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Abstract

This thesis discusses the development of a lab ohi@(LOC) ion separation for
river water quality monitoring using a capacitivetpupled conductivity detector
(C*D) with a novel baseline suppression technique.

Our first interest was to be able to integrate sactietector in a LOC. Different
designs (On-capillary design and on-chip designyehbeen evaluated for their
feasibility and their performances. The most sugatesign integrated the electrode
close to the channel for an enhanced coupling whédging the measurement
electronics as close as possible to reduce noise.fihal chip design used copper
tracks from a printed circuit board (PCB) as elea#s, covered by a thin
Polydimethylsiloxane (PDMS) layer to act as eleetri insulation. The layer
containing the channel was made using casting anddd to the PCB using oxygen
plasma. Flow experiments have been conduced tdahisstesign as a detection cell

for capacitively coupled contactless conductiviggattion (CD).

The baseline signal from the system was reducetjwsinovel baseline suppression
technique. Decrease in the background signal isecedhe dynamic range of the
concentration to be measured before saturationrecthe sensitivity of the detection
system was also improved when using the baselipgression technique. Use of high
excitation voltages has proven to increase theitbgtysleading to an estimated limit
of detection of 0.0715 uM for NaCl (0.0041 mg/L).

The project also required the production of an @omoous system capable of
operating for an extensive period of time withoutrtan intervention. Designing such
a system involved the investigation of faults whaan occur in autonomous system
for the in-situ monitoring of water quality. Identification of psble faults (Bubble,
pump failureetc) and detection methods have been investigatedeth details are
given on the software and hardware architecturetdating this autonomous system

and its controlling software.
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Chapter 1 : Introduction

1.1. Water quality monitoring

With the worldwide increases in population leadiadhigher water demand, concern
about the quality of the surface water is growifitpe European Union’s Water
Framework Directive (WFD) entered into force in Beiber 2000, one of its
objectives is to achieve a good water quality maymg programme by 2015. It will
allow the assessment of the chemical status dféisewater in European countries by
comparing the measured level of the chemical spegith the environmental quality
standard. This directive is a real challenge fovilemmental organisations and

analytical chemistry science.

Simulation models can be used to predict and hedprhanagement strategies of
freshwater resources. Water quality is affectechbmerous factors (Water demand,
water treatment, climate, land management), thexefdevelopment of new models
capable of giving accurate predictions, taking imtcount a multitude of parameters,
iIs needed. The effects of climate and land use atemquality are highly complex
and models are often over-parameterized which feamilar results with different
parameters [1]. These problems highlight the fiaat hydrologic systems are still not
fully understood and the design of new field expemts and observations are needed
to replace the current linear, additive “blackboxddels with non-linear, non-additive

ones capable of fitting the calibration data whigeng “parametrically efficient” [2].

The development of new methods of high frequenctemveneasurement has been
identified as likely to lead to conceptual and ficat advances in the hydrological
and biochemical science since the need for suly-dag@lasurements of water quality
has been established, not only for nutrients, laa #or many other chemicals [3, 4].
These methods will help to provide a better undeding of the contribution of

chemicals to the river network, not only duringretcevents but also between storm

events. Kirchner shows [4] (Figure 1.1) that itdaring just such periods that



interesting biogeochemical signals may emerge, isghc because they are not

obscured by large hydrological fluctuations.
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Figure 1.1: Electrical conductivity measured monthy, weekly, daily, and hourly, with hourly pH
and discharge, at Hore stream, Plynlimon, Wales fnm [4]



This example demonstrates the need for hourly dscof catchment hydrochemistry
measurements instead of the monthly grab samples @pplies to not only
conductivity and pH as further understanding worddult from the monitoring of
additional chemical species which have differingiMlresponses [5]. “If we want to
understand the full symphony of catchment hydrogbahvehaviour, then we need to

be able to hear every note” [4].

1.1.1.  Current practice versus high frequency monitoring

Currently, monitoring techniques are still mainlgsed on sample grab prior to
laboratory analysis [6, 7]. For example, [8] ddsesi an eighteen month of 7-hourly
analyses of rainfall and stream water chemistryeHaeen done using different sample
collecting system prior to analysis in laboratofyjhe analysis was exhaustive,
Inductively Coupled Plasma — Mass Spectrometry (M3 (Al, Sb, As, Ba, Be, Cd,
Cs, Ce, Cr, Co, Cu, Fe, La, Pb, Li, Mn, Mo, Ni, Rh, Sc, Se, Sr, Sn, Ti, W, U, V,
Zn), Inductively Coupled Plasma — Optical EmissBpectrometry (ICP-OES) (B,
Ca, Mg, K, Si, Na, S), lon Chromatography (IC) (Bf, F, NG, NO,, SQ)), Auto-
Titrator (I, Gran alkalinity), colorimetric analys¢€NH,), conductivity meter, TOC

analyser (DOC) and pH meter were the instrumerdd.us

The authors declare that this study representspthetical limit that the current
monitoring approach can reach due to the large atmaiuresources required (Field,
laboratory, etc). The method used has many disadvantages comparedmore
automated on-site analysis. As demonstrated, time consuming and the delay
between the grab and the analysis may lead torsgehia the sample [7, 9]. Neal [8]
also states that the 7-hourly sampling frequeneytsnough to capture water quality
dynamics and there is still an increasing intenestub-daily measurement of water

quality, which could lead to a better understanaihgver hydrochemical dynamics.

Neal concludes by highlighting the fact that thalgsis must be accurate and precise
so the difference between consecutive samples eatetected [8]. With the uses of
high resolution time series, new tools could beduldee spectral analysis, wavelet

techniques, and cross-spectral and cross-cornelahalysis [4]. Such high frequency



measurements are not feasible without an on-siteasorement system and
hydrometric data can probably give a first indicatiof the necessary measurement
frequency. Kirchner stated that additional pH amshductivity measurements at
Plynlimon became redundant at about the same sagnfiequency as additional
discharge measurements do. This implies that tbessary measurement frequency is
likely to be higher in smaller catchments [4] as kiydrologic response to a change in
the water stream chemistry is in the matter of t@su Moreover, if parallel
measurements (Simultaneous measurements) in the asea are the only way to
achieve high frequency, it supports the idea ofngissmall and autonomous

measurement systems to achieve effective monitatiegegies in small catchments.

1.1.2. Potential of LOC based measurement

The use of Lab-on-a-chip (LOC) based measuremeot isterest in environmental
water monitoring as it has the potential to ansmest of the problems people are
currently facing. Reviews of the existing microflia techniques (Sample preparation,
fluid handling, detection,etc) applied to environmental analysis have been
published [6, 10-12]. Systems capable of fast axdratein-situ real time monitoring
which can be robust and confined in a small packaué the possibility of wireless
communication, will solve most of the issues hydgyl research groups are dealing
with. Some commercial system already exists like GuardianBlue (Hach HST)
which can measure several parameters used to tér@sacthe water quality (pH,
Conductivity, Turbidity, TOC and Chlorine concenioa). However, they are
cumbersome, limited to a certain range of speaidsexpensive to deploy in the field
(Main power, large reagent consumption, waste).

A few studies on nutrients like phosphorus (P) [14, or dissolved oxygen [15] have
been recently published using data collected byd#moyment of in-field analytical

equipment (Figure 1.2) but their number remains [[b@}. These alternative methods
provide on-site measurement abilities but still @aavumerous disadvantages in
comparison with LOC [16]. The installation and mamance of such sites is difficult
as they need housing to protect the instrument fileenoutside environment, mains

electricity due to the high power consumption omsoinstrument while still having
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easy access to the water stream. In the case ofttity of TRP i(e. unfiltered
molybdate reactive phosphorus) [13], hounhsitu measurement of water quality was
recorded from January 2004 to November 2006. Thasarement instruments were
housed in a kiosk on the river bank and were coexbas a Nutrient Probe Analyser
(NPA, Systea, ltaly) and an YSI6600 multiparamgtexbe (Dissolved oxygen, pH,
water temperature, conductivity, turbidity and ebjghyll). While the multiparameter
probe can operate without reagent, the NPA useslaimetric method based on
phosphomolybdenum blue complexation which needgergdilling and recalibration
every 3 weeks. Each week, manual water samples alscecollected for ground
truthing of the TRP data.

Figure 1.2: Example of shed housing instruments dhe river Cut [16]

1.1.3.  Motivation for improved water quality monitoring

The preceding discussion highlights the need fgrowing both understanding and
monitoring of water resources as global pressueas lincrease stresses. There is
potential to take advantage of recent developmant®C-based analytical science to
develop a system for making high-frequency chemmehsurements in lakes and
rivers which will be cheaper, more reliable undeidf conditions, and have low
power and reagent consumption. The requirement&n(plawver, space, maintenance,
etc) for such LOC-based system being less constrainimgre system could be
implemented. This should make it possible to colieach more detailed data, which
can then be used to develop improved predictive atspdootentially facilitating



improved land and water management and strengtipegrifiorcement of pollution

legislation through more accurate and trustworthiglence.

1.2. Presentation of the LIMPIDS project

The LIMPIDS project (Linking Improved Modelling oPollution to Innovative
Development of Sensors) is an interdisciplinaryjgebinvolving chemists, engineers
and environmental modellers from the UniversitiéReading and Hull, the Centre
for Ecology and Hydrology and the Environment Agenit was funded by EPSRC
grants EP/G019967/1 (Reading) and EP/G014221/1)(Huie aims of the LIMPIDS
project is to evaluate the use of high frequencytewamonitoring to improve
hydrological models (Reading) and to develop a howgh-resolution, multi-
parameter water quality measuring system usinguaoviative miniaturised chemical
sensing device (Hull). Ideally the system will lested and validated in the field, and
the data obtained will be used to advance the seieh hydrochemistry and initiate
development of a new generation of catchment @ollutransport models to address
pressing environmental questions. Given the exgegtlopment time of the LOC-
based monitoring system, high frequency data on umber of parameters
(Phosphorous, Sulphate, Nitragtc) will be collected by the University of Reading
using convention equipments such as the ones @dpittFigure 1.2 (See appendix A
and B for description of the monitoring site sethypthe CEH and the Environmental
Agency). This will also help provide a point of cpamison between the capabilities
and constraints of the two monitoring approaches.

The role of the University of Hull in the LIMPIDSqject is to focus on the design of
the microfluidic system with a chemistry part whidbals with microfluidic sample
handling, extraction and analytical separation @sscrequired to measure multiple
dissolved species. The engineering part, which watertaken by the author, deals
with the detection and control electronics in ortlerhave an autonomous system
which can be used in the laboratory but also infigld for in-situ monitoring. This
involves the creation of hardware and software tvlgan be used to control and
communicate with the monitoring system. The fedigjbof an LOC module tailored
for this system will also be evaluated by the authderm of ease of manufacturing,
analytical performance and compatibility with theraction and separation methods.



The aim of the University of Hull in the LIMPIDS gect is to develop a novel, high-
resolution, multi-parameter water quality measurgystem using an innovative
miniaturised chemical sensing device. The speoifijectives related to this work are
listed below:

1. Development and evaluation of a detection / sigmalcessing system for
miniature / LOC separation-based chemical analgsts Electrophoresis and
ion chromatography), which is usable in the fiedthd has a good limit of
detection whist minimising the number and volumecbkemical reagents
required.

2. Development and evaluation of analytical LOC dedod electrode design(s)
(Structures) which have low manufacturing costs imedeased robustness to
facilitate long term use in the field.

3. Development of a self contained system for fieldldgment of the analytical
LOC device(s) for water quality monitoring, integing power management,
control, signal processing, communications and kafging.

4. Development of a software in order to provide theeruwith a friendly
interface to control the analytical system for +@le laboratory use and
autonomousn-situ operation.

5. Given the expectation of temporary extreme conagiand limited expected
operating life of LOC devices, the system shoulovjate self-test capabilities
to facilitate identification of rogue data, overd#ita robustness, and alert users
of actual or pending failures.

6. Development and evaluation of a robust and repilibtkidnorganic ions
extraction method, intended for sample introductammd preconcentration
from water sample prior analytical separation (Cisény part).

7. Development and evaluation of a fast analyticalasgpon method for
inorganic ions in LOC system with small reagent stonption and high

separation efficiency (Chemistry part).



1.2.1. LIMPIDS project requirements

The system to be developed needs to be able taceemr augment the existing
system that the Environment Agency (EA) and thet@dior Ecology and Hydrology
(CEH) are already using on the field. The spediicaof the system was decided
during the research proposal development andtedliselow:
« Detection of N K*, C&*, Mg and NH*, NO5, NO,, SO, CI down to
0.01 mg/L
« Detection of PG’ down to 0.001 mg/L and preferably the same f&f Bnd I
« Possibility of measuring trace elements such ds,B\l, Fe and Mn down to
0.001 mg/L
e Operating temperature of 0 to +35°C
* Housed in a secure unit
» Self calibrating with the option of weekly/montHlgld visits
* Running cost should be less than £2k/year and aifgieless than £1k/year
» Option for automatic cleaning
» Possibility of use without mains powee. Batteries
* Possibility of monitoring rainfall
* Monitoring frequency should preferably be down fonlinutes without loss

of accuracy

In June 2012, the small business research ingaf®BRI) and the environment
agency have opened a competition on a project ndinedvative Environmental
Sensors” [17]. The main objective of this projesttdo develop a flexible system,
suitable for on-field use which can measure a widsge of nutrients
(Orthophosphate, nitrogen, ammoniacal nitrogenyit@jt nitrate, chloride) in
freshwater. To be used in the field, the deviceukh@referably be small and
lightweight with its own power and the ability toramunicate with the user. These
requirements highlight a growing demand for suchitooing devices. The LIMPIDS
(Linking Improved Modelling of Pollution to Innoviae Development of Sensors)
project may help to move forward in the field of-situ monitoring by using

microfluidic principles and electronics.



1.3. Outline of the thesis

Chapter 2 will give a background on microfluidicengiples and present various
manufacturing techniques used to produce Lab-omja{t.OC) systems. Understand
these principles and manufacturing techniques eathé key to design future water
quality monitoring platforms. These manufacturimghniques can also be used to
manufacture the detection cell for the capacitivebyipled contactless conductivity
detection (D) described in the next chapter. An example oftéxj monitoring
platform is also given.

Chapter 3 will focus on the presentation of the mm®mmonly used separation
techniques for inorganic ions and their use in LOKe method of detection for LOC
system, the conductivity detection{) technique, will also be presented. Starting
with a brief introduction, this part will providesaful information on the detection
principle from the cell electrical model and designthe measurement electronic
involved.

Chapter 4 will present different cell designs folDCapplication using fused silica
capillary and microfluidic chip which have been dmped to be used with the
detection system. The manufacturing process arfdrpgaince of the different cells is
discussed. These cells should be ideally compatiite the separation and detection
(C*D) methods used for the LIMPIDS project.

Chapter 5 will describe the use of a novel eleatrdvaseline suppression system for
the C'D detection of inorganic ions. The different eleseconstituting this system
will be presented and the operating principle exgld. Experimental results using
this detection system will also be presented.

Chapter 6 will demonstrate the detection of fawtsch can occur in microfluidic
system due to bubble, pump failure or blockage.

Chapter 7 will give details about the system irdéign, describing the software
architecture (PC and embedded) and hardware artimte

Chapter 8 will conclude this thesis by giving aewew of the progress made on the

LIMPIDS project. This chapter will also talk abdutther work which can be done.



1.4. Posters and publications

The following public outputs have arisen from therkvdescribed in this thesis.

1.4.1. Posters

Joly, E., Bell, .M., Webster, A., Greenway, G.Mdaswell, S.J., “Capacitively
coupled conductivity detection {D) for a miniaturised separation system for in situ
water monitoring” poster presented at The 14th Bi&@nChallenger Conference for
Marine Science “Microfluidics and Sensor Technolofyy Oceanographic and
Environmental Science Applications”, SouthamptdithlSeptember 2010.

Joly, E., Esfahani, N., Bell, .M., Greenway, G.Maswell, S.J., “Development of a
Lab-on-a-chip miniaturised extraction and sepamasgstem for automated in-situ
river water monitoring with capacitively couplednctuctivity detection (¢D)” poster
presented at Monitoring the Aquatic EnvironmentngsiSensor Technologies,
London, 19th October 2011

Joly, E., Bell, .M., Fallatah, A., Greenway, G.Mdaswell., “Overcoming sample
introduction issues for Lab-on-Chip environmentadlgsis” poster presented at Lab-
on-chip European congress, Edinburgh, 28-29th Maédi?.

1.4.2. Publications

Wade, A.J., Palmer-Felgate, E.J., Halliday, S.Beffgton, R.A., Lowenthal, M.,
Jarvie, H.P., Bowes, M. J., Greenway, G.M., Haswsll., Bell, I.M., Joly, E.,
Fallatah, A., Neal, C., Williams, R.J., Gozzard,afd Newman, J.R., From existing
in situ, high-resolution measurement technologedab-on-a-chip — the future of
water quality monitoring? Hydrology and Earth Syst8ciences Discussions, 2012.
9: p. 6457-6506.
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Joly, E., Bell, I.M., Fallatah, A., Greenway, G.MHaswell., S.J., Wade, A.J.,
Skeffington, R.A., Design and Test Issues for LabGhip lon Separation for In-Situ
Water Quality Monitoring. in the 18th Internation®ixed-Signals, Sensors and
Systems Test Workshop (IMS3TW), 2012.
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Chapter 2 : Background in Lab-on-Chip

2.1. Outline of the chapter

In the early 1990s, Manet al[18] described the Miniaturized Total Chemical-
Analysis Systems (UTAS). This is now often refertedas Lab-on-a-Chip Systems
(LOC) as uses extend beyond analysis. They prop@seslystem which takes
advantage of microfluidics (Small channel dimensjom order to achieve low
sample and reagent consumption, faster analysi® tand higher throughput
compared to bench top equipment found in laboredoiihis chapter will describe the
microfluidic principles used in Lab-on-a-Chip desgc (Section 2.3) and give an
overview of the available techniques for the camgton of LOC devices (Section
2.4) which hold the promise for creating miniatadsanalytical systems. The use of

LOC for environmental monitoring will also be dissed in this chapter.

2.2. What is a Lab-on-chip?

These Lab-on-a-chip devices are composed of miaroais with micrometric size
(10-400 um in cross section and volumes of picoaiaoliter) which can be created in
hard €.g. Glass, PMMA, PC) (See Figure 2.1) or soft (PDMSitenals using
different manufacturing techniques. The reductiors¢éale induces many advantages
over conventional systems. First of all, smallelunze will lead to smaller reagent
consumption and waste. Secondly, microfluidic desibenefit from a large surface to
volume ratio; useful in cases of liquid/surfaceemattion. This large surface to
volume ratio also contributes to a high thermafudiivity, which makes the heating
and cooling of the device or liquid faster and mbboenogeneous making the use of
these devices of interest for chemical reactiong.([Polymerase chain reaction).
Thirdly, laminar flow (Low Reynolds number) is pedgnt in microfluidic channels,
and this phenomenon is exploited for various apfibois. Depending on the channel
designs, chemical gradient generation [19, 2®%itu micro fabrication [21], flow

focusing or passive mixing [22] can be achieved.
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Figure 2.1: Example of microfluidic chip with a diffusive mixer

The multidisciplinary field of LOC research hasemed much attention over the past
twenty years and many of these benefits have beemustrated. Review articles
summarizing work performed in the area of micrafloichips have been published
[23, 24].

2.3. Microfluidic principles

Since Manzet al. introduced the concept of the uTAS [18], reseacivave tried to
apply miniaturisation to the standard techniquesdusr chemical analysis. The
principal constituting stages of a LOC are a sampieduction stage (Solid phase
extraction, filtering, electrodialisystc), sample treatment stage (Reagent mixing,
separationetc) and a detection stage (Spectrophotometric, eleloémical etc).

Theses stages can be built using microfluidic f@stusuch as micro-reservoirs
(Reagent and waste storage), inlet/outlet (Fluidierface to the outside world),
electrodes (EOF, electrophoresetc), micro channels (Fluid transport, mixing,
reaction with surface coatingic), micro-valves (Flow switching and pumpirejc).
Some of these microfluidic functions will be prewshin more detail in the following

sections.

2.3.1. Pumping

Microfluidics generally involves the use of onenoore liquid phases (Reagents, wash

buffer, samplegtc) which need to be transported through the micrditusystem
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from the inlet to the outlet. Two mains flow moverhéechniques are used for such

purpose, electroosmotic flow (EOF) and hydrodynaftoiw (HDF).

2.3.1.1. Electroosmotic flow

Electroosmotic flow (EOF) is an electrokinetic effevhich can be used to move
liquid without the need of moving parts like pumpsit by using an electric field.
This phenomenon can be observed in systems whefeatnic field is applied to the
liquid which is in contact with a charged surfaBeged silica, Oxidized PDM®c).

An area called the double layer exists at the fiater between the boundaries of two
phases and can be described by Stern’s model.dbhible layer is composed of a
rigid layer and a diffuse layer which will move tawl the electrode of opposite
charge, inducing a bulk flow. In the case of fuséida, the surface will be composed
of silanol groups (Si-OH) which are negatively ded and the counterions from the
water of the solution contained inside are podyiebarged. Ultimately, this diffusive
layer will migrate toward the negative electrodeatft®de) dragging the main flow

with it (Figure 2.2).
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Figure 2.2: Electroosmotic flow principle

The electroosmotic mobility (Constant linking th&earoosmotic velocity to the
electric field strength) depends on numerous facftonic strength, pH, viscosity,
permittivity of the medium, surface characteristietc) which can be changed in
order to manipulate the EOF. Using surface modibeca (Coating, etc) or an

electrolyte additive (Cationic surfactantsic) EOF mobility can be increased,
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decreased or even reversed. When using these paiitifis, particular attention must
be given to stability and reproducibility as theuking EOF may vary with timee(g.
Useful lifetime of 3h for oxidized PDMS [25]). Cormiitive hydrodynamic flow
(Actions from external pressure exerted to theidigjghould also be avoided as it has
the potential to counteract the EOF. This can beedby making sure that all

inlets / outlets are at an even pressure.

2.3.1.2. Hydrodynamic flow

In hydrodynamic flow, a difference in pressure besw two points (Inlet and outlet)
is used. This difference of pressure can be crdatatumerous means, from the low
hydrostatic pressure (When the liquid is at reshegally with a height difference
between the inlet and outlet) to the high pressiifference possible with an HPLC
pump (Used for flow experiments in Section 5.3).

Between these two extremes (Pumpless and bulkyhbemgipment), lie micropumps
which can be external modules but can also be nated directly inside the
microfluidic chip. Small external pumps are oftenembranes driven with
piezoelectric actuation. They can achieve good flate but are limited by the usable
back pressure. Bartels mikrotechnik, Tagasako &uéhi metal Micro Pump (MMP)
are examples of the manufacturers of such microgump

Different designs of integrated micropumps (Actipemping) exist and they use
different means of actuation. Some integrated dssigse a combination of
piezoelectrically actuated membrane and check vi2é¢ like the commercially
available ones, or mimic the principle of the peitec pumps where the successive
closure of valves creates peristalsis.

Passive pumping also exists, no moving parts ogreat actuator are needed and it
relies mainly on capillary forces. This type of puing is useful for single use, low
cost point-of-care products. For example, eleceotbal detection of bio molecules
with the use of few electronics components (OEMeptibstat, UART-USB interface)
and a mobile phone (To provide power and GUI) hesnbpresented as a possible

diagnostic platform [27].
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2.3.1.3. Comparison between Electroosmotic and Hydrodynamifiow

The main advantages of using electroosmotic assggpto hydrodynamic pumping
are the absence of pulsation and backpressure winchally occur when using a
mechanical pump. The flow profile is also differenmpared to using hydrodynamic
flow, which has a parabolic shape (Maximum speetthéncentre, null at the channel
wall) whereas EOF has a fairly flat profile acrtiss whole channel, ideal for forming

narrow peaks in electrophoresis.

2.3.2.  Flow switching

Flow switching is the action of controlling the padf the fluid flow using valves.
These valves can be actuated in different manmaechanically by the use of
solenoids [28] which is not generally suitable farniaturisation; Pneumatically,
often referred as Quake valves [29], use a flexiidgnbrane which can deflect under
pressure and thus block the channel they are on(dogottom) of. Other valve
designs exist, using the same principle.

Another type of actuation is phase change actuatioich uses hydrogel [30, 31] or
paraffin. The shrinking or swelling of the hydrogela microfluidic channel can be
controlled by a wide range of stimulus (Temperatynld change, electromagnetic
wave,etc). However their response time is slow comparethéoother valves, hence
the use of such valves in system where the swigchelay is not critical. Paraffin
wax (and other wax) valves will respond to tempaetstimulus and have a faster
response time than hydrogel ones. As demonstratad_ab-on-a-disc experiment, in
which a laser irradiation can be use to close endprrowax valves [32].

Flow deflection is also a way of switching the flimvmicrofluidics, and can be done
using different technique. Bifucation, Lateral d&gment, Repulsion array to name a
few, have been reviewed by Pamme [33].

In electrophoresis, the sample injection step carcdnsidered as an electrokinetic
flow switching [34], the sample plug is createddmynbinations of voltage changes at
the different reservoir to switch part of the saenfd the separation channel while the

rest is going to a waste reservoir.
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2.3.3.  Mixing

Due to the laminar flow usually present in the mikrdic channels, mixing of
different species along a channel is a slow (Dife)s process in comparison with
turbulent flow. Therefore mixing techniques adaptedmicrofluidics have been

developed and can be classified as either passiaetive.

2.3.3.1. Passive mixing

In the passive technique, the main principles @ednolecular diffusion and chaotic
advection. Using the molecular diffusion techniqtiee mixing is enhanced by
maximising the contact area between the specids.cbmtact area can be increase by
using a multitude of channels and reassociatingnthbegether to create multiple
streams (Also called multi-laminating flow). Thisopess has been demonstrated by
Bessothet al. where 95% of the mixing was done after 15ms [3bhg 2x16 streams.
The Split-and-Recombine flow technique (SAR) isiEmto multi-laminating flow
but only uses two channels to split and recombhee fltow to create the multi-
lamination [36].

Chaotic advection, on the other hand, tends touavecirculation and turbulent like
behaviour. It is implemented by creating differéaatures of various complexities
(Groove, pillars, 3-D serpentinetc) inside the channel. For example, Beebe’s group
created a 3D serpentine mixer which they compagadnat a 2D serpentine mixer
and a straight channel. At a Reynolds number of tAi8y announced a mixing
difference between the straight channel and thes8fpentine of 16 times. The
difference between the 3D and 2D serpentine washemonly 1.6 times [37]. The
usage of this mixer is therefore restricted to R&>in order to increase the
complexity of the flow and it efficiency. Anotheommon feature is the staggered
herringbone mixer (SHM) developed by Strooad al[38] who created
microstructures at the bottom of the channel. Caoagp#o a straight channel at low
Reynolds number (Re < 1), the SHM can achieve émeesmixing while decreasing
the channel length needed by a factor 100.

A particular passive mixer has also been simuladwork with EOF using

heterogeneous surface charges to create recimuldti addition, the heterogeneous
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surfaces were placed on blocks inside the charmemprove the mixing. The
heterogeneous blocks with a zeta potential of +75wife able to improve the
mixing from 41% to 91% [39].

2.3.3.2. Active mixing

Active mixer uses external energy to stir and mire tfluid (Acoustic waves,
piezoelectric membranes, electrokinetic instabilpgylsed flow,etc). Liu et al.[40]
developed a bubble-induced acoustic mixer whichsua& pockets to create
circulatory flow in the presence of sound wave. yinere able to micromachine the
chamber in such a way that they have the desirbbleuistribution and size, which
is critical in the mixing efficiency, by avoidinguid stagnation. Comparison in
efficiency of capturing E.Colli K12 bacteria agdirsséandard centrifuge mixing and
diffusion showed a 73% capture rate for the acthiging while standard mixing
achieved 91% and diffusion only 2% during the sgpeeiod of time (30 min).
Furthermore, acoustic mixing didn’t cause cell dysior sample heating, which is
ideal for biological analysis. Similar method haeen used in channel by Ahmed
al. [41] where bubbles trapped in the sidewall groexeited at their resonance
frequency achieved recirculation by the same aasseaming phenomenon.

Mixers using fluctuating electric fields for mixingave also been investigated
intensively (Electrokinetic instability [42], eleohydrodynamic mixing [43].etc).
AC and DC electric fields applied to various eled& patterns (Simple electrode,
array, asymmetric serpentinetc) can be used to stretch then fold the liquid to

achieve rapid mixing.

2.4. Manufacturing techniques

The manufacturing techniques used in the field dafrofiuidics originated from
microelectronics and MEMS manufacture where they @mmonly used for the
micromachining of silicon wafers. Micromachining tineds are substrate dependent.
In the case of glass like materials (Pyrex glassed silica,etc), the common

technique used to create micro channel uses tlwviag steps.
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First, the substrate is spin coated with a photstressin (Negative or positive) prior
to UV exposure, generally at a wavelength of aro868 nm (I-line) generated by a
mercury lamp. The UV radiation passes through agiileographic mask, ideally
placed as close as possible to the photoresistimduntains the desired pattern. Then
the exposed photoresist is baked then developedhwhill dissolve part of the
photoresist (The exposed one for a positive pheisitethe non exposed one for a
negative photoresist). Commonly the substrate isat&hed with hydrofluoric acid
(HF). Some additives can be used to enhance thengtcate and selectivity (HN{
NH,4F, etc). The composition of the etching bath, the temjpeeaand the material
determine the etching rate. This technique is nbymeed for shallow etching, less
than 50 um. Deeper glass etching is possible lgutines more cumbersome methods
like Deep reactive-ion etching (DRIE). The techm@qureviously described is called
photolithography. Finally, access holes can betedeasing diamond-bit drilling or
CO; laser drilling, then the substrate can be theymadinded in order to close the
created micro channel.

The following part will concentrate on polymericigs and thus give a more detailed
description of the employed micromachining techegjuThese techniques usually
use a master or mould which can be created usegliotolithography technique

described previously.

2.4.1.  Micro patterning techniques

2.4.1.1. Elastomer casting

The casting of elastomers for the fabrication otnmchips is now a widespread
technigue in academia as it does not require caateldl manufacturing processes, is
low cost and may be applied to materials with @édé& properties. Elastomer casting
for prototyping of microfluidic devices for capitha electrophoresis was first
introduce by Effenhauset al.[44] and Duffyet al.[25].

The most used elastomer for casting is PDMS sonesti@ferred to as Sylgard® 184
which is the commercial name of the PDMS from Dowarrtihg®. PDMS is sold as
two separate components, the base elastomer ancutiveg agents. The two
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components are mixed with ratio of 10:1, this rais recommended by the
manufacturer but the curing agent can be increts@ibtain a harder material after
curing due to a more cross-linked material (al$ongtion of the curing temperature).
After mixing, it is also recommended to degas th&tume prior to casting as air
bubbles are easily trapped and will create unwaoéefties. The container with the
mixed PDMS can be put under vacuum for 10 minuteswdhieve a bubble free
elastomer. The mixture is then poured onto the enagthich will define the pattern.
The overall chip thickness is mainly dependant loe volume of PDMS and the
volume of the container holding the master. Theingurcan take place at room
temperature or when faster curing time is requieethotplate or oven can be used.
After curing, the cast elastomer can be peelefroffi the master, which can be eased
by the use of releasing agents. For example, tHacguof a silicon mould can be
made more hydrophobic by salanizing the surfacheip with the removal of the
elastomer. The access holes for microfluidic cohaoes and reservoirs can be

punched into the cured material due to its reldveelastic modulus.

Elastomer casting is an appropriate technique vthenlong process time is not a
problem and throughput is small. This techniquevigl® good mould lifetime, for

example a silicon mould with Teflon coated protestiayer showed not visible
degradation after ~100 castings [45]. Other mouddemials can be used, like silicon-

photoresist master (SPM) [46], polymeric master JIPM] or aluminium master.

Other casting materials can be use with this tegli RTV 615 from Momentive
Performance Materials (formerly GE Silicones) issiicon rubber similar from
PDMS, but requires higher curing temperature arldgs chemically inert. Two-part
polyurethane plastic has also been used, and leaadvantage of not needing the
silanization of the mould surface when used witkilwone one [47]. UV-curable
materials have also been used. NOA 81 from Norlanghotopolymer, have been
cast in a PDMS mould [48]. Other thiol-enes bas&tdurable polymers have been
proposed for casting, featuring off-stoichiometagias (Initial reagent remaining at
the end of the chemical reaction) which confer lois taterial the ability of easy
surface modification, bonding and mechanical prigparodification. Such features
make off-stoichiometry thiol-enes polymers (OSTEshex very good candidate for
the replacement of the PDMS for microchip protatgpj49].
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The equipment needed to produce a chip from OSTEsnarinimal as it involves
only a UV lamp (Preferably collimated). A hotplatso can be used to facilitate the
demoulding of the casted polymer by decreasingediastic modulus and Butyle
acetate can be used to wash away the uncured OSTBEaborg’'s group further
improved the bonding strength of the OSTEmer byiragdepoxy monomers
(Denomination of the new material is OSTE+) [50]this new material, the curing of
the material is made by UV as the previous OSTEamer can be use as such. If
further bonding strength is needed, the reactioth@fepoxy group and the remaining
thiol with the surface to bond to can be initiateda temperature of 70°C and 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN) previously addedhe OSTE+ mixture [50].

2.4.1.2. Hot embossing

Hot embossing, also called compression mouldinga i¢abrication method for
polymer based microfluidic devices and is suitaiblaise when a small to medium
quantity of microchips is needed. In this procesghin polymer substrate is first
heated above the materials glass transition teryerély), generally between 100-
175°C. A heated mould (Silicon, Electroplated sitic PDMS,etc) with the inverse
of the desired feature pattera.q. Ridges and posts where channels and wells are
desired in the final part) is pressed into the ,pand the pressure (0.5 kN-2 kN per
cm? [51]) is maintained over sufficient time foretimaterial to deform around and
replicate the mould features. The embossing pressunaintained while the part and
mould are cooled to the demoulding temperature,rextpon the part is separated
from the mould.

The main advantage of the hot embossing technigtleei relatively low cost of the
tool and the fact that nearly perfect replicatiam be achieve with the optimisation of
the embossing parameters [52]. The main parameatétencing the reproduction
accuracy are the embossing temperature, pressdieotohtime and are all correlated.
For example, a shorter holding time can lead toraper replication as the cavities
doesn’t have time to be filled by the plastic, hgerean increase of temperature can
decrease the holding time needed to obtained geplkication but may yield other
problems (Bubble formation, demoulding problestc,).

