) lp=20mA -10 dBm 

lp Forward Current DC 40 mA 
VF Forward Voltage lp=40mA 1.7 v 

Plastic Fiber Optic IR LED IF-E91A (Industrial Fiber Optics, Inc.) 
Distributor Post Box Town Postcode 

LasIRvis PO Box428 Bedford MK42 SBF 
Optoelectronic Components Ltd. 

Characteristics (Tamb=25°C unless otherwise specified) 
,Parameter Test conditions Min. Typ. Max. Unit 

Aoeak Peak Wavelength 950 nm 
!:-,_')..,, Spectral Bandwidth (50% Of Aneak) 40 nm 

Cl>in Output Power Coupled into polished Plastic Fiber 100 µW 
(core 01rnm, length 10cm) lp=20mA -10 dBm 

lp Forward Current DC 50 mA 
VF Forward Voltage lp=50mA 1.5 v 
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Hardware specifications of components used in a tensiograph (continued) 
Optical PMMA Fiber (Industrial Fiber Optics, Inc.) 

Distributor I Post Box I Town I Postcode 
LasIRvis Optoelectronic Components Ltd. I PO Box 428 I Bedford I MK42 8BF 

Characteristics (Tamb=25°C unless otherwise specified) 
Parameter Test conditions Min. Tvp. Max. Unit 

de Core Diameter 1.0 mm 
d; Jacket Diameter 2.13 2.20 2.27 mm 

<PA Attenuation @470nm 0.1 dB/m 
@530nm <0.1 
@660nm 0.2 
(@,950nm 1.6 

NA Numerical Aperture 0.51 

So Oper. Temperature -55 +70 oc 

NPN small sifmal Transistor ZTX690B (Zetex) 
Distributor I Road I Town I County/Postcode 

RS Components Ltd. I Birchington Road I Corby I Northants NNl 7 9RS 
Electrical characteristics (Tamb=25°C unless otherwise specified) 

Parameter Test conditions Min. Typ. Max. Unit 
le Collector current 2.0 A 
Ice Continues collector current 100 mA 
Pn Power dissipation 1.0 w 
VcE Collector-Emitter voltage 45.0 v 
hFE DC current gain (Ic=lOOmA, VcE=l.OV) 500 
hre Small Signal current gain (Ic=IOOmA, Va,=1.0V, f=l.OMHz) 1.0 

General use operational amplifier LF347N (National Semiconductor) 
Distributor I Road I Town I County/Postcode 

RS Components Ltd. I Birchington Road I Corby I Northants NNl 7 9RS 
Electrical characteristics ( cal.V 00=±15V, Tarnb=25°C unless otherwise specified) 

Parameter· Test conditions Min. Typ. Max. Unit 
Yee Supply Voltage ±18 v 
GBP Gain Bandwidth Product 4.0 MHz 
SR Slew Rate 13.0 V/µs 
Vos Input Offset Voltage 10.0 mV 
IB Input Bias Current 200 pA 

So Operating Temperature 0 +70 oc 

Precision Picoampere Input Current Operational Amplifier OP-497 (Analol! Devices 
Distributor I Road I Town I County/Postcode 

RS Components Ltd. I Birchington Road I Corby I Northants NNl 7 9RS 
Electrical characteristics ( @V 00=± 15V, Tamb=25°C unless otherwise snecified) 

Parameter Test conditions Min. Typ. Max. Unit 
Vos Input Offset Voltage 20 50 µV 
TCVos Input Offset Voltage drift 0.2 0.5 µy;oc 

IB < Input Bias Current 30 100 pA 
TCIB Input Bias Current drift -40°C ::,; T arnb ::,; +85°C 0.5 pA/oc 

Ios Input Offset Current 15 100 pA 
TClos Input Offset Current drift 0.2 pA/°C 
CMR Common-Mode Rejection VcM=±13V 120 140 dB 
Vo Output Voltage Swing RL= lOkQ ±13 ±14 v 
v; Supply Voltage Range -40°C::,; Tarnb::,; +85°C ±2.5 ±20 v 
SR Slew Rate· 0.05 0.15 V/µs 
GBW Gain Bandwidth Product 500 kHz 
ea p-p Voltage Noise O.lHz to IOHz 0.3 µVp-p 
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Appendix 2 

Hardware specifications of comoonents used in a tensio2:raoh (continued) 
8-Channel Ana/of.! Multivlexer MM74HC4051 (National Semiconductor) 

