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ABSTRACT

This work is based on the development of an aut@usnsensor for monitoring phosphate
in lake and river water in-situ. The goal was tsige, build and validate an analyser that

is sensitive, low-power, and, most importantly,usb

To tackle these design challenges a new concegdtsofete metered fluid injection was
developed. This concept combines robust solenoitenmg pumps with a microfluidic
lab-on-a-chip. Separate pumps can inject a preackene of reagent and sample into the
lab-on-a-chip. The layout of the microchannels witthe chip direct the flow from the
pumps to achieve precise mixing and the subsequeséntation of the reacted sample to
a spectrophotometer for an absorbance measureigst.concept is scalable allowing

pumps for dispensing calibration and cleaning smhstto be integrated into the design.

To validate whether this concept meets the deskmllenges a prototype analyser was
constructed. The sensitivity of the analyser wasashto be comparable to commercial
phosphate monitors in laboratory trials. Also timalgser was shown to be robust enough
for long term operation when directly validated iagaa phosphate monitor at a waste
water treatment plant over a period of almost 4&da
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INTRODUCTION

This work describes the development of a portahl®raated chemical analyser for
determining the concentration of phosphate in @htwater (i.e. river and lake water).
Although a number of automated analysers are cilyreavailable for measuring

phosphate, they are not portable enough to be ygegplat a waterway to measure the
phosphate in real time. Research into micro Totalpsis Systems (U-TAS) was applied

to design and build the portable analyser.

Phosphate analysers are normally described as ReBgsed Optical Chemical Sensor
(ROCS) as phosphate sensing is usually based afogneetric chemical reagent. The

theory and technology, such as microfluidic anddabka-chip, associated u-TAS is also
described to provide the basis from where the ptatphosphate analyser was designed.
Current technology for phosphate analysis is regtwlong with previous research to

develop a u-TAS for phosphate measurement.

All the technologies were compared to highlight véhthere was an opportunity develop
an analyser based on microtechnology that has cainlgaperformance to current macro-
technology. The goal set was to complete a p-TAS8lyaer for phosphate that has
comparable performance to a commercially availatdero fluidic analyser demonstrating
that u-TAS can be a competitive and potentiallyupiive technology as the prototype
system developed costs much less and is more pmrfaldlisruptive technology is defined
as: “An innovation that creates a new (and unexgBanarket by applying a different set

of values. (e.g., the lower priced Model T Ford}h¢istensen, 2003)

A top-down approach is taken for describing the gpihate analyser developed. The
analyser's design is outlined schematically indigathow each of the components
functioned in the design. The design of the fluislygstem is described in detail as this was
the most critical of part of the analyser and wherffered significantly from past work.

It is then shown how the actual analyser was coostd and its theoretical operating
characteristics are detailed. A description oftibes the performance characteristics of the
analyser were determined is given and the reswdt€@mpared to current technology for

phosphate analysis to show that the design wagn#isant improvement on past research.



CHAPTER 1. LITERATURE REVIEW

1.1 Background

Some scientists believe that the next developmentniernet technology will be a
“seamless interface between the molecular andadligibrlds”. It is envisaged that a vast
number of sensors will collect data from the realrldr and deposit it on internet data
bases. These databases will be accessed by allemahmternet users and systems. At
this moment sensing systems are not small, reliaoleheap enough to realise this vision
(Diamond, 2004).

The MySound project has realised part of this visiy deploying a number of sensing
buoys at Long Island sound, New York, USA. Theseysuare scattered throughout the
sound and transmit data using wireless telecommatiaits in real time to an internet
database. The data can be accessed via a web page the user can view the latest and
historical data. At the moment the buoys used leypifoject are large, expensive and as a
result are limited in number. Improvements in tize nd cost of sensors would see larger

project deployments (Tedesco, 2003).

In 1990 a ‘Miniaturised total Analysis System’ (&%) was proposed. These systems
would be miniaturised laboratories that could belalged where they would measure a
particular analyte on a continuous basis. Thes&f-Would be designed to use the unique

flow patterns of fluids in microchannels (Manz, 099

The main drive in the realisation of p-TAS is fundantal research into the area of
microfluidics, the study of fluid flow at the pmade. The unique features of microfluidics,
has led to the development of the ink jet prinBaigsous, 1977) and in recent years there
has been an explosion of research in microfluiiev fand microfluidic devices (Kamholz,
2004). This includes the developments of micro-psinvalves, mixers, etc. that are used
in u-TAS.