21



The choice of thermoplastics suitable for hot ersbugis large, the most commonly
used are PMMA and PC but other plastic have beerd Uke cyclic-olefin
copolymers (COC), cyclic-olefin polymers (COP), ymiyrene (PS) and
poly(ethylene terephthalate) (PET), to name a few.

Material such as photoresist can also be embobsé#us case the layer of photoresist
is shaped with the help of a mould instead of befggmically altered by radiation.
This process is called Nano-imprint Lithography Nand have been proposed by
Chouet al[53] in 1996. This process is able to reach vamg fiesolution (25nm) and
the author is confident that sub-10-nanometer misol can be achieve with further

improvement to the technique.

2.4.1.3. Injection moulding

Injection moulding is a very well established fahtion technique in the plastics
industry for macroscopic objects. The injection mdowg machine has three basic
components: the injection unit, the mould, and ¢lemping system. The injection
unit, also called the plasticator, prepares thstanelt (Conversion of the plastic
pellets in a melting plastic). Via the injectionrpdhe melt is transferred into the next
component that is the mould. Typical temperatucedtie molten plastic range from
200°C for PMMA, 280°C for PC to 350°C for PEEK [5IThe molten plastic is
injected under high pressure (60-100 MPa) intontlbelld, which is ideally kept under
vacuum to allow for a good filling of the mould. \&fh the moulded part is
sufficiently rigid, the clamping system opens theuhd and the part is ejected. As the
cycle is finished, the mould is closed, ready @stsdnother cycle.

When using injection moulding for the fabricatioh roicrostructures, the mould is
heated closer to the melting point of the polymeataral to allow the plastic to fill all
the small cavities before being cooled down. Thisaestep has the consequence of
increasing the cycle time compared to the processd udor large macro scale
structures. Due to the phase transition of thetiplgkiquid to solid) and the large
temperature difference between injection and ejacthe mould needs to be designed
to take into account the effects of temperaturerif®mg of the melt,etc). An
extensive review has been done on micro-injectioaldmg for microfluidic

application by Attieet al.[54].
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Applications of this technique include the fabricat of chips for use in
electrophoretic separation of DNA, made out of Bcmgsin [55] and for gel capillary

electrophoresis chips for the separation of pratesile in PMMA [56].

2.4.1.4. Milling and laser micromachining

In contrast to the replication method, milling alader micromachining are direct
machining methods which don’t require any mouldr Racromilling, the excess
material is removed using small cutting and drgjliools (Down to 50 um). The sizes
of these tools limit the range of applications venaricromilling can be used, as small
complex features cannot be resolved fully with teshnique. Depending on the feed
rate and material to machine, high throughput canobtained by milling. Hard
materials with good thermal conductivity like alumum, can be milled faster than
polymer where heating of the plastic can lead & boeakage. Thus lower feed rates
and multiple passes are needed, increasing theimmaghime. Removal of the plastic
can lead to an increase of surface roughness [®ifghwmight interfere with the
optical transmission or fluid flow.

Laser micromachining also called photoablation, bayused to remove polymer
material by decomposition. The two mains decommsiprocesses occurring are
photo degradation and thermal degradation [58pHato degradation, which occurs
for UV wavelength, the polymer chains absorb enoegérgy to break their bonds,
resulting in a smaller chain (More volatile withwler melting point). Thermal
degradation is seen for every wavelength; the iaddeat will melt the polymer but
can also eject the polymers particles outsidealgeted area thus leaving a void.

The polymer subtract can be either photoablatednbying a focused laser beam
across it (Direct writing) or by a beam projectatbigh a mask. In direct writing, the
reproduction accuracy and resolution of the patteenrespectively dependant on the
reproducibility of the laser positioning system atiek optical system (Relative
aperture, focal length, wavelength). As the intgnand number of passes can be
controlled, different depths can be obtained far #ame substrate. When a higher
throughput is needed, the use of a mask is negesthe feature sizes will then

depend mainly of the mask quality instead of thigcapsystem.
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In laser micromachining, the source can be pulsggecially for exciplex lasers (ArF,
KrF, XeCl, etc) or continuous (C@ etc) [59]. Surface roughness of photoablated
channels is higher than other methods, partly duest of pulsed lasers which can
leave a certain rippled appearance on the subg&8}eplus the addition of possible

resolidified protusions from the ablated polymer.

2.4.2.  Bonding techniques

After patterning of the feature onto the polymeager, the channels need to be
enclosed by a second layer acting as a lid which also contain features (Channel,
access holes, electrodes;). The bonding of this extra layer can be done hitipie

processes which need to be chosen according toolseavailable, the bond strength
required, the optical properties, the size of th&tidres and the future application of

the chip were the bonding chemicals can interferg. Clinical applications).

The simplest sealing technique can be the usetsfand bolts but it is inelegant and
prone to leakage. Another technique is the usedbésive between the two layers.
The adhesive can be a single or double sided &@jewhich might need to be laser
ablated or cut to permit access for channel orshdlbe adhesive layer can also be
applied by the use of a laminator. The laminatioacpss uses a heated roller to
activate the thermo-sensitive adhesive containetth@film, this process as been used
in some ¢D microchips [60, 61]. Direct dispensing of gluetla interface between
the two layers may lead to channel clogging thus mieed for alternative glue
application techniques like screen-printing [62].

The direct bonding of two thermoplastics can beedby the use of a heated press.
The same principle as for hot embossing is usetheagolymer is heated above it
glass transition temperaturegfTand pressed together. Careful control of thesones
needs to be maintained as channels and featurdsecamished. This problem can be
overcome if only one layer contains the channelshis case, the thermoplastic used
for the lid can have a lowergTand thus only the lid will be soften, leaving the
features of the other layer intact [63]. Strongdiag strength can be obtained by this
technique for temperatures lower than the glasssitian with the use of surface

modifications described below.
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Some processes use surface modification to enhthecbonding of the two layers.
One of them is the solvent bonding technique wleesslvent is used to “melt” the
surface of the polymer and bond the two layervargibly with a heated press. In the
case of PMMA, ethanol [59], chloroform [57], acetdte or methanol form a non
exhaustive list of solvents that have been use@. Sdlvent can be applied to the
surface of the thermoplastic by dipping, stampiB@] [or vapour exposure [57]. This
method can help reduce the surface roughness of feélature in case of
micromachining with milling tools [57]. This teclque is however unusable when the
depth of the feature are small as a sacrificiatldépneeded, it is possible to spatially
restrict the solvent exposure but leaking can acatithe unexposed areas.

UV/ozone surface treatments coupled with a hot oresrmit low temperature
bonding (temperature lower than thg df the material) with bonds strength close to
the ones obtained when using a press temperatoke dbe glass transition point of
the polymer tested (PMMA and COC) [64]. Corona késge treatment is also known
to improve the adhesion of polymers to other s@daimn the same way as plasma
treatment does. These techniques can be, for eraguipled with the use of silane
agents (APTES and GPTMS) to achieve robust anderséle bond stronger than the
techniques using only{plasma or APTES [65].

The use of mechanical or electromagnetic wavesntluge localised heating are
referred to as welding techniques. Ultrasonic wejduses ultrasonic vibration to
generate heat by friction at the interface of thwe tsubstrates. In order to obtain
uniform bonding over a large surface, one of thiestates is equipped with energy
directors which concentrate the ultrasonic enemgglting in seconds and thus
creating the bond. Control on the molten polymemortant as it can clog the small
structures present in the microfluidic chip. Onlyfew groups have used this
technique but convincing examples of its efficiedave been published, such as a
deformation free micromixer [66] or the bondingrodilti layer microchip from 4 up
to 12 layers [67].

The uses of electromagnetic radiation such as mave and infrared lasers for the
bonding of polymeric microfluidic chip have beenh@mwed. However, these
techniques make the fabrication of the microchiprencumbersome as microwave
welding requires the deposition of metal strips &amkr welding requires materials

with different absorption characteristics.
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2.5. A lab-on-a-chip for environmental monitoring

2.5.1. Assessment of LOC techniques for use im-situ

environmental monitoring

As stated in Chapter 1, a lab-on-a-chip platform davironmental monitoring has
many advantages over a sample grab technique arsthef on-site monitoring with
laboratory equipment.

The LOC devices are commonly made of hot-embosségrpethyl methacrylate)
(PMMA) [68-73] but other material like glass [74]76PDMS [61, 77], COC [78]
and more recently with multiple layers of low-termgtare cofired ceramics (LTCC)
[79, 80] can be used. For the development of tistesy for laboratory testing and
field test, a PDMS cast microfluidic device is thest suitable. As previously stated,
microfluidic chips can be easily produced by PDMStmg with the use of a mould,
and can be bonded to PDMS or glass without theotiglue or tape but with oxygen
plasma. They also have the advantage of being cladlyninert and also have the
benefit of nonbiofouling techniques [81] useful whéealing with large surface to
volume ratio and repeated environmental samples.

For small series, soft lithography is a more appabe solution and a thermoplastic
such as PMMA with a good transmission spectrum icaadidate if future
implementation of optical detection is needed. C€&@ also be considered for soft
lithography due to its high optical transparencighhchemical resistance and low
water absorption. CNC milling can also be considef¢he width of the channels and
pattern are big enough compared to the milling ecuttiameter. In the case of
microchip capillary electrophoresis (MCE), the sgd roughness achieved by milling
may lead to erratic current or non-uniform sampde/fhowever no significant loss in
performance have been observed compared to ottvecdtion processes [82, 83]. If
high manufacturing throughput is needed, injectiawulding is the method of choice
due to the fast process time. The accuracy andinish of the plastic chip will
depend mainly from the quality of the master aredgétting of the injection moulding
process. Injection moulded plastic chips have hesea for analytical analysis of food

samples [78].
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Pumps and valves might be of interest when usihg@& for analytical chemistry
since sample injection, buffer wash or renewalséeps which may be needed. These
actuators can be external to the system usinghaffshelf equipment but ideally
embedding these functions inside the chip will hedduce the size of the whole
system. It will also help to reduce dead volume cwhtan be problematic for
microfluidic systems where the volume at play istie range of pL or less.
Integration of such features can render the mahuiag process more cumbersome
and thus make more difficult the manufacturingarger number. Associated with a
mixer, valves and pump can be used to preparei@audf know concentration which
can be used as self-calibration solution in autongsystem.

In this work, elastomer casting and micromachinmith CNC milling tools have
been used for microfluidic prototyping (Section.8)3 These techniques provide an
excellent repeatability between each parts andad@aguire extensive set up time or
optimisation. Oxygen plasma as a bonding methodgdating PDMS chip is used by
several research groups [41, 65, 84, 85]. This sasteod was used to bond a PDMS
coated PCB containing the electrodes to a PDMSathiedic chip containing the

microfluidic channel with a watertight and durablend.

2.5.2.  Review of existing LOC systems for environmental

monitoring

Recently, a microfluidic system for then-situ monitoring of nitrite (NQ)
concentration within sea water using a PMMA micip¢lexternal valves and pumps
with a optical detection has been demonstrated. [B6¢ microchip was produced
using a CNC milling machine then solvent bondechwiite optical detection (LED,
photodiode) attached using UV curing glue [87]. Madves and the syringe pump
where located directly on top of the chip, thusimising the dead volume which can
be introduced by the use of extra fluidic tubingicls assembly minimises the
complexity of the microchip manufacturing procedslevkeeping the footprint of the
system fairly small. The housing of the system dase in a PMMA tube (160 mm
OD x 300 mm) which accommodated 4x500 mL bottlesig€3 Reagent, blank,
standards and waste) and the control electronidsttas batteries. The authors claim

that this system could be improved for energy &dficy, size but also the number of
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species monitorede(g. Iron or pH [88]) and the monitoring frequency withe
possible addition of parallel optical measuremegiisc The group from the National
Oceanographic Centre (NOCS) did redeploy a revissadion which also included
nitrate (NQ’) measurements in addition to the nitrite measurgsi@9]. They were
able to collect 1872 points over 26 days, involvalgo the measurements of 1872
blanks and 1872 standards which is an averagerd@a@urements per hour.

This microfluidic system is a great example of gussibility to monitor a chemical
species autonomously amgsitu. Even if it is limited to only two species, it hdse
potential to be transposed to other colorimetrigags Being developed for oceanic
monitoring, access to the system while in operatsomore restricted than for river
monitoring. This could influence the design towaabustness at the expense of

resolution or functionalities.

2.6. Summary of the chapter

This chapter introduced the background about miwdi€s (principles and
manufacture techniques). It also described aniegistystem used for environmental
monitoring, more precisely for measuring the comegion of nitrite in sea water.
Numerous manufacturing techniques have been pexteatd one method of choice
for rapidly produce microchannel is elastomer castiThis will be one of the
methods used by some of the papers presented mestehapter focusing on various
separation techniques andDCdetection. This manufacturing method will also be

used in Chapter 4 for one of the designs presented.
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Chapter 3 : Background to separation and €D

3.1. Outline of the chapter

The monitoring system to be developed for the LIDI®Iproject will need to separate
and detect the analyte of interest; therefore backyl on separation and@will be
presented. Section 3.2 will be about the separaticmiques of inorganic ions which
can be used with the®D (lon chromatography and electrophoresis). Thet sek-
chapters (3.3, 3.4 and 3.5) will give a deeper tstdading of ¢D detection, starting
with a brief introduction and an overview of thedatical model of the system. This
complex system responds differently depending oe flrequency used, the
conductivity of the electrolyte inside the capWlaand the electrode configuration.
Having a model can help us understand the expetaheesults we obtain with
different frequencies and electrolyte concentratidsext, in Section 3.6, descriptions
of the different electrode designs will underliriee tdifficulties in integrating such
detection and the problems encountered for therham designs (On-capillary and
on-chip) considered in this work. The measureméttmnics is also an important
part of the system and details will be given inti®ec3.7. The final sub sections (3.8
and 3.9) will present the past and future applcegiusing this detection technique for
inorganic ions. Tables comparing the different safpan systems provide an
overview of the evolution in the number of spectetected and their limit of
detection (LOD).

3.2. lon separation

The system developed by the University of Hull reeedbe able to extract the species
of interest but must also separate them in ordekrtow the variation of the
concentration of the different species. Initiathe tmethod of separation chosen for the

project was based on porous monolithic silica colsnMore details can be found in

29



the next section which will explain why the charigeard capillary electrophoresis

has been made.

3.2.1.  Monolithic column for ion chromatography

3.2.1.1. Principles

Monolithic column are continuous porous separati@dia generally made either of
organic polymer or silica and used for liquid chedography. These monoliths can be
prepared for different types of separation prireipkeverse-phase [90], ion exchange
[91-94]) using surface modifications. The major ashages of monolithic silica
columns, as compared to particle - packed colunsesl in a microscale system, are
the fast separation, short analysis time, and ¢tve ¢olumn pressure drop [95].
Inorganic porous materials also exhibit advantamyes polymeric substitutes: higher
mechanical strength, higher thermal stability amghér chemical durability [90].
Such monolithic columns already exist as a comrakrproduct from Merck
(Chromolith®) and Phenomenex (Onyx™). Concernirng piH stability of monolith
columns, silica-based ones cannot be used overrami¢ as extended as the organic
monolith [96, 97], especially in the basic regiondr pH 8) where the silica dissolves
due to silica backbone hydrolysis [92]. Howeveramig monolith can still shrink or
swell due to pH changes [95].

In ion exchange columns, electrostatic interactibesveen the analyte and the ion-
exchange group bonded to the stationary monolph@&se of opposite charge cause
the analyte to adsorb onto the stationary phaseriitihe ion-exchange group carries
a negative charge, the stationary phase is cladsés a cation-exchange material.
Reciprocally, the stationary phase is classifiedmsnion-exchange material when it
has a positively charged ion-exchange group. Asgparation can be achieved by the
use of surface modification of the stationary phagé cationic surfactants such as
DDAB [92], long chained zwitterionic carboxybetaitype surfactants [93], lysine
[94] or latex particles [91]. Separation of catidram rainwater has been achieved by

coating lithium dodecylsulfate to an octadecyl-ds@ica monolith [98].
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To be used as a flow through column, the separatiedia must be encased using a
process called cladding. This ensures that the Imphiase does not flow around the
stationary phase but through. PTFE heat shrinkEfEK resin can be used for the
cladding [99]. In-situ preparation can also be used which negates theicexd
cladding step and is of interest when the mondalitalumn needs to be implemented
ina LOC.

3.2.1.2. Implementation in microchip

The main preparation methods of monolith systerastla@ sol-gel or particles fixed
techniques [100]. However, not all monolith prepara techniques are compatible
with microchip implementation, especially in polymmeicrochips. The heat treatment
step in some sol-gel techniques require high teatpers [90, 101] and will not be
compatible with polymer chips, the porogenic migtwso needs to be compatible
with the channel material. Polymer based monolittere the advantage of
polymerising at lower temperatures [102] or using photoinitiator for the
polymerisation which permits spatial control of th@noliths. Some techniques
involve the grafting of the monolith to the polyntemicrochip wallse.g.COC [103,
104], PDMS [104, 105] (Figure 3.1) and polymeriditg e.g. PP [103]. Direct
grafting of the stationary phase has an advantagetbe more conventional column
design where the beads packed against a retainingah create bubbles or cracks
under high pressure [106]. It is also importanhéde that the gas permeability of the
material where thén-situ monolith is prepared needs to be low. This is ttu¢ghe
chemical reactions involved in both wall functiaeation and monolith
polymerization being sensitive to the presence »xafgen which can inhibit these
reactions [107]. Glass can also be an issue duket@xposed silanol group on the
wall surface which can produce ion-exchange abmorptSuch interaction may

produce tailing and broadening of the analyte pLog].
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Figure 3.1: SEM of a PDMS channel (100x100 um) féd with photoinitiated polymer monolith
from [105]

3.2.1.3. Inconvenience of ion chromatography in lab-on-chigor

environmental monitoring

Even though IC is still one of the methods of ckonhen it comes to the monitoring
of inorganic ions in water, especially anions [me issues using a pressure driven
column may arise. A pump will be required to catse sample to flow through the
column to overcome the back pressure due to therool The use of a morphology in
the monolith (large macropore) will result in a kEmback pressure compared to a
more packed column but may be enough to increaseisk of leakage or column
damage if an excessive flow rate is used to olddiaster cycle time. It can also be
noted that contaminants may block the column mas#yedue to the porous structure
and thus increase the back pressure.

An alternative to pressure driven flow would beus® EOF instead (Section 2.3.1.1).
This alternative separation technique is calleadtedehromatography (CEC) [109].
The use of an electric field to drive the mobilagh results in no back pressure even
with small particles, it also reduces the wastemadly produced by a constant mobile
phase flow. The flow profile is also advantageouth iEOF compared to pressure
driven, where its parabolic shape increases bawadening [109]. One of the
drawbacks in using a current running through thenakel is the ohmic heating (Joule
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heating) produced, which requires using smallemobhto increase the surface to
volume ratio and thus the heat dissipation.

The next technigue presented, named capillaryrelgiabresis, is similar to CEC, but

the difference is that no stationary phase is usad technique can be used for fast

separation of anions and cations will very highasapon efficiency.

3.2.2.  Capillary electrophoresis

3.2.2.1. Principles

The purpose of capillary electrophoresis (CE) isd@parate analyte ions present in a
mixture, to identify the different analytes, andquantify their amount (Related as a
concentration). The CE-separation mode describegafter and illustrated in Figure
3.2 is called capillary zone electrophoresis (CZBher CE-separation modes exist,
namely isotachophoresis (ITP), isoelectric focugsitiEF), micellar electrokinetic
chromatography (MEKC) [110].
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Figure 3.2: Principle of Capillary Zone Electrophoresis (CZE)

In CZE, the separation column is typically a fusédita capillary of usuallyx 200um
inner diameter and 37@m outer diameter [111]. The separation capillaryilled
with a carrier / background electrolyte which cociduthe electric current and
provides the buffering capacity. Then the sampigjected in the separation channel.
To do so, sample injection can be done by eithectelkinetic injection or
hydrodynamic injection. For the hydrodynamic injest the sample is moved in the
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capillary by a pressure difference, using a syripgeap or different liquid level in the

vials (S and B), for example (Figure 3.3A).

Capillary
A) Detection B) Detection
window window
P 2 P- + //EOF -
T T I l ! I
S B S B
C) Detection
/\\window
+ EOF -
i | | i
B BW

Figure 3.3: Hydrodynamic (A) and Electrokinetic (B)injection and separation (C)

In electrokinetic injection (Figure 3.3B), a potahdifference of several kV (field
strength up to 500 V/cm) is applied for a shortetibetween the sample vial (S) and
the buffer / waste reservoir (B). Under the infloenof the applied voltage, the
analytes migrate towards the buffer reservoir duwe dlectrophoretic and
electroosmotic (EOF) movement.

The same principle as the electrokinectic injeci®mised for the separation (Figure
3.3C). Under the voltage applied from the buffesergoir (B) and the buffer waste
reservoir (BW), separated zones will form, eachtaomg only one single type of
analyte having the same mobility (Electrophoretiobitity). At the end of the
separation capillary, a detection window measunesaimount of analytes and peaks
in the detection signal are observed (See Figute Bhe amplitude and / or area of
each peak are linked to the concentration of aeslyThe time at which the peak

occurs is linked to the mobility of the analyte d@hds its identity.
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Figure 3.4: Electropherogram of cationic species &frm [78] — Lower curve is a 125 pM standard
of K*, Na, Li* - Upper curve is a 1:10 diluted milk sample spikeavith 4.4 mM of C&*

Different detection techniques exist (Absorbantgrescence, electrochemicatc)
and have been used for capillary electrophoresiacoordance with the sensitivity
toward the species of interest. The most commoslduones are UV absorbance
(Direct or indirect) which is the method of chofoe most species. The laser-induced
fluorescence (LIF) is the preferred detection tégie when it comes to
biomolecules. A review grouping most of the detattiechniques has been done by

Swinney and Bornhop [112].

3.2.2.2. Implementation in a microchip

A typical implementation of microchip capillary eteophoresis will now be
described with reference to Figure 3.5. The longnclel on Figure 3.5 (Named
Separation channel) has two reservoirs called Bigfér reservoir” (BR) and the
“Buffer waste reservoir” (BWR). The other channkslcahas two reservoirs which are
the “Sample reservoir” (SR) and the “Sample wassenmvoir’ (SWR). The traditional
design of a microchip capillary electrophoresis @®)Cdevice consists of these
channels forming a cross with a “T” junction. The&im channel is used for the
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separation (From BR to BWR) and the smaller intdisg one (From SR to SWR) is
used to inject the sample into the separation atlarAn offset between the two
branches of the injection channel is used in soemgds to allow a bigger sample

plug to be introduced.

Straight design
SR
? Injection
\ /channel Detection
window
BR O |-o BwR
¥~ Separation
channel
SWR O
Offset design

Figure 3.5: Typical MCE designs (Straight and offseinjection channels variance)

The procedure for MCE is similar to than for CZHeTchip is filled with the buffer,
then the sample is introduced in the associatezhwres (SR). The injection can then
take place in a hydrodynamic or electrokinetic nen®nce the injection has been
done, the separation can take place and the plugsatyte can be detected through
the detector’s window placed at the end of the nkhnear the waste reservoir, giving
the electropherogram. Figure 3.4 is an examplenoélactropherogram for cationic
species obtained with a microfluidic ChipShop Gndelctrophoresis chip (03-0110-
0082-01). This chip has a straight injection chamesign with a channel width and
depth of 50 um and an effective separation lendgti@5omm (From intersection to
detection windows). The contactless conductivitiedigon is done with two thin gold
electrodes made by sputtering and separate frowhtduenel by a 60 um sealing layer.
The upper curve on Figure 3.4 shows the separatidnl0 diluted milk while the
lower curve is a Lithium, Sodium and Potassiumdaaa with a concentration of 125
UM [78].

36



3.3. Introduction on conductivity detection

Of the available techniques, ion chromatography agldctrophoresis with
conductivity detection are appropriate techniquesartalyse the concentration of the
different species in a sample of water. Condugtidigtection exists in two forms, in
direct contact (also called galvanic contact) aadtactless, or capacitively coupled.

This review will be about the latter.

This detection method is a valid option for theedé&bn of inorganic cations and
anions, compared with well-established detectiotioop like fluorometry or mass-
spectrometry. This method is non ion-selective aad by applied to numerous
designs. Furthermore, it permits development otgmbe instrumentation with good
sensitivity and a reasonable cost [78, 113-115fs dtection technique has also been
used with ion chromatography [116], which was ohé¢he separation techniques to
be considered and integrated in our device. Detdithis detection technique can be
found in a number of reviews and is regarded asgogery important in this last
decade [117-122].

Capacitively coupled contactless conductivity detec also called CCCCD or“D,
was originally developed for detection in isotachayesis in 1980 [123]. The use of
this technique in capillary electrophoresis (CE)gMiast introduced by two research
groups, Fracassi da Silva and do Lago [124] from Wmiversity of Sdo Paulo and
Zemannet al.[125] from the University of Innsbruck. These greuwpere working
without knowledge of each other and both publised 998 with a quasi similar
setup. Both approaches used two electrodes, oneididec) connected to a signal
generator in order to feed the signal, by capazitioupling, to the liquid through the
fused silicate with polyimide coating capillary walhe second electrode (Pick up) is
used to retrieve the resulting current; a funcbbthe total impedance of the system.
The electronic circuits used were inexpensive, twhigrovided a low cost

measurement system.
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3.4. Electrode models for ¢D

C*D detection uses conductive electrodes around lila@nel where the species of
interest flow. This arrangement is often called dugntivity cell, detection cell or
measurement cell. The electrical model of the we&ll be first used to describe a
system formed using two electrodes. By the nat@irthe® model, its behaviour will
vary with frequency and physical and chemical patans (Value of the stray
capacitance, electrolyte concentratiogtc). To finish, an existing method to

overcome some of the typical system limitationd & explained in more detail.

3.4.1. Electrode / Electrolyte coupling and stray capacitace

A typical cell design contains two electrodes assin Figure 3.6.

Electrodes

Capillary

T Shielding

Figure 3.6: Typical axial capillary arrangement with two electrodes and shield plane

The term capacitive in D refers to the link between the electrode andstilation
through the wall of the channel. One of the mosiely used electrical models to
describe and simulate this cell is composed of tapacitors ( and &) and a
resistor (R), as shown in Figure 3.7. This modes fust proposed by da Silva and do
Lago [124] along with another detailed model takingp account the polyimide
coating, the resistance of the capillary and thebtelayer capacitance. Other
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detailed models also exist and introduce the simgldnd improved spatial resolution

along the capillary [126-128] or the capacitancéhefbulk solution [129].

Figure 3.7: Equivalent circuit of the cell

The capacitor ¢ is the total capacitance of the capacitive contazativeen the
electrodes and the solution (which resistance Rg parasitic capacitords the
leakage capacitance which can exist between theetectrodes, also called stray
capacitance. Some equivalent circuits do not irelGgldue to the introduction of a
ground plane (Faraday shield) between the two relées [130]. Nonetheless, Brito-
Neto et al.[131] pointed out that the introduction of the gnd plane still creates a
stray capacitance, along with two stray capacitauteé¢he ground. These capacitances
to ground can be problematic in the case of theisgrelectrode, because a small part

of the current to be measured will leak to ground aot be converted into voltage.

This link between the electrode and the solutionugh the wall of the channel can
be modelled as a capacitor, which in the caseaapélary is a cylindrical capacitor.
The cell capacitance can be in this case theoligtestimated by the known formula

of a cylindrical capacitor [132]:

_2negy €l
(%)

In| —

r

Where C is the cell capacitance in Faragss the relative permittivity of vacuum

(3.1)

(8.854187.18% F.mY), ¢, is the relative permittivity of the capillary wall is the

length of the electrode in meteB3 s the outer diameter of the capillary in meterd a
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Figure 3.8: Bode plot of the cell without stray capcitance

(3.3)

1+ jwC,.R

" |jwC, + joCs - @?Cy Co R

|ZCELL+C5|

40

r the inner diameter in meters. For example, aduskca capillary ¢ = 3.75) of
1000 pm O.D. (Outer diameter) and 500 um 1.D. (tnsiameter) with 20mm long

electrode have a capacitance of 3.01 pF.

The equivalent circuit of the cell in Figure 3.8shtie frequency response of a high

pass filter without the stray capacitancg)(The modulus of the cell impedance is:

The corresponding bode plot is shown is FigurendtB V y

and Gy in series give () and R

x 10°

1.8
1.6/~

With the introduction of the stray capacitance, ggponse and the modulus of the

impedance changes:

The corresponding Bode plot withy€D.212 pF (Derived from COMSOL simulation

with an electrode gap of 1mm — See appendix C gnid §hown in Figure 3.9:
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A sensitivity analysis of the bode plot regarditg tstray capacitance §Ccan be

useful to see the contribution of this parametea Asction of the frequency.
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The plot of Eq. 3.4 (Figure 3.10) shows that th@ystcapacitance does not have
significant influence on the impedance of the gystentil 100 kHz. Above this

frequency, the stray capacitance creates a decodatee impedance (Causing an
increase in current (lout)). Ideally the measuremmeust be done in the bandwidth of
the plateau seen on Figure 3.9 (8.10 3.1GHz). Over this optimum range, the
impedance of the coupling between the electrode ted liquid is negligible

compared to the impedance of the liquid, thus dyfaionstant impedance occurs in
this frequency region. The frequency is high enotmlallow the current to flow

through the cell, but not high enough to flow thgbuhe stray capacitance. Then at
higher frequencies, the stray capacitance takesan the total impedance becomes

gradually a function of the stray capacitance.

The stray capacitance must be relatively smallroento have this plateau in the
response plot (Figure 3.9), in case of a largeystegacitance; the plot would follow
an exponential function. For this reason it is im@ot to characterise the cell by
doing a plot of the cell response versus the frequeo find the best operating
frequency before commencing quantitative measuresné lower frequencies, the
coupling with the liquid will not be enough to haaegood sensitivity. But at higher

frequencies, stray capacitance will bypass moreentiragain reducing sensitivity.

3.4.2.  Electrolyte conductivity

The conductivity of the electrolyte is also an impat factor as the behaviour of the

cell is different between the low and high conduitgs (Figure 3.11).
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Figure 3.11: Bode plot of the cell with stray capatance Cs

In this plot we can see that for higher condudfiwtectrolyte, the plateau becomes

smaller and is shifted towards higher frequenciéss phenomenon can be explained

by the fact that at a given frequency, the couptiagacitor G is less negligible for

Higher

resistance).

high concentration electrolytes (Higher conducyvitow

frequencies are required to achieve a coupling dapee significantly smaller than

the electrolyte impedance. The same phenomenoasiereto spot in Figure 3.12

which plots the evolution of the current in functioof the equivalent liquid

conductance (3.3.1% - 7.10° S equivalent to 150¢k - 3 MQ) at various frequencies

(50, 100, 200, 250 kHz). It can be observed thahwan increase in conductance

the signal tends to raacsymptote which is inherent in

(decrease in resistance)

the cell. The frequency also has an effect onakygnptote, where higher frequencies

tend toward an asymptote for higher conductance.
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Figure 3.12: Plot of the cell behaviour with straycapacitance Cs=0.212 pF at various frequencies

3.5. Introduction of additional complex element in the nodel

The sensitivity of the cell to electrolyte conduata may be improved by adding a
positive reactance in the system [130, 133-136théncase of Shibkt al.[134], they
added an inductance in parallel with the systene difficulty was that the resonance
frequency was difficult to calculate and dependamthe conductivity of the solution.
The group of Huangt al.[130] added an inductance in series with a largstesn
(3.2mm O.D. and 1.8 mm |.D.) which gave them aomasce frequency only
dependant of the inductance and the capacitanteeadlectrode. In this system, the
stray capacitance is neglected due to the adddfom new shield configuration on

each electrode (Figure 3.13 and Figure 3.14).
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Figure 3.13: New shielding arrangement from [130]
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Figure 3.14: Electrode model with external coil andhew shielding arrangement from [130]

The inductance is represented hyandr, the capacitive coupling between the
electrode and the shield is represented by thectap&s; andCs, coupling between
the two shields is represented ®y As stated in their papetsi;, Cs; andCszcan be
neglected in the model as they are not contributmghe detection path. The
introduction of a voltage follower between the #tireg S1and the electrodeél avoid

the coupling betweeR1 andS1(Csj) as they are at the same potential. The coupling
betweenS1andS2 (Csy does not influence the conductivity detectiontas not in

the path of the current picked up by the electi®@eThey also state that the coupling

between the electrode2 and the shiel&2 (Csy) does not influence the conductivity
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detection as it is coupling the inverting inputtloé operational amplifier which is at a

virtual ground state to the real ground.

The total impedance of the circuit can be describeBq. (3.5)

. 1 . 1
Z=(jalL)+r+ +R=(R+r)+ | ab ————— 3.5
(jat) [ij ( )J( wcj (3.5)
Thus if the frequency is set for the resonancey timt non complex terms remains
and the total impedance is a function of the ebdgie conductivity if the internal
resistance of the inductoris assumed to be negligible.

They found that the detection range is greatly egpd at higher concentrations and
also achieved a lower limit of detection (LOD), kvgimilar sensitivity compared to
Gillespie’s work [137] and a commercial detectora@eDec €D). This system was
then later used to identify the flow pattern ofefiGas-Liquid two-phase flow
(Stratified, wavy, bubbly, slug and annular) usmgupport vector machine (SVM)
for the identification [138]. The glass tube used fan inner and outer diameter of
respectively 2.8 mm and 5.0 mm. Identification aacy between 88.5 % and 92.9 %
has been reported for the different flow pattetngheir latest paper, they succeeded
in implementing the conductivity measurement foiager capillary of 7.8mm 1.D
and 10.0 mm O.D [136].

The group of Kanget al.[133] proposed a low-impedance capacitively codiple
contactless conductivity detector (L*) which is a ¢D with a piezoelectric quartz
crystal (PQC) in series. The PQC can reduce tha totpedance of the cell when
operated between its series and parallel resorfaepeencies. They obtained a good
SNR compared to existing systems. However, thergéona of operating frequency
must be very stable. The authors state that tiggiérecy should deviate from less than
1 ppm due to the PQC behaviour at this frequena@pidRrise of the reactance). Later,
the same group used this system with a capillaryhie detection of inorganic cations

after separation with a monolithic column [135].
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3.6. Electrode design

Generally, there are two types of cell design. @lassical one introduced by da Silva
and do Lago [124] and Zemaehal.[125], is on-capillary, with an axial arrangement
as shown in Figure 3.6 and is still used. More mecdesigns are related to
microfluidic chips and have a different design bk tdetector. Due to the chip
configuration, the electrodes must be planar imstdacylindrical. Tumaet al.[139,
140] were the first to state that the electrodes’tdieave to be cylindrical. With a
semi-tubular electrode configuration, they havensee significant change in the
detector behaviour and its parameters. It was aog luntil other groups started

thinking about using this contactless detectiorchip-and considering new designs.