Distributor Road I Town I Countv/Postcode 
RS Components Ltd. Birchington Road I Corby I Northants NNl 7 9RS 

Electrical characteristics <Tamb=25°C unless otherwise specified) 
Parameter Test conditions Min. Tvo. Max. Unit 

Vee Supply Voltage 2 6 v 

VEE Supply Voltage 0 -6 v 

Yin DC Input Voltage 0 Vee v 

Yout DC Output Voltage 0 Vee v 

So Operating Temperature -40 +85 oc 

Po Power Dissipation 600 mW 

Ron "ON" Resistance VEE=-4.5V, Vcc=4.5V 20 90 n 
Hif.!h Precision Timer NE555N (Phillips Semiconductors) 

Distributor Road I Town I County/Postcode 
RS Components Ltd. Birchington Road I Corby I Northants NNl 7 9RS 

Electrical characteristics ( CaN cc=+5V to + 15V, Tamb=25°C unless otherwise snecified) 
Parameter Test conditions Min. Tvo. Max. Unit 

Vee Supply Voltage 4.5 16 v 

Ice Supply Current Vee= 15V, RL = oc 10 15 mA 

Po Power Dissipation 600 mW 

So Operating Temperature 0 +70 oc 

Timing error (monostable) RA = 2kQ to 1 OOkQ 
tM Initial accuracy C = O.lµF 1.0 3.0 % 
AtM/ AT Drift with temperature 50 150 ppm/oc 

AtM/ AV Drift with suooly voltage 0.1 0.5 %N 
Timing error (astable) RA, RB= 1 kn to 1 OOkQ 

tA Initial accuracy C = O.lµF 5 13 % 
AtA/AT Drift with temperature Vee= 15V 500 ppm/°C 
AtA/AV Drift with suoolv voltage 0.3 1 %N 
VoL Output Voltage (low) V cc= l 5V, lsink= lOOmA 2.0 2.5 v 

VoH Output Voltage (high) V cc= 15V, lsource= 1 OOmA 12.8 13.3 v 

to FF Tum-off time VREsET=Vcc 0.5 2.0 us 
tR Rise time of output 100 300 ns 
tF Fall time of output 100 300 ns 

I11crement/Decreme11t Dif.!ital Pote11tiometer AD5220 (A11alof.! Devices) 
Distributor Road I Town I County/Postcode 

RS Components Ltd. Birchington Road I Corby I Northants NNl 7 9RS 
Electrical characteristics (V00=5V, Tamb=25°C unless otherwise soecified 

Parameter Test conditions Min. Tvo. Max. Unit 

Yoo Suooly Voltage 2.7 5.5 v 
loo Supply Current 15 40 uA 
Pmss Power Dissipation 75 200 uW 
PSS Power Suooly Sensitivity 0.004 0.015 %/% 
N Resolution 7 Bits 
INL Integral Nonlinearity RAB= lOkQ -1 ±0.5 +l LSB 

RAB = 5okn, 1 ookn -0.5 ±0.2 +0.5 LSB 

AVw/ATVoltage Divider Temp. Coeff. Code=40H 20 nnm/°C 

VwFSE Full-Scale Error Code= 7FH -2 -0.5 0 LSB 
VwzsE Zero-Scale Error Code= OOH 0 +0.5 +l LSB 
Vm Inout Logic High 2.4 v 

V1L Input Logic Low 0.8 v 
I1L Input Current VIN= ov or 5y· ±1 uA 
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Hardware specifications of components used in a tensiograph ( continued) 
Slotted, Throuf!h Scan Opto Switch with Lof!ic 

Distributor I Road I Town I County/Postcode 
RS Components Ltd. I Birchington Road I Corby I Northants NN17 9RS 

Electrical characteristics (Tamb=25°C unless otherwise specified) 
Parameter Test conditions Min. Typ. Max. Unit 

Diode 
VF Forward Voltage @lp=29mA 1.5 v 
VR Reverse Voltage 3 v 
lp Continues Forward Current 50 mA 

Photodetector 
Vee Supply Voltage range +4.5 +16 v 
I sink Output sink current 15 mA 
lo Operating Current 15 mA 
Po Power dissipation 250 mW 

Coupled 
tPD Propagation Delay Time 5 µs 

(high to low, or low to high) 
toR Output rise time 150 180 ns 
toF Output fall time 23 50 ns 