Most microfluidic systems are partly integratedoird single unit, the Lab-on-a-Chip
(LOC). A Lab-on-a-Chip integrates a number of fiume$ such as mixing, pumping,
reaction chambers etc. into a single chip. The ephis similar to the development of the



electronic integrated circuit (IC) in the late 135Where a number of electronic devices
are integrated into a single chip. It is believbdttlike the development of ICs over the
past 50 years (Going from 2 to 30 million+ compdseon a single chip), LOCs will
integrate more and more microfluidic devices intsiagle chip in the coming years
(Geschke, 2004). LOCs have mostly been applied redtising p-TAS but some unique
devices have been developed such as a LOC forotlamgrinsect behaviour by injecting
specific drugs. Such an approach was used to ceed&ro-Air-Vehicle by attaching a
LOC to a moth (Chung, 2008).

Many integrated p-TAS have appeared in the liteeat®ystems developed such as the
analyser for detecting ricin report promising résuHowever the majority of detection
methods are not integrated into complete systerhs. cbmplete p-TAS pictured in the
study by Meager et al. is no more than a mock upvioht a p-TAS might look like
(Meager, 2008).

This and many other systems like it give the imgia@sthat u-TAS is a highly developed
field and new products are just around the corBat.there are still many problems that
need to be addressed before this happens. Currestyarchers are still talking about the
“potential” of microfluidics; “[Microfluidics] canpotentially enable portability, reduced
reagent consumption, reduced analysis time, angased efficiency” (Pennathur, 2008).
There are also many technical problems such asgeitsample from the macro world
and analyse it in the micro world (Mariella, 2008).

1.1.1 In-situ water quality monitoring

Phosphate (P§) is the most common form of the essential plard animal nutrient
phosphorus. This nutrient is a limiting factor metgrowth of most aquatic ecosystems.
Eutrophication is the over enrichment of nutrieinteatural water. This over abundance of
nutrients causes water systems to become overgmen plants and unsightly algal

blooms .

These algal blooms are sometimes toxic and so aa@ & devastating impact on drinking
water supplies. This excessive growth is damagmghe aquatic ecosystem as the

dissolved oxygen normally available to aquatic alsms depleted which can lead to



decimation of fish populations. Human activity e tmain source of excessive phosphate
and other nutrients. This includes the dumpingmifeated and treated waste water from
sewerage systems, agricultural sources such dgzéeg and animal waste, and waste from

industrial processes.

The European Water Framework Directive (2000) nespuimember states to achieve
specific water quality goals by 2015 (European @iunin order to do this more
European waterways will have to be sampled and kahmpore frequently. The manpower
required for this task does not exist within regiig agencies and so there is an incentive
for the development of automated methods of watelity monitoring. The water quality
goal for phosphate is 0.3 mg/L FO

Phosphate is normally monitored manually by coitectand filtering natural water
samples which are stored and later analyzed irbard#ory. The obvious limitations of
these sampling methods are the manpower and tiste@ther implications are the limited
benefit that “snap-shot” monitoring of a particwaaterway’s condition will give. Studies
have shown the need to understand the spatialeangdaral condition of a waterway to
assess risk or to classify a particular water sygtiordan, 2005, 2007).

A recent review of environmental sensing technolbighlighted the need for a more
diverse selection of portable systems for waterliguanonitoring (Bogue, 2008).

Analyser’s for nutrients such as phosphate, niteatd ammonia are limited to cabinet
sized instruments that are not portable and requorsiderable infrastructure to operate.
Indeed, the study conducted by Jordan et al. irgbbuilding a hut at a remote location

and installing and maintaining a large phosphatdyser.

1.1.2 Reagent based optical chemical sensors

A reagent based optical sensor (ROCS) is a sehsbrid based on the utilisation of a
analyte selective reagent for detection. The relaigea chemical that changes its optical
properties on contact with the target analyte. Thange in optical properties is measured
as a change in absorbance or a change in fluorascdiis type of sensor has the
advantage of having a selective and charaterisabfgonse to the target analyte.



There are two forms of this type of sensor. Oneretlthe light is directed through a
dialysis membrane that encloses the reagent tot@abpletector. In this setup the
behaviour of reagent is reversible and the reaigemdt renewed. The other method pumps
new reagent between the emitter and detector fon ezeasurement. The latter method

requires a more complicated system but yields rataiele results (DeGrandpre, 1999).

