











the previous design, the microcontroller also enables easy upgrade of optoelectronic
circuit functions. For instance additional levels of amplification or LED current may
be readily added.

2. Drop photometer performance evaluation

The process of evaluating drop photometer accuracy was complicated because various
instrument error types have different absorbance sensitivity profiles. Theoretical
sensitivity functions for the main error types including wideband noise, d.c. offset,
offset drift and gain drift, were derived based on a general system model for
spectrophotometers. The format of the error sensitivity functions were in each case
expressed so that percentage measurement error was evaluated as the product of the
sensitivity function with the normalised instrumentation error (to the reference signal
level). The accuracy of the sensitivity functions and their predicted error was validated
from measurements on a range of test samples of varying absorbance.

In order to provide an indication of the drop photometer accuracy, its
performance was categorised into three absorption bands. The optimal operational
range for the instrument was shown to be for test samples with absorbencies in the
range 0.2 < A < 0.8 (which is similar to the recommended absorbance range for
standard UV-visual absorption spectrophotometers). For this operational range, the
maximum percentage absorbance error was measured at 0.11 %. For near transparent
test samples having absorbance in the range A < 0.2, the percentage measurement error
was found to increase in proportion to 1/4 for all instrumentation errors except static
offset. Thus for example, a sample with absorbance of 0.1 would have twice the
measurement tolerance as when the sample absorbance was 0.2 and test samples with
very low absorbance would experience large measurement error. The dominant error

source for the low and middle absorption bands was found to be gain drift. However
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for high sample absorbencies, the gain-drift sensitivity diminishes towards zero while

the other error functions converge to the relationship 0.43 /(AxT) where T is the drop

transmittance. The dominant error source of the drop photometer for high absorbance
samples was offset drift, with for instance 0.1% measurement tolerance for samples
with absorbance of 2.0. Drift is thus the dominant factor limiting drop photometer
accuracy. The test data used to evaluate drift was derived from worst case signal
deviation measured over an 18 hour period. However if the period between
measurements performed on the test and reference samples is reduced to within one
hour and test samples are prepared to the middle absorbance range, the percentage
absorbance error is reduced to 0.04%.

A comparison between the performances of the drop photometer and standard
UV-visual absorption spectrophotometers was undertaken with particular emphasis
placed on errors arising from sample containers, (drop and cuvette respectively) as this
corresponds to the fundamental difference in the techniques. Four categories of
measurement error associated with cuvettes were analysed including window spacing
tolerance, deviations of radiation loss from windows, internal reflections within
cuvette and manual handling when positioning the cuvette in it holder. The two
dominant errors were found to be manual handling and manufacturing tolerance on
window dimensions. A standard deviation error of 1.25%, due to micro errors when
positioning the cuvette in it holder was obtained from repeated absorbance
measurements of a test sample. Manufacturing tolerances for standard 10 mm cuvette
were found to produce 1% measurement error with precision grade glass and quartz
cuvettes improving this to 0.1% error. However absorbance accuracy will deteriorate
further unless extreme care is taken with cleaning and storing the cuvettes due to

radiation loss from stained windows. The drop photometer overcomes these problems
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because in éffect the drop itself forms a natural cuvette, thus avoiding errors such as
manufacturing tolerances, handling and storage.
3. Signal interpretation
This involved analysing the tensiotrace signal to explain the mechanism through which
its features are controlled by drop properties. Prior to this research, extensive empirical
studies had shown that the amplitude of the first tensiotrace peak, the rainbow peak,
could be very sensitive to changes in the refractive index of the drop but this
sensitivity was not always displayed. The second peak, the tensiograph peak, was
known to be sensitive to drop absorbance and did not have the high refractive index
sensitivity of the rainbow peak. Qurface tension changes were also known to directly
affect both the duration of the tensiotrace and the locations of its peaks. The available
evidence clearly indicated that the best prospects for absorbance measurements were
from measuring the amplitude of the tensiograph peak. However, further investigation
was merited to answer some fundamental questions:

e Why does the rainbow peak display such high sensitivity to refractive index?