Transferring the original design to lab on-chipnfiat was a difficult task, but Guigt

al. developed a design with planar electrodes burggdsa each side of the channel
[141]. This was a direct coupled system but waspiteguel of a similar design by
Lichtenberget al.[142] which used the channel width as the detactrolume
because the electrodes were within and parallé¢héochannel (Figure 3.15). This
produces a great dependency between the sensitialythe channel dimension,
which requires advanced micro-fabrication techniqaecontrol on such a scale
(50 um channel width and 10 um glass insulatind)whhis design was a first step to
the design which appears later in the paper of Pagtal.[70] and Wanget al.[71].
This design is now commonly used ifilC
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Figure 3.15: Layout of the CE chip and overview ofhe C*D cell from [142]

3.6.1.  On-capillary configuration

For the on-capillary designs, there are severahtrans that can be considered in the

design of a ¢D detector.

First, the cell can include a shielding electroééneen the two main electrodes [70,
116, 124, 127, 137, 143, 144] or not [125, 139,, 14B]. Second, the electrodes can
be made using silver varnish to paint electrodescty on the capillary outer surface
[124], or metal tubular electrodes made from hypoie needles or ferrule [116,
125], or by an uninsulated metal wire coiled arouhd capillary and electrically
linked by soldering or silver painting [145, 14@.detailed study about electrode
geometry on capillary has been published [147], manng planar, semi-tubular and
tubular electrodes. They found that the differenicesinalytical performance were
insignificant for practical analytical use. In oth&ords, the choice of the electrode
design should be related to other requirementb@fpplication. For example, if we
want to use an optical detection at the same @ladbe ¢D, the best choice is semi-
tubular electrode in one side of the capillary [[L#i8order to collect as much as light

emitted from the source.
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Kuban and Hauser [149, 150] also state that a figliEmall difference in diameter
between the outer diameter of the capillary andrther diameter of the electrode) of
the electrodes onto the capillary is not importénhe frequency is optimized. The
existence of an air gap between the electrode isadace and the capillary adds a
new capacitor in series with the one composedefuked-silica wall [145]. This new
capacitor can cause problem due to the lower pevitytof air compared to fused-
silica, which means the total capacitance decredsSgsire 3.16 shows that the
coupling between the capillary (360 um O.D.) arel eétectrode (600 um O.D.) is the
smallest when surrounded by air. Brito-Netb al. also warned against this loose
coupling which can add noise and thus decreas8ii®[131, 151] . This noise has a
mechanical origin, as the capillary randomly movaside the electrode, the
capacitive coupling changes, thus affecting the sueal signal. In their example,
between a fully centred capillary and a right jiesti one, the capacitance change was
as high as 50%. So tightly coupling of the eleatotb the outer wall of the capillary
Is needed [152].

«— Clectrode —_

air
silica capillary
position = 0.00 mm position = 0.12 mm

75+

capacitance per meter / pF m”’

5 T T T T T 1
0.00 0.02 0.04 0.06 0.08 010 012
capillary position /| mm

Figure 3.16: Simulation of the coupling differencén case of capillary displacement [131]

Third, the gap between the electrodes is usualiyden 1 mm and 5 mm [124, 125,
127, 144, 153] but smaller gaps have been alsosissmessfully [143, 145, 146]. The

length of the gap must be balanced between separatfiiciency and the increase of
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the stray capacitance which occurs at smaller gepis.gap determines the detection
volume and can also be used to add an optical tttg@ 48, 154]. Some designs can
include UV detection and the’D in the same system by putting théDdnside the
capillary cartridge [146, 155] (Figure 3.17).

Position 2

outlet inlet

Figure 3.17: Implementation of the ¢D module in a capillary cartridge [155]

Commonly a capillary outer diameter of 360 um isdysbut Gillespieet al.[137]
used a 1.6 mm O.D HPLC tubing and micro-bore columpPhey compared the
system to a TraceDec [156] and after optimizing $lystem using bode plot, they
found that the behaviour of the cell is close @ntfor smaller designs. They obtained
sensitivity as good as other workers. Their setlipivad the movement of the
capillary which can help in the analysis of the kg homogeneity of the stationary

phase but also help in the separation speed beasog the effective length.

Movable detection cells have been used in capikdegtrophoresis (CE) by Maclea

al. [143] who proposed a smalf'D cell trapped in epoxy resin (Figure 3.18). It was
small enough to fit into the capillary cassettatwdir Agilent CE. They were able to
simultaneously detect cations and anions with tfi@ &nd the built-in photometric
detection. Movable detection systems on capillafegssimultaneous separation of
anions and cations by dual opposite injection tedse been developed [157, 158].
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Figure 3.18: Structure of the movable mini €D from [143]

A “microfab-less” modular system using only 50 pr.lIsilica capillary tubing, a
interconnecting cross, PMMA pieces as reservoir and’D detector (Called
openCD based on [113]) as been proposed [159]. It wes ffossible to reproduce a
cross design with the injection branch and the redjpm branch made of silica
capillary tubing.

A review of four systems using on-capillary configtion have been made by Kuban
et al.[160], miniaturized cell as presented in [143ptvoltage detector using mains
power or battery as supplies [153] and a commedgétctor from TraceDec. They
have compared their SNR and LOD for low, medium high conductivity in the
separation of cations and anions. The separatiboiesicy and repeatability was
independent of the detector design but the ceh Witilt-in amplifier had less noise,

which is expected when the electronics is closénéacell.

3.6.2.  On-Chip configuration

The alternative type of design is related to mibipcdevices which have a
microchannel [68-72, 75, 79, 80, 142, 161] instetd capillary. The principles stay

the same but the different types of geometries featifferent problems.
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There are three main schemes 8D®n microchip, the “on top of lid” design, the

“in-plane electrode” design and the “buried eled&’dbdesign. [119]

3.6.2.1. On top of lid design

The top of lid approach was proposed by Punwtral.[70] and Wanget al.[71].
Figure 3.19 gives a view of a typical microchiphvtist a set of electrodes at the end

of the channel.

Electrodes made

of aluminium foil

Figure 3.19: Typical microchip arrangement with twoelectrodes

Their microchip had the electrode made of aluminfaihstrips glued with a common
epoxy. They were placed along the channel in ampamnéllel configuration to

minimize the stray capacitance between them. ltisulafrom the solution was
provided by the cover lid of the microchip (125 pih)s best to use a thin lid in order
to have the highest possible coupling capacitahaayanyiwaet al.[75] performed

some experiments on lids with and without wells #nehd an increase of sensitivity
for closer distance between the electrode and ¢hdien. Kuban and Hauser [73]
found the same effect of lid thickness and gaveerotecommendations about

electrode dimensions (Length, width, spacigtg,) to obtain the best SNR.

Commercially available polymer chips with non-cattelectrode for electrophoresis
are produced by the company microfluidic ChipSh@pr(nany). These chips feature
a square channel of 50 um or 100 um made by iojectioulding from PMMA or

COP. The electrodes are composed of 10 nm titaamadhesion layer and a 200 nm

gold one with the pattern of the electrode. Theyehalready been used for the

52



separation of small ions (LiNa", K*) [78] but also for heavy metals (FbMn*,
cd?*, Cu* and C8Y [77].

Some designs do not include the electrodes onhipebait on a fixed holder [72, 74]
or on a part which slides along the chip [162-1@5[d thus the channel. This
configuration has the advantage that the chip eamdsy replaced by another one
without having to build new electrodes on it. Thstfdesign of this type was a sliding
detector in 2003 by Wangt al.[162]. The point of interest in that paper was et
sensitivity of the system but the study of the saf@an process.

By moving the detector, they were able to creatiarae-dimensional plot of the
resolution as a function of the channel length #redseparation voltage. This was an
interesting study, which indicated that the besbthation is not always obtained with
a longer channel. They were also able to detectaffadity of the ions by placing the
detector at the beginning (Unresolved peak) andvishgal ions (Resolved peaks).
Thus, for a known separation, the duration of tBpasation can be shortened by
choosing the appropriate channel length before van eduring the separation. A
limiting factor may be the reproducibility of thetéctor placement but, according to

the author, this is very good.

This design finally broadens the field offCafter Paullet al.[163, 165] named this
technique the scanning capacitively coupled col@s&t conductivity detection
(sC'D). This new application shows its efficacy for medng the physical structure
of embedded columns (Packing density, porosity @hofith columns,etc) and

predicting the efficiency of future separation. lexchange monoliths in microchip
channels may also be analysed in a non-invasivenendyy this method. Similar work
have been carried out on the chemical propertiesl(¥dating,etc) of capillaries by

Gillespie who was looking at the conductivity ofvatently bound boronic acid

groups at different pH [166].

The commonly used design (On top of lid) was impibwa little when Mahabadit

al. [68, 69], implemented another set of electrodetherbottom side of the chip with
a shielded chip holder. They modelled this striectwith FLEX PDE 5 2D to show
that only a part of the electric field line wasleoted by the pick-up electrode with
the top-top electrode design (Figure 3.20). Buttlhy addition of another set of
electrodes on the bottom side, the electric fiehe#d were concentrated inside the
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detection volume. The addition of these electratles decreases the reactance of the
cell and thus the total impedance, which they rigglrcould lead to an increase of the
signal by 100%. They observed a plateau occurtihgweer frequencies with this new
design, which confirmed the smaller reactance. H@wéhey also noted that at higher
excitation voltages, an increase in concentratibthe analyte did not give such a
linear response as lower voltages did. This maycéased by saturation of the
transimpedance amplifier as the signal is closeh&o 5V supply. It is also most
certainly due to the high conductivity affectingetplateau, shifting it toward higher
frequency which can be seen on Figure 3.11. Thigcpéar design is called “the dual
top bottom cell”.
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Figure 3.20: Two-dimensional numerical simulation®f the electric field intensity for dual top—
bottom compared with top—top electrode geometry usg FlexPDE 5 2D [69]

3.6.2.2. In-plane design

Another design, which has the electrodes integratedg the channel on the same
plane (In-plane electrode design) was proposeditiyténberget al.[142]. Although
this design provided a smaller distance betweerekbetrodes and the solution (See
Figure 3.15 in Section 3.6), the sensitivity wasnparable to the on-lid electrodes
due to the much lower detection volume. They atsplémented some shielding with
two shield electrodes on both sides of each sigtedtrode. The choice of using a
recess to accommodate the electrode is due todbd af a total planarity of the

bonding surface when using glass to glass bondih. kind of design requires the
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use of micro fabrication techniques (PolySi andd&position, reactive ion etching,

hydrofluoric acid etchinggtc).

A nearly similar design using a glass wafer as tsatesshas been published [167] with
the use of chrome electrodes (200 nm) covered WGthum of SiQ. The channel was
created by using a particular heating method tenfar semicircular sacrificial core
made of photoresist (Black solid in Figure 3.21)hwgilicon dioxide grown on top of
it by PECVD (3 um). After the photoresist is dissal, a hollow channel 14 mm long
was obtained with 4mm long double-T injector havang§0 pum offset. No information

about the electrode spacing, channel height orwglgiven.

Figure 3.21: Fabrication process of the cell from167]. (A) Insulation of the electrode, (B)
Patterned photoresist, (C) Reflowed photoresist ttborm semicircular sacrificial core, (D) Oxide
covering of the wafer, (E) Channel creation by saktion of the photoresist

Another design using sidewall electrodes has beesepted by Xt al.[168]. The
chip was composed of boron doped sidewall elecg@8®80x15 pm) isolated from the
channel by a 1 pum Siepolysilicon-SiQ layer. The separation was performed by a
low-voltage driven electrophoresis due to the fragof the insulating layer.

PDMS microchips with “Injected” in-plane metal (Meh gallium) electrodes have

also been presented recently [169]. Liquid galliwas injected in two electrode
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channels (100x40 um) separated from the separetiannel by a 75 pum thick PDMS
wall. Two other channels (200x40 um), used as gialectrode located 50 pm from
the separation channel, were injected with the enolgallium which was then
solidified. Separation of Sodium, Potassium andhiluin was achieved with the
smallest LOD being 6.1 uM for Li Analytical characteristics might have been
improved with a higher excitation voltage as thgstem reached saturation when
using more than 5.5 Vpp. This design is very singslé only requires the injection of
the liquid gallium on top of the usual PDMS castangd bonding. A similar design
using cast metal (Tin / Lead / Cadmium / Bismutbygland a hot embossed PMMA
chip were proposed the same year [170]. The widltine electrode in this case was
1000 um with an effective electrode gap of 1031 gma a distance of 100 um
between the electrode and separation channel. llhepeellets were introduced into
the reservoirs of the electrode channels (100x5p amad melted at 80°C with an
oven. The width of the channel was set to the mimmwhile allowing nearly 100%
filling success of the viscous molten alloy, whdewidth of 50 um only yielded a
50% success ratio. Separation of Ammonium, Sodinchlathium was achieve with
the smallest LOD being 85.5 uM for IyH it can be noted that the LOD of'Lwvas
326.1 uM

3.6.2.3. Buried design

The third on-chip design is the one from Geijtal. [171] with 4 electrodes buried in
the channel and protected from the solution by r&0ai silicon carbide. This thin
wall does not allow a large separation voltage,clwhincreases the separation and
analysis time. The group of Guijt continued to i@ their design [172, 173], but no
other groups have tried this design, probably duéhé difficulty of obtaining four
small electrodes in the channel width (Figure 3.P®wever a group have published

an electrical model of this four electrode systesimg VHDL-AMS [174].
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2 cm

Figure 3.22: CE chip with four buried electrodes fom [173]

Recently, the “buried electrode” design regainepyparity. Liu et al.[175] proposed
a three-layer PMMA microchip with Pt electrodeseBvf the manufacture process is
not cumbersome, the electrode deposition phase tergie impact on the final price
of the device. The same year, another group prapasgesign with gold electrodes
on a glass substrate with a spin coated PDMS insgldayer (100 um [176] then
50 um [177] thickness) and PDMS lid containing timerofluidic channels. The LOD
of the system was very good (BHD.14 uM, N4 0.39 puM, Li 1.01 uM, K 0.16 pM
and Md* 0.20 uM) and competes with the high excitatiortage design [75] and the
top-bottom design [69].

Later Liu’s group investigated using a PDMS ingulgtiayer instead of PMMA and
created a very thin coating (0.6 um) by addingdn&ito the PDMS and using higher
spin-coating speeds. This thickness permitted tteeneach the lowest LOD for Na
currently achieved with a microchip design (0.07)UBb]. This design still used Pt
electrodes fabricated by lift-off processes, whismot low cost, but necessary for
such low insulating layer thickness. This is why tthesign from Guijiet al. and
Coltro et al. uses printed circuit board (PCB) to create théaserwith the electrode.
In order to insulate the electrode, they used eithgoly(ethylene terephthalate)
(PET) film [60] or a dry film photoresist (DFR) [pihat they laminate to the surface
(Figure 3.23 shows the different processes invoffieedhe DFR insulated chip). A
PDMS chip is used to create the electrophoresigact@nnels and sealed to the

detector.
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Figure 3.23: SEM of the hybrid chip using DFR and e two protocols used to create integrated
devices and hybrid devices respectively, from [61]

Another solution, which has been applied to budesdigns, but can also be applied to
others, is doping of the dielectric layer. Lirea al.[178] used TiQ nanoparticles

(NP-TiQ,) in order to increase the dielectric constanthef PDMS insulating layer

and therefore the sensitivity. The sensitivity wasreased proportionately to the
dielectric constant, however, the limit of detentigLOD) was decreased more
rapidly. Careful attention is required when dopidgelectric material because
conservation of insulation properties is criticar felectrophoresis applications.
Further investigation needs to be done as the rahgmssible doping materials is
large and the balance between ease of manufaptice,and performance is always a

challenge.

3.6.3.  On-capillary / On-chip comparison

Due to its ease of adaptation to existing commkcatieomatographic systems, and its
being the first design to be developed, the onHeapielectrodes were initially the

most extensively used. However, with the increasaew fabrication machines and
techniques, more elaborate designs integrating segaration microchannel and
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electrodes have been proposed. With the increamintber of designs, a portfolio of
on-chip configurations is slowly building, allowirggfaster implementation with any

lab-on-chip (Owing to the compatibility with the m#acturing technique available).

3.7. Measurement electronics

The principle of €D is based on capacitive measurement of the coivitycof a
solution inside a capillary / channel. One eleatrad connected to a frequency
generator with typical signal parameters of 20 Vgpplitude sine wave and a
frequency range from 20 kHz to 1 MHz. The othercetale picks-up the resulting
current, which is a function of the total impedaméehe system. A typical setup is
show in Figure 3.24.

Current to .
L Low pass Baseline
» Vvoltage »| Rectification [ il > c .
g ) > ompensation
Cell conversion filtering p
Voltage
. Acquisition / | Amplification |
Stimulus Reading

Figure 3.24: Typical electronic schematic of a tD

3.7.1.  Signal generation

A sine wave has been identified as the preferaktdation signal as better signal to
noise ratio has been obtained by Weangl.[71] when comparing to square wave and
triangular wave. Cheret al[74] found that square waves induced more peak
broadening and a larger noise to the electrophanogiTriangular waves had a
smaller noise but also a smaller sensitivity coragawnith measurement made using
sine waves. A sine wave is also a monotone sigrathwsimplifies the signal
processing and analysis. It can be sourced byralsggnerator or an oscillator and a

further amplification stage can be used if highiexion voltages are needed [75,
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153]. Most of the groups use off-the-shelf functigeanerator but custom printed
circuit boards have been made in some cases [YT3, Modulated excitation signal
have been used by Opelaral[179] coupled with an AM receiver circuit, the st

had a narrower dynamic range, a smaller SNR ansl ghhigher LOD. They also
stated that unmodulated excitation signal is padfier as it yield better sensitivity and

easier signal processing.

3.7.2. Current to voltage conversion

The first stage of the signal conditioning is taeert the cell current into voltage
before rectification and low pass filtering, oftesllowed by an amplification stage.
An easy way to convert the current into a voltagyéoi use a resistor tied to ground,
thus the voltage drop across the resistor is ptap@l to the current passing through
it:

Viorop = Ri (3.6)

This current to voltage conversion technique wasedaoy Zemanret al.[125] which
used the drop across a 1Q kesistor to measure the current. However, thigpEm
solution has imperfections. First, the resistorcliHixes the gain, will also consume a
small part of the current (Responsible of thgzdp) and therefore affect the total
resistance of the system. Secondly, the measureatecttonics will also affect the
results if the input impedance of the measuremgsiem is not infinite.

The most common way to convert this current inttiage is to use an active design
composed of an operational amplifier in transimpegaconfiguration. This circuit is
commonly used in relation to photodiodes which @hyhotons into current. For
their setup, da Silvat al.[124] used an active current-to-voltage converldreir
circuit was based on an OPA606 in transimpedancdigtoation with a 1 M
feedback resistor.

The input current flows through the feedback resi$R) and the output voltage is
proportional to the current by the equation 3.%alll, no current flows into the
amplifier due to its infinite input impedance. Thain is fixed by the value of the

feedback resistor, which needs to have a low totergBelow 1%) and a low thermal
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drift (Below 50 ppm/°C). The negative input is mained at zero volts by virtue of
the operational amplifier feedback. This point @mmenonly referred as a virtual

ground as its electrical behaviour is similar tattbf a true ground.
Vour = R d (3.7)

Preferably a low bias current and low current naiemsity operational amplifier

should be used due to the feedback resistor cangetiese unwanted current into
unwanted output voltage. For normal temperaturgaaa FET amplifier is suitable as
it has low bias current. However, if high temperasuare expected, the choice of a
bipolar amplifier is necessary because FET ampdifiexhibit a larger bias current

above 80°C. It is also important to consider thate choose to halve the feedback
resistor, the signal will be decrease by 2 butnibise due to the resistor will decrease

only by J2 due to the Johnson-Nyquist noise formula [180]:

Viorse = /4K T CRIDf (3.8)

Particular attention is also needed to avoid anyeot leaking paths which will lead
to additional error. Leakage can occur betweertrdek linked to the current source
and the surrounding environment. As the invertimgut of the operational amplifier
Is at a virtual ground, any positive or negativdtage across this track can create
leakage. This is why tracks need to be kept ag sisgpossible and the printed circuit
board needs to be cleaned from any residues of icaemwhich can favour this
leakage. Guarding techniques can be used to caeataductive barrier which can
considerably reduce the leakage by interceptingp#irasitic current flow. The barrier
is biased to the same potential as the protectdd moorder to avoid any additional
leakage between the two. In the case of the cutoewmbltage configuration, it is
possible to use the non-inverting track as guahlge it is close to the inverting
track and at the potential of the circuit ground.
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3.7.3.  AC to DC conversion and noise filtering

Rectification is conversion of an AC signal to D@dais performed to facilitate
measurement of the signal amplitude. The rectiicahas been done by half-wave
rectification [124, 145], full-wave rectification1]13, 127, 130] or synchronous
detection using integrated circuit, AD630 [142, N531PY634 [176, 177] or
MLTO4 [164, 181]. The filtering is usually a passifirst-order low pass filter, but"g
order switched capacitor filters were used in [18¢mmercial Lock-in amplifiers
have has also been used [126, 171, 172] (Stanfeséd®ch) [182] (Perkin Elmer).

The main advantage of synchronous detection (Fig®) over classic rectification
is its ability to reject noise (Unwanted frequescaad dephased signals). It is mainly
used to recover small signal from larger amplituaese by looking at only one
frequencyi.e. the reference. Therefore, the output is only ation of the amplitude
of the component of the input at the defined freqyeand the same phase. A more

detailed explanation follows.

L Z(t)
From the lto V Multiplier .| Low pass L) Amplifier
Cell v © X©| 01X Y)+Z [M@t)| Filter pite
4
From the A 4
Reference' V. —» Amplifier - V
© Reading

Figure 3.25: Block diagram of the synchronous detéion circuitry

If we consider the signal from the cell after catr® voltage conversion as X(t):

X (t) =TEcos@7ft + ¢,) + N(t) (3.9)
With T the transfer function characteristic of #lectrodes and the conductivity of the
analyte at a fixed frequency and transimpedanag, §athe amplitude of the signal at

the actuating electrode and N(t) the existing noise
The signal from the generator Y(t) is assumed ta perfect cosine without noise:

Y(t) = Ecos@rt + ¢,) (3.10)

62



The integrated circuit multiplier (AD633) functios given at Eq. (3.11):

M (t):(wj+2(t) (3.11)

The Z(t) function is an additional input where ateenal signal can be applied. In

this application, the input is tied to zero, thins tesulting signal is as Eqg. (3.12):

M (1) = - coserit + 4,TEcoserit + ¢) + N

= Tz—'f;(cos@1 — $,) + cos@rtt + g, + $,)) + 1—EccosQn‘t +¢,).N() (3.12)
This signal is made of 2 cosine signals and a iho,tevhich is a function of the phase
difference. Only the signals which are functiongh# pick-up electrode signal are of
interest. Two signals have this characteristic, doeterm and the sinusoid with a
frequency of two times the frequency of the sigma want to extract. This is
illustrated in Figure 3.26, where we see the resuthe multiplication of two signals
at 500 kHz. The two highest peaks are at 0 Hz (&) 1 MHz (1 MHz sine wave)
because the 500 kHz centred signal was shiftechbyfrequency of the other one
(500 kHz). The sinusoid being exempt of harmonis secondary peaks are visible

on the FFT spectrum.

Synchronous detection signal from the multiplier be fore filtering - 500kHz
I

Signal (V)

0.6 0.8 1 1.2 14
Time (s)

FFT of the synchronoqs detecti(?n signal f‘rom the rpu Itiplier before filtering - 500kHz

1.5 T [ T T
| | | | | | | | | | |
| | | | | | | | | | |
| | | | | | | | | | |
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Figure 3.26: Matlab simulation of the FFT and the atput signal of the multiplication of two AC
signals at 500kHz
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A low pass filter can be used to recover the DQuealf the signal in Eq. (3.12), as
given in Eq. (3.13).

T (cod#, -9 )+ coseut + 29))+ Ecosta + NG (319
The DC term is:
TE?
o (cos@, - 4,)) (3.14)

This continuous term is maximum if the value of giease difference is zer@. the
phase of the signal from the pick up electrode twedsignal generator are the same

¢1=d,. Then we have:

TE?
20

(3.15)

Obtaining zero phase difference may be difficule do the unknown phase shift
introduced by the driver electronics and the ¢@tthogonal vector lock-in amplifiers

have been investigated for use with conductivitiedigon [183]. The main advantage
is that the input signal from the cell doesn’t hawebe in phase with the reference
signal. It uses two multipliers which are fed watleference signal “phase shifted” by
172 radians. These multipliers are followed by loasg filters to remove the AC

component. However, an arithmetic unit is necessarprocess the output of the
multipliers to obtain the measurement. The schenwdtithe system is presented in
Figure 3.27.
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Figure 3.27: Schematic of the orthogonal vector Iéein amplifier

The signal from the first multiplier after filteigrwill be:

| = ﬁcos(qn $2) (3.16)

WhereA is the amplitude of the signal from the cell @ds the amplitude of the

signal from the reference.
And from the second:

m

Q——coz{(m ¢2)——} %sin(¢l—¢2) (3.17)

The amplitude of interest 8, asB is the known amplitude of the reference. In order

to determine the amplitude of sigfalve usd andQ as follow.
We know thatcos?(x) +sin?(x) =1.

We can write the cosines and sines from 3.14 alfel &s:

4
cos (g1- ¢2) = w57 (3.18)
o oy 4Q°
sin?(g1- ¢2) 57 (3.19)

And if we substitute these into the trigopnometdentity:
412

AZBZ + AZBZ - A282 [l Q2]=1 (320)

65



Because we want A, the next equation is used:
4 2 2 2 2 2
A= ?D +Q ]:E’/I +Q (3.21)

The phase difference betwegnand ¢, can also be extracted from the valué ahd
Q. Normally, only the amplitude variation of the rs&) is measured but as Liab al.
[183] said phase difference measurement shouttbsidered for the explanation of
possible nonlinear behaviours. Their study didinolude the realisation of a system,
but a simulation made using VHDL-AMS language gpr@mising results.

3.7.4. Baseline suppression

The aim of the baseline suppression is to caneesignal measured when no species
are been detected, usually when the system issat vefore a measurement run.
Systems which operate before the detection can dmeed baseline suppression

whereas any systems which operate after can bechbaseline compensation.

In a conventional chromatographic machine, thellvessuppression is done with the
help of a suppressor column. It is a particulaugol which is normally placed after
the ion-exchange column which does the separativrbéfore the conductivity cell.
Its purpose is to interact with the ions of the mmg buffer. Consequently, the
background is a weak electrolyte in which the safear species can be detected more
easily [184]. A software auto-zero of the Y-scadm @lso be used in parallel for ease
of reading of the chromatograph. In electrophore€®D is the most common
conductivity detection used and it is this latesthiinique which will be discussed for

baseline suppression.

In C*'D, the baseline is not only caused by the runninfeb but also by the parasitic
capacitance which can bypass the detection celP][1# has been seen that
optimisation in the cell design needs to be doneti{parallel disposition, ground

electrodegtc), in order to reduce this parasitic capacitance.
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Some €D papers use baseline compensation [69, 133, 1T8¢hwis done by

offsetting the signal with a subtraction structarean instrumentation amplifier after
the rectification stage and often followed by arpéfication (See Figure 3.28). This
technigue can be useful in order to use the fulgeaof the acquisition electronics
thus increasing sensitivity. The data acquisitisnusually done with 16-bit data
acquisition system plugged into a computer [69,, 1115]. But more autonomous
systems have been created, using analog to dagitalerter integrated circuits [113,
164]. In the compact version made by Francisco dotlago [113], baseline

compensation is not directly implemented. Theynsl#hat the compensation will be
done by software as the effective resolution of2hebit ADC (22-bit ADC used in

unipolar mode) and the use of good filtering teghes is enough to see the

difference between the fairly stable baseline asdpmration peak.

Cell | > Tramsimpedance | o nootion |+  Offset ] Yoiase
amplifier source

l

Logging |, | ,pc «— Amplification
system

Figure 3.28: Block diagram of the detection electnoics with offset voltage cancellation

However the transimpedance amplifier will be subfecaturation if the input current
is too high in comparison to the gain (Feedbackst&9. In this case, the baseline
suppression techniques described above will notlile to overcome the loss in
sensitivity and linearity associated with this umiesl phenomena. A novel baseline
suppression approach using current instead of geltand located before the

transimpedance amplifier will be evaluated in thark.

3.7.5.  Signal Noise Ratio considerations

In their first paper, Zemanet al [125] state that they can improve the Signal Noise
Ratio (SNR) if they increase the frequency of tkeitation signal, but due to limited
electronics they did not optimized their frequeasyda Silva and do Lago did [124].

Later some authors like Gasal.[127] published work about frequency optimisation
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for an axial cell using a more extensive cell modébrk about frequency effects in
planar interdigitated cells has also been publighedimmeret al.[185].

Another method to improve the SNR had been tesyedidmyanyiwaet al.[72, 75,
153, 186], which involves increasing the excitatimitage to several hundred volts
(250 Vpp [153], 450 Vpp [186] and 500 Vpp [72, 79This can be done by the use of
a high voltage, high speed power amplifier. Thattk¢he increase of the SNR they
have obtained a limit of detection for small inargaions of 0.5 uM. The high
excitation voltage requires, besides a high spemdep amplifier and high voltage
supply, a good shield because a large capacitiuplio can occur between the
electrodes. This coupling leads to an undesiraliggn Hackground signal which
reduces the SNR.

3.8. Detection of inorganic ions

In general, in the separation of inorganic ion® dations and the anions are not
separated simultaneously in capillary electrophsrésowever, the dual opposite end
injection technique (The sample is injected on kaids of the capillary) performed
by Kubanet al.[9, 157] and Unterholznest al.[158] permits simultaneous separation
of anions and cations in capillary. In both papgbey separated at least 11 inorganic
ions respectively in rain or surface and mineratew§157, 158]. Wangt al.[162]
also performed the simultaneous separation of @anand 3 cations using this dual-

opposite injection technique on a microchip design.

More recently portable instruments have appeareeé. i©® dedicated to the analysis of
inorganic ions of post-blast residues of homemaxigdosive [114]. They used a
commercial ¢D system from TraceDec mounted on a portable elgloresis device
(CE-P2) from CE Resources [187]. The device uset&llyanet al.[115] is mostly
homemade. They evaluated their device by measthimgnorganic cation and anion
levels in lake water. A newer version of the poleaB'D system has been developed
recently by the same group [188]. This new systewen if the authors claim using
the same design, has a higher LOD than the former blowever, the new one
features fully automated operation and a robusctign system. The group of do

Lago also produced a mobile robot to measure W@latimpound in air samples, few
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anions have been separated by capillary electregi®f189] while testing the device

for the detection of chemical warfare agents.

The tables 3.1 and 3.2 list most of the differefid Gystems used respectively in both

ion chromatography systems and capillary electroggis for the detection of

inorganic ions. Designs have changed during thediesade from the ones developed
in 1998 by Zemanret al.[125] or da Silva and do Lago [124] using off thleelf
equipment, to the most recent system from the sgnmep [113] using an integrated

circuit to create a miniaturized*D system with improved limit of detection. Few

groups have implemented in commercial ion chromatography systems [116] or

homemade ones [135, 190] and are listed in TalileThe most recent’D systems

used for electrophoresis are listed in Table 3.2.

Excitation LOD LOD

References parameters Cell characteristics Mobile phase Cations (UM) Anions (LM)
[135] 1 MHz Fused-silica capillary 10 MM MSA NH 5.544
2011 1-10 Vpp 320 um 1.D. K 4.092
560 um O.D. Na 3.262

500 um Electrodes
gap Mg 0.35
28 cm column Li 4.466
[190] TraceDec Fused-silica capillary 1mM MSA KH 0.998
2012 320 pm I.D. 0.1 mM 15-crown-5 K 2.276
10 cm column 8:2 Methanol-Water Na 0.783
Mg 1.687
cé' 3.094
[116] Fused-silica capillary 1 mM Tartaric acid MNsuppressed (No suppression column)

2004 150 kHz Polyimide coating 185 uM Pyridine- K 0.568 F 8.422

50 Vpp 150 pm I.D. 2,6-dicarboxylic acid Na 0.304 Cl 3.103

375 um O.D. Li 0.418 NQ@ 4.032

1 mm Electrodes gap Suppressed (With suppressiomn)

25 kHz F 0.079

70 Vpp cl 0.056

NG 0.081

SF 0.042

Table 3.1: Existing C'D used with ion chromatography
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Excitation LOD LOD
References parameters Cell characteristics BGE Cations (UM) Anions (LM)
[69] 300 kHz PMMA Microchip 30 mM Mes/His NH* 0.3 cl 0.15
2010 70 Vpp 50x50 um Channel 2 mM 18-crown-6 K* 0.56 NG 0.15
75/125 pm Insulation Layer ca* 0.3 SQ* 0.15
500 pm Electrodes gap Na* 0.3 E 0.15
1 mm Electrode Mg?* 0.35
Li* 0.25
[771 50 kHz PDMS Microchip 20 mM Mes/His NH 0.14
2012 20 Vpp Glass substrate K* 0.16
50 pm Insulation Layer Na' 0.39
1000 pm Electrodes gap Mg?* 2
750 pm Electrode Lit 1.01
[113] 1.1 MHz Fused-silica capillary 10 mM Mes/His K* 0.6
2009 4 Vpp Polyimide coating &a 0.3
75 pm 1.D 375um O.D. Na 0.5
510 um Electrodes gap Rg 0.6
2 mm Electrodes Li 0.8
Bd 0.4
[153] 190 kHz Fused-silica capillary 10 mM Mes/Hi K* 0.12 Cl 0.21
2002 200 Vpp 75 pm 1.D 375um O.D. Na 0.2 NG 0.1
1 mm Electrodes gap Mg 0.14 S@ 0.089
Li* 0.27 Br 0.15
GC& 0.15
[61] 530 kHz PDMS Chip 10 mM Mes/His Li 8
2011 20 Vpp 50x30 um Channel 50 mM Acetic acid
30 pm Insulation layer (DFR Film)
400 pum Electrodes gap
[191] 120 kHz Fused-silica capillary 15 mM L-Argia NH* 0.5
2011 300 Vpp 50 um I.D. 375pm O.D. 3 mM 18-crown-6 K* 0.66
2 mm Electrodes gap 12.5 mM Maleic Ca 2
acid Mg* 1
[133] 1 MHz Glass substrate 20 mM Mes/His K 0.2
2008 10 Vpp 200 pm glass lid Na 0.95
70%x20 um Channel Li 14
250 pum Electrodes gap
[125] 40 kHz Fused-silica capillary 20 mM Mes/His aN 8.7 Ci 5.641
1998 8 Vpp Polyimide coating
50 um I.D. 375pm O.D.
2 mm Electrodes gap
[124] 600 kHz Fused-silica capillary 10 mM Mes/His K* 1.1
1998 20 Vpp Polyimide coating Na 1.6
50 um 1.D. 360um O.D. My 1.2
550 um Electrodes gap Ca 1.4
Bg" 1.2
[115] 190 kHz Fused-silica capillary 11 mM His KiH 0.3 Cl 0.15
2007 20 Vpp Polyimide coating 50 mM Acetic acid " K 0.2 NG 0.15
50 um 1.D. 360um O.D. 1.5 mM 18-crow-6 Ta 0.2 sQ* 0.1
100 puM Citric acid Mg 0.4 Cloy 0.15
Nd 0.3 NG 0.15
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3.9. Future of the C'D

The rate of development and use of t1® ®y numerous research groups during this
last decade proves that théDCtechnique has all the qualities necessary torbeca
significant solution for the sensing of inorganams. High sensitivity, low cost and
the possibility of miniaturisation are the requiemnts of a good technique. Looking at
the increase in publications around this detecteminique, improvement and new
applications will be expected in the future. Elbagbublished a review of the
numerous applications of“D for capillary electrophoresis in pharmaceuticat a
biological analysis [192]. Some groups are alresjglgcialized in this technique like
da Silva and do Lago [60, 113, 124, 131, 145, 189, 193], Kuban and Hauser [72,
73, 75, 115, 116, 149, 150, 153, 157, 186, 194ftiprovided several review in the
last decade [117, 118, 195, 196] and Zemann [12B, 144, 158].