1.1.3 Beer-Lambert law

With all absorbance measurements the concentrat@onbe determined by the Beer-
Lambert Law shown in Equation 1.1, whekes the absorbance of the samplas the

absorbtivity of the compound, b is the path lengftthe sample and c is the concentration.
The absorbance can be determined ugjras the intensity of the light before reaching the
sample and as the intensity of the light after passing thtotige sample. These equations
show that the factors that will affect the sengiiof this technique are the absorbance

path length and the resolution of the light intgnemeasurement.

A= ¢bc
I
A - l0g10 <TO>

Equation 1.1: Beer-Lambert Law

1.2 Micro Total Analysis Systems

The term ‘miniaturised total analysis system’ (uS)Avas coined by Manz et al. (1990). It
refers to miniaturised devices that perform chetraoalyses that are normally confined to
a fully equipped chemical laboratory operated kamed technicians. Such devices are
based on flow injection analysis, chromatographgl atectrophoresis. In addition self
calibration can be integrated into the design witctronics for automating the analyser.
HU-TAS are employed for the continuous monitoringcbemicals in the environment,

chemical production and for biomedical applications

The initial goal of u-TAS was to use miniaturisatiim enhance the selectivity and lifetime
of chemical sensors. An advantage of miniaturisatvas to reduce the volume of reagent

and sample consumed by the analyser (Reyes, 20@®242002). It was also considered



that completely integrated systems could be deeeldpat integrated miniaturied pumps,
mixers and detectors (Elwenspoek, 1994.)

The typical u-TAS is usually based around a LalaaDhip such as the system developed
by Sequeira et al. (2002). This system used a nédgedetecting ammonia. The reagent
was mixed with the sample in a microfluidic Lab-a#€hip that integrated a micro mixer

and reaction coil. The reagent and sample were pdnaging a bench top syringe pump
and the ammonia was detected by performing an basoe measurement on the reacted
sample and reagent. Another example is a systehusled a reagent and an amperometric
detection for detecting glucose (Lammertyn, 20@iher variations include pu-TAS that

use electro-osmotic flow to move fluid through th@C (Greenway, 1999, Petsul, 1999).

Some U-TAS perform assays using LOCs that move thyi using a number of passive
forces, such as gravity or capillary action (Weid@008). This type of device is easily
miniaturised as no pumps are required and it haa bhown that disposable LOCs can be
created. This area of u-TAS has shown successnierging commercial products such as
the GRAVI® - chip (diagnoSwiss, 2009).

1.2.1 Fluid flow in micro-channels

Although the scale of a micro channel is miniatiime number of molecules present in the
fluid passing through is still in the order of s meaning that the well established laws
of fluid dynamics scale down to the micro-scaleg@ke, 2004). Gravsen et al.
summarised the main formulas governing flow in watrannels in a review of micro
fluidics (1993). The main feature of microfluidics that fluid flow is normally laminar.
This can be confirmed by calculating the Reynoldsiber for a particular fluid in a micro
channel. The Reynolds number is a dimensionlessgevhht is the ratio of inertial forces to
the viscous forces in the fluid. Equation 1.2 dsttiie calculation of the Reynolds number
Re, wherep is densityd is the width or depth of a channgljs the viscosity of the fluid

andV is the velocity of the fluid is travelling at.

dv
Re:p_
n

Equation 1.2: Calculation of dimensionless Reynolds number



For flow to be laminar the Reynolds number hasadélow 2300. For this to be the case
the velocity would have to be low, the viscositgthior the value ofl would have to be
small. In microchannels the valueafs sufficiently small for the flow to be laminamly

in cases where fluids are of low viscosity (e.gr)Aor fluids which are travelling at
exceptionally high speed does the flow become tertiu

Fluid flow through a microchannel can be describesihg the Hagen-Poiseulle flow
equation. This relates the volumetric flow r&ehrough a channel to the fluidic resistance
and the pressure difference between both endedaftthnneAP Equation 1.3.

B mR* AP
0= 8nL

Equation 1.3: Volumetric flow rate through a circular cross-sectional capillary

The fluid resistance is dependent on the lengtth@fchannel L, the viscosity of the fluid
and the cross sectional shape of the channel. iBguat4 shows how to calculate the
fluidic resistance of a channel of a circular cresstion wherdR is the radius of channel
cross section. The calculation for a square cressa is shown in Equation 1.5 whexe

is the length of the side of the channel.