e Why is this sensitivity not always displayed?

e Is it possible that the tensiograph peak could also to display a strong

dependence on refractive index?

o What factors cause the tensiograph peak to be shifted?

o Could the rainbow and tensiograph peaks merge into one peak?

e Is the tensiograph peak always guaranteed to be produced by tensiotraces?

e What is the mechanism for the low level dependency of the tensiograph peak

on refractive index and surface tension?
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Applying fundamental rules of physics that define the generation of tensiotraces, a 3-D
computer simulation was developed displaying the internal light transmission within
the drop. Features of the 3-D imagery that proved beneficial included the tracking of
light beam trajectories by colour coding the sequence of internal reflections and

masking the effects of overlapping beams by not displaying beams that are irrelevant

to tensiotrace production. Furthermore, the simulation allowed parameters of the
design setup such as size of drop-head, location of fibres and their numerical aperture
as well as drop properties to be modified with the effects of the changes visualised.
The 3-D graphics facilitated an understanding of the relationship between optical
coupling within the drop and tensiotrace features and provided the inspiration for the
analytical ray tracing model explaining the characteristics exhibited by the rainbow
and tensiograph peaks The high sensitivity of the rainbow peak amplitude to refractive

index was found to be due to the sharp transition in the reflectance of the drop surface

for reflections with incidence angle close to the critical angle of the test liquid. The
rainbow peak was found to occur for second order internal reflections that have an
average angle of incidence of 45° which is close to the critical angles of most test

liquids. A further geometric constraint discovered for rainbow peak production is that

the angle formed by the tangents to the drop surface where the second order reflections

occur must be approximately 90°. It is this restriction that limits some drops from

producing rainbow peaks with high refractive index sensitivity.

The analytical model for the tensiograph peak indicates that it results from a
symmetrical third order internal reflection; two from opposite sides of the drop and
one from the drop base. The average angle of incidence for the rays coupled between
the fibres is 60°, so they are all TIR. The tensiograph peak does not exhibit high

sensitivity to refractive index because the angles of incidence greatly exceed the test
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sample critical angle. Consequently changes in analyte refractive index have little
impact upon the reflection coefficients, because the region of Fresnel’s reflectance

function in the vicinity of 60° is flat for all practical liquids. The tensiograph peak is

consistently observed on tensiotraces because the only requirement for its development
is that the sides of the drop achieve sufficient steepness to produce a 60° incidence
angle. Generally the surface tension of drops is adequate to sustain drops large enough
to meet this requirement. The high absorbance sensitivity of the tensiograph peak is
due to the relatively long path length arising from the treble internal reflection. A
computer simulation study indicated that the average path length of coupling between
the fibres at the tensiograph peak inherently compensates for variation in drop surface

tension. The compensating mechanism derives from intrinsic adjustment in drop size at

the tensiograph peak that counteracts changes to drop shape induced by surface tension
alteration. However further research is needed to determine if this is a general
property. The mild sensitivity of the tensiograph peak amplitude to the drop refractive
index was found to arise primarily from the approximate inverse relationship of the
emission angle of the source optic fibre to refractive index. However this effect is
partially compensated by a corresponding change in the acceptance angle of the

collector fibre.

8.2 Future work

Further reductions in optoelectronic circuit error may be obtained through improved
printed circuit board layout and the provision of shielding from external interference.
Also, the noise reduction filters of the circuit could be redesigned to lower their cutoff
frequency from 1 kHz to 10 Hz, although this would restrict the operational modalities

of the drop analyser. In any case, the theoretical maximum improvement in SNR is just
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6 dB due to the inherent quantisation error of the 16-bit ADC. It would also be
beneﬁcial to design a precision voltage regulator to power the optoelectronic circuitry.
Currently the circuit is powered by a dual power supply with nominal output of 5V
with 1% tolerance. Variation in supply voltages were shown to introduce drift in

optoelectronic measurements which would be reduced with more precise voltage

regulation. A further benefit the regulator circuit is that it may be powered from the
+ 12V d.c. supply (that powers the temperature control circuitry) thereby eliminating
the additional requirement for the £S5V dual supply. Temperature compensation for
the LED light source would be required should the instrument be operated in
environments with large ambient temperature variations. This could be done by
locating the instrument within a temperature controlled container or perhaps
monitoring LED temperature and making appropriate numerical adjustments for its
optical efficiency.