Recently, the applications of thé'lT became broader with the use of this technique
for the non invasive characterisation of the pagkquality of column [163], the
identification of Gas-Liquid two phases flow-pattef{138], and as a biosensor for the
detection of tumours with the use of folic acidoésreceptor [197]. This may lead to

an increase in the usage of th#dechnique for non inorganic ions.

A current challenge for 1 is the integration of the electrode and the etits in
an integrated and small package. Over the yeassgrie have evolved from the
circular electrode for electrophoresis / ion chrtogeaphy to planar on-chip one.
Several designs using different manufacturing teglenhave been tested (PCB, Chip
holder,etc). This is a good step toward low cost, ease afi¢abon for commercial
use and versatility in comparison with older tecjiusis. However, only few of the
groups managed to miniaturise the instrumentatioth automation equipment for

portable applications which enable use on the fitld, 188, 189].
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3.10. Summary of the chapter

This chapter gave an overview of the separationnigces which can be used for the
separation of inorganic ions. These techniquesearoupled to D for the detection
of inorganic ions. The theory of*D has been presented and existirf@ @etection
cells have been reviewed to show the numerous mesidgich have been created
using various manufacturing techniques. These dssitave mainly been used in
addition to separation method such as the one miexten this chapter (Separation
column and electrophoresis) but some designs hese bsed for other purposes such
as flow pattern characterisation or biosensing t{i&e@&.9). These published designs
have inspired the detection cells presented imthe chapter. The state of the art of
the electronics behind“D has also been presented (Section 3.7) and arpwegbr
C*D system with baseline suppression will be detaife€hapter 5. As seen in this
chapter, most of the electronics is based on balequipment for laboratory usage.
This new CD electronics is focussed on system integration tardenhancement of
limit of detection (LOD) through higher excitationltage and baseline suppression.
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Chapter 4 : Design of a Lab-on-chip for IC for water

guality monitoring

4.1. Outline of the chapter

This chapter will present the different Lab-on-cligsign, especially the detection
cells which have been tested during the cours&isfRhD. The first designs of cell
based on capillaries are similar to the ones deeeldor the first ¢D cells [124,
125]. These cells however cannot be integrated ll@€ devices thus the need to
move toward new designs. A plug design was devedldpethe intended purpose of
fitting various designs. This design however hasearawback such as leaking and
cumbersome manufacture process. A more integragésym using printed circuit
board to act as a substrate for the electrodeshentdOC device itself has also being
developed. This design used manufacturing techsigdescribed previously in
Section 2.4. Experimental results collected witsthcells will also be compared with
the theory from the model presented in Section 3.4.

4.2. Block diagram

The block diagram in Figure 4.1 provides a rapidrgiew of the system which could
be used for the monitoring of water quality. Theirmsystem can be split in four
parts, the sample introduction which extracts thecges of interest from the water
pumped from the source (River, lalet¢). This is followed by the separation system,
its role is to separate the species prior to teeiry into the detection cell. The
detector, which is coupled to the baseline supmessystem, will give a
measurement of the current conductivity of the aetl provide the results which will
be used to trigger action or be stored for latetr &bectronics is also needed to control
any fluidic related actuators (Pump, valves) and tketection system (Baseline
suppression, measurements). The system could alsssdd as a bench equipment

thus the possibility to use a personal computeotamunicate with the system.
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Sample :
— T - —><>—b Separation —><>—b Waste
| | @
T \
<
m
py :
Measurement & Control electronics
— Fluidic path |
—— Analogue / Digital path
<> Detection Cell SD Card PC
(Modem) (LIMPIDS Software)
O Baseline Suppression
Figure 4.1: Block diagram of the system
4.3. Implementation of the electrodes

Implementing the electrodes in the system in otdesreate the detection cell was a
real challenge. Even if lots of designs now exasi;h of them is unique as they were
developed to fit closely the design and the marufacprocesses of particular
systems based on facilities which the researchpgh@s access to. The next section
will give an overview of the different cell designsed and evaluated during this
project and the problems encountered, which pusisetb create a series of new
designs ranging from a capillary cell to one emleeldch a microfluidic chip. The
reagent used for the first experiments was Potasdihloride (KCI), the next
experiments it as been changed to Sodium ChloN@€l), allowing us to prepare the
solution from analytical grade reagent salt whicgrevmore pure than the Potassium
Chloride (KCI) used previously. Measurements haeenbdone in the laboratory
which was at room temperature, the results weresumgject to any extreme change of

temperature, an ambient temperature of 24 °C eemsider when observing the data.
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4.3.1. Capillary cell

4.3.1.1. On-capillary with needle electrodes

The first design (Figure 4.2) was based on theavaated by Zemanet al.[125]. It
was composed of a standard fused silica capiltl®9 (4tm I.D. / 360 um O.D.) with a
polyimide coating (Polymicro) and the electrodesevemade from 22 gauge needles
(Hamilton) cut to a smaller length of about 13 mirhe link to the electronic circuitry
was done by wire glued to the stainless steelrel@detby means of conductive epoxy

(Circuitworks).

Figure 4.2: Polyimide coated fused-silica capillaryvith stainless steel electrode cell

The results obtained with this configuration withL MQ feedback resistor for the
current to voltage converter an excitation sigriéd\épp are represented in Figure 4.3.
The transimpedance amplifier used was an OPA3810 frexas Instrument, followed
by a multiplier AD633 and an amplifier with a fixgein of 2 (Figure 4.3).
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Figure 4.3: Calibration curve for the Stainless Stel electrode design

The measured response has a very low sensitivigy3 (1V/ppm at 500 kHz)
considering the concentration used (74.5ppm, 1®64p372.7ppm, 745.5ppm,
1491ppm). This poor sensitivity is mainly due te gtray capacitance in the system
due to the leads which connect the electrodes eociituitry but also the overall
circuitry which was built on a breadboard which nst well suited for high
frequencies. During the experiments, a great degyasel between the response and
the environment surrounding the system was obseiMeel highest dependence was
seen for higher frequencies; strengthening the tgsis that stray capacitance
bypasses the system. There is also the fact thatahcentrations of sodium chloride
(KCI) injected to do the calibration curve wereatelely large, which makes the
solution very conductive. If we recall the cell giified electrical model
(Section 3.4), with the resistance of the soluti@mng very low, the system will be
sensitive to the coupling capacitor instead, asy thecome non negligible in

comparison to the electrolyte.

Despite this lack of sensitivity at high concentmaf the sensing ability of the system
has been verified but the study of other desigrhvdwer stray capacitance is
necessary to improve the system. We can also digsbespracticality of such design
for a field instrument. The coupling of the needde the capillary may lead to

mechanical noise [131] as air gap may be presetwelea the two if the outer
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diameter of the capillary does not match closedyitiner diameter of the needle. The
fact the contacts are glued may lead to fault dualirations and is not scaled for an

easy manufacture.

4.3.1.2. On-capillary with wire wrapping electrodes

This second design is inspired by the design dbitlaa et al.[145], which uses wire

wrapped over the capillary instead of the needfégufe 4.4). It is an inexpensive
way to create electrodes around the capillary kott suited to mass production.
However, it reduces the risk of air gap betweenelleetrode and the capillary due to
the fact that the liquid solder tends to fill thepgwhen creating the electrode, which
also avoids any inductive behaviour. Another adagatis that it is easier to

implement these electrodes on a PCB using the cdpuks to solder the electrodes
of the cell directly to the circuitry which makeethink shorter and less sensitive to
noise. One of the disadvantages is that this wrapisi carefully done by hand which
means that each electrode is unique. This detdliimake each cell different and a
direct swap from a cell to another may need somesadents to have the same

response.

The polyimide coated fused silica capillary frone firevious design was replaced by
a high quality round capillary tubing from VitroCo(€V3040S). It was chosen in
order to improve the capacitive coupling betweandlectrodes and the liquid due to
its thin capillary wall (50 um). The capillary lahgwas 100 mm with an outer
diameter of 400 um and an inner diameter of 300+10%6.

77



Figure 4.4: Wire wrapping electrode cell

Figure 4.6 shows the system response for diffecamicentrations of KCIl. The
actuating signal has an amplitude of 4 Vpp, a fesgy of 1 MHz and the feedback
resistor of the current to voltage converter isudfage mount device of 1 & and

tolerance of +0.1 %, which reduces possible pacasftects compared to a through

hole component [131].

A picture of the circuit is provided in Figure Ahere the transimpedance amplifier
(A), the dephaser (B) and the amplifying staged&) be seen.

Figure 4.5: Circuit board with the SMD feedback resstor, transimpedance amplifier (A),
dephaser (B) and amplifying stage (C)
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Figure 4.6: Calibration curve of the system with wie wrapping electrode

If we consider the part of the curve from 74.5pdmmM) to 745.5ppm (10 mM) as
linear, the resulting calculated sensitivity is|88/ppm. With this configuration, the

sensitivity is improved by more than a factor 7 paned to the previous system.

After the development of this design, the decismireate another design capable of
being interfaced with microchip manufactured in Tleemistry Department at Hull
was made, thus resulting in the creation of an lop-ccell design. However
improvement of the existing design using the capjllhas also been done as a point

of comparison.

One of the improved designs was still using theewirapping technique but the goal
was to make it stronger and able to be connectetheatend of a commercial
monolithic column. The capillary was then repladeg one which fits into the
standard Fingertight fitting from Upchurch Scieigtifiormally used with 1/16 in O.D.
tubing. These capillaries (Blaubrand) are normabgd for disposable micropipettes
and have a thicker wall than the capillary usedvipresly (1.6 mm O.D. and
~ 481 um thick wall). The resulting calibration cargan be found in Figure 4.7. A

photo of the system is shown in Figure 4.8.
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Figure 4.7: Calibration curve of the most recent sstem with wire wrapping electrode

The excitation voltage had a frequency of 200 khid an amplitude of 10 Vpp with a
feedback resistor of the transimpedance amplifierl@0 kQ. The slope of the
calibration is 2.6 mV/ppm which is an improvementen the previous capillary
system. The LOD can also be estimated by lookinthetfirst experimental point’s
standard deviation given for the blank sample [1@B¢e appendix E), which is
0.3 uM for NaCl (&).

This improvement in sensitivity over the previoapidlary system is due to the layout
of the board, which allows even closer distancevbeh the electrodes and the pick-
up amplifier and also the use of a higher stimulkaltage. The previous
transimpedance amplifier was an OPA657 (Texasunsnt) whereas the one used in
the experiment was an OPA827. The latter has higharent noise density
(2.2 fARHz), a lower slew rate (28 V/us) but a lower inpiats current (+500 pA). Its
wide output swing voltage increases the dynamigeand sensitivity of the system
in conjunction with the correct feedback resistod @&xcitation voltage compared to
the OPAG57.
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Figure 4.8: Picture of the epoxy potted C4D

4.3.2.  Off-chip cell

4.3.2.1. Plug electrodes

The “Plug electrode” design was the first attengpeibed the detection cell in the
microchip. In this case, the electrodes were phthe plug and a hole was made in
order to give access to the channel to the plug.

The plug body is made of a special acrylic baseatq@olymer with the help of a 3D
printer (EDEN500V) from Objet. The printed protogyfhas been designed using
Solidworks and contained several plugs of diffedintensions in order to have some
spare plugs and obtain a good quantity/price r@&igure 4.9 and Figure 4.10). Each
plug has two holes where 26AWG tinned cooper wai@s be introduced in order to
link the electrode to the PCB. The electrodes aaelenof conductive silver paint
separated from each other by a gap of 1 mm. Thelatsn is made with a
polyurethane insulating varnish (MR8008), both fréftectrolube. The varnish is
painted on the plug until there is no measurab#& mpedance (purely resistive)
between the two electrodes when the plug is inaminwith water. A picture of the
two electrode plug is show in Figure 4.11 wherewires are easily identifiable. With
the time the electrodes made of silver paint cée tagolden tint but no quantifiable
change in performance has been detected.
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Figure 4.9: SolidWorks model of the plugs Figure 4.10: 3D printed plugs after washing off

4dmnr

Figure 4.11: Picture of the 2 electrodes plug Figer4.12: 3D view of the glass chip

During the experiments, the plug is inserted inglesing hole of the glass microchip
(Figure 4.12). Some PTFE thread seal tape can bppsd around the plug to limit
the leaking which can occur. The excitation voltaged for the calibration curve was
300 kHz and the amplitude was 4 Vpp with a feedbraskstor of the transimpedance
amplifier of 1 MQ. Measurements with static fluid and different fowW20, 50,
100 pL/min) have been done. The schematic on Figur@ shows the setup with the
plug inserted in the microchip. During the switaktvieeen the different syringes, the
record is stopped and restarted when the nextggyri® in place and running. This
manipulation causes a jump in the signal at eaaicamration. An example of
successive injections of different concentration NACI with a syringe pump
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(Babybee MD-1001 Syringe pump unit) with a fixeoMilrate of 20 uL/min (Babybee
MD-1000 Controller) is presented on Figure 4.13e Theasurements are taken by a
digital multimeter (Keithley 2700) in datalogger d® during the injection of the
sample in the microchip for about 5 minutes. Thesnmts us to see the transition

between the different concentrations and the siggaadhing a stationary value.

Sample

L1
oooo A
Power Multimeter AC
Supply Source Syringe pump which
fix the flow rate of
| Y ~ Y | the sample inside the
- : k' = | microchip channel
Waste / \
PCB with Plug

) Microchip with
electronics

engrave channel

Figure 4.13: Schematic of the experiment in contimus flow

In fact without flow, a drift starts to occur anebds to a slow increase of the signal.
This may be due to the heating of the solution WHeads to an increase of its
conductivity. Figure 4.14 shows the result of saohexperiment. It is easy to see the
difference between the successive concentratioh&06l injected in the microchip. It
has to be noted that the electronics used atithes ihcluded an OPAG657 operational
amplifier which has a maximum supply voltage of\£5This is why there was a risk
of saturation when dealing with concentrations argthan 7 ppm~ 120 uM) as it
was causing the transimpedance voltage to go sgaaximum output swing voltage
with the 1 M2 feedback resistor. The maximum output swing vatafjthe OPA657

Is £3.9 V, the signal from the transimpedance plassigh a multiplier having a built-
in attenuation of 10 then an amplification stag@.0#Vith a reference signal of 4 Vpp,
the maximum output of the amplification stage woldd a sinewave with an

amplitude of 1.56 V. If the sinewave is low pastefed, the mean value is 0.78 V.
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Output of the system with Flow rate=100pL/min - Rf=

1M - Signal= 4Vpp 300kHz - 160610

0.82

I I
. 7ppm

0.8

System Output (V)

0.74

0.72

0.7

|
600
Time (s)

Figure 4.14: Successive injection of NaCl at 100utnin

Experiments in static flow have also been conduicedder to give a good calibration

curve (Figure 4.15).
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Figure 4.15: Calibration curve of the Plug Electroe system

The slope of the calibration represents a sensitofi 13.8 mV/ppm by linear fitting.

The LOD can also be estimated by looking at thedsted deviation of the analyte of
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null concentration (Milli-Q Water 18 K.cm™* at 25degC) and the sensitivity of the
system, which gives us a LOD of 0.186 uM for Na&i)(

This system had a high sensitivity, albeit witrea fproblems. The main problem was
the principle of the plugs which were inserted iccess holes drilled into the
microfluidic chip. It was very difficult to preverthe system from leaking, sealing
tape made of PTFE was applied to reduce it to sextent. On top of this problem,
the possibility of a small dead volume at the phead will be problematic for its

application for separation. Another problem wasfta that only the plug body was
made by an industrial process. The electrode panwiring and insulation were still

done manually, which makes the reproducibility loé tell very difficult and limits

the ability to downsize the cell.

4.3.3. On-chip cell

4.3.3.1. PCB/Double sided tape/PMMA microchip

This design used buried electrode made on a pricitedit board (PCB) to allow
closer proximity between the electrode and theisgnalectronics. The microfluidic
chip was made in PMMA and channel was made by mgilthe sheet with a CNC
machine (Datron M7) which allows precision downth@ micrometric scale. The
insulating layer was a double sided adhesive t&p#dtape) and thus also bonds the
two layers together. The electrodes for this deswgne separated by a 752 um gap
and the microfluidic channel’s width and height @rmm. The calibration curve of

the system with sodium chloride ranging from O op8n is shown in Figure 4.16:
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Calibration curve of the FR4/Copper/Tape/PPMA Chip - 200kHz 10Vpp 333K - 040112
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Figure 4.16: Calibration curve of the PCB/Double sied tape/PMMA system

The sensitivity of this system according to thdbration curve is 4.8 mV/pp. This
sensitivity is better than for the potted capill@3D system but the higher standard
deviation degrades the limit of detection to 1.08 for NaCl. This higher standard
deviation is due to a drift in the measurement eslurhis drift could be due to the
temperature of the channel slowly equilibratinghwiihe temperature of the injected
solution but the surface / volume ratio of the twh cross section channel is not
optimal, hence the slow thermal exchange. It caldd be from the double sided tape
used as insulating layer which can affect the asipacoupling with the solution and

thus the impedance of the overall detection cell.

4.3.3.2. PCB/PDMS microchip

In this new design, the base of the microchip imposed of a milled PCB which is
composed of a layer of fibreglass epoxy commonliedaFR4 and a layer of copper
of 35 um thickness (1 ounce per square foot). P8 features the electrodes, and
the interconnections for the electronic compon€Rissistors, operational amplifier,
etc). In the following protocol, the PCB will be refed to as the substrate.

The first stage consists of covering the substvate a thin layer of PDMS. The
PDMS (Sylgard 184, Dow Corning) is first prepargdaulding the elastomer and the
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curing agent with a ratio of 10:1 in a beaker. Thi&ture is stirred and degassed for
20 min in order to obtain a better finish. Addimduene to the mix (25 %) will lower
the viscosity allowing a thinner coating to be al¢d. A spin coating of the PDMS
onto the PCB is done by a Spincoater Model P678@sséSpecialty coating system
Inc.), the substrate is fixed to the central chbgksuction. The chuck runs for 7 s at
500 RPM is then ramped up to 1000 RPM for 30 sheligRPM can be used for a
thinner coating. Once finished, the substrate reatin an oven for 30 min at 90 °C.
The curing can also be done via a hot plate if menois available. The coating
thickness was measured using a surface profilektéBeXT from Brucker) by
looking at the surface where the coating has b&gpsed with a scalpel. Figure 4.17
shows surface profiling results. The coating thedsis estimated at 8 um. A photo of
the PDMS coated PCB is show in Figure 4.18, mosh®fPCB is covered except the
right part which is covered by an adhesive tapprttect the interconnections which

will be soldered later.

Surface profil of Stripped PDMS Coating - 120807
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Figure 4.17: Surface profile after PDMS coating
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Figure 4.18: PCB after PDMS coating with tape to ceer connection holes

The surface profiler can also provide an idea ef ¢bating finish. For example on

Figure 4.19, the copper pad has very sharp edganlalso be seen that the copper

which was covered by the photoresist have beenapgretched, resulting in a

thickness of 24 um. After coating of the pad, PDM8d to stack up on the sides

which results in a profile of the form shown in &ig 4.20.
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Surface profil of the Cu pad after coating - 120914
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Figure 4.20: Surface profile of a Cu pad after cading

To create the top part, containing the microfluidh@annel, a master mould was made

using an SU-8 coated silicon wafer for the casthg.aluminium mould can be used

for this purpose too if the features are big enofoggha CNC machine to reproduce.

Figure 4.21 shows the surface profile of the mauded for elastomer casting.

Surface profil of the SU8 Mould - 120918
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Figure 4.21: Channel profile of the SU-8 mould
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The liquid PDMS elastomer was poured into the Stdefild and left for curing in an
oven for a defined time (45min at 90°C). After agyi the chip is removed from the
mould by cutting the wanted shape and pealing fit Bifie resulting microfluidic

channel is an exact copy (Figure 4.22) of the mauhéch indicates that PDMS is a

good material for reproducing micrometric features.
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Figure 4.22: Channel profile of the casted PDMS

Once the microfluidic chip is cured, the accese$fdor the inlet and outlet tubing
(Commonly @1.6 mm) were punched. Then, the partcheened by 5 min sonication
in an Isopropanol bath followed by 5 min sonicatiora deionised water bath. The
chip was dried by blowing compressed air or nitrogas. The surface must be as
clean as possible prior to the next stage, whigtasma bonding.

For the bonding, both parts are placed in the clearobthe oxygen plasma etcher
with their faces to be bonded facing up. The aslasvly replaced by pure oxygen via
successive pump out. Then the plasma is created sitthamber pressure of
600 mTorr and a current of 20 mA for 45 s. Usuallyoltage between 300-400 V
(read on the auxiliary power supply controllerhseded, depending on the oxygen
concentration inside the chamber. Higher voltagag oause damage to the surface of
the PDMS chip. After plasma treatment, both pamtsimmediately aligned and put in
contact to seal then together. Care must be takeznsure that no air is trapped
between the 2 layers as it can lead to cavitiegsiwilveakens the bond. The assembly
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is kept at 90 °C for 45 min in order to enhance Hwnding strength. Fluidic
connections (Raw tubing, Upchurch Nanopoets, can then be glued at the access

holes prior the use of the chip (Figure 4.23).

Figure 4.23: PDMS Cell with Upchurch nanoports

The following plot (Figure 4.24) is the calibrati@murve of such a design with an
electrode spacing of 2mm and a channel cross secfi®40x60 um. The frequency
used is 300 kHz, the excitation voltage is 20 Vpg the feedback resistor is 1M
The sensitivity for NaCl is 10.8 mV/ppm and theitiof detection is 1.265 uM .
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Calibration curve of the FR4/Copper/PDMS Chip - 300 kHz 20Vpp 1M - 240512
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Figure 4.24: Calibration curve of the PCB/PDMS systm

4.3.3.2.1.Experimental behaviour of the PCB/PDMS cell for low

concentration

Experimentally, the link between the frequency bk texcitation voltage, the
contactless nature of the cell and the conductiwfythe electrolyte can be
demonstrated by doing a comparison between diffefezgquencies. For low
conductivity electrolyte, the channel conductiwtyl be low due to the low number
of ions. If we consider the liquid electrolyte asparely resistive element, a low
conductivity channel will keep its low conductivigwen at high frequency, favouring

the stray capacitance at higher excitation freqigsnc

Figure 4.25 shows a calibration curve of a low caniity electrolyte (0 — 1.75 ppm)
for frequencies from 30 kHz to 300 kHz. This shotat as excitation frequency
increases, the sensitivity of the cell is decreakssling to the conclusion that the

current is more and more bypassed by the straycitapee.
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NaCl @ Various Concentrations & Frequencies - FR4/C  u/PDMS Chip - Rf=1M 20Vpp - 121210
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Figure 4.25:; Experimental behaviour of a cell fordw concentrations

4.3.3.2.2.Experimental behaviour of the PCB/PDMS cell for hidp

concentration

In comparison, Figure 4.26 demonstrates the bebawwd the cell for a highly
conductive electrolyte. The low resistance of ted tmits the effect of the stray
capacitance € On the other hand, the relative impedance otdpacitive coupling
Cw may become non negligible, leading to a plateauti®@ most concentrated
solutions. Increasing the excitation frequency Wdiver the impedance of &
allowing the dynamic range of the system to be redéd to higher concentrations.
This behaviour highlights the importance of a geagacitive coupling between the
electrodes and the electrolyte as lower frequercaesbe used. Lower frequency will
help limiting the current bypassed by the strayac#tpnce G while keeping the

dynamic range reasonably high.
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NaCl @ Various Concentrations and Frequencies - FR4  /Cu/PDMS Chip - Rf=10K 20Vpp - 120912
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Figure 4.26: Experimental behaviour of a cell for igh concentrations

4.3.4. Summary of the chapter

Different designs have been tested f8D@etection, from the capillary based design
to the microchip design. Each electrode implememntdbas its own advantages and
disadvantages. Capillary designs are great fomitkeexisting benchtop systems, and
can have very good coupling with the solution du¢he large surface area they can
have with the electrolyte. They are however not gatible with integration on
microfluidic chip. The current technique using sge needles or wire wrapping are
also not optimised for ease of production. Elecrpdrameter (Pattern, size, spacing,
etc) consistency is more feasible when using a tecleniglying on a mask. Patterned
electrodes made from printed circuit boards [60], 6ietal evaporation [78] or
sputtering [199] will be similar to one another aar@ more likely to be compatible
with small and medium scale manufacture. Thin ebelels made from metal
evaporation are needed for creation of thin ingsutalayers (to limit stack up effect
near the edge of the electrode when using spinng)aiut may be problematic when
it comes to connecting it to the sensing electmniadeed, bonding wires may
damage the layer; spring contact pins may be displif vibration of the system is

avoided. Possible misalignment between the miadifiuchannel and the electrode
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arrangement is negligible regarding the scale oftmzhannels and the current
accuracy of XYZ stages (<200 nm). However an bifpcdetector like the plug

design in 4.3.2 may lead to changes in cell charestic if not secured correctly,

similar to the mechanical noise observed in capiltBesigns [151] (Section 3.6.1).

A system which integrates a microchip holder isoadysolution when a definitive
microfluidic design is found. It permits a fast armhsy replacement of the
microfluidic chip in case of failure, ideally thiidic and electrical connection should
also be integrated within the holder. Designingklér for a capillary design is more
challenging and may integrate only the detectiolh lde the commercial detector
from eDAQ [200].

Using an electrode design compatible with a micmcimay benefit from the

manufacturing techniques and microfluidic concepssussed in Chapter 2 (Mixing,
pumping, flow switchinggetc). Furthermore, various materials can be used &gl i
possible to have channel geometry different to whamanufacturer of fused silica

capillary could achieve (Inner diameter, channalpshetc).

The performances of the different designs will dieadepend of the electronics setup
used thus the latest designs benefiting from béi@D than older ones. The next

chapter will present the electronics used in theea®n in greater details but also
present the baseline suppression which is an addlitifunction designed into the

system in order to enhance the LOD.
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Chapter 5 : Design of a conductivity detector with

baseline suppression

5.1. Outline of the chapter

Conductivity detection is an universal techniqusdshon the detection of charged
species and thus is also sensitive to the backgrelectrolyte. The described system
was designed to integrate all the electronics reedde autonomous measurement
without the need of bench top equipment (Signalegator, etc). A baseline

suppression circuit is integrated into the systemrdduce the influence of the
background electrolyte over the measurement. Swgtcait is shown to enhance the
dynamic range and sensitivity of the system. Tlecjples and the difficulties related
to creating this new integrated detection systeendiscussed (Amplitude accuracy,
phase accuracytc). Experimental results involving the measurementitferent

concentration demonstrate the ability of the sysiansensing low concentration
analytes by monitoring not only impedance change d&lso phase change of the
signal. Automation of the baseline suppressiorossible and two automation circuits
will be presented. An electrophoresis run donegisihomemade setup and #DC

without baseline suppression is also demonstrated.

5.2. Structure of the measurement electronics

5.2.1. Overview

Figure 5.1 gives an overview of the capacitivelyugled contactless conductivity
detection (D) system developed in this work. This system hasle2trodes, one
connected to a signal generator which is the “Aatgaelectrode”. The second
electrode is the “Sensing electrode” which is catee to the rest of the detector
electronics. The transimpedance amplifier is thee ad the detection which has the
baseline suppression system connected to its iapdtthus the electrode. Baseline

suppression techniques described in the literattgdocated after the transimpedance
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amplifier as described in Section 3.3.4. But asvipiesly stated, a baseline
suppression based on current and located befordrangimpedance amplifier is

needed to limit the saturation which can occur ghér gain and with higher

conductivity electrolytes (Figure 5.2).

This is why a different approach has been propasetis thesis which is based on
baseline current suppression before the transinmpedatage and therefore the
rectification stage. With this technique, it is pie to use a high value feedback
resistor in the transimpedance amplifier withogfarel for the baseline current.

The currentl; from the cell is cancelled by the currdgtfrom the baseline system
which gives the current,, flowing in the transimpedance amplifier. The outpu

voltageV,,: of the amplifier is given by:

\Y/

out

:_(Ic_ls)fo :_Imef (51)
After the transimpedance amplifier, the measureretdtronics can be composed of
noise filtering like a synchronous detection antiaally of additional amplification

before the conversion by the ADC. Each stage vélbdbscribed in more depth in the

following parts.

Baseline |'
Suppression Signal
generator
r—-—~-~§yy=~="=====-=-=-"- ';
I
Sensing Transimpedance| o Low-pass | I
electrode Amplifier [ | Multiplier Fiter | !
A I_ ___________ SR |
L Synchronous detection
Actuating ¥
electrode cifie] B ADC Amplifier

Electronics
(V)

Micro channel
Electrolyte

Figure 5.1: Detection system overview
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Figure 5.2: Baseline current suppression principal@iagram

5.2.2.  Baseline suppression principle

The principal difficulty with the proposed baseliseippression technique is the
generation of the suppression currdgt This current needs to have the same
characteristics (Shape, Amplitude, Phase) as theerduwe want to suppress. The
signal fed to the cell is a cosine but the ampétumhd phase of the baseline
suppression signal must change in accordance wihcell impedance and the

frequency used. If we consider the current sighahaplitude A and frequency f as:

Acod27it) (5.2)
And the “counter” signal of amplitude B, frequerfand phasé as:
Bcod27ft + ) (5.3)
The subtraction of the two gives:
Acod27ft) - Bcod 27t + §) (5.4)

In the case that only the amplitudes are corresA|Bhe resulting signal will be:

Acod27ft) - Acod27ft + ¢) = Alcod27#t) — cod 274t + ¢ )|

afon o2 afon- )l g] °

98



The resulting signal is still sinusoidal with a dueency f, a phas&/2 and an

amplitude which is function of 2A and the ph@se
In the case where only the phase matcthes0|:
Acod27ft) - Beog27dt) = cod 27t A- B] (5.6)

The resulting signal is a cosine of frequency f aiith an amplitude dependent on A
and B. This is why correct suppression current,chiagy both phase and amplitude,

needs to be applied, in order to cancel the cufrent the cell.

5.2.3.  Signal generator

As the system needs to be as autonomous as poasibleperate in remote sites, off
the shelf laboratory signal generators are noablét They are an effective solution
for bench experiments due to their wide bandwidtti @oltage output, but here, it is
more appropriate to use an integrated circuit gedacto waveform generation. These
commercial integrated circuits are called direditdi synthesis (DDS) devices and
are able to synthesise sinusoidal, square andgtrianwaves at various frequencies
and be controlled by digital commands. There is\eed for external components for
frequency setting like on the MAX038 as used in51142, 164]. A microcontroller
using a R-2R ladder could be used to generate avewhowever kHz frequency
signal will require a high cycle per seconds miordcoller. The generation process of
a sinusoidal wave can be explained by the blocggrdia shown in Figure 5.3:

Phase J  SIN | | Low Pass
Tur'}fng Accumulator | | ROM B Filter
Word T

Clock

Figure 5.3: Block diagram of a basic DDS system

In order to build an analogue sine wave, a clocteds into the phase accumulator,

which is basically a counter. The content of thagghaccumulator is successively
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incremented by the value M, called the tuning wdtde tuning word determines the
jump size in the table (SIN ROM) containing the éitagde for the DAC to be read.
The phase accumulator needs to be big enough (Rafgm 24 to 48-bit wide) in
order to produce the smallest frequency resolutidnle coupled with a high
frequency clock. However the SIN ROM address raisgemaller than the phase
accumulator word, and this aspect requires thegophasd to be truncated to the SIN
ROM address size. There is also commonly a sizierdiice between the DAC
resolution and the amplitude read from the SIN RQWich therefore needs to be
truncated for a second time. Spurs in the outpgmadi spectrum from successive
truncations exist but are negligible compared ® dantization noise of the DAC
[201].

Filtering should be placed at the output of the DbSantialiasing purposes. A low
pass filter with a bandwidth of a third of the dtoor lower is recommended for
Analog Device DDS components [202, 203].