8nL
R4

Equation 1.4: Fluidic resistance in circular cross-sectional channel

28.4547L
a4—

Equation 1.5: Fluidic resistance in square cross-sectional channel

1.2.2 Mixing in micro-channels

Since all flow in a microfluidic mixer is laminahé only mode of mixing liquids is

through diffusion. The only options available tanease the efficiency of the mixing



process is to maximise the interfacial area betviberliquids to be mixed or to decrease
the diffusion path as the diffusion coefficient ahe concentration of the liquid are fixed
values (Aoki, 2006).

x =+V2Dt

Equation 1.6: Einstein-Smoluchowski relation

xZ

t=—
2D

Equation 1.7: Time to complete mixing

Diffusion happens by Brownian motion, the randomvements of particles within a
medium. The time it takes for a solution to mix getely by diffusion is governed by the
Einstein-Smoluchowski relation. It is used to cédtel the distance a particle with a
diffusion constanD will travel in the timet by Brownian motion. This relationship is used
to calculate the time it will take to mix two sabluts in a channel of given dimensiqisee
Equation 1.6 and Equation 1.7). In the equatiothasdimension ok decreases the value
of t will decrease at an exponential rate. This is hitwids can mix rapidly in

microchannels

Figure 1.1 shows two fluids being mixed in a T-nixBoth fluids are travelling at the
same volumetric flow rate. The distance x is Hadf width of the channel leading from the
T-mixer. When both fluids meet at the T junctioreythflow in parallel as the flow is
laminar. Both fluids diffuse into each other reggtin a homogenous solution after a
period of time. The length the fluid travels befdres mixed is determined by the velocity
of the fluid leaving the mixer multiplied by therte it takes the two fluids to mix by

diffusion.
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Figure 1.1: Molecular diffusion in a microfluidic T-mixer

The Peclét number relates the velocity of the flilogv V to the diameter of the chanrel
and the coefficient of diffusiorD (see Equation 1.8). This number is used as a
representation of the efficiency of the mixer amchormally used for comparison (Hessel,
2004).

b, Vd
°=D

Equation 1.8: Calculation of Peclét number

The collision of two liquids at a T, Y or V junctids the most common method of mixing
currently used by researchers due to that that¢haybe fabricated on a single chip layer.
Many studies have been carried out on how flow aaie the channel geometry affect the
mixing efficiency. The conclusions of these studies that the sharper the collision angle
the more efficient the mixing and this effect ireses with flow rate. The study of these
simple mixers have led to the development of exélgrafficient mixers that colloid many
fluid flows at different angles (Nagasawa, 2005s0Amixers that split the flow into many
thin lamine and recombine them are very efficientteey reduce the value nf(Hessel,
2003, Hardt, 2003).



The mixing ratio between two fluids in a micro mixe determined by the ratio of flow
rate between the streams. If the flow rate of e $treams is identical the fluids will mix
at a 1.1 ratio regardless of the absolute valuthefflow rate (Takabayashi, 2008). If the
volumetric flow rate of one stream is greater thiaa other the resulting mixed fluid will

have a higher concentration of the fluid with tmeager flow rate.

1.2.3 Modelling of microfluidic systems using equivalenglectronic circuits

Given that there is no method to accurately desdhle behaviour of microfluidic systems

using a schematic drawing, a growing number ofaeteers borrow the symbols from

electronic schematics. The basis for this is treagy between Ohm’s law and the Hagen-
Poiseulle’s equation (see Figure 1.2).

V+
P, Q P,
o
< L >
GND AP =P, -P,

Figure 1.2: Comparison of resistive circuit and flow of fluid through a channel

In the analogy the pressure and voltage are anadogoeach other, as is fluidic resistance
and electric resistance, as well as volumetric fiate and electric current. Since the
relationship between each of variables is the shm@nalogy holds (see Equation 1.9 and
Equation 1.10)

v =Iir

Equation 1.9: Ohm’s law
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AP = 8nL
=0 mR*

Equation 1.10: Hagen-Poiseuille’s equation

This method has been used by a number of researttheesign or describe microfluidic
systems. Such as a flow focusing systems (Knigh981 Lee, 2001), systems for
simultaneously generating a multitude of concernat of fluids (Yamada, 2005, Sun,
2008) and micro pumps (Shen, 2008)

1.2.4 Pumping Technology

A large number of different types of pumps havenbeged with uTAS, these are usually
bench top units such as peristaltic pumps, syripg@ps, piston pumps and pneumatic
pumps (Pennathur, 2008). These pumps offer a waager of performances and are

suitable for microfluidic applications.