&o Operating Temperature -40 +100 oc 
Low dropoutfixed vo/taf!e ref!u/ator LM2931AZ-5 

Distributor I Road I Town I County/Postcode 
RS Components Ltd. I Birchington Road I Corby I Northants NNl 7 9RS 

Electrical characteristics (VIN=14.4V, I0 =lOmA, Tamb=25°C unless otherwise specified) 
Parameter Test conditions Min. Tvo. Max. Unit 

Vo Output Voltage 6V:o;VIN:::;26V, I0:o;lOOmA 4.75 5 5.25 v 
-40°C:o;T,:::;+ 125°C 

Vp Forward Input Voltage 26 v 
~ Output Noise Voltage lOHz to 1 OOkHz 500 µVrms 
SVR Supply Voltage Rejection f0=120Hz 80 dB 
!!.Vo Line Regulation 9V:o;VIN:::;16V 2 10 mV 

6V:o;VIN:::;26V 4 30 mV 

!!.Vo Load Regulation 5mA:o;I0 :o;lOOmA 14 50 mV 

Rthj-case Thennal Resistance junction-case 55 oc;w 
&o Operating Temperature -40 +85 oc 
&, Junction Temperature +125 oc 

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 BN24AW 
Analogue Inputs 

Number of Channels 16 single-ended or 8 differential (software selectable) 
Resolution 12-bits (1 in 4096) 
Total Svstem Accuracy (absolute accuracv) 
Linearity: Integral ± 0.05%FS 

Differential ±%LSBmax. 
AID Input Voltaf,!e-Ranf,!es ± 5V, ± lOV, 0 to lOV 
Data Acquisition Rate lOOkHz 
Input Impedance: On Channel 10M/20pF 

Off Channel lOM/lOOpF 
Offset Voltage ± 5 LSB adjustable to O 
Input Bias Current ± 100pA/°C 
Input Bias Offset Drift ±30oom/°C 
Input Gains: 

Ranges 1, 10, 100, 1000 (software selectable) 
Gain Error Adjustable to O 
Gain Accuracy 0.25% max, 0.05% typical for gains < 1000 
CMRRfor various gains 1 % max, 0.1 % for gain = 1000 
Monotonicitv Oto 70°C 

Temperature Drift: 
Full Scale Error Drift 6ppm/°C 
Bipolar Zero Drift lppm/°C 
Gain ± 30oom/°C 

Input Over Voltaf!e Protection ± 12V 
AID FIFO Buffer Size 16 samples 
General Gain/Queue Lenf,!th 31 
AID Clock: 

Internal Clock 2MHz or SMHz (software selectable) 
Clock frequency tolerance 0.01% 
Clock Drift lOppm/°C 
Internal Clock Divider 2 x 16 bit stages 
External Clock TIL compatible 
External Trigger TIL compatible 
Channel List Length 31 
Block Scan Mode Up to 256 channels per block; all channels converted 

at max. throughout on each clock pulse 
Noise Levels (p-p) G = 1: ± 1 bit; G = 10: ± 1 bit; G = 100: ± 2 bits 

Noise levels will vary according to environmental 
conditions 

Data Acquisition Modes Polled VO, 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 
Accuracv ± 1 LSB (12-bit), 0 LSB (8-bit) 
Differential Nonlinearitv ± 1 LSB max. 
Output Ranf!es ± 5V, ± lOV, 0 to IOV (software selectable) 
Offset Error Unipolar: V,i LSB typical, 1 LSB max. (12 bit) 

Bipolar: Yi LSB typical, 2 LSB max. ( 12 bit) 
Gain: Ranges xl, x2 

Error 2 LSB typical, 5 LSB (12 bit) 
Settlin,: Time to Yz LSB lOµs max. in a Load of 500pF, 2k.Q 
Throu,:hput Rate 500kHz ( depending on computer) 
Temperature Drift 100oom/°C of full scale 
Max. Current Output Source 5mAmaximum 
Monotonicity Oto 70°C 

Digital 1/0 
Number of UO Lines 24 in 3 ports (8255 PPI) 
Voltaf!e Compatibility TTL 
Interface Selection Programmable for simple I/0, strobed I/0, or 

handshake I/O 
Max. Input Volta,:e 5.5V 
Max. Current Source/Sink ±lmA 

Timer/Counter Specifications 
Resolution 16 bits 
Voltaf!e Compatibility TTL 
Number of Counters 3 (2 used for AID timing) 

Environmental Specifications 
Operatinf! Temperature Oto 70°C 
Storaf!e Temperature -55 to 150°C 
Relative Humiditv 5% to 95% noncondensing 

Power Requirements 
+5V 500mA typ. 
+12V lOOmA typ. 
-12V lOOmA typ. 