The amplitude of the DAC of the DDS is fixed byiitsernal reference but some DDS
devices have the possibility to be connected tereat analogue signal (typically
from a DAC) for control of the full scale outputltage. It is this latest feature which
will be used in the baseline suppression systencotatrol the amplitude of the
cancelation current (A = B), along with extra ertdrprogrammable gain amplifiers
(PGAs) to provide accurate fixed gain to the sigflagure 5.4). The DDS, scale
control DAC and PGA are set up using a microcolgrafuC or MCU). The DDS
used (AD9834), if used in conjunction with a 75 MHgcillator (C Grade), has a
maximum frequency output of 37.5 MHz. This frequeran be tuned with 0.28 Hz
steps (less if a lower frequency oscillator is Qe to the 28-bit phase accumulator.
The phase is set by a 12-bit register which givekase step of (Eq. 5.7):

Ap=—>= 200¢ = 0.0015%adians (5.7)

100



Full-Scale
Control

PGA

=
O
l—|

Figure 5.4: Diagram of the amplitude control of theDDS

5.2.4.  Transimpedance amplifier

The transimpedance amplifier (TIA) is the main comgnt of the detection; it
converts the current into a voltage so it can basueed without disturbing the cell. In
order to the detection circuit to have a large dyicarange, an amplifier with a wide
output swing voltage is preferable. This allows tise of a large feedback resistor for
high gain / sensitivity or a large dynamic rangehwa lower feedback resistor. The
baseline suppression system acts before the aenglifiextend the effective dynamic
range of a high gain amplifier by dynamically suggwing the current fed to the
amplifier. The subtracting current need to be gadlgluncreased in case of saturation
(output from the transimpedance amplifier is cligpi so the output returns to the

normal operating window of the component.

Using LT Spice we can simulate the transimpedataggesand assess the behaviour of
the output signal when varying parameters of thleocehe transimpedance amplifier
itself. Doing so might help to choose the ampliBeitable for the system (Slew rate,
input bias currentetc). For example we can model the cell followed bifedent
transimpedance amplifiers and observe the outptiiefimplifier. In the case of the
LT1169 which is a low noise, picoampere bias currdRET input amplifier, the
problem is the typical slew rate of 4.8 V/us. Usargexcitation frequency of 250 kHz
with an amplifier having an output swing voltage 28 Vpp is thus not possible

without great distortion of the signal.
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The LT118A is however a high speed operational dmeplwith a minimum and

typical slew rate of respectively 50 V/us and 70@3//Such characteristic avoid the
distortion of the signal but a small voltage off$ein be seen comparing to the
LT1028 which is a low noise, high speed, precisaaomplifier. This error may be due
to the input bias current which is amplifier by tleege feedback resistor As the
baseline suppression is located before the TiAay be possible to correct the offset

voltage produced by the current flowing to the rieganput.

The operational amplifier used for the measurenshatacterising the detection cells
described in Chapter 4 were OPA380 and the OPAGHY Texas Instrument. Both
amplifiers have a high gain bandwidth, low voltagise and current noise. Thus a
high value of feedback resistor can be used fareatito voltage conversion without
having problem with current input noise as the JHEpUt stage has current noise in
the order of fANHz. The OPA827 is used in the baseline suppressjstem as it
provides similar characteristic to the OPAG657 witle advantage of larger output
swing voltage due to the supply rail acceptingagdts up to +15 V. Its typical slew
rate is 28 V/us which give a FPBW of 372 kHz fd@24aVpp output swing voltage ¢V
-3V).
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5.2.5. Baseline suppression system

A schematic of the proposed suppression systetowrsin Figure 5.5:

. DDS |— Filtering | cor%i%i?a?mlin N Current
Stage (PGA) 9 Source / Sink

: o Signal o
~ MO/ Ll pps [ Filtering | | o ditioning 1 Cell @ oV

DSP Stage (PGA) System
'é}é‘g‘é‘%""“""" “"'"""_'_'_'_'_'_'_'._'_'_'_'_'_'_'_'_'_'_' ____________________________________
DDS Signal Synchronous
: conditioning Detection
Stage 3 |
9 | @ Voltage

: Measurement
DDS: Direct Digital Synthesis
PGA: Programmable Gain Amplifier
uC: Microcontroller — Cell signal
DSP: Digital Signal Processor » Cancellation signal

Figure 5.5: Block diagram of the baseline suppressi

To achieve the required frequency and phase, tphpression signal is created by
another DDS (Stage 2 in Figure 5.5) of the same g the cell stimulus generator
(Stage 1 in Figure 5.5) where both are synchrobiz&aving the same clock source
and release from reset at the same time. Morebaging the same length of track on
the circuit board for the clock signal for both DBKips ensure that there will not be
any phase difference in the shared clock signatnEsimple DDS systems have the
ability of frequency modulation (FSK) or phase miadion (PSK) therefore we use

the latter to accurately control the phase diffeeebetween the two DDS. The models
(AD9834) used have a phase register of 12-bit whetls the accuracy of the phase.
According to (5.7) the smallest phase change plesghb0.00153 radians or 0.088 °.

This accuracy is enough for a good phase matchéoguse according to equation

(5.5), the error will be 0.076 % of the cancellatimltage amplitude.

The other critical point is the amplitude matchiofythe suppressing signal. The

signal from the DDS is generated from an intern&lCDwhich has a fixed or variable
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full-scale. In the case of fixed full-scale, an giddal gain or attenuation stage which
can be digitally controlled is needed to createrduiired amplitude.

One of the solutions evaluated was to use an imgedand non-inverting operational
amplifier topology with a digital potentiometer dsas a rheostat (AD5293) and
analogue multiplexer (ADG1408) linked to a resigiank (Figure 5.6).

— Multiplexer

.

Resistor
bank

v
Digital
Rheostat

Offset

Figure 5.6: Block diagram of the amplitude control

The analogue multiplexer (IC12) (See appendix F3 wsed for coarse gain change
by switching a resistor array of 1@kncrement (From @ to 40 K2). The fine gain
tuning was done by a 2@Xkdigital potentiometer in rheostat mode (A and Wispi
connected together) with 10-bit resolution, whichvides a theoretical increment of
approximately 19.%) (£1%). This provides a gain step of 0.00195 ibassed with a
10 kQ input resistor (R4). It permits a good accuracy tiee suppression signal
amplitude. However, at frequency above 100 kHzblemas can arise with this
system.

The potentiometer's architecture comprises of tesssand switches. The resistance
of the resistors in the signal path of a particdade (digital code for the desired
resistance value), combined with the switch pacasipin, and board capacitances,
creates a RC low-pass filter, which determinesntia&imum AC frequency that can
be passed through the potentiometer. Lower valtengiometer settings have higher
bandwidth due to the lower value of their resistegments.

According to the datasheet, the AD5293 has a -d»dBdwidth of 520 kHz for its

20 kQ version. It is also possible that a high frequen8Z signals may cause
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variation in the internal switch on-resistancejRleading to some nonsymmetrical
attenuation and, therefore, signal distortion. Givog a higher end-to-end resistor
option reduces the contribution of the switchedeiinal resistance to the total
resistance, leading to better THD (Total harmomstadtion) performance but a lower
bandwidth.

The analogue multiplexer used (ADG1408) can alsdude problems when
introduced in an amplification circuit. The MOSFEWitches used in the device have
a resistance which varies as a function of theiegy@nalogue signal. This difference
is referred to as “On-resistance flatnessR¢{,) in the datasheet. This variation will
create DC errors and distortion when coupled wi@ #gnals. In order to minimize
the effect in amplification circuits, we can cho@shigher value resistor to make the
ARy, negligible with respect to other resistors, bus thay lower the bandwidth and
make the circuit more sensitive to leakage and &iasent. We can also introduce the
switches in both the input node and the feedback.lés the switches are normally
matched, they will vary by the same magnitude ahbwodes (only if the input
resistor and feedback resistor values are in e sader of magnitude).

It is important to know how much parasitic capaui&a has been added to the
amplifier input as a result of adding a multiplexXeecause any capacitance added to
that node introduces phase shift to the amplifiersed loop response. If the
capacitance is too large, the amplifier may becamstable and oscillate. A small
capacitance across the feedback resistor may lireddo stabilize the circuit. This
type of compensation is called “Feedback Zero Carsgion” or “Phase lead

Compensation”.
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Figure 5.7: Block diagram of the voltage to currentconversion for the cancelation current
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Figure 5.8: CAD design of the voltage-current conwvéer

The amplitude of the current between the two tstoss is a function of the transfer
function of the voltage to current converter (Figbt7 and Figure 5.8 — Appendix G),
which is fixed at 100 pA/V with a 1Xkresistor Rs; and R,— R17 and R24). This
voltage to current converter uses two voltage towecu converters (OPAMP + Pass
transistor), which are connected in series wittheatbers and the node between the

two being connected to the cell output / transinapee input.
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The top branch of the arrangement is for sourchmg durrent with a bias set to
300 pA (Function of the reference voltage). Thiskis due to the bottom of the sense
resistor (R17Rs;) being clamped at a reference voltage of +3 Wy the operational
amplifier and a voltage of +6p¢ applied at the top of the resistor.

The bottom branch is however used to create arginkurrent which is set at
-300 pA. The addition of the two sources is thenefoull in theory. The system can
be balanced when no AC cancelation signal is agp@tethe top of the resistéis;

(Is =lx) by the means of the top or bottom DAC (Figure Sdbwever, when a signal

is applied at the top branch, the current becontmlanced and is function of the
voltage applied and the value R§;, thus the need for an accurate control of the AC

cancelation voltage in order to generate an acewaatcellation current.

Rioap2
10UT
DAC —+—_—1++ DDS Ref. (GND)[—1{ PGIA
Rger | b
ClouT
RI.OAI)I

Figure 5.9: Block diagram of the digitally controlled suppression voltage generator

In the next design version, the voltage from thgpsession signal generator circuit is
controlled digitally by two components (Figure 59 Appendix H). The first
component is a 16-bit DAC with an internal refermehich can supply up to 3V
(AD5663R). It is connected to the FS Adjust pin I{Facale) of the DDS (IC4
AD9834 — See appendix H) which includes an ampditudodulation capability
(ASK) through this pin. The current output of th®® is then a function of the
voltage applied by the DAC Q4c), the load resistors (Bap), an external resistor

(Rse7) and a voltage reference ) as given by (5.8).

— 18x (VREF _VDAC ) X RLOAD

VOUT = IOUT x RLOAD -
RSET

(5.8)
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The AD9834 features a complimentary output (IOUTd al©UTB) which is
connected to an instrumentation amplifier (AD82&®)ch has a digitally controlled
gain of 1, 2, 5 or 10 (PGIA). Therefore, the sindab signal can be accurately
controlled over a wide range of voltage and freqyerithout suffering instabilities
and attenuations. Further amplification is providgda fixed gain voltage amplifier
(IC8 OPA602) which has a better slew rate thannkumentation amplifier, its full
power bandwidth (20 Vpp) is given for 570 kHz.

5.2.6.  Synchronous detection

As seen in the previous chapter, synchronous deteatan be used for the
rectification and filtering of the signal from thi@nsimpedance amplifier. The output
signal of the synchronous detector is only a fumctof the component of the
measured signal which has the same frequency asetbeence signal fed to the
multiplier. The phase difference between the twamuirsignals is important, and must
be zero ( cod(1-¢2) = cos(0) = 1) for maximum response. To genelfaereference
signal we can use another DDS using the same el®the others.

Experimentally, the adjustment of the phase skifachieve by changing the phase
word of the chip register in order to obtain maxmmamplitude at the output of the
multiplier, or by monitoring the phase shift witm ascilloscope (Tektronix TDS
3014B) between the output of the current to voltageverter and the second input
signal of the multiplier. The amplitude of the mefiece input signal is also important
because the output is directly proportional td ite reference signal from the DDS is

therefore amplified to increase the output ampétofithe multiplier.
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Figure 5.10: Example of multiplication of one cosia signals with one shifted by 90°

For an automated system, the phase can be fouddtbgting the zero crossing point,
after low pass filtering of the multiplier outputvhich means that the signals are
dephased by 90° in regard of each other (¢ge$f) = cos(90) =0) (Figure 5.10).

With the output of the synchronous detection codipleith a zero crossing

comparator, it is possible to sweep the phase ansign change of the filtered
multiplier output signal is detected. This featwan also be used for baseline
suppression phase matching, once the correspompeinendicular phase is known,

the DDS for the baseline suppression signal casebaccording to (5.9):

Peaseune = Poo —90° (5.9)

It is also possible to put both signals in antig@aonfiguration which just changes
the sign of the resulting signal ( cos(180) = -this is useful if an inverting amplifier

follows the synchronous detection.
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5.2.7.

5.2.7.1.

For the baseline to be used with an autonomougrsyst procedure to automatically
suppress the baseline is required. To do so, theuwreentl; needs to be in anti-phase
with the current from the baseline suppressiaand of similar magnitude. To achieve

this, a series of steps are undertaken, which@ar&alled by the microcontroller (uC

Implementation of the baseline suppression automain

Use of one multiplier

Signal

conditioning

Zero Crossing
Detection

Zero Crossing Detector

(Schmitt Trigger)

ybIH W

|-V converter

Zero Crossing |_|
Threshold DAC

Mo Hwir

or MCU).
From DDS2
DAC Signal AC Cancellation
Source conditioning Signal
RSI
Current L
Source
From Ce” I, L,
DDS1
current C 3
Current L
Sink
R52
DAC Signal
Sink conditioning

Zero Crossing Detector

(Schmitt Trigger)

Zero Crossing
Detection

Signal

Figure 5.11: Schematic of the DC current balancingf the Source/Sink branch

The first step, called “balancing”, is DC only (8& from the transimpedance
amplifier is low pass filtered), its role is to edjze the source and sink currents (
andly) from the baseline suppression stage (See Figliig.5The source DAC output
which fixes the voltage across the top sense ogs{8i), and thus the current, is

swept until it triggers the zero crossing dete¢tbthe Schmitt trigger threshold is
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zero, other values could be set by a DAC). Twoalde triggering points can be
created around zero by the use of a second Schingtier and a DAC (DAC
Threshold), such a configuration can help track biaseline drift by creating a

window around zero.

S‘[ep 2 Gancel sigral OFF
DDS1 = Cell Driving stage [ Cell oV bekaody oo
Prosi=Pewrer P=Fane==ty
DDS3 —— DDS3 Conditioning Multiplier LPF
P07 [AC couplirg + emplificaiicn| P=p.
Egual zero if
Poweer=90°+Q-¢; |

Psweep 1S then
referred as @,

Figure 5.12: Step 2 of the automated baseline supgssion

The second step (Figure 5.12) is to use the midtiflom the synchronous detection
to synchronise in quadrature the reference sigital twe signal from the cell in order
to determine its phase in relation with the refeeemignal (The filtered synchronous
detection output is equal to zero when this coaditis achieved). The reference
signal is generated by a third DDS (Stage 3 DDBigure 5.5) which is AC coupled
then amplified before the multiplication. This pewtar signal conditioning creates an
unknown phase shiffp, which can be approximated by simulation with LTicgpby
looking at the frequency of a buffered AC signalpacitively coupled to an amplifier
through a capacitor (See Figure 5.13).

The experimental results differ from the simulatete for frequencies higher than
20 kHz. The experimental results were obtained ddytracting 90° from the phase
needed to achieve the quadrature between the meterand the cell signals (See
Figure 5.14) which gives the results in regard®BS1 as the reference (A positive
phase shift is a signal delay on the output of DD®38 higher frequencies, the cell
produces a dephasing, which explains the difference
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Figure 5.13: Reference signal phase versus frequgnc
¢90(DDSS)

unknown signal conditioning phase shif) and the phase shift due to the cell and
Figure 5.14 shows the experimental results of thpud of the filtered synchronous
detection while sweeping the phase at differemjuemcies. The phase value of the
zero crossingd(so) from the previous plot can be extracted from trephic. It can be
noted that the amplitude of the output signal mkdid to the amplitude of the input
signals which is frequency dependant due to the cAGpling of the signal from

The final quadrature phase valged) in reference of DDS1 will be a function of this
DDS3.

the cell driving stagedq):



Synchronous detection after filtering -
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Figure 5.14: Experimental filtered synchronous detetion output while sweepingdqo

Figure 5.15 shows a simulation of the output of syachronous detection after
filtering for various conditioning phase (phase uodd by the AC coupling and
amplification of DDS3) ¢o) and a 10° cell phaseé4). If we consider the signal from
DDS3 to be the reference, increasing the phasemadator of DDS1 will create a
phase lag (¢sweep. The signal from the reference (DDS3) and thesirapedance

amplifier will respectively be:

Srer(ppsy = COS@7Ht)

SCELL(DDS3) = COSR7ft = Psyeep— Py + P,)

(5.12)

(5.13)

The phase shift between the two signals is swegttha filtered multiplier output

changes sign when the phase off¢elveed applied to DDS1 is equal §oppss)
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Synchronous detection after filtering - Perpendicul ar mixing Sweep - Various Conditioning phase - Refe  rence signal synchro - 250kHz - 130315
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Figure 5.15: Filtered synchronous detection outpuivhile sweepingdgo

Step 3 DDS2

Bons=Peeen
{Iniial value from Step2)

DDS2 Conditioning

(amplification + Current conversion)

P=Psuier Py

DDS1 Cell Driving stage =+ Cell -V Do
Dps3 | -+ DDES Sonditioning - Multiplier LPF
Equal zero if
Psweep=90°+@+P;

Poweep IS then
referred as @,

Figure 5.16: Step 3 of the automated baseline supgssion

The following step (Figure 5.16) is to synchrontbe subtracting signal with the
signal from the cell. Ideally the cancellation sgrs in phase with the cell signal, but
in the real system the cancellation circuit (Citgubetween the DDS and the current
summing junction) can induce an unknown phase reiffee ¢,) which has to match
the phase of the celh(). To do so, the cancelation DDS dephasing is adhé
previously founddgg, in regard to the reference DDS (Cell DDS is stéphased by

$a0). The phase of the cancellation signgd)(is then swept until it reaches the zero
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crossing point. Figure 5.17 represent the outpuheffiltered synchronous detection
while sweeping the phasi- (¢c is offset bydg, for ease of reading) for various

unknown cancellation phase.

Synchronous detection after filtering - Mixing of s ubrasted signal with -90° synchro - Cell Phase + b0 starting sweep - Various Baseline phase - 250kHz

2

Output (V)

Phase (°)

Figure 5.17: Filtered synchronous detection outpubf the cancelled signal while sweepingic

The final phas@c found is then equal to:

P =P+ 9> (5.14)

And as the cell DDS (DDS in stage 2) is alread{tetiiby g, the cancellation signal
is in phase with the cell signal it has to candd¢le amplitude of the cancellation
current which was previously set to a nominal valtid2.43 pAws (Full-scale DDS
signal, instrumentation gain set to 1), can thennoeeased to a certain threshold

defined by the user to match the current from #ie c

5.2.7.2. Use of a quadrature lock-in amplifier

Another solution consists of using a second mudipio create a quadrature lock-in
amplifier (Section 3.7.3) (Figure 5.18 — Append)x Such lock-in amplifier can be

used to retrieve the magnitude and the phase ofigmal from the transimpedance

115

- 130315



amplifier. The balancing of the DC bias from thdtage to current converter is still
needed prior any measurements. The same zerongodstection using a Schmitt
trigger can be used to reduce the DC bias (Sebt@d.1).

From DDS2

Fully differential amplifier|

DAC Signal AC Cancellation +ADC
™ e . [ .
Source conditioning Signal ‘1
RS.I Multiplier + LPF
Vv
Current 5 1
Source 0° Reference
v From DDS3

From Cell 1. Iy
oo8t |-V converter uC
current Erom DDS4

90° Reference

Current |, b
Sink |
v, Multipli LPF
RS’Z Utlp ler +
DAC || Signal e
Sink conditioning

Fully differential amplifier|
+ADC

Figure 5.18: Implementation of the quadrature lockin amplifier

After DC balancing, the phase from the célf)(can measured by retrieving the | (In-
phase) and Q (Quadrature phase) values from the nawtiipliers without the
cancelation signal. The phase can be measured tignfpllowing identities which

correspond to a phase delay comparing to the refergignalg [ [O,n]:

If | >0andQ=0=¢ = tan‘l(lgj (5.15)

If | <O0andQ=0=¢ =7+ tan‘l[lgj (5.16)

The following identities correspond to an advantelhase regarding the reference
signal ¢ [Oiﬂ :

If | <O0andQ<0=¢=rm- tan’l[lgj (5.17)

If | >0andQ<0=¢= —tan‘l(lgj (5.18)
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The phase of the cancellation signl)(also needs to be measured without the signal
from the cell in order to account for inherent phakfference of the cancelation
signal. Knowing the phas¢; and ¢,, DDS2’s phase register can be set to the

following phase for a matching cancelation phase:

¢c =180~ ¢1 + ¢2 (5-19)

To fully cancel the signal from the cell, the anyadie of the cancellation signal (See
Figure 5.9) needs to be set to match the magnitidehe signal from the

transimpedance amplifier which can also be measured

5.3. Conductivity detection in continuous flow

5.3.1. Contact mode

The baseline suppression was first tested in conteade (Electrode in galvanic
coupling) in continuous flow for different conceations of Sodium Chloride (NaCl).
The system was composed of an HPLC pump (Jasco-RBgCconnected to an
injector (Rheodyne 7125) followed by the cell, fesnby a two way connector
(Omnifit) with access hole for platinum wires. Tinequency used was lower than for
capacitive coupling (500 Hz) and the voltage wat tee20 Vpp with a 330R
feedback resistor in the transimpedance amplifiee supply rail of the amplifier was
set to £15 V, giving a maximum output voltage swai@4 Vpp (8.48 V¥us).

Figure 5.19 and Figure 5.20 show a comparison ofessive injections of different
NaCl concentrations (100 uM, 200 uM, 300 uM, 400, 5A0 uM, 1 mM, 1.5 mM,
2mM, 2.5mM) without (Figure 5.19) and with (Figu5.20) baseline current

suppression.
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Current sensing without BS - 500Hz 330K - 120620
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Figure 5.19: Output signal in contact mode withouturrent baseline suppression

Current sensing with BS - 500Hz 330K - 120620
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Figure 5.20: Output signal in contact mode with curent baseline suppression
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Current sensing - 500Hz 330K - 120620
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Figure 5.21: Calibration curve comparison without and with current baseline suppression

Figure 5.21 plots the peak values from Figure 5ab@ Figure 5.20, which are
proportional to concentration. This demonstratest tlwithout the baseline
suppression, the response has a smaller slopetifaisdsensitivity) than with the
current baseline suppression, mainly due to sabmaSaturation is visible on the
signal without baseline suppression as the curmestd¢o approach a finite value
(When the sinusoidal signal is totally distortetbim square wave due to the output
swing limitation of the transimpedance amplifidrystead of a sharp clipping, a soft
saturation is seen due to the RMS conversion obtliput signal. In contact mode,

with the baseline suppression, the dynamic rangetasensitivity are enhanced.

5.3.2. Contactless mode

The baseline suppression has then been tested ntactiess mode using the
PCB / PDMS cell described in Section 4.3.3.2 intewous flow of pure water
(MQW) from an HPLC pump for different concentratsoof Sodium Chloride (NaCl)
introduced by the means of an injector. The freqyemas set at 250 kHz and the
excitation voltage at 24 Vpp with a feedback resisf 2 MQ. Figure 5.22 and Figure

5.23 show different injections peaks (with replesgtwithout and with the baseline
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suppression. As the signal baseline may vary dusuagcessive injections, both

graphics have been referenced to zero for easengbarison.

- 130420
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Figure 5.22: Output signal in contactless mode whibut current baseline suppression
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Figure 5.23: Output signal in contactless mode whtcurrent baseline suppression
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Current sensing - 250kHz 2M - 100uL/min - 130420
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Figure 5.24: Calibration curve comparison without and with current baseline suppression

Figure 5.24 shows that the slope of the curve wii@g the baseline suppression is
higher than without the baseline suppression. Tdwakis however not showing any
saturation (Signal from the transimpedance amplifi@ distorted) due to the higher
total impedance of the cell created by the capeaxittoupling. The associated
sensitivity without and with the baseline suppresss respectively 331 pV/uM and
531 pV/uM. The R? values, which are an indicatothe&f quality of the linear curve
fitting, are 0.9883 without suppression and 0.998@ it. The LOD (3) for NaCl
achieved with each system is 2.05 uM and 1.63 pM.

The feedback resistor of the transimpedance arepliias varied from 1 K1 to
4.7 MQ in order to increase the sensitivity of the systémhile a change of
sensitivity was observed, the increase did nobwlthe ratio between the resistors.
For example, between 1®and 2 MY, the increase in sensitivity was only 25% as
for the noise too which is also increased. It hesnbdecided to increase the excitation
signal instead, following the work of Tanyanyiegal.[72, 75, 153] (Section 3.6.2).
The booster amplifiers used in these previous wergse a Burr-Brown 3584 [153]
and a PA94 [72, 75] from Apex Microtechnology Caigteon. The 3584 is a high
voltage, high speed operational amplifier with aripoit swing of = 145 Vpp and a
slew rate of 150 V/us. The PA94 is also a highag#t power operational amplifier
capable of a full power (x 300 V) bandwidth of 38z due to its high slew rate
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(500 V/us) [204]. For our application, the PA78 we®d, which has a slew rate of
350 V/us and an output voltage swing of £ 150 Ve Hthievable excitation signal
voltage with this amplifier is 300 Vpp, which isfBaent for our application due to
the fairly small insulating layer (Less risk of ldietric breakdown). Furthermore these
chips retail price (£50) is five times less thare tRA94 (£250), which is not
negligible.
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Figure 5.25: Output signal without current baselinesuppression and moderate excitation voltage
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Figure 5.26: Output signal with current baseline sppression and high excitation voltage
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Figure 5.25 and Figure 5.26 compare the signal feorapillary cell without the
baseline current suppression and a moderate eanitabltage (21.4 Vpp) with the
use of a high cell excitation voltage (100 Vpp) aanjunction with the baseline
suppression. A capillary witk 481 um thick wall have been used as it permits the
use of fairly high excitation voltage without théskr of causing breakdown
(25 kV/mm). The excitation frequency is kept at Z6(xr and the feedback resistor of
the transimpedance amplifier (THS4631) is @MThe same experiment setup is
used, an HPLC pump is used to flow MQW while défetr concentration of NaCl
(10, 25, 50, 75 uM) is injected. The flow rate wasreased from 100 pL/min to
250 pL/min compared to the previous setup whicbvalthe sample plug to travel
faster and thus to reduce the total experiment.tifhés increase in flow rate did not
seem to affect the baseline noise if compared litler flow rates.
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Figure 5.27: Calibration curve comparison

Figure 5.27 shows the calibration curve for theugetthe associated sensitivity
without the baseline suppression and moderate atixoit voltage is 442.9 uV/uM
with a R? value of 0.9973. The sensitivity with thaseline suppression and the high
voltage excitation signal is 5.43 mV/uM with a RAwe of 0.9982. According to the
R2 values, the results show a really good lineiéingj to the calibration curves. The
LOD (30) for NaCl in this particular experiment is respesly 0.8653 uM and
0.0715 uM. It can clearly been seen that using ghdri excitation voltage
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significantly increased the sensitivity of the gyst The baseline suppression is
however useful to keep the baseline voltage lowgckvbenefits the dynamic range of
the system.

The observed increase in sensitivity can also Iptaged by the phase shift involved
by the analyte plug. As shown in Figure 5.28, theygravelling through the cell
induces a change in phase to the output signaheofcell. This change in phase is
translated as a change in amplitude due to theetiation signal being set for the
phase of the baseline. Indeed, the current of éimeadlation signal of different phase
will contribute to the output signal of the trangpiedance amplifier. It can also be
noted that the linearity of the system is not a#ddy this additional current from the

baseline suppression signal as good R? are obtained
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Figure 5.28: Phase output of the transimpedance antifier during plug injection
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5.4. Separation of inorganic ions with conductivity detetion

5.4.1. Experimental setup

The purpose of this experiment is to separate arucgions by electrophoresis in a
microfluidic chip and to detect them using contess$l conductivity detection. Ideally
the separation needs to be fast with a good respolirt order to be able to give an
electropherogram with well defined peaks and higloughput. The background
electrolyte, the injection process (injection teicue, voltage, timegtc) and the
separation voltage needs to be optimised in omechieve this goal. Preliminary
work has been carried out with a simpl&@Gsystem to evaluate the correct buffer

composition for the separations of the analytentdrest of the project.

5.4.1.1. Reagents

The buffer and the different solutions containihg tnorganic ions were prepared on
the day from their chloride salt for the cationsl grotassium salt for the anions. The
daughter solutions were diluted from the motheutsoh prepared with pure water.

The samples were sonicated using an ultrasonictbatbgas and enhance the dilution
of the salt. Solutions were stored near the sy$ter hours in order to be at the same
temperature as the system. Before introduction timosystem, the sample and buffer

was filtered using filter paper with a pore sizédd2 pum (Whatman Anotop).

5.4.1.2. Materials

The PMMA electrophoresis microchip (microfluidic 88hop - Figure 3.4 - [78])

was a cross shape design with an injection chdength of 10 mm and a separation
channel of 87 mm. Two microchip models were ingzged, one with a channel cross
section of 50 um and an offset of 100 um betweenwio injections branch, the other
one with a cross section of 100 um and no offské dhip included four reservoirs,
bonded to the chip for fluid storage and injectibrough Luer connectors. The chip

also featured 100-150 nm thick gold electrodes tfog contactless conductivity
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detection which were deposited on the bottom lid (&1 insulating layer) with a
10 nm titanium layer to help adhesion. In ordemike contact between the deposited
electrode and the detection circuit, a PCB withiaalt for each electrode was made
and epoxy glued under the plastic microchip to $eduas a support and as electrode
extension for the through hole contact of the deiecboard to interconnect the
electrode to the sensing board.

The high voltage necessary for the electrokinatjeation and the electrophoresis
where provided by a home-made system built aroundllsfootprint high voltage
module (Ultravolt D series). The system automatias done by a microcontroller
(PIC32MX795F512L) coupled to a 16-bit DAC (AD5663f) the control of voltage
output of the high voltage module and 22-bit ADCGRB551) for a read back of the
current and voltage supplied to the electrophoresistion. Injection voltage and
current was limited to a maximum of 2000 V and H@0for a total power of 1 W,
separation voltage and current was limited to 6@@mhd 670 pA for a total of 4 W.
Voltage switching of the electrode between thectpm and the separation was done
by four SPDT (Single pole double throw) relayspwaing the electrode to be either
connected to the high voltage module or left flogti Injection and separation
parameters (Duration, voltage) were sent to theesyshrough a USB connection via
a custom PC software application; the same progras use to set up others stage
like the detection.

Risk due to the presence of high voltage was greatiuced by the use of a wooden
cabinet with a safety switch linked to the doorttiog off power to the high voltage

module in case the door is opened during an exgatizhrun.

5.4.1.3. Procedure

Prior to separation, the microchip was first flushath the background electrolyte to
wash off any residual elements. Then the buffer waeduced in the chip with the
help of a plastic 1 mL syringe with male Luer coctioe (BD Plastipak) followed by
the sample introduced in the reservoir via a migefge. The microchip channel and
reservoirs were then checked with a microscopétnble or impurities (fibregtc)
which may have been trapped inside the chip. Aftspection, the PCB supporting
the microchip was plugged into the detection baard the electrodes where placed

according the type of separation (Cations or Anjions
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The system was then isolated from the rest of dberktory by closing the wooden
door of the cabinet.

The parameters of the electrophoresis experimebtsafion, voltage, read back
channeletc) were then entered into the PC software (UOHCA4R) mansmitted to
the autonomous system. The system will then strégmndata to the PC outside the
cabinet for real time display to the user and tiagging.

After the experiment, the electrodes were removetivaashed thoroughly with pure
water. The PCB was then unplugged and the microghgpflushed with water and air
prior to being stored in a sealed bag until thet mperiment. Desiccant sachets can
be introduced in the sealed bag in case liquicsgited between the electrode and the

PCB. See appendix O for the experimental method fsehis experiment.

5.4.2.  Preliminary electrophoresis results

Figure 5.29 and Figure 5.30 shows electropherogramghe separation of two
mixtures of two different anions (Chloride, Sulphatnd Phosphate). A mixture of
respectively 2 mM of KCland 3 mM of SG in buffer (20 mM MES/HIS with
50 mM Acetic Acid) was used as a mixture of 3 mMIK&hd 1 mM P@", diluted in
the same buffer. The procedure followed was arfegtion, the sample reservoir was
grounded while the sample waste reservoir wasts#@V with the buffer and waste
reservoir being left floating. The injection wadldwed by the separation with the
waste set at 3000 V with the buffer reservoir gamchand the sample and sample

waste reservoir being left floating.
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Electrophoresis Anions Cl  ~ SO - 55 400V - 3000V - 700kHz x10 - 130222
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Figure 5.29: Electropherogram of two anions Cland SO
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Figure 5.30: Electropherogram of two anions Cland PO,*

Theses electropherograms show the peaks correswgptalihe two analytes present
in the solution. The retention time for the firgtal of chloride is around 33.3 s which
Is similar for the other separation. However theemgon time for the sulphate and
nitrate are the same which is an issue when dosgparation as peaks may overlap.
More work on the buffer and electrophoresis voltegeeeded. The detection system

in this particular case is based on a simpl& @etection which do not implement
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baseline suppression hence the signal being afeeind 5.8 V. Baseline suppression
can be used to reduce this offset but separatiderimg good efficiency and
repeatability is needed before correct evaluatibthe baseline suppression can be
carried out, as peak shape relay directly to tlstesy's limit of detection.

5.5. Summary of the chapter

This chapter mainly covered the electronics designolved in the creation of a more
integrated ¢D system which features a baseline compensatiohnigee. This
baseline compensation helps with the offset curkemich can be caused by the
background electrolyte or the stray capacitancthefcell, which effectively reduces
the dynamic range of the conventiondDCTwo possible approaches to automation
of this baseline suppression have been presemediyst using one multiplier and the
second using a quadrature lock-in amplifier (Twdltipliers). The latter design also
provides information about the amplitude and pl@dmsage of the conductivity signal.
Using high excitation voltage (100 Vpp) in conjunat with baseline suppression, a
LOD of 0.0715 uM was found for NaCl, which enhamchy an order of magnitude
the LOD found when using a moderate excitationag#t(21.4 Vpp) without baseline
suppression (0.8653 uM).

The chapter also demonstrates an electrophoresisntade from a homemade
electrophoresis system using two high voltage nmexiulhe system is able to run an
electrophoresis run autonomously and stream the fdamn the ¢D detection to the

user’'s computer.
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Chapter 6 : Self-testing, fault detection and autonomous

operation

6.1. Outline of the chapter

This chapter will be looking at the system seltites capabilities and fault detection
which can be applied while operating.