However most of these systems have high power ocopison and are not compact enough
for integration into a microfluidic chip and so yheemain external to the system. Another
method of pumping takes advantage of electro-osnflotiv (Haswell, 1997, Brask, 2006).
lons will flow through a conductive medium with &h potential difference across it
(>1000V). The size limitation of the high voltagarisformers limit the integration of this

form of pumping into chips.

Figure 1.3: MDP1304 piezo electric actuated micropump from ThinXXS

Micro-pumps have been under development for oveyezs (Laser, 2004). Most of these

pumps operate by reciprocation of a piston or diagim with a wide array technologies
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used for actuating them, including electro magnetipiezo electrics and hydro gels
(Nguyen, 2002). The direction of flow through thewp is normally rectified by a pair of
micro check valves placed at the inlet and outfehe pump. Although many designs of
pump have been developed most are not reliablegbntube used in uTAS. Only one

type of micro pump is commercially available asthime (see Figure 1.3).

1.2.5 Lab-on-a-Chip

A Lab-on-a-Chip (LOC) is the integration of a numbélaboratory functions into a single
chip such as the mixers and pumps described ircti@ipter. The development and role of

the LOC is analogous to that of the integratedudirc

In the early part of the 30century there was practical limit to the complgxif electronic
devices produced. It became increasingly diffi¢alreliably manufacture systems made
up of many components. The more components in e¢hed the less reliable it was. This
problem was called the ‘Tyranny of numbers’ (Tharsz002).

This problem was eventually solved with the develept of the integrated circuit (IC) in
the late 1950s. In an IC a large number of eleatrdevices are integrated into a single
chip. It is this integration that allowed more amdre complex electronic devices to be
developed in subsequent years.

The development of the LOC is driven by the develept of microfabrication technology.
As the technology improves more and more functicars be integrated into a single chip.
Early examples are hybrid systems where some fumctguch as mixing and detection are
integrated into the LOC and pumps and valves rematernal to the chip (Tamanaha,
2002). Some researchers have been able integiatanations required to perform a
bioassay into a single chip although the complexitythe chip made it difficult to
manufacture (Liu, 2004). More recent LOCs have bable to integrate microvalves
directly in to the chip (Hulme, 2009). Some chims/én complex 3 dimensional layouts
owing to their layered designs (Flachsbart, 2006tiiMoto, 2008)

LOCs are made from a large variety of materialse fWost popular being silicon, glass,
polycarbonate (PC), cyclic olefin copolymer (CO@plymethylmethacrylate (PMMA)
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and polydimethylsiloxane (PDMS) (Piruska, 2005).téfimls are chosen depending on the
application, for example PMMA has good optical mxgs where as COC has good
biocompatibility characteristics (Yi, 2008). Chipsade from low temperature co-fired

ceramics have also appeared in the literature (@&ala2005)

Most recently, methods for rapid prototyping LOGs/é been developed. This involves
the assembly of prefabricated microfluidic blocksam alignment board (Rhee, 2008), or
using prefabricated microfluidic stickers that dam stacked to create an LOC (Bartolo,
2008). There is also a type of programmable LOCre/laephotopresponsive hydrogel can
be used to create specific channel geometries tgrpang with UV light (Sugiura, 2009).

1.3 Current technology and methods for phosphate deteicn

There are a number of commercially available angesmental technologies for
monitoring phosphate. The term “Analyser” is usediéscribe an entire sensing system.
Commercially available analysers are automatedesystthat are reagent based optical
chemical sensors. A portable manually operatedyaenlis also presented with an
experimental LOC based phosphate analyser. Therpghce of each of the analysers are
summarised at the end of the chapter.

Some analyser’s quote their performance in termstaf phosphorus within the phosphate
(mg/L P-PQ*). This is done by calculating the mass of phosphdn the phosphate
sample. Phosphate is composed of 4 oxygen atomsrenghosphorus atom. Phosphorus
has an atomic mass of roughly 31 and oxygen hast@mic mass of roughly 16. This
gives phosphate an atomic mass of 95 ((16 x 4))+Tie phosphorus in the phosphate
makes up 33% of the atomic weight (31/95 = 0.3388)calculate the total phosphorus in
solution of phosphate the concentration of the phate is multiplied by 0.33. To make a
comparison all analyser’s discussed here will héregr characteristic quoted in terms of
phosphate (P)
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1.3.1 Commercial Systems

For phosphate monitoring there are a number of certially available systems. Both low
end and high end versions are presented here alithga portable hand held phosphate

analyser.