Software Support 
Supported by EDR Software Development Kit 
DOS lammage support 
Windows 3.1 lammage suooort (DLL) 
Windows 95 lammage suooort 

Table A2-2. Hardware Specifications of the acquisition board PC30G. 
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APPENDIX3 

TABLES OF PHYSICAL AND CHEMICAL PROPERTIES 

Material @ 20°C Thermal Conductivity Specific Heat3 Specific Weight 
[W m-1K 1l [Ws ki!-1K 1

] [kg m-3
) 

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 
WaterH20 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] feV] 

Vacuum-UV VUV(UV-C) 100-200 3000-1500 12.4-6.2 
Far-UV FUV(UV-C) 200-280 1500-1070 6.2-4.4 
Medium-UV UV-B 280-315 1070-950 4.4-3.9 
Near-UV UV-A 315-380 950-790 3.9-3.3 
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*104 100-6 0.4-0.025 
Far-IR FIR(IR-C) 5*104 

- 10° 6-0.3 0.025-10-3 

Table A3-2. The spectral range of the optical radiation in vacuum. (Source: 
Bergmann • Schaefer, Lehrbuch der Experimentalphysik, Band ill 
Optik, 8. Auflage, Walter de Gruyter 1987, ISBN 3110108828, p. 639. 

Physical/Chemical Constant Symbol Value Unit Comment 
Elementary Charge e 1.6021892 * 10-1

~ As 
Bolzmann-Constant k 1.380662 * 10-.l~ JK-1 k=RJNA 

Universal (molar) Gas-Constant R 8.31441 Jmor 1K-1 

A vogadro-Constant NA 6.0221358 * 10~ mor1 

Table A3-3. Physical and Chemical constants. (Source: Bergmann • Schaefer, 
Lehrbuch der Experimentalphysik, Band III Optik, 8. Auflage, Walter de 
Gruyter 1987, ISBN 3110108828, p.1098. 