It is well known that all systems providing autormums monitoring of water quality
are subject to conditions and malfunctions whickvpnt collection of valid data
(Freezing, biofouling, broken pipes, pump faulensor faults) [16]. This leads to lost
data and suspect data, where, in the worst caseaytbe difficult to differentiate
between pollution events and sensor faults. Comnweaity, environmental monitoring
systems use limits and parameter correlations tectisensor faults. Unfortunately
with chemical sensors, limits are difficult to setd not particularly useful, due to the
wide ranges of concentration values encountere@rellare correlations between
water quality measurements of different analytea site, mainly those less affected
by biology. However, sub-daily water quality datgporobably too complex to provide
suitable fault models for correlation based fawdtedtion. Therefore the proposed
system in this thesis will include direct self tegtof the fluid infrastructure, LOC,
sensors and electronics, and provide a means #&terslystem health data with
measurements, reducing the burden of manual dacmeaking about data integrity
which is present in current systems.

The faults include hard faults such as leaks andKalges in fluidic systems, transient
conditions such as bubbles and large temperatuotufitions disrupting individual
measurements and drift, for example caused by néalpgradation or gradual build
up of fouling. Ideally the system needs to detkesé faults and act to resolve them or
take action to protect the system so no more dansageoccur. This information
needs to be recorded so that faults do not causglained data anomalies during the
data processing. Here we review typical fault cbods and potential detection

mechanisms.
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6.2. Self-testing

The first thing to do is to identify most of theufes which can occur in the system.
The chip must be tested in the laboratory, but aisthe field where other factors
have to be taken in account due to the differentrenment and setup surrounding
the system. It has been proven that using LOC fleng period of time in the field
can cause failure like blockage due to biofoulid@g].

Calibration is closely linked with self-test in @ronmental monitoring systems. Drift
is a common problem in chemical sensors and ofguires regular recalibration.
Ideally some form of automatic recalibration maypoessible. Ramanatha al[206]
discussed a technique to improve the yield of as@emnetwork in the context of
sensors in the soil — many of these issues argamdo river water monitoring.
Sensor and Hardware faults but also calibratioprissented in this work. They
presented a simple-situ calibration method consisting of spiking regulathe
sensor with a high concentration of analyte and paren the response of the sensor
with the expected one. This technique could beiegpb our system where a know
concentration is injected into the system and measW drift in the system response

could trigger an auto-calibration or a calibratadart asking the user to intervene.

6.3. Fault and methods of detection

The main focus of this chapter is on fault evenishsas bubbles and hardware
failures (Pump failure, fluidic disconnedtc). We will look at different faults and
analyse their effect on the system. We can thenthiseinformation to modify the
system behaviour according to the data from themeim order to detect when this

event occurs.

6.3.1. Bubble fault

The formation of bubbles in the system is a compraflem in microfluidics and can
originate from various causes. This unwanted gasbsadue to improper solution

degassing, improper fluid filing where a dead voduoan cause air to be trapped
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inside or due to a leak between the system andstheounding environment.
Electrochemical reactions can also engender thedton of gas at electrodes, which
can group together to create a larger pocket.

These bubbles can have important consequence® dretfaviour of the system. In an
EOF pumping based system, electrolytically causdables may cause the flow to
cease if the channel gets clogged by bubbles dtigetopen circuit created between
the two electrodes. Bubbles can also be a probteseparation system as they could
create perturbation decreasing the separationesftig, or overloading the detectors.
In the eventuality of bubble formation in the sysidt is necessary to be able to
detect them and be more careful when processingethdts as they may have been
compromised. Bubbles can be detected by various ifigaticle tracking, impedance
spectroscopyetc). However in systems using conductivity detectibease may be
unnecessary as the bubbles are potentially detedtaiough signal processing of the
conductivity signal. Bubbles will create a very ichghange of signal (Decrease in
conductivity measurement) when they pass thougllehection cell, which in general
is different from the slower changing charactecstof typical IC or CE peaks, see

Figure 6.1.
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Figure 6.1: Detection of bubble injected in the syem

The technique proposed here to detect bubbles enatyze the signal at a fixed
sample frequency of 5Hz and compute the differebetveen two consecutive
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points. The calculated slope is then comparedrestiold values which has been set
empirically. Very rapid slopes are indicative obbies. In addition to the slope value,
the introduction of a bubble will create a radicélange of phase in the sensed
alternative current which will be translated to egative output voltage by the
synchronous detection system, see Figure 6.1.pff@aomenon has been observed as
typical of bubbles but does not occur with IC or g&aks, which reduces the risk of
false detection. The combination of these two iatdics will trigger the bubble fault
detection.

6.3.2.  Electrophoresis current fault

During electrophoresis, the current and voltage banmonitored and stored for
further processing. The applied voltage shoulddy konstant and the current should
vary only slightly with the temperature and buffenductivity change. However,
erratic current readings can be a sign of a faudtde the channel. For example,
generation of bubbles at the electrode or incoraptdtannel filling will generate
erratic change on the current profile and thusstiygaration obtained will be likely to
be corrupted. Figure 6.2 shows the difference betvas abnormal separation current

(Top) and a normal one (Bottom).
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Figure 6.2: Comparison of normal and faulty currentprofile during separation
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These rapid changes in the current readings catetexted by the system and the

separations results may be marked as potentialbycurate.

6.3.3.  Pump fault

6.3.3.1. Pump noise

In systems using hydrodynamic pumping, it is typtcaobserve pump noise in the
baseline as a periodic signal related to the pupged. This effect is particularly
prevalent with peristaltic pumps, which by theireogting principal will create this
fluctuation due to the change of pressure whenuhmg is squeezed. This noise can
be analyzed to extract fault information relating the pump system and fluid
connectivity between the pump and detector. Byyapgla fast Fourier transform on
the baseline signal (Signal with only running bufféSee appendix P for Matlab

code), frequencies related to the pump operatiarbeaobserved, see Figure 6.3.
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Figure 6.3: Baseline signal and associated spectrum
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The extracted frequency is directly link to the

relation, see Figure 6.4.
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Figure 6.4: Linear fitting of the extracted pump ndse frequency versus pump supply voltage

Disappearance of this signal, an unexpected shiisdrequency or an unexpected
rise in amplitude may indicate a problem with tigetem. These frequency analyses
may require more processing power than would baired| for a basic data logging

system. The use of a DSP specialised microcontnslleequired to process such data
and can potentially be integrated to a dataloggysgem.

6.3.3.2. Peak broadening due to pump fault

The slope of the chromatographic peaks (Peak pestibg analytes passing through
the detection window) can also be monitored to adetay deviation from their
nominal value. Figure 6.5 shows a pump speed faol its effect on the
chromatographic peak from an injected analyte pBygdecreasing the flow rate from
25 pL/min to 10 pL/min in order to simulate a dioglow rate, the peak gets broader
and its slope is different than the faultless pedkss difference in peak width may be
coupled to the pump noise analysis for cross reterdetween the expected and the

actual flow rate.
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Voltage Output with SD ON Baseline ON - NaCl @ 25uL/min - Rf=1M 500Hz - 120417
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Figure 6.5: Detection of peak broadening due to pumfailure

The positive slopes of the chromatographic peak®ctied by the system are
displayed by the positive green bars (Figure 6/%g; negative slopes are displayed
with the negative green bars. When the time betveeemnsecutive positive slope and

a negative slope is longer than the set threshdbipader peak fault can be triggered.

6.4. Field testing of LOC with real samples

As part of the evaluation of possible failure methm, river water samples have
been passed through glass LOC devices for lon@geriFor example, a LOC device
was located in the environmental monitoring stationthe River Enborne near the
village of Brimpton (Berkshire, UK), adjacent toetlenvironment Agency’s flow
gauging weir (See Appendix A). Water from the riweas pumped continuously
through it for over two and half months beforeded occurred due to blockage, see

Figure 6.6.
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Figure 6.6: LOC channel showing blockage depositsdm river water

This indicates both that a LOC-based measuremetérsyis feasible in terms of the
useable timen-situ, but also illustrates that failures are likelydocur at some point.
In addition to the integration of fault detectidhe system could also interact with the
user to provide an alert. As an ideal scenario, @agonomous system could
potentially detect the blockage and act to redbegobssible damage caused by it and
trigger an alarm to the end-user. Doing so, it ceduthe time it takes to put the
system back into operation due to the minimum damagde to the existing system

(Less part replacement) and the rapid communicatitmthe end-user.

6.5. Summary of the chapter

In this chapter, system self-testing capabilitied &ult detection has been discussed
for common faults such bubbles or blockage encaountenicrofluidics. Such faults
can have different manifestations, such as the @ees in continuous flow or
electrophoresis. These different cases have beestigated for possible detection by
the embedded system using real time processingi¢8e®.3.1 and 6.3.3.2) as also
post processing (Section 6.3.3.1). The fault detects mainly based on signal
derivation in order to extract the slope, aftertisgtthe parameters of the fault
detection routine empirically, good detection with false positive can be achieved
by the embedded system. Field testing of a glagS h@&s also been done in order to
evaluate the robustness of microfluidic in conjusrttwith river water sample. The
LOC was pumped continuously with water for two andalf month before failure,
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demonstrating the feasibility of such system fanoée operation and their extend
lifetime. Nevertheless, the ability to be able &tettt such fault is needed as blocking
is likely to occur eventually when using channelsghe micrometre and millimetre
range.

Self test and chip robustness were investigatethese are important attributes of
autonomous measurement system where both tempdranyption and eventual
failure are to be expected due to the nature ofitserument and environment.
Hydrologists expect to deal with some invalid dadants fromin-situ instruments and
greater the confidence with which these can béat&d to specific system faults the
better. Self test data handling is just part of dkerall system design, which will be

described in detail in the following chapter.
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Chapter 7 : System integration

7.1. Outline of the chapter

This chapter will discuss the system integratiorppsed for the LIMPIDS projeat-
situ water quality monitoring instrument. The chaptell ¥irst give an overview of
the system structure and introduce the role of diiferent users. The software
architecture will then be described (Section 7$byyting with a general overview,
then a more in depth detail of its constitutingds® (Instrument Manager, GUI, and

Communication). The hardware of the system is ptssented.

7.2. Contributing developers

The software development was a collaborative etbetiveen lan Bell and Etienne

Joly with major contributions as detailed below.

lan Bell: PC software architecture, GUI for basigstem features andh-situ
configuration, data graphing, data packet stru¢ttmenmunications / packet handling

on PC and embedded processor, command parser @udetbprocessor.

Etienne Joly: Embedded software architecture inodiming / ADC sampling, PC
GUI / command handling for 1D, electrophoresis and baseline suppression system,
PC data processing for raw ADC data, embedded adétwdrivers for peripheral
hardware (RTC, ADCs, DACs, EEPROM, SD careic), control of CD
measurement, control of electrophoresis measurementtomated baseline

suppression algorithm.
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7.3. Overview

The final system is intended for use by a hydr@bdor autonomousn-situ
monitoring of natural water systems. It is envishtfeat it will be deployed close to
the water €.g.on a riverbank) in a suitable waterproof housiRgre 7.1) or in a
shed with the intake common with the other instmise The system will be
configured by the hydrologist prior to deploymestng a PC / laptop based software
(Figure 7.2). During deployment, the system widlretdata using a memory card, but
could potentially also make use of any availablecemmunication networks. Data
recorded will relate to analytical measurements dasned in the requirements for
the LIMPIDS project), but will also include systesalf-monitoring and self test data
which will linked to measurement data to improvdadantegrity as discussed in
Chapter 6.

Control, data logging
and communications

electronics

Water monitoring

system enclosure

Extracti on system:
Tube to sample river

water

.

Sample Lab on Chip
collection device for ion

subsystem extraction

f River Bank
/ \

River . .
Possible sensors/filters

at end of extraction tube

Figure 7.1: Possible system arrangement on a riveank

It is expected that the system may also be of gsa lab instrument when it is not
deployed in the field. Discussions with hydrologishdicated that this mode of
operation may be worth developing. This mode waljuired a different physical

sample interface and some additional software feafthowever, the majority of the
required functionality will be present from tiresitu system. In fact the system has
operated in a manner close to a lab Instrument nooimg development, so this

provision required little extra software developmeln is also envisaged that the
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system will required maintenance operations, inogdeplacement of some fluidic
components and calibration procedures. The adsvitelated to different users / roles,

which are discussed in more detail in Section 7.4.

GSM, Telemetry etc.
(If required)

12

In-situ Monitor

Comms.
PC I v User data
/ \ Embedded processor

v

a

1 LS A A
Sensor and
tuat ignal
Maintenance Hydrologist y ectuatorsionas \ 4 4
Memor User
Lab-on-a-chip Y | Interface
Card ’
(If required)
Lab. Analyst Fluidics Y
Sample Sample Collection
< and lon Extraction [
Lab Use
A
AWK
Sample | ¢ \
—
[Water source]
Hydrologist

Field Deployment

Figure 7.2: User roles and system structure

Figure 7.2 also shows basic system structure. Tfstem® is controlled by an
embedded processor (PIC32MX7XX family, Microchipchrology Inc.) which is
able to communicate with an external software appbn for system configuration
and data retrieval. Data may also be retrieveddmyoving the data card from the
system and using a card reader on any suitable wiemprhe embedded processor
also manages the sample collection system and mesasnt process, including for
example pumps for sample collection and sampl@dioiction into the LOC device,
high voltage power supplies for electrophoresisasspon, baseline suppression and
measurement of the*D detector signal. The embedded processor alseatsland
stores self monitoring and self-test informatiolowing data which may be suspect

due to temporary system faults or extreme envirgriai€onditions to be identified.
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7.4. User roles

Potential user roles are identified below, togethwth the expected functionality

associated with that role.

7.4.1.  Hydrologist

This is the key operational mode where the instntrreeused as ain-situ monitor of
natural waters in the environment.
* Using PC / laptop, configures system for use ifdfi@arameters to measure,
frequency, duration, start timetc).
e Deploys system in field (Possible control via Siplone app or on-
instrument LCDegtc)
e Retrieves data from system (SD card swap, USBmietig/) whilein-situ. All
analytical measurement data. Suspect data inditgteself test will be tagged
as such.

* Retrieves deployed system from field-6itu operation shutdown).

7.4.2. Lab Analyst

In this mode, the instrument is used in a laboyatitke a typical analytical
instrument. It can perform electrophoretic separatvith C'D detection of suitable
samples. This may required a different chip-to @onterface than that used for-
situ monitoring of natural waters. Potentially the cbrectionality could be deployed
in other domains (See blood coagulation experinme8ection 8.5.2).

» Configures and runs experiments with system perntgneonnected to PC

via USB.
» Datais streamed to PC, displayed live and stored loard drive.
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7.4.3.  Routine maintenance operative

This mode of use would typically occur betweessitu deployments and may well be
formed by the same personnel. System is checkegrapdired for next deployment,
possibly including replacement of parts with finitgage life €.g.Due to fouling).

* Run system checks, including calibration checkdl @acess to self-test data).

* Replace user-replaceable parts when required.

» Able to activate high level system sub functiondejpendently €.g. Activate

sampling pump) to confirm proper operation.

7.4.4. Repair and maintenance operative

If the system was developed as a product, thiswaleld be similar to the routine
maintenance with the difference that low level fumts and diagnostic could also be

accessed for deeper testing.

7.4.5.  Developer mode

This is a not strictly an end user class, but as@nt the system is configured in a
developer mode which exposes all features, plustiaddl functionality such as
display of raw incoming serial data and use of thniltest functions. The test
functions include a loopback transmitter which dexes instrument responses by
trapping outgoing data packets, identifying certag command strings and, if found,
injecting received data packets into the incomiagket processor. There is also a test
generator for “analogue” sensor data which is uUsé&fu testing data handling,
processing and charting functions. These featwaeitithte PC software development

without the need for an instrument to be constartdlynected.
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7.5. Software architecture

75.1. Overview

The PC software is written in C Sharp (CS or CAhgiMicrosoft's Visual Studio
development environment and the .NET and WindowsmBo libraries. The
instrument is using a PIC32 processor with its veafé written in C using
Microchip’s MPLABX development environment and XC82mpiler. The current
state of the software reflects the fact that tlstriiment is still under development and
operations currently being performed are mainly eexpents to verify specific
aspects of functionality or performance. Howevee, $oftware has been developed in
a well structure way will facilitate rapid convessito a deployable system once the
experimental phase is complete.

Interaction between the instrument hardware ands@ifare is handled by a CS
class called InstrumentManager (Which will be reddr to as the Instrument
Manager), see Figure 7.3. The user does not intelieectly with the Instrument
Manager; instead a separate Graphical User Inteif@tJl) class (Derived from the
Windows Form class) sends and receives informabietween the user and the
InstrumentManager class. This separation of funetis a well known approach in
software architectural patterns such as Model-VRengsenter (MVP).

We envisage the final system having multiple prestemns via different GUIs which
expose different subsets of functionally and medmas of system control to the user
(See Figure 7.2, and Section 7.4 for user rolesying development work, another
GUI has been used, which directly exposes low leweraction with the instrument
hardware. However, this mode would not be apprtpfi@r normal operation by an
end user. Development of a GUI which is separatech fthe instrument interaction
allows rapid development of a stable end-user Gidedhe initial development cycle
is complete. Stability is more likely because tinel-eser GUI only has to expose a
sub-set of already developed functionality and igniBcant further development of
the Instrument Manager will be required.
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PC software

>

7.5.2.

The architecture of the PC software is shown irufégr.4. The GUI and Instrument
Manager interact through a variety of mechanismghvare described in more detail
in Section 7.6. These allow the user to send comdsido the instrument via the
Instrument Manager and observe responses thougatagpdSensor data from the
instrument is held by the Instrument Manager arckssed by the GUI for display,
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Figure 7.3: Block diagram of the Instrument manager
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Figure 7.4: Architecture of the PC software
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Commands for the instrument from the user/ GUI passed to the Instrument
Manager Command Handler via a method call. Therdnstnt Manager does not
parse the command text but simply passes it t®tngoing Packet Processor which
builds and sends a data packet to the instrumeamtttve USB (Virtual serial
communication port). A packet identification and@sated data is lodged with the
Command Handler so that instrument responses cdimkszl back to the outgoing
command. Incoming packets from the serial portd@®oded by the Incoming Packet
Processor and passed on to the relevant handentifidd by the port bits in the data
packet, see Section 7.7.2). For basic command mespothis is the Command
Handler, which may pass responses back to the G4 callback mechanism (See
Section 7.6).

For streamed sensor data, the response is passied Bata Stream Handler which
builds a data table from the incoming data. The GaH read the data table, bind it to
a suitable object such as a DataGrid, or submitatabése-like query using a
Language Integrated Query (LINQ) expression. Initamd to containing raw
numerical data from the sensors, the data tablecatain flags €.9. Related to data
problems, instrument self-test issues, ADC overle&n).

The packet processing runs on a number of septmatads, which in effect form a
processing pipeline. Thread management is handled) uhe mechanisms provided
by the .NET Framework Task Parallel Library (TPLhread locking mechanisms
provided by the .NET framework are used to prewamtflicts when the GUI and
Instrument manager access shared resources (Rattiche data table).
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7.5.3.  Graphic User Interface (GUI) architecture

The current GUI of the LIMPIDS software is usedaatieveloper level, thus all the
features are exposed to the user. The interfadedes different tabs which regroup

different controls.

7.5.3.1. System Setup tab

The “System Setup” tab (Figure 7.5) regroups thdigaration of the communication
link (COM Port number, baud rate, protocol versibogpback), the instrument (Soft)
reset and the controls for the RTC (Read and s& &®fe). The relevant COM port
and baud rate must be selected manually, whiahesduring development and is due
to the use of the basic FTDI VCP driver. A commaranplementation would use a
custom driver to make connection more straightfodn&sing the PIC USB HID for
example). There are some controls to manipulate ddwa protocol, which are
intended for developer use only. The Loopback opi® used for testing the PC
software when an instrument is not present, asdnate Section 7.4.5. Auto-
configuration sends a predefined sequence of comsém the instrument directly
after a port connection is established.

Measure Setup | Chatt Setup | Chat | Data | Baseline | General | Sampling | Logging |

Port Setup
Seral Port COMB

Baud Rate

[ Close Pott || DatsOff | [Force TXEnable | [ ResstiDs |

Protocol Version |1 = 7] Loopback

"] Auto-corfigure on open port

Global Control

Instrument Reset

Real Time Clock

13:089:13 7 14 September 2014 RTC time is earlier than PC by 0d 01h 00m 01s

[ GetTime | [ SetTime | [ HatRTC | RTCOK

Figure 7.5: System Setup tab of the UOHCA4D softwaréUl
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7.5.3.2. Measure Setup tab

The second tab is called “Measure Setup” and isl tiseset up ¢D measurements
(Frequency, amplitude) and the sequences for efgutresis separations (Injection
delay, Injection voltage, Separation delay, Separaroltage) (See Figure 7.19). It
also displays a dynamic table which regroups dilalsle measurement channels and
their parameters (Channel name, Type of devicejvalet, Sample rate, Scaling
factor) (See Figure 7.6). This tab is initially raaor less blank, but upon issue of the
GETACHN command the instrument returns data wheghised to build the GUIL.
There is also a test mode option on this panelchvisi a developer function providing
a set of virtual channels which can be linked te tanalogue” test generators and

packet loopback test features.

UOHCAD

| System Setup I Measure Setup | Chart Setup I Chart E Data I Baseline I General ! Sampling I Logging |
Sensor Channel Configuration
| GetChanrelinfo | | Start Measurements |
| Channel Name | Device | Use | Sample interval | Sealing L _| Value
Sy ot F (000 B|(ms )| (oot ] | nona2z2 [5et | [ Measure |
| Dummy1 | Gereric ‘_ . 5000 5 EHE 0.0625 | Set | | Measure |
2153 i @ (200 2| )| (52| 230450 G [Measur |
|2D15v | mMcpasst FETRE :EHE' 2.384E06 [T5et | [Measure ||
6D15_1 | MCP3551 FERETE f\EJ @' 2.384E06 Set | [ Measure |
| 8015V | McP3s51 EETRE :EHE' 2384506 [5et | [Measure ||
£an, SARF @ |[2000 ]| [ms v (5ot )| 1955508 [set || 0076BE1415 [ Measure |

Figure 7.6: Customized section created by the GUhifunction of the available data channels

7.5.3.3. Charting tabs

The next tabs (Third, fourth and fifth) are respesty related to the charting options,
the chart (See Figure 7.7) and the DataTable. Thart cdisplays real time

measurements stored in the DataTable which cougld la¢ saved to a file for latter
processing.

The “Chart setup” tab can be used to control sgdtisuch as the number of point
between applications of autoscaling and the sizéhef‘'recent data” chart. There is
also a set of controls for developer use which gere data to allow testing of

charting and related functions to be tested witlaouinstrument present.
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'- UOHC4D

[ System Sciup | Mezsure Sclup | Chart Setup | Chet | Deta | Bascline | Generel | Sampling | Logging|

Cursors:  S1=260: X1=614Y1=0.1588 | 52-307. X2-614Y2-0.1588 | dS=47. dX-10dY=2932E05 Flags: 0
[ Gear ) [_Remove ] [[_Zoom | [(ZoomOuw | [ Zoomin ] [<Feg | [Fag> ]

Instrument Measurement: C4D

Measurement Data
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Time
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01588
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Time
[ Start Live Update | [7] Sync Measurs ClearChat | X fods Scaling 1[5 ] Show markers

Figure 7.7: “Live” charting of the DataTable object

The “Chart” tab is used to display data collectgdhe instrument. It can provide a
live updated display during data streaming. Anyige channel can be displayed by
right-clicking the chart and selecting the chanr@lrsor and zoom functions are
provided. The chart can also automatically findq@oto) flagged points in the data,
which will typically occur where system self-testshindicated some issue such as an
overload or other intermittent data-integrity preiol Live update can be switched on
and off during streaming and live charting and tstafr measurements by the
instrument can be synchronised if required (Thdoise by default).

The “Data” tab provides access to the main daté tabthe instrument (Analogue
channel measurement data) and the tables usedsfuliayl purposes. Data can be
saved to a CSV file. A suitable CSV file can alsolbaded and displayed on the
chart. This tab also allows data to be deletedraedsurement timing to be reset (For

example to start a new experiment).

7.5.3.4. Baseline tab

The sixth tab is for the baseline suppression sysfeigure 7.8); it contains the

controls for the automated functions (Offset zegpiphase synchronisation and
amplitude matching) and the different componentthefbaseline suppression system
(DDS, PGA, DAC). It can be used for fine tweakirfgtloe baseline suppression and

manual control of the baseline suppression.
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UOHCAD
| System Setup | Measure Setup | Chan Setup [ Chant | Data_|} Baseline?| General | Samping | Logging |
Cell Excitation Cancelling Signal
[ ResstDDS | [ Balancing | [ FSmne | [ BSme | [ AMatch |
y DDS Source Offset 2339 mv [ Set |
U
|
DDS3 Phase Deg [ Set | 0 I
B DDS1 Phase Deg [ .Set |
] 360 U
0
DDS2 Phase Deg [lSet | DDS Source Gain 00234375V Set | (w1 ][22 ][5 ] [w10]
U 0
0 ’ g
DDS Gain v (ot [ ] (o2 ][5 [50] g e otfset 2939 mv Set |
Y 0
0 i

Figure 7.8: Baseline tab of the UOHC4D software GUI

7.5.3.5.  Autonomous operation tabs

The last three tabs (Seventh, eighth, ninth) alae@ to the autonomous use of the
overall system.

This “General” tab (Figure 7.9) is part of the dgafation for anin-situ monitoring
run. The tab is used to enter general details atsmuimonitoring run, for example
location, description and name of operator. Salatmn €.9.via GPS) can be used to
set location data if the instrument or host (P@thier device running the software)
has such capability. The instrument’s capabilites read by the PC software using
the GETINST command during initial interaction beem the PC and instrument and
control the availabilty of settings options onsthand the other monitoring run

configuration tabs.

r- UOHCAD

Moritor Run Name

Instrument

Long Name/Description

Operator Name
Site: Location/Coordinates

[T Use instrument seffocating | Set Now Set from Host

| Initizlise

Figure 7.9: General tab of the UOHC4D software GUI

150



The “Sampling” tab (Figure 7.10) is used to contmblich parameters the instrument
measures during an-situ monitoring run and the sample rate and otherrggtfor
these parameters. The set-up is structured in tefrasset of sensors, each of which
may measure multiple parameters. For example, estrephoresis-based ion sensor
may measure several ion concentration parametergh&ninput water temperature.
Parameters belong to groups which have the samlisgmattributes. For an
electrophoresis sensor, ions concentration wilbalineasured in one operation, so it
must occur together, but the temperature could basored at other times (Even if
this facility is unlikely to be used). In such aseathe ion concentration parameters
would belong to a group and setting up any one @vaohfigure all the others in the

same way.

4|

rﬂ UGHCA4D

Parameter - Iil \:’ B

Sensor I Sensor Setup |

Sample Interval
Raw Data Recording -
In-Situ Calibration ~ |0 =D |0

Log Seff Test

Actions | Nesd | | Sync | | Sync Al | | Unda Sync | | Default |

Figure 7.10: Sampling tab of the UOHCA4D software GU

Often parameters from different groups will use shene settings, so the sync button
allows the previous set values to be applied tactiveent parameter (If feasible). The
sync all sets all parameter’'s setting to the lagered value (If feasible). Default
settings can be selected and if the senor has @auifis user-configurable settings
(Other than those on the main screen), these candaessed via the settings button.
Auto-calibration can be configured to run if thesafure is supported by the senor. If
supported, the user can select to store raw daali®&ctly measured by the sensor)
as well as calculated parameter values. This famb problem diagnosis and
potentially allows more sophisticated off lines lgaes (€.g.of an electropherogram)
that cannot be achieved with the computing powéhefinstrument. Self test data can

be logged if this facility is available.
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The PC software is not preloaded with informatidoowt the instruments sensors,
parameters and capabilities. This information itawled from the instrument using
the GETSENS and GETSNPM commands, which are usedniool the presentation
settings available in this tab.

The “Logging” tab (Figure 7.11) is used to conttbe start and end of the data
logging process for am-situ monitoring run €.g. Start time, action to take if data
logging memory is full). The user can also obtaibriaf or detailed summary of the

configuration setup to confirm correctness befanmmitting the instrument.

rﬂ UOHCAD

| System Setup | Measure Setup | Chart Setup | Chat | Data | Baseline | General | Samping |

Logging Start Mode -
Logaging Start Delay 0 =D i BH D =M |D : 5
' Data Full Action =

Enable Remote Stop

Actions |  Corfim | | Full Summary |

Brief Logging Summary

Figure 7.11: Logging tab of the UOHCA4D software GUI

The bottom of the GUI also includes a console (Fégi.12) which displays
information for the user and the developer suclstatis, error or debug messages.
Developers can also monitor received data bytespaicets when necessary. Text

commands can also be sent from this console (SeE®8&.7).

Hello from LIMPIDS Instrument Diagnostic GUI - Show all bytes
Setting Baud Rate to: 460800 Decoded bytes
[ Oearlog

- [ Savelog

Figure 7.12: Built-in console of the UOHCA4D softwae GUI
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7.5.4. Embedded software architecture

The architecture of the embedded software is shiomRigure 7.13. The software
interacts with the PC software via the UART modUleo UART modules are used
in the embedded system which means there are tdicettional channels that the
software can access. One channel is used to comatawith the PC software while
the additional channel can be used to send diagnosissage or could potentially be
connect to a radio system such as the one usirgj sempatible GSM modem. More

details will be given in Section 7.7.

Embedded software

Data to
RTC

RTC Function GPIOs
PC |[&—b| Incoming Data Ly Incoming Packet

Buffering Processor Parser

A 4 A 4

UART Functions

- High Level Low Level
PC Modules Outgoing Lookup =¥ " nction [€®] Function SPl

Radio |&=— le=—|  Packet Table
Data Streaming

etc. Processor
Data Table [« ADCs Sampling [€== Timers
Save
) Gl load R Data Logging ¢ |

Figure 7.13: Overview of the embedded software ardtecture

!

ik

The data sent by the PC software are first stanea buffer (Incoming Data Buffer)
before being sent to the Packet Processor. TheeP&ucessor checks the Data
Packet structure (Section 7.7.2) and routes ititioee the parser to execute the
intended function or to the RTC for direct datadiog. Other routing options could
be developed in later version such as direct acteste SD card. The packet
transmitted to the parser is decomposed to extitactcontent (Command and
Arguments). The Command is then compared with & tabntaining the available
functions (Functions Lookup Table) and the matchome is executed with the
required Arguments (Section 7.7.1). The parser mifwms the PC software of the
outcome of the incoming command by sending baakr enessages where necessary
for the user€.g.Unexpected character, Command not recogneseql,

If requested by an incoming command, the data rsirep (7.7.3) or logging can be
triggered which enable the periodic sampling ofdkternal ADCs which populate an
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internal Data Table. The Data Table acts as sherh tbuffer for data prior to

streaming or logging.

7.6. Instrument manager to user interface interaction

The GUI holds an instance of the InstrumentManagass on which it can call
methods to instigate actions from the Instrumemtevent-driven situations, such as
command responses, the Instrument Manager intenadts the GUI (Returns
information to the user) using two callback mechkars. For accessing the streamed
sensor data the GUI reads from, or binds to (USD$.NET mechanisms) a data
table in the Instrument Manager. Conflicts in ditible access are prevented using
thread locking.

The first callback mechanism is a standard delegdiieh the GUI registers on the
InstrumentManager instance. This mechanism is t@edctions not directly related
to a response from the instrument. In such casesliiBtrument Manager can
immediately update the GUI via the delegate. Thmany use of this mechanism is to
update the command prompt and provide log / erressages to the GUI directly
from the Instrument Manager.

The second callback mechanism is used when the i€uks a command to the
Instrument Manager which in turn will request ap@sse from the instrument. In
such cases the call-back will originate from theapal processing thread handling the
incoming data packets (Via the Command Handlerg 3jpecific action to be taken
will depend on the out-going data packet / commavidch will be associated with
the response using the packet ID, as mentionedqu#y (Also see Section 7.7.2 for
more details on packet structure). Thus the ortgigacommand identifies the GUI
method which will handle the response data, bus idlso necessary to know the
thread synchronization context which will allow tmeork of that method to be
scheduled on the GUI execution thread. To achileie when submitting the original
command, the GUI passes an Action (Holding the beak method) and a
TaskScheduler to the Instrument Manager. The Tdsdder is obtained by calling
TaskScheduler.FromCurrentSynchronizationContexitf)ivthe GUI.

The instrument can handle multiple sensor chanaets/ or multiple measurement

parameters. These are not hard-wired into thedmsnt Manager or GUI software.
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Instead the Instrument Manager issues a commaltitettinstrument to discover the
available data channels. This may be trigger auticaly when the instrument
connects, or be run manually via a command trifggen the GUI. The instrument’s
response is passed back to the GUI (Via the Tagldadbr mechanism) at which
point the GUI builds a customized section of therusterface to reflect the available

channels (See Figure 7.6 for an example).

Streamed data from instrument sensors is helddataTable object in the Instrument
Manager. To display this data as a table, it baonal DataGridView by the GUI. To
display the data as a “live” chart, a backgroundkeothread is used to periodically
read the table using the locking mechanism providbg the .NET
ReaderWriterLockSlim class to prevent conflictshwiible updates from incoming
data packets. Two charts are displayed by the &gk (Figure 7.7). One of these
(Lower chart) shows the most recent data in thecsedl channel (Typically 50 data
points) and the other shows all data. The long tdata chart is compressed if the
number of data points exceeds the pixel count adfeschart area.

7.7. PC to instrument interaction

Interaction  between the PC software and instrumentses the
System.lO.Ports.SerialPort Class from the .NET &aork. The port can either be a
legacy serial port or a virtual serial port usin§RJconnectivity. The instrument uses
an FTDI USB chip for serial communications, thevdriof which provides a virtual
COM port (VCP) on the PC. The instrument prototgfs has a separate R232 serial
port. This can be used to control external hardwareas a means of sending
diagnostic messages to a PC during software devaop

The current system has one or two serial data llmdsveen a single instrument
processor and a PC, with one of these carryingrttezaction with the Instrument
Manager. Diagnostics, when used, are displayedgusinterminal emulation
application such as RealTerm (realterm.sourcefoege. However the system is
designed to facilitate future development (See eigil4), which would allow a

single Instrument Manager to interact with multipktworked instruments (Typically
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forming a sensor network) and / or multiple subsystprocessors within a single

instrument.