The AZTEC P100 (Severn-Trent, UK), (see Appendixi®\p low end online phosphate
monitor. It is an automated system based on theg/bhdehum blue method of phosphate
detection. Its features include sample digestiam-point calibration, self cleaning and
self diagnostics. The analyser uses a single ptomp and an array of valves for moving
liquid around the system (see Figure 1.4). Two ngxinits are used for mixing acid with
the sample to digest it and for mixing the molyhdmnblue reagent with the digested
sample. The colour of the reacted sample is meddwea lamp, a 690 nm optical filter
and a photodiode. The analyser is controlled amrddéta collected is logged by an on
board microprocessor. A sample rate of 1 to 6 sasypér hour can be set and the analyser
has a limit of detection of 0.3 mg/L RDand a detection range of 0.3 to 7.5 mg/L.PO
The analyser can be adapted to give a detectiogerah 0.9 to 22.5 mg/L P®. The

installation of one of these analysers costs ab80000.
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Figure 1.4: Schematic of AZTEC P100 (Appendix A)
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A high end phosphate monitor is the TresCon OP2¥TW, Germany), (see Appendix

A). It is of similar design to the Aztec P100 asistautomated and has a two-point
calibration routine. It is based on the vanadomdéytumphosphoric acid method of
phosphate detection. It is a more advanced systeinteas a lower limit of detection of

0.15 mg/L PQ* compared to the AZTEC P100. The detection rangésis greater at 0.15

to 9 mg/L PQ>.

The two systems described above are not portalleexjuire mains electricity to operate
so cannot be easily employed for measuring phospdtad remote location. For measuring
phosphate at remote locations a hand held coloeime#n be used (see Figure 1.5).
Samples are manually collected and mixed with geeain a cuvette before being placed
in the colorimeter for the analysis. The colorinngte calibrated by measuring a blank
before analysing the reacted sample. The Pockeadri@adter Il (Hach-Lange, Germany)
(see Appendix A) is portable battery powered amnal lspa adapted for a wide range of
analytes. The version for measuring phosphate hiasteof detection of 0.15 mg/L and a
range of 0.15 P& to 4.5 mg/L PQ*.

Figure 1.5: Hand held colorimeter (Pocket Colorimeter I, Hach-Lange, Germany)
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1.3.2 Lab-on-a-Chip based phosphate analyser

The development of the LOC based phosphate anateeed with the work of Bowden et
al. (2002). A flow injection analysis system thatilised the vanadomolybdenum
phosphoric method of phosphate detection (Yellowhaowd) was developed. The system
used a bench top syringe pump to inject reagentsantple in to a Lab-on-a-Chip. The
colour of reacted sample was measured by using a WAD and bench top
spectrophotometer. It was shown that reagent wiiabéel to be used in conjuction with
microchannels. The LOC system was used to sucdlssfatect phosphate in both
phosphate standards and real river water samphssllater demonstrated that the Yellow
method was suitable for a field deployable instrotres the reagent used had a lifetime of

up to a year (Bowden, 2003).

The portable phosphate analyser reported by McGtaal. (2007) was an autonomous
system based on a Lab-on-a-Chip and the yellow odettf phosphate detection. It
contained all the fluid handling and electronic paments necessary to work without
assistance for a period of 7 days at a sampleofageery 15 minutes. The analyser was
split between two polycarbonate enclosures. Thectreleics for control and

communications were contained in one enclosure. fllndics and LED-Photodiode

spectrophotometer were contained the other endogur 8 meter communication cable

connected the two parts of the analyser (see Fih@éje

The reagent and waste were stored in polyethylays land sample water was drawn
through a 0.45 pm pore size filter positioned om dtside of the enclosure. A miniature
dual channel peristaltic pump was used for pumpmgd through the fluidics, one pump

channel for the reagent and the other for the samgiter. For each measurement the

pump was switched on for 10 minutes and pumpedL26f both reagent and sample.
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Figure 1.6: Layout of Lab-on-a-Chip phosphate analyser (McGraw, 2007, Cleary, 2008)

The lab-on-a-chip mixed the reagent and samplegusiii-mixer (see Figure 1.7). After
the reagent and sample reaches the optical wintdevildw is stopped and the reagent is
allowed to react with the sample for 5 minutes. ®pécal window consists of a square
cross-section channel of 200 x 200 um. The chasiselpentine route winds between the
LED and Photodiode in the spectrophotometer, thas done to maximise the area the
light passes through. This resulted in a 200 pmh panhgth for the absorbance

measurement.