a Energy Units in specific heat constants: ·lJGoule) = lWs = 0.2388cal 

r' 
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APPENDIX4 

STATISTICS TABLES 

.09 .08 .07 .06 .05 .04 .03 .02 .01 .oo 

0.99984 0.999835 0.99983 0.99982 0.99981 0.9998 0.99979 0.99978 0.99977 0.99976 
0.99975 0.99974 0.99973 0.99972 0.99971 0.9997 0.99969 0.99968 0.99967 0.99966 
0.99965 0.99964 0.99963 0.99961 0.99959 0.99957 0.99955 0.99954 0.99952 0.9995 
0.99948 0.99947 0.99945 0.99943 0.99941 0.99939 0.99937 0.99935 0.99933 0.9993 
0.99928 0.99925 0.99922 0.9992 0.99918 0.99916 0.99913 0.99908 0.99905 0.99901 
0.99898 0.99895 0.99889 0.99887 0.99885 0.9988 0.99875 0.99871 0.99868 0.99865 
0.9986 0.99855 0.9985 0.99845 0.9984 0.99835 0.99828 0.9982 0.99815 0.9981 
0.99805 0.9980 0.99794 0.9979 0.99784 0.99773 0.9977 0.9976 0.9975 0.9974 
0.99735 0.9973 0.9972 0.9971 0.9970 0.9969 0.9968 0.9967 0.9966 0.9965 
0.9964 0.9963 0.9962 0.9961 0.9960 0.9959 0.9957 0.9956 0.9955 0.9953 
0.9952 0.9951 0.9949 0.9948 0.9946 0.9945 0.9943 0.9941 0.9940 0.9938 
0.9936 0.9934 0.9932 0.9931 0.9929 0.9927 0.9925 0.9922 0.9920 0.9918 
0.9916 0.9913 0.9911 0.9909 0.9906 0.9904 0.9901 0.9898 0.9896 0.9893 
0.9890 0.9887 0.9884 0.9881 0.9878 0.9875 0.9871 0.9868 0.9864 0.9861 
0.9857 0.9854 0.9850 0.9846 0.9842 0.9838 0.9834 0.9830 0.9826 0.9821 
0.9817 0.9812 0.9808 0.9803 0.9798 0.9793 0.9788 0.9783 0.9778 0.9772 
0.9767 0.9761 0.9756 0.9750 0.9744 0.9738 0.9732 0.9726 0.9719 0.9713 
0.9706 0.9699 0.9693 0.9686 0.9678 0.9671 0.9664 0.9656 0.9649 0.9641 
0.9633 0.9625 0.9616 0.9608 0.9599 0.9591 0.9582 0.9573 0.9564 0.9554 
0.9545 0.9535 0.9525 0.9515 0.9505 0.9495 0.9484 0.9474 0.9463 0.9452 
0.9441 0.9429 0.9418 0.9406 0.9394 0.9382 0.9370 0.9357 0.9345 0.9332 
0.9319 0.9306 0.9292 0.9279 0.9265 0.9251 0.9236 0.9222 0.9207 0.9192 
0.9177 0.9162 0.9147 0.9131 0.9115 0.9099 0.9082 0.9066 0.9049 0.9032 
0.9015 0.8997 0.8980 0.8962 0.8944 0.8925 0.8907 0.8888 0.8869 0.8849 
0.8830 0.8810 0.8790 0.8770 0.8749 0.8729 0.8708 0.8686 0.8665 0.8643 
0.8621 0.8599 0.8577 0.8554 0.8531 0.8508 0.8485 0.8461 0.8438 0.8413 
0.8389 0.8365 0.8340 0.8315 0.8289 0.8264 0.8238 0.8212 0.8186 0.8159 
0.8133 0.8106 0.8078 0.8051 0.8023 0.7995 0.7967 0.7939 0.7910 0.7881 
0.7852 0.7823 0.7794 0.7764 0.7734 0.7703 0.7673 0.7642 0.7611 0.7580 
0.7549 0.7517 0.7486 0.7454 0.7422 0.7389 0.7357 0.7324 0.7291 0.7257 
0.7224 0.7190 0.7157 0.7123 0.7088 0.7054 0.7019 0.6985 0.6950 0.6915 
0.6879 0.6844 0.6808 0.6772 0.6736 0.6700 0.6664 0.6628 0.6591 0.6554 
0.6517 0.6480 0.6443 0.6406 0.6368 0.6331 0.6293 0.6255 0.6217 0.6179 
0.6141 0.6103 0.6064 0.6026 0.5987 0.5948 0.5910 0.5871 0.5832 0.5793 
0.5753 0.5714 0.5675 0.5636 0.5596 0.5557 0.5517 0.5478 0.5438 0.5398 
0.5359 0.5319 0.5279 0.5239 0.5199 0.5160 0.5120 0.5080 0.5040 0.5000 

Table A4-1. Standard normal probabilities P(z), [ P(-z) = 1 - P(z) ], 
source: (R. Johnson, G. Bhattacharyya, Statistics - Principles 
and Methods, 2nd ed., 1992, pp. 630-631). 

The values in Table A4-1 were calculated from the integral: 
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0 .OS .10 .15 .20 .25 .30 .35 .40 .45 ••• 

100 73 49 30 16 8.0 3.4 1.3 0.4 0.1 
100 70 45 25 13 5.4 2.0 0.6 0.2 
100 68 41 22 9.7 3.7 1.2 0.3 0.1 
100 66 38 18 7.5 2.5 0.7 0.1 
100 64 35 16 5.9 1.7 0.4 0.1 
100 62 32 14 4.6 1.2 0.2 

Table A4-2. The percentage probability ProbN(JrJ ~ Jr0 1) that N measurements 
of two uncorrelated variables give a correlation coefficient with 
JrJ ~ Jr 0 J, as a function of N and r 0 • (Blanks indicate probabilities 
less than 0.05%), source: (J. R. Taylor, AN INTRODUCTION 
TO Error Analysis, 2nd ed., 1997, pp. 290-291). 

The values in Table A4-2 were calculated from the integral: 

[N-1] 2[' -
2
- I N-4 

ProbN~rl~lral)= [N-2] f(1-r2)-2 dr 
Ji[' -- lrol 

2 

Euler's definition of the Gamma-function r(x): 

"' r(x)= Je-ttx-ldt 
0 
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