Instrument/Basestation

Instrument
Manager

Networked
Instruments

Sensor
network
link

Diagnostics
Terminal

Subsystem
Processors

Figure 7.14: System communication overview

The instrument embedded software virtualizes itdspaccording to functione(g.
Command and Response, Diagnostics, Subsystem Camb Telemetry). The
named portsg.g. “Comms”) are mapped to the processor’s physicaRU# via a
configuration table. This allows the software to tapidly reconfigured if the
hardware setup changes during development. The Gagoon is used for interaction
with the Instrument Manager.

The primary interaction between the Instrument Brstrument Manager is via text
commands sent from the Instrument Manager to teieument. The GUI provides a
command prompt (Figure 7.12) at which the user nygg commands to directly
control the instrument. There is also potential $equences of commands to be
written as predefined scripts which perform moremptex, but often repeated
operations. Most typically however, a user willergct with the system via the GUI
components such as buttons, text boxes and drop-dists. These will configure
command parameters and when appropriatg. on a button click) will send the
relevant command to the instrument. To do this, @l calls a method on the
InstrumentManager class instance. Responses gifemth the instrument manager or
from the Instrument are passed to the GUI via @léback mechanisms described
above (Section 7.5.2).

Data is transferred over the Instrument Managémngtument link using data packets.
The structure of these packets is loosely basdtiase used in High speed Data Link
Control (HDLC) and similar protocols, but no specihteroperability was designed
into the system or packet definition.
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Use of structured and identified data packets,erathan unframed serial commands
and responses, facilitates asynchronous, multipld aimultaneous interactions

between the Instrument and Instrument Managerekample, commands to read and
change operating parameters can be sent, and sespoeceived, whilst streaming
sensor data to the PC. Furthermore the Instrumantger does not have to wait for
the instrument to respond before sending anothem@nd (Assuming the second
command is not dependent on the response fromrgte Reponses from commands
do not necessarily have to be received from theument in the same order they
were sent by the Instrument Manager. The abilityhemdle such out-of-order

responses would be particularly important if thetdlmament Manager was interacting

with multiple networked instruments (See Figured)..1

7.7.1. Instrument commands

The instrument is controlled by text commands $eamh the PC. These can be used
to provide an immediate responseg( In lab instrument mode) or to configure
parameters for autonomous-situ operation. Commands are typically sent in
response to button clicks, or other user interacivith the PC software GUI, but the
user may type commands directly as text into thramand area of the GUI (Figure
7.12) and the PC software may also send commanttsnatically €.g. During
initialisation).
The command text is sent, and responses are receivéramed data packets (See
Section 7.7.2) so a simple terminal emulator cannstally be used to send
commands as pure text. However, it is possibleotopile the instrument software
with a flag set to use a simple text-only formatisl was useful in initial
development, but severely restricts functionalitytfiis mode, a text command cannot
be sent until the instrument has finished procegstie previous one, and commands
which produce responses cannot be sent duringsttaming).
The command format comprises the command namerderuof qualifiers and a
number of parameters. It is based on the formaUwik csh and DOS prompt
commands.

Name -quall -qual2 ... -qualN paraml param?2 ... -paramM
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The instrument software contains a table definitg tcommands which it
understands. This table simply links the commaarde with a function pointer to the
function which will execute that command. When anomand packet is received by
the instrument, the text is passed to a parser hwhdentifies the command and
collects qualifiers and parameters into an argumantay to pass to the execution
function.

If a command is not identified by the parser, artay errors are present, a message is
returned to the PC software (for display to theruaad no further action is taken by
the instrument. The command execution code may tailgger error messages, for
example if the number of parameters is incorrectuction cPrintStdErrorMsg() is
used to produce standard messages from a lishymaror number and with a severity
level (Error, warning or information).

Commands requiring the Instrument Manager to perfprocessing prior to their
issue, which alter the Instrument Manager’s statayhich require special response
processing are issued via method calls to instramamager. It is also possible to use
a generic SendCommand method to send any text cothtoaghe instrument, but the
response is only processed as text.

Typically a button click, or other GUI action, witesult in a method call to the
instrument manager, passing information from othel controls (Numerical values
etc) where appropriate. The instrument manager withg@arelevant information
from its internal state, or perform other procegsirrequired in order to formulate the
command. This is then being sent as a data pagkketinstrument and stored locally
as described in Section 7.5.2. On receipt of thrensand response packet, the stored
outgoing packet will be looked up and used to deitee how the response is to be
processed. This may both update the internal statbe Instrument Manager and
instigate a callback to the GUI by the mechanisgtaited above.

The commands used by the instrument are defin&ble in appendix Q.

7.7.2. Data Packet Structure

The packet structure is shown in Figure 7.15.

Start Flag | Addr/ Port | ID Content Check End Flag

Figure 7.15: Packet structure
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The packet starts with a Flag Byte (7E in hexadabinif the flag value occurs at any
other point in the packet then a “byte stuffing”’pemach is used to prevent
transmission of a premature end of packet. Theldldg is replaced by an escape byte
(7D in hexadecimal) followed by the flag byte XORei@th 04 hexadecimal. If the
escape byte occurs in the packet it is treatedaérsame way. On receipt of an escape
byte, the escape byte is removed from the bytearstrand the following byte is
XORed with 04 hexadecimal to recover the origingel{Either 7D or 7E).

The Flag is followed by the Address byte(s). Theérads comprises a 3-bit Instrument
Manager response port (In the 3 LSBs) and an im&tnti / processor address. The
instrument address is 4-bit by default, but caexganded to any number of bits. A 1
in the MSB of an address byte indicates an extensicanother byte. In most cases
the Instrument Manger will act as a system mastquesting a response from an
addressed instrument. The instrument / process itss own address in a response
packet. The current system does not make fullyaigbe address mechanism, with
the address being fixed at 1. Currently two potuea are used. Port O is used for
“standard” command responses and port 1 is usedtfeamed sensor data (See
Figure 7.4).

The Address is followed by a packet ID. The InstemtnManager sends packets IDs
which are unique at the time of use. An ID will phle reused once a response packet
has been received from the instrument which corepléte transaction initiated by
the original packet with that ID. The ID is one éyty default but may extend to any
number of bytes if the number of IDs in use excewdkiples of 128. A 1 in the MSB
of an ID byte indicates an extension to anotheeb¥he ID is used to match the
instrument response to the original request / continevhich in turn provides access
to the callback mechanism required if a GUI updstequired.

The ID is followed by the packet content, which nieeyempty if appropriatee(qg. If

the packet is a command acknowledge that doesqatre return data).

The content is followed by a 2-byte checksum, whschot currently implemented.

The packet is terminated with a Flag Byte (7E irduecimal).
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7.7.3. Data streaming

Before starting the data streaming between theuimsnt and the user’s computer,
the PC software needs to request ADC channel irdobom, as described above
(Using the GETACHN command). Using the generated (®de figure 7.6), the user
can decide which channels need to be streamedamndonfigure its parameters such
as scaling or sampling rate. Once the parametersamfigured, the data streaming is
started by sending the appropriate command (DATA@NMe instrument.
Periodically (Each milliseconds), the microconteolivill test if the sampling period
previously set for each active channel is reacheayvhich point sampling activity is
triggered. At sample time the microcontroller witlitiated a conversion in the
appropriate ADC and set that channel to triggemislang” again after the worse-case
conversion time. The next channel action will begad the value from the ADC and
store it into data channel’s table. The channeinignis reset to trigger the channel at
the next sample point. The read function also aet4nPacket” flag which is used to
notify the SendPacket() function that new ADC detaready to be send in that
channel (After sending the data, the flag is resBgta for all channels which
currently have a sample pending is sent in a sipgtket during each system cycle.
The structure of the content section of the strehnea packet is shown in Figure
7.16. The first byte(s) contain flags which indeathich channels have data in the
packet (One bit per channel). For each channel éath, that data follows in channel
order. The number of bytes per channel is set bByABC channel information and
typically varies from one to three bytes where v¥alC data is sent. In some cases,

where the instrument preprocesses data, a 4 lmasnit) point value is used.

Active Channel Flags| Active Channel Data | Active Channel Data m== =mm| Active Channel Data

Figure 7.16: Packet structure for data streaming

The Instrument Manger in the PC software procegsegicoming data stream packet
from the instrument. Such packets received via pd@ee Figure 7.4) and routed to
the DataStreamPacketHandler. The role of the DagaMtPacketHandler is to
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populate the internal data table of the PC softweith the correct ADC and time
values for recording and possible display on thd (8de Figure 7.7).

The raw bytes corresponding to each channel musbibeerted to a single numerical
value representing the value read for that chaahehat sample point. Additional
information such as ADC overflow flags may alscelx&racted and used (For example
to warn the user of an overload). Thus the datairh channel must be processed in
accordance with its individual format, which deperah the ADC device and any
preprocessing performed by the instrument. To &ehihis, each channel has an
ADCDataDataProcessor delegate which holds a primge$snction used to convert
the individual data bytes into a numerical valued(ather information) for that
channel. These delegates are configured using éwecel property of the ADC
channel information upon receipt of channel infatiora The relevant delegate is
called once for each active channel in each stredate packet by the
DataStreamPacketHandler.

The user is able to add further custom processinchannel data. Typically this is
just a scaling value, as shown in Figure 7.6, whecimultiplied by the numerical
value returned by the ADCDataDataProcessor deldgatgve the actual voltage, or
other parameter value, which the ADC is measufiimnis is stored in the data table.

It is also possible to enter a mathematical fornmatdten C Sharp in the “Scaling”
box. If the first character is an equals sign (@ entered string is assumed to be an
expression in a variable X (Where X the numerite@rmel data value). For example,
entering the string “=1/X" will cause the channel record the reciprocal of the
received value. The expression is compiled intoaseembly and added to the
application using the CSharpCodeProvider and Askerolasses. If present, the
compiled object is called by DataStreamPacketHangiassing it the numerical
channel value returned by the ADCDataDataProcedstggate. The subsequent
returned value is entered in the data table.
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7.8. Embedded hardware architecture

7.8.1. Overview

This part will give a description of the hardwan@alve in the LIMPIDS instrument.

An overview of the embedded hardware is shown garei 7.17. The main element is
a microcontroller (MCU) from Microchip, the PIC32MR5F512L running at

80 MHz. With its large program memory size (512 kBiture program updates to
implement advance features are possible. This wooitooller has numerous general
purpose input / output (GPIO) but also communicatiocodules such as UART, SPI
or 12C which their usage is described in Secti@Z/(See Appendix | for schematic).

Internal Peripherals External Peripherals

UART to
> UART6 »  RS232
converter
UART to
»  UART3 > usB
converter
»  GPIOs »  PGIlAs
MCU | DDSs
Core S DACs
»  SPI3 » SD Card
N | ADCs
»  SPI4 > RTC
> 12C » EEPROM

Figure 7.17: Block diagram of the embedded hardware
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7.8.2.  Embedded hardware description

An overview of the embedded hardware used for iIMPIDS instrument is shown in
Figure 7.17. Two different UART modules (3 and 6¥ aised to provide two
communication channels, the main ones, which isxeonto a FTDI FT232 chip to
interface with a PC via USB using a VCP. This is tthannel used to communicate
with the PC software (Section 7.7). The second UAdRannel is connected to a
MAX3232 (RS232 converter) and used mainly for dzgjit and debug purpose but
could ultimately also be connected to a GSM modslag serial as a communication
protocol. This could be useful for remote operatidmen no physical link is present
(i.e. Field operation).

Different SPI communication modules (1, 3 and 4 ased to communicate with
various on-board components such as the Real TideekC(RTC) for time
consistency and the SD card, both useful for daggihg. Data converters used to set
reference voltage (DACs) and acquire voltage fromdetection system (ADCs) are
also controlled using this serial communicationhteque. Having different SPI
channels is necessary when high SPI speed is @aege3sius the channel could (In
future developments) be used in conjunction of Mirect Access Memory (DMA)
which does not require the CPU for write or readrapions.

An 1°C communication module is used to allow the PIC M@Uretrieve system
configuration parameters from the on-board Elealiyc Erasable Programmable
Read-Only Memory (EEPROM). Thé&d bus could allow the possibility to use other
I°C enable components such as temperature sensot 73, ADT7420, TMP102,
etc), humidity sensor (HIH6130) or motor driver (DR\AES.

Two SPI (1 and 4) and 29 GPIOs are broken out taH&nnectors and pin header
to connect with expansion boards such as the ongioing the ¢D system. The
power for the embedded system is currently provithyd TMR series DC/DC
converter (Traco® Power). Use of more efficient DC/converter may be necessary
for remote operation using battery as power soufca.battery is used, a charging
circuitry may need to be implemented in the instat This would be useful in
monitoring site such as the one at the river Keanéllatford [16] where a propane-

fuelled generator is used. As such, it is susckptido power outage but the operating
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time of the battery will be extended by its abilityget charge when the generator is

working.

7.8.3. Embedded hardware configuration

7.8.3.1. Initialisation

Prior to the MCU entering the main loop of the peog forming the previously
discussed architecture (Figure 7.13), the systeitralisation is done, setting up
numerous internal modules:

* Disabling unused MCU modules (JTAG, Ethernet, CAN)

e Configure Input and Output of the MCU

» Configure and Enable interrupts

* Setinternal timers

+ Set communication modules (SPC) UART)

» Initialise external digital peripherals (RTC, DDE&ACSs)

» Load default configuration

e Initialise SD Card and file system

This hardware configuration allows, for exampleg thse of the microcontroller
communication modules which are used to control tnafsthe external digital

components.

7.8.3.2. Interrupts

Interrupts are an important part of the embeddésivace and can be triggered outside
the main MCU free running loop. In general micracolers have peripherals which
can produce interrupts related to specific evefsce triggered, the interrupt is
processed by the CPU. The interrupts can haveréiftepriority, and as such an
“Interrupt priority controller” is used to orderdhnterrupt events before being sent to
the CPU. For example, priority can be given to itherrupt from the commands
channel (CMD) over the diagnostic channel (DIAQ). dur system, interrupt are
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triggered upon the reception of a packet on bothGMD and DIAG channels. The
relevant interrupt routine read the packet fromrueive buffer of the peripheral and
store it for future processing. Accurate tickersddferent periods are also produced
from the MCU'’s internal timers using interrupts é3agure 7.18).

Peripherals Event Actions triggered
RX Store received bytes for
SARILE Interrupt processing (CMD channel)
. RX |  Store received bytes for
bR | Interrupt | processing (DIAG channel)
TIMER i+ YEMOW L Update 1ms Ticker
nterrupt
TIMER2 O Update 125ms Ticker
Interrupt
Overflow .
TIMER3 i > Update 250us Ticker
nterrupt

Figure 7.18: Embedded software interrupts

7.8.3.3.  Main program routine

After the initialisation, which sequentially sets the embedded system (See Section
7.8.3.1), the software enters into an infinite loop
This loop currently contains three mains tasks,cWiince active, are triggered from
interrupts:
« Management of the ADC sampling and data streaneitiger to be sent to the
master (PC) or to be logged into the SD Card.
* The triggering of the baseline suppression funetifor automation of the
process.
* The processing of the incoming commands from te&ument manager (PC).
* Further processes such as periodic activation ohpSag pumps or

electrophoresis operations will be required infthal system
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The interrupt from the MCU’s Timer 1 is used foettata streaming. Periodically,
each ADC channel is checked by the software tofwérithey meet the criteria for
streaming or logging. The ADC channel needs to dievea (Selected by the user),
have data available and the time must match tlegamat sampling period.

The interrupts from the MCU’s Timer 2 and 3 areduser the automation of the
baseline suppression. Timer 3 is used for the nurcéfset compensation, the
microcontroller will send commands to change theent offset in the voltage to
current converter periodically until it reacheseazcrossing point, which detected by
a comparator (See Section 5.2.7). Timer 2, whichehkonger period (125ms), is used
for the phase synchronisation and the amplitudemay of the signal from the cell
and the current to voltage converter. The longeiodas used for the ADC sampling
and the on-board floating point math computation.

The main loop also checks if any bytes receivedhegyMCU’s UARTS have been
buffered during a recent serial receive interrlipso, these are routed to the relevant
destination (Usually the command parser). Iniitile data router decodes the packet
framing (ID and address) and then passes furtheskyg the command parser until an
end-of-packet flag is received (Other routing desions for packet content can be
used). The parser is a state machine which chatgesas necessary when new bytes
arrive and retains its state; it does not haveetpdssed a complete command line at
one time. Once the parser has found a completezaidlcommand line the relevant
function is called to execute the command. Thedisavailable commands can be

found in appendix Q.

7.8.4.  Electrophoresis operation

7.8.4.1. Setting up the electrophoresis sequence

The system provides the capability to run electasphis experiments, which can be
setup using a dedicated panel in the instrument (@ldctrophoresis Instrument
Control). This panel (See Figure 7.19) is useddbtBe parameters needed for a
simple electrophoresis separation with electrokinigtjection (See Appendix O for
electrophoresis protocol). After pressing the Skftdm, the parameters are passed to
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the instrument using the commands “SETEXP” whidtesathe voltage and duration
needed for the injection and the separation. Upenréception of the “STAREXP”
command, the DACs controlling the high voltage meduare initialised and the
voltage is applied to the electrophoresis chip.hEsteps have a finite duration which
is the one passed to the instrument from the Gbik @uration is compared with the
internal timers of the instrument, once the duratbthe current step is achieved, the
next step is activated, if no further steps extst, electrophoresis system is switched
off (DACs at zero, high voltage module inhibitedlay open).

Electrophoresis Instrument Control

Injection Delay
5 5

Injection Voltage

500 W
Separation Delay Set Al
300 5
Separation Voltage

2400 "

| Start HY Switching |

Figure 7.19: GUI for the control of the electrophoesis experiment

7.8.5. Data converters control for D measurement

The system is controlled by, and measures, a nuwibanalogue signals therefore
data converters are needed to interface the digidtronics to these analogue
subsystems. A 1D measurement involves the generation of a sinaésignal with a
certain frequency and amplitude which will be pdke by the detection circuitry
(See Section 3.7). As previously seen (See Seétid)) this signal can be created
using digitally controlled devices such as DDS, DAGd PGA. The DAC and the
PGA will be used to set the amplitude of the sigpaherated by the DDS. These
components can be accessed individually by thefuserthe GUI when operating in
developer mode which exposes most of the featordeetuser.

The DACs used (AD5663R) have a resolution of 164bth a built-in reference of
either +3 V (DDS amplitude) or +5 V (Voltage biaswwltage to current converter

167



circuit). These DACs can be individually accessedtie PC software using the
command “DAC” which take two arguments (DAC ID nuenland the 16-bit value).
After the command has been processed by the p#unserorrect high level function is
called and the arguments are passed to it soawdelel SPI functions can be used to
set the DAC to the correct output voltage.

The PGAs used have a 2-bit parallel connexion wignkes the user the choice
between four different gains. The PGAs can be aecksia the “GAIN” command
which take two arguments (PGA ID number and thé 2diue).

The DDSs (AD9834) can be seen as a form of dataecter, the DDS can be
accessed the same way as the DACs, using a comandrtaévo arguments. The DDSs
however have three different functions, the “DDSR®inction which is used to
switch on (0) or off (1) a DDS and thus can alsaibed to synchronise all the DDS
together. The “FREQ” function is used to set tlegjfrency of the output sine wave. A
frequency of 0 Hz turn the DDS into a 10-bit DAC ex# its output voltage is a
function of the phase word (See device datash@&a] [r full details). The phase is
controlled by the command “PHI” which set the phasdhe addressed DDS, and

synchronises it with the rest of the DDSs.

7.8.6.  Baseline suppression automation

The baseline suppression routine with the quadgatek-in circuit is described in
Section 5.2.7.2 but further details on the autoomawvill be given in this section.

The first step is to cancel the current offset Wwhoan be seen at the output of the
transimpedance circuit. This current can be duertors in the voltage to current
converter stage, and if too high will affect thendgnic range of the sensing circuit. In
order to automate the process, the system usesvgdas filter followed by a
comparator to know whether the signal average $stige or negative. The current is
then changed (Decreased or increased dependihg ebmparator) by modifying the
output of the DAC responsible of the current brashie voltage to current converter.
The system periodically checks if the value of thenparator has changed, if it did
not, a new output value is sent to the DAC. Whenslignal average changes polarity,
the comparator changes state and the DAC valus atays current value. This value

corresponds to an output signal from the transiraped amplifier centred on zero.
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The second stage is synchronisation of the caricgllaurrent with the current from
the cell. The first step is to know the phase défifee between the DDS creating the
excitation signal passing through the cell and dugput of the transimpedance
amplifier. To measure this phase, only the DDSliercell excitation is activated, the
DDS for the cancellation current is turned off. TWedue of the phase can then be
calculated using the | and Q value from the quadealibck-in amplifier measured by
the ADC. The value of the phase is calculated l®yambedded system, with these
values and stored for future use.

The second step is to know the phase differencedest the DDS generating the
cancellation current and the output of the transidgmce amplifier. The same method
is used for this second step, only the DDS usedh®rcancellation current is turned
on and the phase is measured. Knowing the phassuneekin the first step and the
second step, the two sinusoidal signals can behsgnised using the equation 5.19
from Section 5.2.7.2.

The next and last stage is to increase the catioallaurrent in order to suppress the
baseline signal from the cell when only buffer solu is present. The output
amplitude of the signal from the transimpedance ldiepis measured (Either by
computing | and Q from the quadrature lock-in orusing a TRMS converter chip
coupled to an ADC) and the current is increased tirg amplitude threshold set by
the user is reached. Once the threshold is reathedaseline automation routine is

stopped and the system is ready for the experiment.

7.9. Summary of the chapter

In this chapter, an overview of the system integrathas been given (System
deployment, system users) which highlights theed#iit usage of the system-gitu
monitoring or laboratory use). An extensive degswip of the software used to
communicate and control the instrument was giverSeattion 7.5. This section
described the three mains architectures which taotestthe system software
(Instrument Manager, GUI and Embedded softwardprimation was given on the
construction of the different software parts anatlbey operate. Section 7.6 and 7.7
respectively described the interaction of the lnmsnt Manager and the GUI and the

interaction of user’'s computer and the instrumehts latter section is focused on the
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communication protocol used; the instrument comrmeaai sent via data packets
with a particular structure. Data streaming is ablo important part of the
communication process between the user computethenthstrument, especially if
used in its laboratory mode. The embedded hardaatgtecture used in conjunction
with the software described earlier is presente@egction 7.8. The main functions
executed by the microcontroller are detailed (&figation, Main loop, Interrupt
routines). Particular operations (Electrophoredidgta converters and baseline
suppression) are also described from an hardwan¢ @loview in this section.
Although a completed monitoring system was no dggdoduring this project, the
work presented here means that the electronic fmedand software is very close to
being ready for use in a deployable system. Thevaoé and hardware developed is

fully functional for use of the system in laboratamstrument mode.
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Chapter 8 : Conclusion

This thesis discussed the separation and detegationganic ions for applications in
water quality monitoring, especially in rivers. Tieal aim of the LIMPIDS project is
the development of an autonomous system which eamsbd foiin-situ monitoring.
This monitoring system will help provide high fremcy data in order to refine
pollutant transport models for catchments.

The objectives of this project and their respectideancement will be discussed in
the following sections. Section 8.1 is dedicatedht® creation of a LOC device and
electrode structure for‘D detection (Objectives 1 and 2 in Section 1.2)e Timin
criteria for such device are low cost manufacturiagd robustness for field
deployment. Section 8.2 addresses the developmehtemaluation of a detection
system for a LOC based separation system. Effante been made toward integration
while having an improved limit of detection whenngsthe detector in conjunction
with its baseline suppression capability (Objetite 3 and 4 in Section 1.2). Section
8.3 is related to the self-test capabilities of f#ystem which is an important point
when dealing with autonomous system for field dgmlent (Objective 5 in Section
1.2). Section 8.4 is about the system integratiod depicts the software and
embedded hardware developed for the project inraimerovide the user with a

reliable and easy to use instrument (Objective 8dation 1.2).

8.1. Development of a Lab-on-chip for IC

As part of the project objectives, the developnard microfluidic platform suitable
for electrophoresis separation, using electrodescépacitively coupled contactless
conductivity detection (fD), which can be manufactured easily, has been
investigated. Solutions including cylindrical elextes, plug and planar electrodes
have been tested. Cylindrical electrodes usingllesips are a good solution for
electrophoresis experiments, the surface chemisteyell understood and they can
deal with high voltages. The electrode fabricatienhowever difficult to repeat.
Furthermore this design cannot be implemented aniicrofluidic chip which goes
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against the objective of having a miniature celistduting a LOC device. The use of
plugs containing electrodes, while providing goeesstivity, was prone to leakage
and may require expensive manufacturing processdsetmade repeatable. This
design is however a step closer to a LOC devic¢haschannel is created in the
microfluidic chip. The use of a printed circuit asbase for the microfluidic chip

solves the problem of cheap and repeatable manwéacif the electrodes. The
insulation layer made from spin coating is alsalga®ntrollable by the viscosity of

the solution and the spin parameters. Possibledwtork on his latest design will be
discussed in Section 8.5.1. Good sensitivity hantechieved for flow experiments
and application to medical sample has also beevegrasing the electrodes coupled

to a conductivity detector (see Section 8.5.2).

8.2. Design of a conductivity detector with baseline

suppression

During the development of the detection / signalcpssing system for miniature /
LOC separation based chemical analysis, the desigthe capacitively coupled
contactless conductivity detector *@) circuit used for the experiment has been
modified to implement a novel baseline suppressimtem. The cancellation current
generated by the suppression stage helps to usdullhdynamic range of the
transimpedance amplifier by lowering the offsetried by the background electrolyte
and the parasitic coupling. It enhances the seitgitoy allowing the use of higher
excitation voltaged.g. 100 Vpp) which in conjunction with the baselingpression
improved the LOD to 0.0715 puM for NaCl. This is emhancement by an order of
magnitude compared to the LOD found when using aaraie excitation voltage
(21.4 Vpp) without baseline suppression for NaCB§33 puM). The phase change
induced by the plug of analyte travelling througle tcell produces a change in the
recorded output signal of the detector. This pl@mange has the effect of increasing
the sensitivity of the system when using the basekuppression system. The
automation of the baseline suppression system leas lnvestigated using one
multiplier with a quadrature reference signal,wo imultipliers with an in-phase and

a quadrature reference signal. The use of two pligts simplified automation of the
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baseline suppression as it provides informatioruaboth the amplitude and phase of
the signal, allowing a faster matching of the seppion current.

One of the objectives is the development of a smiftained system for field
deployment with integrated control and signal pssgay. The system developed has
integrated all the necessary components which #&en qrovided by benchtop
equipment in existing detector desigmsg( signal generator, acquisition front end,
logging, etc). Being built around embedded electronics, tharobsoftware has been
developed with the aim of providing the user withautonomous system which can
be used as standalone equipment in the laboratarytbe field. More details of the
different software architectures were discussedCivapter 7. Such hardware and
software design is a step forward toward more natiegl measurement equipment
which is needed for the fulfilment of this projectbjectives.

8.3. Self-testing, fault detection and autonomous opersain

An autonomous system fam-situ monitoring can be subject to temporary extreme
conditions which can influence the operating liféle system by causing (temporary
or permanent) dysfunction. Thus the system shoutdige self-test capabilities to
facilitate identification of rogue data, improveevall data robustness, and alert users
of actual or pending failures. Investigation of Ifadetection using the results
collected during flow experiments and electrophisresns has been carried out to
address this issue. Autonomous detection of bulmdleced peaks by the on-board
microcontroller from typical chromatographic pedles been successfully proven and
can help identify system failure.g.leaks, valve failure). Pump speed has also been
extracted afterward from datalogged results usimg=BT, which related the noise
pattern to the speed of the peristaltic pump. & &lso been highlighted that current
reading from the power supplies used for electroggie can provide useful
information about the nature of the content ofdheent pathi(e. channels). Bubbles
or changes in the buffer concentration may be tlteby analysing the current
profile during the separation process.

Field testing of a flow cell has been carried du& anonitoring station to investigate

its robustness. Blockage occurred after a periodwar two and a half months,
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proving that failure is likely to occur and earletdction of system failure is

necessary.

8.4. System integration

Development of an easy to use integrated measutesystiem is one of the objectives
required for the LIMPIDS project. This involves eedded electronics and software
development to control it. Efforts have been mamleatd the creation of high level
software capable of giving easy control of the rimstent to the usere(g.
Hydrologist). In that aspect, simple, user specifi@Ul interfaces have been
developed in parallel to provide robust and flegibtteraction with the Instrument
Manager which interfaces with the physical syst&ms GUI will permit any user to
access the functions of interest for their intendsage. The communication between
the PC software and the embedded software berfiedits a reliable packet structure
(Packet ID, Checksum) which has been tested fa stataming of continuous flow
and electrophoresis experiments (See Appendix @é&asurement protocol).
Embedded hardware has also been developed to ctrgrcneasurement electronics
developed for the project. The main board is coragasf a microcontroller which
can communicate with the user through the LIMPIR8vgare and the rest of the
system. It can thus provide automation for the Ih@se suppression, the
electrophoresis injection, electrophoresis sepamatind datalogging. The current
embedded hardware architecture is described, as&lljpe future extensions are listed

(Wireless communicatioretc), in Section 7.8.

8.5. Further work

This work has made significant progress towardsdthe=lopment and deployment of
an in-situ water quality monitoring system. The whole projemuires some further
development of the chemistry part (Objective 6 @&id Section 1.2), particularly in
the areas of sample extraction, ion preconcentratiseparation and LOC
device / microfluidic integration, which have notdm addressed in detail in this

thesis. Work in this area is ongoing at the timevating. The developed system is
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operational as a lab instrument and provides thle dfuthe functionality required to
perform autonomouis-situ measurement and data logging; however there im foo
improvement in terms of both performance and fumetlity. These issues will be
discussed in the first part of this section. Th&D Qletection system has wider
applications than water quality monitoring; indetb@ system developed here was
used in another project and this will also be byieiescribed to highlight the wider

application of this work.

8.5.1.  Future development

During the course of the project, one of the olyest has been the development of a
LOC device for separation-based chemical analysig. €lectrophoresis and ion
chromatography). Cell (Electrode and channel) géomenanufacturing processes
and performance have been investigated. Howevere tre opportunities for further
progress towards the objective of creating a nowiglh-resolution, multiparameter
water quality measuring system using an innovamnriaturised chemical sensing
device.

First, the current cell design can be optimised. &@mple, the insulation layer can
be tuned toward higher sensitivity by the use afrter coating and the possible
doping of the PDMS. The introduction of high digter particles such as Barium-
strontium titanate (BaSrT#por Titanium dioxide (TiQ) has been proven to increase
the dielectric constant of the PDMS mixture andstmcrease the capacitive coupling
between the electrode and the channel througl7&][IThe second point is related to
the introduction of the separation process whicls waveloped by the Chemistry
Department at the University of Hull.

The detection technique has been proven on a cocrahe&OC device (microfluidic
ChipShop) during the ongoing development and opttion of the separation
technique (Section 5.4). Despite the fact thatigtection cell was developed with the
objective to include both the sample introductiowl deparation method currently in
development, these module have not been implemeogther yet. This is still
being developed by the Chemistry Department (Cheyngart of the objective from
Section 1.2). Thus extra work will be needed tolement the sample introduction

and separation technique and optimise the existatgction cell for this system. The
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sample introduction being based on Electrodialyailitional electrodes may need to
be created on the PCB substrate. The structureeoE®C device will also need the
creation of additional channels

Further work could also be done on the detectiod aantrol electronics. For
example, the performance of the analogue frontamtithe data converters could be
improved by using different hardware architecturd Aor integrated circuits. The use
of ADC with faster sampling rate will help increatbee speed at which the baseline
suppression automation process is done. The cuAB@ was chosen for high
precision (22-bit) and low power (600 uW). Fortwetat numerous models of ADC
exist, which make it possible to find a componenthwequivalent (or higher)
precision and higher sampling rate, while consunaisgnall amount of current.

The quiescent current for each integrated circoitlat also be investigated if power
consumption is a problem. However when dealing witbrofluidics, solenoid valves
and pumps are required for the fluid handling. They represent most of the power
consumption of the system compared to the contrdlacquisition electronics, even
if only active for a short period of time. Powemsamption is an important factor
when dealing with autonomous, portable system ttke one developed for the
LIMPIDS project. However, the instrument develogeas been mainly tested in a
controlled environment when mains power was avhdlaBs a consequence, very
little development time have been used to investdjghe power source (Battery type,
capacity, integration) and power management ciguiteeded to confer the
instrument with an optimised battery life. The graion of reliable, efficient, low
noise power supply into the system is part of titere developments needed for the
system to perform during field deployment.

Additional miniaturisation of the electronics isgstble by reducing the footprint of
the components, which requires better printed ttirsaard manufacturing process
thus allowing design rules with smaller featurese Wf individual integrated circuits
with identical function could be replaced by regrimg multiple functions in the same
package. In the case of the DDS, the 4 individotgrated circuits could be replaced
by a 4-channel DDS, such as the AD9959. When meltjigital components are
needed, a field-Programmable Gate Array (FPGA)b=man interesting choice for the
designer. The usage of such programmable deviceifgathe creation of digital block
with user specified characteristics. In the casd®DIS, the block diagram seen in

Section 5.2.3 can be reproduced in a FPGA with eeraocurate phase accumulator

176



(Allow smaller frequency and higher phase resoi)tidcPGA based system may
however suffers from larger component cost, exteaetbpment time and major

hardware redesign. FPGA are only justified if hggeed processing unsuitable for a
MCU or a DSP is needed.

The control software and associated GUI has beemouighly tested by the
developers during the course of the project. Howetree main users will be the
hydrologists in charge of the-situ monitoring. This may cause some additional work
on the GUI to modify it to the liking of the finalser (Even if hydrologists were
consulted during the initial GUI development). dtdlso possible that software bugs
still exist and thus may require the interventiéthe@ developers to correct them.

The baseline-suppressedDCdetection system developed during the coursehef t
LIMPIDS project can potentially be used for oth@pkcations than inorganic ions
sensing. This system can be used for the sensimgyicharged species. It can be

adapted for other experiment, for example, in bigses.

8.5.2.  Monitoring of clotting process using conductivity etection

The CD system (Hardware and software) developed forLiMPIDS project was
also used for a biomedical application involving tmeasurement of blood clotting

time.