Based on the principles of adaptive Wiener filtering, a least squares method for
calculating absorbance from the whole tensiotrace was derived. Unfortunately, this
approach did not provide any improvement in measurement accuracy compared to the
tensiograph peak method that only involves a single data measurement. This is due to
the nature of the instrument error, which is dominated by drift, making the least
squares method ineffectual. However the Wiener method still merits further evaluation
as it may be of benefit in other tensiograph modalities where the dominant noise is
stochastic. It also provides a useful second coefficient signifying the reliability of the
absorbance estimate. This coefficient may be used to indicate if absorbance
measurements were corrupted with excessive noise, say for instance from drop
vibrations induced from external shocks. While the Wiener method has been tailored

specifically for estimating absorbance from tensiotrace data, there are also other
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examples of adaptive filtering applied to a diverse range of spectroscopic
applications[7°'78] and many of these techniques could be relevant to enhancing the
performance of the drop analyser. Examples describing the application of adaptive
interference cancellation comprise the separation of the spectrum of human LDL (low
density lipoproteins) toxic products from the spectrum of an anti-fungal drug
amphotericin[7°]; removing background radio-frequency interference from
measurements of extraterrestrial pulsar observations”!) and improving the signal-to-
noise ratio of free induction decay (FID) signals produced in nuclear magnetic
resonance (NMR) spectroscopy[72]. Adaptive interference cancellation may be
beneficial in removing drop vibration noise induced from external shocks which is a
practical issue for all modes of drop analysis. The approach could involve utilising
clectronic accelerometers to sense the shock waves and applying an adaptive filter to
estimate the resulting tensiotrace interference which is then subtracted from the noisy
data. Three examples for adaptive system identification are described, the underlying
principles of which may be applied to the wide-spectrum drop vibration modality of
the drop analyser'””). The acoustic backscatter paper'™ describes an adaptive filter for
isolating the resonant response from underwater elastic targets. An adaptive spectral
estimation method” is described for measuring the resonant characteristics of low

signal-to-noise NMR signals while an alternative approachm]

is outlined based on
linear predictive analysis of NMR signals. A common thread runs between these
methods and the drop vibration modality of the drop analyser—each process involves
applying a defined activation signal to an unknown system whose characteristics are
estimated from the response signal of the system.

A key conclusion from tensiotrace modelling was, with the exception of

absorbance, that the dominant factor that defines the shape of the tensiotrace is the
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angle of incidence of beam reflections. This was verified by computer simulation

. plotting the probability density function of the angles of incidence (PDFAI) for each

reflection as a function of drop volume. The patterns of the PDFAI’s were found to
vary consistently with the evolution in drop shape as the drop increased in size. It is
envisaged that the PDFAI may provide a useful analytical tool for the optimal design
of drop-heads, particularly with regard to new complex geometries currently being
developed™®. This is because the PDFAI neatly encapsulate multiple properties of the
drop analyser including dimensions of the drop-head, location of the fibres, drop
shape, refractive index of the analyte and numerical aperture of the fibres. Moreover,
these multiple effects are readily quantifiable from features of the PDFAI such as
location of peaks, their standard deviation or their area over a defined incidence angle
range. This offers the prospect for systematic design of drop-heads. The methodology
for drop-head design would involve obtaining a series of images of the drop as it
develops. Internal light transmission would then be calculated by executing the ray
tracing computer model on the measured drop profile. The PDFAI may then be
estimated by calculating histograms of the angles of incidence for each reflection.
Different configurations such as drop-head size, different sized fibres, detailed
positioning of fibres and their orientation could be simulated to determine the best
construction. This should substantially reduce the number of manufactured prototype

drop-heads needed to finalise the design.
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