The analyser’s electronics controlled the pump tak measurements from the LED-
Photodiode spectrophotometer. It was also capddéoang up to 40 measurements with
its internal memory. The GSM modem was used forrnamcating data. In operation the
user would make a data call to the analyser usiognaputer equipped with a modem.
Data could then be downloaded from the analyseesnory. A 12 V, 7 Ah lead acid

battery was used to power the analyser.
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Figure 1.7: Layout of Lab-on-a-Chip

The analyser demonstrated a limit of detection.®fig/L PQ*> and a linear range of 0.9
to 60 mg/L PQ*. However it was shown that the analyser’s outpifted over time
causing the limit of detection to increase to 4&IPQ,>. This drift in was attributed to

the staining of the optical window of the LOC by tleagent.

To reduce the drift in the LOC analyser Clearyle{2008) added a valve for switching
between the sample and a blank solution. The valas switched for every second
measurement allowing a blank measurement to be .mids blank measurement was
used to compensate for drift in the analyser. lEduB shows how the valve is integrated
into the analyser.
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Figure 1.8: Schematic of Lab-on-a-Chip phosphate analyser (McGraw, 2007, Cleary, 2008)

The modified LOC analyser (Sensor) was validateaireg an AZTEC P100 phosphate

analyser (Plant monitor). The results from thedation are shown in Figure 1.9. It can be
seen from the data that although there is gooctladion between both analysers, near the
end of the plot there is a deviation. This dematsf that the integration of the blank was
not sufficient to completely eliminate drift in th€®C analyser’s output. It was suggested
that a better calibration routine would be requit@tmprove the data.
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Figure 1.9: Data from 21 day validation at waste water treatment plant
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In the plot there as a number of spikes in the datput of the plant monitor that do not
appear on the plot of the LOC analyser. These wieosvn to be caused by the fine filter
on the LOC analyser excluding larger particles. plat monitor had a coarser filter and
also included a digestion step in the phosphatesurement, so was able to measure the

phosphate in samples with high amounts of partieula

1.3.3 Comparison of phosphate analysers

The four phosphate analysers described in thisteh@pe summarised in Table 1.1. The
AZTEC and TresCon analysers represent a low endhagid end automated phosphate
monitors respectively. The Pocket Colorimeter laiportable handheld instrument that is
operated manually. The LOC analyser can be destdben instrument that combines the
automation of the Aztec and TresCon analysers g portability of the Pocket

Colorimeter Il. What is clear from the comparissrthat the detection performance of the

LOC analyser needs to be improved in order to coéenyéh commercial analysers.

Detection Range

Make Developer (mg/L PQ®) Comments

LOC Analyser McGraw/Cleary 0.9 - 60 Portable, Automated
AZTEC P100 Severn-Trent 0.3-75 Automated
TresCon OP210 WTW 0.15-9 Automated
Pocket Colorimeter I Hach-Lange 0.15-45 Porabl

Table 1.1: Comparison of commercial and experimental phosphate analysers

The work of McGraw and Cleary represent steps tdwvam self contained portable
analyser. It is clear that improvement in the sensgcuracy (Drift was present) precision
(Limit of detection of 0.9 was not satisfactory)dalifetime (Analyser trial was only 21

days and lifetime of battery was 7 days) shouldnizgle to make the LOC analyser a

viable alternative to current commercial technology
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1.4 Objectives

Having reviewed the current state of the art if seihtained, automated p-TAS for
phosphate, performance and reliability is an iskueminiaturised analysers. But the
compact size and low power consumption confer aeggs in terms of deployment. In
the case of commercial analysers the size and powaresumption limits the number of

places they can be deployed.

The goal of this work was to develop an autonompadable analyser that was self
contained, maintenance free and capable of maintathe quality of the data output over
its lifetime. The analyser developed was to havéopmance characteristics similar to low
end commercial monitors. The purpose of develogingautonomous portable analyser
was to provide a replacement for the current teldgyofor phosphate monitoring that is

cheaper and is easier to install.