8.5.2.1. Background

The applications of conductivity detection haveerdgty became broader, being used
in the field of chemistry still [163] but also fliimechanics [138] and biology [197]
(Section 3.9). The following case is about the wtwf blood clotting using
conductivity detection for characterization of tptsysiological process.

Such study could lead to the development of a pointare device capable of
monitoring the blood coagulation process. For eXemgatients with certain cancers
(e.g.Ovarian, pancreas and lung), have an elevatedfisknous thromboembolism
(VTE). This is most likely due to circulating tumoderived microparticles (MP)
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which have tissue factor (TF) expressed on the manabsurface making them highly
procoagulant. Currently, the standard techniqued use measure the coagulation
process is the activated partial thromboplastiret{&PTT) [208].

APTT involves the separation of the plasma fromwimle blood by centrifugation,
followed by the mixing of the plasma with phosppals, calcium and activator of the
blood coagulation pathway (Silica, kaolietc). Once the blood clotting process is
triggered, the clotting time is recorded. Beingabdur intensive process (Blood
sample collection, plasma separatiett;) with the possibility of delay between the
time the sample is taken and processed (which d¢gectathe result), a faster
diagnostic method is preferable. Rapid monitoririgh® blood coagulation at the
patient bedside could help proactively dispenseaagulant to the patient in order to
avoid VTE. During clotting, the plasma changes fraraonductive liquid form to an
insulating sol-gel form. This variation in electigroperties can be detected using a
conductivity detector such as the one previousbsented and help to move toward

small footprint medical test equipment.

8.5.2.2. Materials and procedure

The experimental setup is composed of a microftuatiip with a fabrication process
similar from the PCB / PDMS design from ChapteHéwever, prior to the coating
of the PCB substrate with PDMS, dielectric parsdBaSrTiQ) prepared from [209,
210] were blended into the polymer. Such dielegtadicles are used for the doping
of the insulation layer to increase its dielecttanstant, and thus its sensitivity, by
enhancing the coupling of the electrode to theidicgolution [178]. As the current
system is not using a high separation or excitatioitage, thinner layer (um range)
can be achieved without the risk of electrical kdeavn of the insulation layer.

The gap of the electrode was set to 4 mm for gresztesitivity (To the detriment of
the special resolution not needed in that casejh w&n excitation frequency of
100 kHz and an excitation voltage of 5.5 Vpp. Theckground electrolyte has a
concentration of 0.4 mM.
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8.5.2.3. Preliminary results

Figure 8.1 shows the change in impedance measardtd blood sample (Red) and
the blank cell culture media (Black). The clottingas induced by adding 25 mM
CaCl to the same volume of fresh human blood contaiBJ A. The mixture for
the blank media contained 25 mM CaCGind RPMI 1640-fetal bovine serum-
antibiotics, kept at 37 °C.
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Figure 8.1: Evolution of the impedance of the coadating blood and blank cell culture media

It is clear that there is a sharp increase in imped at 300 s with the blood sample,
323 s if adding the preparation step (Time afteximgi and before injection). This

result is consistent with the blood coagulationeti370 s) tested by a Coagulometer
(Thrombotrack, Technoclone Ltd.). It can be noteat tho increase in impedance is

observed for the blank media.

[Data provided courtesy of Dr Yuehua Dou and Psidesohn Greenman]
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Appendix

Monitoring Site Description

A — River Enborne at Brimpton

Catchment description

The River Enborne flows in an easterly directioonirits source near the village of
West Woodhay, past the town of Newbury, and erttegRiver Kennet downstream

of the village of Woolhampton. The catchment laisé is predominantly agricultural

(grassland and arable) and broad-leaved woodlanthriJand semi-urban land use
make up 6.5 % of the catchment area. The rivezives wastewater effluent from

several small sewage treatment works at WashwBighnpp’s Green and Kingsclere.
There are chalk outcrops in the headwaters, butdsieof the catchment is mainly
covered in impervious Tertiary clays. The mean flwhe study site at Brimpton is
ca.1.3ni st
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Monitoring equipment

Water quality monitoring equipment has been instahear the village of Brimpton,
adjacent to the Environment Agency’s flow gaugingjrw Total reactive phosphorus
and nitrite concentrations are being monitored @irly sampling interval, using a
Micromac C nutrient auto-analyser (Systea Analytibachnologies, Anagni, Italy).

The instrument transmits data via a Meteorburstelry system.
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Water quality data

Average water quality data for the River EnbournBrampton (November 2009 to

November 2010)
pH 7.7

Suspended Solids mg/L 9.4
Soluble reactive P po/L-P 150
Total dissolved P png/L-P 178

Total P png/L-P 225

Ammonia mg/L-NH 0.072
Dissolved Silicon mg/L-Si 7.01

Nitrite mg/L-NO; 0.055

Nitrate mg/L-NQ 17.8

[Information provided by CEH]
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B — River The Cut at Bray

Catchment description

The Cut rises in North Ascot, Berkshire, on theskits of the town of Bracknell, and
flows north to join the River Thames near Maidemhed he catchment land cover
consists of arable (24%), grassland (28%), with omajirban / semi-urban
development (24%). The river receives significaewage effluent inputs from the
large towns of Bracknell, Ascot and Maidenhead. Thé&chment is underlain by
impervious London Clay. The course of The Cut hesnbaltered greatly over time,
and much of the river's course is now within acidl concrete channels. The mean

flow at Binfield (upper catchment, downstream o&&knell) is 0.38 rhs™.

Monitoring equipment

Water quality monitoring equipment has been insthlat Bray, near The Cut's
confluence with the River Thames. Total phosph@ud total reactive phosphorus
concentrations are being monitored at hourly samgpinterval, using a Hach Lange
Phosphax Sigma analyser.

The instrument transmits data via a Meteorbursttelry system.
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Water quality data

Average water quality data for the The Cut at PaB#geet (February 2009 to
November 2010)

pH 7.6
Suspended Solids mg/L 8.5
Soluble reactive P pHo/L-P 525
Total dissolved P pug/L-P 602

Total P pug/L-P 689
Ammonia mg/L-NH 0.29
Dissolved Silicon mg/L-Si 5.9
Nitrite mg/L-NO;, 0.43
Nitrate mg/L-NQ 91

[Information provided by CEH]
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COMSOL

C - Simulation of the electrode stray capacitameesérious gap with a fussed silica

capillary (ID 500 pum / OD 1000 um)

lectrodes gap (Capillary design)
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Numerical method

E — Calculation of the limit of detection (LOD)

From [198]:

We first require repeated measurements of a blankpke,i.e. one that does not
contain analyte. The sensor response is repeatesthgured. The American Chemical
Society recommends k = 10 of such measurementsnany agencies only require 7
measurements of the blank’s response.
We then prepare samples that contain analyte ainaeatration about 1-5 times
higher than the expected LOD and again perfokmmeasurements at this
concentration. The mean value and the standarcu@viof the measuremersy, can
be determined. Ideally the samples should be pedpadependently from each other
and using different stock solutions.

Yion = Yorank ¥ ta 1Sy (1)
Hereypiank is the average signal of the k measurements dbldrék samples and it1
is the a-quantile of Student’$-function with k-1 degrees of freedom where @)-
designates the required confidence level. For el@amp it is required that the
measurement at the LOD has a 99% probability afigoéarger than the blank, then
o= 0.02, or (1&a) = 0.98, owing to the two-sided nature of thdistribution. When 10
samples are analyzed (k = 10) one obtajgset= 2.821, whereas o, 7= 2.998 fork =
8.
The concentration at the detection limit can thercalculated from the sensitivits,
l.e. the slope of the calibration curve. For convengetite value of the student t-
function is frequently assumed to be t = 3, bus implies that a minimum of about
16 samples (8 blanks and 8 low-concentration sashplave been analyzed.
Assuming a linear calibration curve near the LODe walculate the minimum
detectable concentration as:

ts,
LOD=—2 (2)
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PCB CAD

F - Schematic of the amplitude control
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G - Schematic of the voltage to current conversion
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H - Schematic of the digitally controlled suppressvoltage generator
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| - Schematic of the control circuit for baselingpression and datalogging
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J - Schematic of the baseline suppression with rgixaick lock-in amplifier
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LT Spice

K - Schematic of the simulation of the AC couplmfioDDS3
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Pictures

L - Electronics setup for electrophoresis experitaen
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M — Baseline suppression board with two multipliers

N - Box housed electronics for autonomous dataloggi conductivity

measurements
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Experimental method

O — Control and measurement software (UOHC4D)

Start the UOHCA4D software by clicking the icon:

4

&

UOHCAD

The UOHCA4D software should run, presenting the t&ysSetup” tab from its user
interface
iorcn

System Setup ‘ Measure Setup IChart Setup IChan I Data I Baseline | General | Sampling I Logging‘

Port Setup

Serial Port COMm12 -
Baud Rate 460800 -

Open Port | [ Data OFf | [ Force TXEnable | [ Reset IDs
Protocol Version 1 | Loopback

Auto-corfigure on open port

Global Control

Instrument Reset

Real Time Clock

Get Tme | [ Set Tme | [ Hakt RTC

Hello from LIMPIDS Instrument Diagnostic GUISetting Baud Rate to-460800

!1>
Check that the correct serial port and baud re888@0) is selected on the dropdown
list. On the current setup the correct port is CQMdut it may change.

When the correct COM port is selected, click “Optart” to establish a connection
between the PC and processor in the C4D measuresystem. The UOHC4D
software should respond with a message like “Op&wt COM12 at 460800 baud”.
Click the “Instrument Reset” button. A message likéMPIDS in-situ monitor.
Compileddate timé&, which is sent from the instrument should be @igpd by the
UOHCA4D software. This confirms that the instrumpmcessor is operational and
communicating with the PC software.
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T ——

System Setup | Measure Setup IChart Setup | Chart | Data | Baseline I General | Sampling I Logging

Port Setup

Serial Port COM12

Baud Rate 460800

[ Close Port ][ Data Off ] [ Force TX Enable ] [ Reset IDs
Protocol Version |1 = [ Loopback

[ Auto-configure on open port

Global Control

Instrument Reset

Real Time Clock

Get Time | [ SetTime | [ HatRTC |

Hello from LIMPIDS Instrument Diagnostic GUISetting Baud Rate to: 460800
Opened Port COM12 at 460800 baud

1:5YSRST

RST

Comms intialised in channel D {CMD1)

LIMPIDS in-situ monitor. Compiled: Mar 15 2013 18:00.059

pad

Click on the “Measure Setup” tab and then on thet“Ghannel Info” button. This
will list the available measurement channels fromninstrument.

System Setup | Measure Setup | Chart Setup | Chatt | Data | Bassline | Genersl | Sampling | Logaing |

Sensor Channel Configuration

| GetChamnelinfe | [ Star Measuements |

s | Sl |EI !EH}DD i |[ms vHlsi” s | | [ Measure
-~ e O [500 ) oo )| (5] 006 = =
s B (s 2mere | ==
o iindl oo o) o) 2t (] =
s e [m o]0 o |50 ==
BD15_V MCP 3551 E = — . o

9 P00 B (amal) (e ]| 2300 [=n] _
c4D MCP3551 T iz_mq. F‘:i:.! e |\5i|| 1 955E-06 |! [ Messure

The channels are:
Supply — System Supply Voltage. Not implemented, do 1sat u
Dummy — Fixed data sequence, for testing purposes, tloseo
2D15 | — Injection voltage supply, current monitor. Usk this can help
diagnostics.
2D15 V - Injection voltage supply, voltage monitor. Uskthis can help
diagnostics.
6D15 | — Separation voltage supply, current monitore W this can help
diagnostics.
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6D15 V — Separation voltage supply, voltage monitore Wd$ this can help
diagnostics.
C4D- The conductivity measurement. You need to use thi

Check the “Use” checkbox for each channel you viamecord data for and uncheck
any that you do not need. You can read the cuxaie for any channel by clicking
its “Measure” button

UOHC4D

| System Setup | Measure Setup | Chart Setup | Chart | Data. [ Baseline [ General | Sampiing | Logaina |

Sensor Channel Configuration

| GetChannelinfo | | Stat Measurements |

| Channel Name | Device [ Use [ Sample Interval | Sealing [ [Value [ ]
Sty intADC B [so00 & |[ms =) |[(Set ]| 0n03222 [set || | [ Measure ||
Oy T n [ Blmale )i =] =
s T o o) (=] =
[EN [ @ |00 E|[E| 23B4E.06 =2 [ easure ||
[ED5E [ @ (00 1] |fme o) (5 )| 23406 I3l =)
D15V | MCP3551 @ (00 2] fm o) (5o | 2304606 =0 | |
 caD | MCP3551 @ |[2000 ,@[E| 1.955E-06 st || noveesiats [=res

In the “C4D Instrument Control” panel enter theuiegd DDS frequency. This should
be in the range 200000 to 700000 (for 200 to 708)kBlick the “Set” button next to
the frequency value.

C4D Instrument Control
DDS Frequency
250000 He [ Set |
DDS Level
Ve (5]
Scaling Factor
Calc

In the “Electrophoresis Instrument Control” panet sip the times and voltages
required for the current experiment, then clickt‘88". If you get the values wrong
just change them and click “Set All” agado not click “Start HV switching” yet.
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Electrophoresis Instrument Control

Injection Delay
5 5

Injection Voltage

500 W
Separation Delay
300 5
Separation Voltage

2400 "

[ Stant HV Switching

Typical values are
Injection delay 5s
Injection voltage 500V
Separation Delay 300s
Separation voltage 2400V

Make sure that the door of the HV isolation boxlssed because the HV supplies
will not be active when it is open. There is an LBD the bottom board which tells
when voltage is being applied to the HV modules.

Return to the “Measure Setup” tab and click the &sl@e” button for the C4D
channel. The value should be between 2V and 3Ve Mditage shown here is not
correct because the chip was not in place forgtrieenshot.)

UOHC4D

| System Setup | Measure Setup | Chart Setup | Chart | Data. [ Baseline [ General | Sampiing | Logaina |
Sensor Channel Configuration
| GetChannelinfo | | Stat Measurements |
[ Channel Name [ Device [Use | Sample Interval [ Scaling 1 [Value . ]
Supply IntADC B |[pooe [ |E] [(sst || n.ooaz22 [ se || [ Measure ||
| Dot | G B[00 ][ =] (5] | 00628 &g =]
20151 | MCP3551 @ |00 Y@E| 2.384E-06 [ Cset | =)
D15V | MCP3551 @ |00 E|[E| 2 3B4E-06 _:m“ | Measure |
[ 6D15_1 | MCP3551 @ (7000 'IE]E| 238406 "'I'ST"" | lMeasurel |
D15V | MCP3851 @ (200 [ )| [(5e )| 2304806 iI=all | e ]|
:'('i-'u'b' [HEEi @ |poo .lms—vEI 1.955E-06 ':—IISTI_: 0.076661415 | (e |

If the voltage is not in the correct range movetlie “Baseline” tab and “Cell
Excitation” panel and adjust the cell excitationdhanging the DDS gain. Click the
x1, x2 buttons as appropriate and move back t6Nfeasure Setup” tab to check the
voltage. (Note: the x5 or x10 options will proballot be needed in the current
setup.)
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Cell Excitation
DDS Phase Deg
U
0 160
DDS Gain v
U
0 3

Move to the “Chart” tab and right click on the “Mmaiement Data” area to select the
channel to display. Select C4D. This will appeathie title above the “Measurement
Data” area.

Check the “Sync Measure” checkbox.

T UOHCaD T —™,

| System Setup I Measure Setup I Chart Setup | Chart | Data | Baseline I General | Sampling I Logging|
Cursors: Hags: ]
Remove Zoom Zoom Qut Zoom In <Flag | [Fag >
Instrument Measurement C4D
Measurement Data
Start Live Update Sync Measure X #ods Scaling 1 Show markers

When you are ready to run the experiment click“Start Live Update” button, then
move quickly to the “System Setup” tab and click t&tart HV switching” button in
the “Electrophoresis Instrument Control” panel. Yshould here the relays click as
the measurement process starts.

Move back to the “Chart” tab to observe the progrefthe experiment. You can
switch between active measurement channels by cigiiing on the chart. All data
in used channel is saved irrespective of what aoblapou are observing in the live
monitoring. The data shown here is not represesmtati a real experiment as no chip
was connected at the time.
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" . -
7 -
BB voHc4D

| System Setup I Measure Qw I Chart Setup | Chart |-Data I Baseline | General I_Sampﬁng | Logging|

Cursors:  51=260: X1=514Y1=0.1588 | 52=307: X2=614 Y2=0.1588 | d5=47: dX=10dY=2332E-05 [ Hags:

0
[ Cear |[ Remove |[ Zoom |[ ZoomOu |[ Zoomin | [<Fea ] [Fas>)

T + M £ C4D

Measurement Data

0.1589
0.1589
0.1588 i ‘w‘“
01528 W;j\/\_f”\ A.n '} i’lmlm POATANE r’w

: v W T WY WY

0.1588
0.1588

al
A IWMA A A 3
W VW TV By A ALY

AT TN B

0 123 246 36.8 451 614

Time

AllData

01588
0.1588

0.1588 / /_
0.1588

el W /

0.1588

Recent Data

51.4 534 b5.4 57.4 594 61.4

Start Live Update | [¥] Sync Measure X Buds Scaling 1 [T Show markers

When the experiment has finished click the “Stogellupdate” button in the chart tab
to stop data recording. To save your data go to “Data” tab , make sure
“Measurements” is selected in the “Table “ drop-dowox and click the

“Show/Update” button to display the data. Click ¥8do File” to save the data.

| System Setup I Measure Setup I Chart Setup I Chart | Data | Baseline I General | Sampling | Logging|

Measurements
Time Supply Dummy1 20151 2015V 6D15_1 6015V c4D
» 0.000453488

-0.00027416

0

0 0.006227008
0 0.000123568
0

0.158839839993...

0.2 -0.000431568
02 0.00021456

0.2 0.000133504
02 0.15883202
04 -0.000481568
04 -0.0002384
04 0.006267536
04 6.9136E-05
04 0.158837884593...
0.600000000000... -0.00047441599...
0.600000000000... -0.0001788
0.600000000000... 0.00623416

Table: Measurements - [ Show/Update ] [ Save to File ] Load File Data Delete All Data Reset Time
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The data is saved in .csv (comma separated vayitdrimat and can be opened by
Microsoft Excel and other applications.

ome age

B Calibri 1 General Neutral jm ;ﬁ\ a_l 2
3 Copy =l ! (2

- f Format Painter ||| DR |48 =% = ok 5 @ || (SRS LEgeRkotmat
lipboard Font Numb = elis
M4 - £
A B & D E E G H 1 1 K L M N o P a R s T u v w

1 Time  Supply Dummyl 20151 2D15V 6D151 6DISV C4D

2 o -0.00049 -0.00027 0.006227 0.000124 0.15884

3 0.2 -0.00048 -0.00021 0.006239 0.000134 0.158832

a 04 -0.00048 -0.00024 0.006268 6.91E-05 0.158838

5 0.6 -0.00047 -0.00018 0.006234 5.72E-05 0.158854

6 0.8 -0.00054 -0.00027 0.006201 7.15E-05 0.158842

7 1 -0.00052 -0.0002 0.006222 0.00011 0.158848

8 12 -0.0005 -0.00021 0.006246 2.38E-06 0.158836

] 14 -0.00052 -0.00023 0.006232 0.000131 0.158832 €4D Measurements

10 16 -0.00049 -0.00021 0.006258 6.68E-05 0.15883 015888

11 18 -0.00047 -0.00025 0.006234 0.000129 0.158828

12 2 -0.00053 -0.00023 0.006246 0.000107 0.158824 015887

13 22 -0.00046 -0.00021 0.006253 0.000119 0.158832 015886

14 24 -0.00049 -0.00023 0.006217 8.34E-05 0.158832 .

15 26 -0.00046 -0.00023 0.006225 7.39E-05 0.158826 0.15885 7

16 28 -0.00046 -0.00025 0.006215 0.00011 0.158832 01s88a r

17 3 -0.0005  -0.0002 0.006183 3.34E-05 0.158836

18 3.2 -0.00053 -0.00024 0.006253 4.53E-05 0.158838 0.15883

19 34 -0.0005 -0.00018 0.006241 -9.54E-06 0.158836

20 36 -0.0005 -0.00022 0.006227 7.15E-05 0.158s24 | 13EE2

21 3.8 -0.00049 -0.00027 0.006239 4.53E-05 0.158824 015881 -

2 4 -0.00047 -0.00017 0.006283 0.000105 0.15883

23 4.2 -0.00048  -0.0002 0.006234 0.00015 0.158816 0.1588 & L

24 a4 -0.00046 -0.00017 0.006229 0.000124 0.158816 015870

25 4.6 -0.00047 -0.00026 0.006227 0.000124 0.15882 h

26 4.8 -0.00045 -0.00026 0.006253 2.62E-05 0.158822 0.15878 - : : - - - !

27 5 -0.00046 -0.00013 0.006201 9.54E-05 0.15882 0 10 20 30 40 50 60 70

28 5.2 -0.00043 -0.00026 0.006244 0.000103 0.158828

29 5.4 -0.00053 -0.00022 0.006191 8.11E-05 0.158842

Running another Experiment

If you want to run another separation, you needl¢éar the former data. If not, the
new data will continue after the former data.

Make sure live data is not being recorded (e.gkdle “Stop Live Update” button in
the “Chart” tab).

Go to the “Data” tab and click the "Delete All Datautton. Make sure you save the
current data first if required.

Click the “Reset Time” button

Go to the “Chart” tab and click the "Clear Chartitton.

The system is now ready to start a new experimeutalYou need to click “Set All”
in the “C4D Instrument Control” panel even if yoreaising the same values again
before clicking “Start HV switching” to start thew experiment.

After the Experiment

Close the UOHC4D software by clicking the X at tbp right of its window. Click
“Yes” to the “Do you want to close” message.

Close Microsoft Visual Studio 2010. There is nodée save anything from Visual
Studio.

Switch off the measurement electronics power sugplyrently bottom PSU in
stack), positive rail first.

Switch off the digital and high voltage power sypfdurrently top PSU in stack).
Open the HV isolation box.

Carefully remove the electrode holder from abowedhip and place it out of the way.
Unplug the electrophoresis chip board and plaoe ihe lab bench.

Clean the electrode with MilliQ water to avoid asrystal formation.

Close the HV isolation box so that the door isprotruding.

Drain the chip, flush with MilliQ water and injeeir into to it to remove as much
liquid as possible. Place they chip in the desitbag.
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MATLAB

P —*.m file for the calculation of the peristalpamp spectrum

close all; clear all;

data_O=load ('ImM_NaNO2_65_7.csv');
RAW_0=(data_0*12/2"15);
RAW_0=RAW_0-mean(RAW_0);
L_O=length(data_0);
X_0=linspace(0,L_0*0.01,L_0);

Fs=100;

% figure();

% subplot(2,1,1);

% plot(X_0,RAW_0);

% xlabel('Time (s)");

% ylabel('DC Output Voltage with Peristaltic pump&@VDC');
% title('Voltage Output - 1mM NaNO2 - 1M 500Hz -Q4D6');
% grid;

NFFT_0 = 2”nextpow2(L_0);

Y_0 = fft(RAW_O,NFFT_0)/L_0;

f_0 = Fs/2*linspace(0,1,NFFT_0/2+1);
% Plot single-sided amplitude spectrum.
% subplot(2,1,2);

% plot(f_0,2*abs(Y_O(1:NFFT_0/2+1)))
% title('Single-Sided Amplitude Spectrum of the 1gig- 120406")
% xlabel('Frequency (Hz)')

% ylabel('1Y(fI')

% grid;

% xlim([0 10]);

Index_0=find(2*abs(Y_O(1:NFFT_0/2+1))==max(2*abs((1:NFFT_0/2+1))));

data_1=load ('ImM_NaNO2_5_8.csv");
RAW_1=(data_1*12/2"15);
RAW_1=RAW_1-mean(RAW_1);
L_1=length(data_1);
X_1=linspace(0,L_1*0.01,L_1);

% figure();

% subplot(2,1,1);

% plot(X_1,RAW_1);

% xlabel('Time (s)");

% ylabel('DC Output Voltage with Peristaltic pumpS&DC');
% title('Voltage Output - ImM NaNO2 - 1M 500Hz -GUD6");
% grid;

NFFT_1 = 2"nextpow2(L_1);

Y_1 = fit(RAW_1,NFFT_1)/L_1;

f_1 = Fs/2*linspace(0,1,NFFT_1/2+1);
% Plot single-sided amplitude spectrum.
% subplot(2,1,2);

% plot(f_1,2*abs(Y_1(1:NFFT_1/2+1)))
% title('Single-Sided Amplitude Spectrum of the 18i- 120406")
% xlabel('Frequency (Hz)')

% ylabel(Y(f)[)

% grid;

% xlim([0 10]);

Index_1=find(2*abs(Y_1(1:NFFT_1/2+1))==max(2*abs®(1:NFFT_1/2+1))));

data_2=load (‘'1mM_NaNO2_8_9.csv);
RAW_2=(data_2*12/2"15);
RAW_2=RAW_2-mean(RAW_2);
L_2=length(data_2);
X_2=linspace(0,L_2*0.01,L_2);

Fs=100;

% figure();

% subplot(2,1,1);

% plot(X_2,RAW_2);

% xlabel('Time (s));

% ylabel('DC Output Voltage with Peristaltic pump8®&DC);
% title('Voltage Output - 1mM NaNO2 - 1M 500Hz -G4D6');
% grid;

NFFT_2 = 2"nextpow2(L_2);

Y_2 = fft(RAW_2,NFFT_2)/L_2;

f_2 = Fs/2*linspace(0,1,NFFT_2/2+1);
% Plot single-sided amplitude spectrum.
% subplot(2,1,2);

% plot(f_2,2*abs(Y_2(1:NFFT_2/2+1)))
% title('Single-Sided Amplitude Spectrum of the 18- 120406")
% xlabel('Frequency (Hz)')

% ylabel('1Y(DI')

% grid;

% xlim([0 10]);

Index_2=find(2*abs(Y_2(1:NFFT_2/2+1))==max(2*abs@1:NFFT_2/2+1))));

data_3=load ('ImM_NaNO2_10_10.csVv');
RAW_3=(data_3*12/2/15);
RAW_3=RAW_3-mean(RAW_3);
L_3=length(data_3);
X_3=linspace(0,L_3*0.01,L_3);

figure();

subplot(2,1,1);

plot(X_3,RAW_3);

xlabel('Time (s)’);

ylabel('DC Output Voltage with Peristaltic pump @vDC');
title("Voltage Output - 1mM NaNO2 - 1M 500Hz - 12);
grid;

NFFT_3 = 2"nextpow2(L_3);

Y_3 = fft(RAW_3,NFFT_3)/L_3;

f_3 = Fs/2*linspace(0,1,NFFT_3/2+1);
% Plot single-sided amplitude spectrum.
subplot(2,1,2);

% figure();
plot(f_3,2*abs(Y_3(1:NFFT_3/2+1)))
title('Single-Sided Amplitude Spectrum of the Sign&20406')
xlabel('Frequency (Hz)")

ylabel('1Y(f)[)

grid;

xlim([0 10]);
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Index_3=find(2*abs(Y_3(1:NFFT_3/2+1))==max(2*abs@(1:NFFT_3/2+1))));

data_4=load ('1mM_NaNO2_6_12.csV');
RAW_4=(data_4*12/2"15);
RAW_4=RAW_4-mean(RAW_4);
L_4=length(data_4);
X_4=linspace(0,L_4*0.01,L_4);

% figure();

data_4=load (‘'1ImM_NaNO2_6_12.csV');
RAW_4=(data_4*12/2"15);
RAW_4=RAW_4-mean(RAW_4);
L_4=length(data_4);
X_4=linspace(0,L_4*0.01,L_4);

% figure();

% subplot(2,1,1);

% plot(X_4,RAW_4);

% xlabel('Time (s)");

% ylabel('DC Output Voltage with Peristaltic pump&&DC');
% title('Voltage Output - ImM NaNO2 - 1M 500Hz -GUD6");
% grid;

NFFT_4 = 2"nextpow2(L_4);

Y_4 = fit(RAW_4,NFFT_4)/L_4;

f_4 = Fs/2*linspace(0,1,NFFT_4/2+1);

% % Plot single-sided amplitude spectrum.
% subplot(2,1,2);

% plot(f_4,2*abs(Y_4(1:NFFT_4/2+1)))

% title('Single-Sided Amplitude Spectrum of the 18i- 120406")
% xlabel('Frequency (Hz)')

% ylabel(1Y(fI')

% grid;

% xlim([0 10]);

Index_4=find(2*abs(Y_4(1:NFFT_4/2+1))==max(2*abs@(1:NFFT_4/2+1))));

data_5=load (‘'1ImM_NaNO2_9_11.csv');
RAW_5=(data_5*12/2"15);
RAW_5=RAW_5-mean(RAW_5);
L_5=length(data_5);
X_5=linspace(0,L_5*0.01,L_5);

% figure();

% subplot(2,1,1);

% plot(X_5,RAW_5);

% xlabel('Time (s)');

% ylabel('DC Output Voltage with Peristaltic pump3®DC');
% title('Voltage Output - ImM NaNO2 - 1M 500Hz -GUD6");
% grid;

NFFT_5 = 2"nextpow2(L_5);

Y_5 = fft(RAW_5,NFFT_5)/L_5;

f_5 = Fs/2*linspace(0,1,NFFT_5/2+1);

% % Plot single-sided amplitude spectrum.
% subplot(2,1,2);

% plot(f_5,2*abs(Y_5(1:NFFT_5/2+1)))

% title('Single-Sided Amplitude Spectrum of the 1gig- 120406")
% xlabel('Frequency (Hz)")

% ylabel(Y(f)[)

% grid;

% xlim([0 10]);

Index_5=find(2*abs(Y_5(1:NFFT_5/2+1))==max(2*abs®&(1:NFFT_5/2+1))));

data_6=load ('1mM_NaNO2_95_13.csv');
RAW_6=(data_6*12/2/15);
RAW_6=RAW_6-mean(RAW_6);
L_6=length(data_6);
X_6=linspace(0,L_6*0.01,L_6);

% figure();

% subplot(2,1,1);

% plot(X_6,RAW_6);

% xlabel('Time (s));

% ylabel('DC Output Voltage with Peristaltic pump®&DC);
% title('Voltage Output - 1mM NaNO2 - 1M 500Hz -GUD6');
% grid;

NFFT_6 = 2"nextpow2(L_6);

Y_6 = fit(RAW_6,NFFT_6)/L_6;

f_6 = Fs/2*linspace(0,1,NFFT_6/2+1);

% % Plot single-sided amplitude spectrum.
% subplot(2,1,2);

% plot(f_6,2*abs(Y_6(1:NFFT_6/2+1)))

% title('Single-Sided Amplitude Spectrum of the 18- 120406")
% xlabel('Frequency (Hz)')

% ylabel('1Y(DI)

% grid;

% xlim([0 10]);

Index_6=find(2*abs(Y_6(1:NFFT_6/2+1))==max(2*abs@®1:NFFT_6/2+1))));

figure();

V=[566.5899.510];

F_Speed=[f_1(Index_1) f_4(Index_4) f_0(Index_0)(fnéex_2) f_5(Index_5)
f_6(Index_6) f_3(Index_3)];

plot(V,F_Speed,™);

xlabel('Applied Pump Voltage (V)"

ylabel('Frequency (Hz)")

title('Baseline spectrum maximum peak vs Pump suppltage - 1mM NaNO?2 -
1M 500Hz - 120406");

grid;
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LIMPIDS Software documentation

O — List of the available instrument commands

Command Description
VER Print software version/compile date
DATAON Switch data stream on
DATAOFF Switch data stream off

STREAM adcchannel status

Add/remove ADC channel adcchannel from data

stream. Status is O for do not stream this chann

11%

and is 1 if streaming is required.

SETSP adcchannel timer period

Set sample period for ADC channel adcchannel
Timer is 1 for ms ticks and 2 for seconds ticks.
Period is number of ticks of set timer for sampling

interval.

SYSRST

Execute soft reset of microcontroller

FREQ ddschannel frequency

Set DDS Frequency for C4D measurement system.

ddschannel is ignored in current implementatior,
but must be set. frequency is the DDS output

frequency in Hz.

GETACHN

Get details of analogue channels.

READADC adcchannel

Read the ADC (single reading) in channel

adcchannel.

GETINST

Get Instrument Information. Returns the following
system parameter information: Name,
SerialNumber, Version.Major, Version.Minor,
Version.Build, Version.Revision, ProductID,
HasGPS, HasStartTrigger, HasRemoteCommand,

SensorCount.

GETSENS SensorNumber

Get Sensor Information. Returns the following
information for sensor subsystem SensorNumber:
Name, SerialNumber, Version.Major,

Version.Minor, Version.Build, Version.Revision,

NoOfParameters.

GETSNPM SensorNumber ParamNumber

Get Sensor Parameter Information. Returns the
following information for parameter

ParamNumber measured by sensor subsystem

SensorNumber: Name, Group, GroupName,
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HasValue, HasRaw, HasRawAnom, HasAutoCa

HasCalRate, HasSelfTest, MaxRate.Days,
MaxRate.Hours, MaxRate.Minutes,
MaxRate.Seconds, MaxRate.Milliseconds,
MaxRate.Microseconds, RateStep.Days,
RateStep.Hours, RateStep.Minutes,
RateStep.Seconds, RateStep.Milliseconds,
RateStep.Microseconds, MaxCalRate.Days,

MaxCalRate.Hours, MaxCalRate.Minutes,

MaxCalRate.Seconds, MaxCalRate.Milliseconds

MaxCalRate.Microseconds, CalRateStep.Days,
CalRateStep.Hours, CalRateStep.Minutes,
CalRateStep.Seconds, CalRateStep.Millisecond

CalRateStep.Microseconds

BALANCE

Correct the current offset from the current to

voltage converter

PSYNC

Synchronise the signal from the cell and the sig

from the current to voltage converter

hal

AMATCH amplitude

Increase the amplitude of the signal from the

current to voltage converter to suppress the signal

from the cell until the signal reach amplitude

GETRTC [-b]

Get Time and Date from RTC. If the —b qualifier
used the data is sent in binary format (bytes
directly from RTC device) otherwise an ascii tex

time/date string is send.

S

t

SETRTC year month date day hour minute
second
SETRC —b binarydata

Set RTC Time and Date on instrument from
current time on PC. Without the —b qualifier sev
text parameters are required as shown. With the
qualifier the binary data is send directly to the
RTC device.
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