The phosphate analyser was developed from the dregnrather than attempting to
improve the design of McGraw and Cleary (2007, 208&ey factor in its design was the
use of microfluidics to reduce the amount of cheisicconsumed per phosphate assay.
Reliability of the analyser was based on limitifge thumber of moving parts, thus
reducing the modes of failure. Also the power comstion of the components selected

was considered in order to maximise the operatitieiime of the analyser.

The method of detection was the vandomolybdenungitwe acid ‘Yellow' method of
phosphate detection. This has been shown to workh WLED-photodiode
spectrophotometers (McGraw, 2007, Cleary, 2008)s Tiethod is ideal for automated

systems as the reagent used has been shown ta kawg lifetime (Bowden, 2003).

To demonstrate that the design of the analyser loleee@ had improved equivalent
performance and robustness, it was compared dirg¢otla commercially available
phosphate monitor installed at a waste water treatnplant to demonstrate that the

miniaturised analyser could be used to substituteent technology.

Chapter 2 and Chapter 3 describe the design gbribietype phosphate analyser in detail

as there were a number of system components. Tihre design is summarised here. The
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layout of the analyser developed is shown in Figui®. The analyser included bottles for
storing the reagent, calibration solutions andralegsolution; a sample port for collecting
the water sample to be analysed; an array of smlgmamps were used for pumping the
required liquids through the microfluidic lab-orehip (LOC). The LOC had the function
of mixing the reagent and sample. It also presetitedeacted sample to a photodiode and
LED for an absorbance measurement. The analyseplsamas then pumped to the waste
storage. All of the fluid handling and analyticabngponents were controlled by a
microcontroller unit (MCU) that also performs thata acquisition and stores the data in a
flash memory unit. A GSM modem was used to comnataidche data via the SMS
protocol to a laptop computer.

Electronics Board
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Flash Ports GSM Storage || Solutions

Memory <
y Modem
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A 4
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Outputs
MCU [N\ Por | T~ .
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Figure 1.10: Schematic of LOC phosphate analyser

The difference between the design of this phosphastyser and previous analysers was
the selection of solenoid metering pumps for mowviggid in the system. This type of
pump was chosen for its high reliability and simplesign. Peristaltic pumps used in
previous designs were problematic over a long denb time as the frictional forces

applied to the tubing caused them to wear out.
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It was shown how a solenoid pump, that does naveteflow on a continuous basis but in
discrete doses, can be employed in a suitableidlgigbtem integrating a microfluidic Lab-
on-a-Chip. The LOC was fabricated using up to d&ebrication methods for
manufacturing chips with 3 dimensional layouts. Tesign included an LED-Photodiode
spectrophotometer as this had been used succgssfutionjunction with the ‘Yellow’

reagent and microfluidic analysers.

The analyser was controlled by a low power microadier unit (MCU). Integrated with
the MCU was flash memory for storing data collectedta could also communicate using
a GSM modem. This type of communication was usetth@snfrastructure required for it
to operate in available in most areas in Ireland.nfake the design portable low power
components were selected to so the analyser camdoff a battery for a reasonable
amount of time. A fused deposition modelling (FD8D) printer was used to manufacture
parts to assemble the analyser. A robust enclosaseused to contain the whole analyser

and protect it for its lifetime.

In operation the analyser mixes the reagent angleawater at a ratio of 1:1 and moves
the reacted solution to an optical cuvette. The iHidtodiode spectrophotometer then
measures the absorbance. A 2-point calibrationoaesed out by mixing a blank and then
phosphate standard with the reagent. The absorludribe two solutions was measured to
compensate for drift in the sensor. All data wasetistamped and stored in the flash
memory chip. The data collected was also perioljitednsmitted using the GSM modem.

Objective: Design and build specifications for fiwtable analyser for phosphate in this
work were that it shall be:

» equivalent to low end commercial phosphate anadyseterms of limit of detection
range of detection and sample frequency. The cogiat@nalyser used as a design
guide is the Aztec P100 (Severn Trent, UK). Thedsin range of this analyser
was 0.3 — 7.5 mg/l P® and had a maximum sample rate of 6 samples per hour

e cheaper than low end commercial phosphate analyBleesAztec P100 costs
around €70,000 to install.

» easier to install than low end commercial phosphatdysers. The portable

analyser should require a limited infrastructureider for it to operate.
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CHAPTER 2. DESIGN APPROACH FOR FLUIDICS

The design of the analyser included solenoid meggoumps. When actuated these pumps
dispense a set amount of liquid. They are a préseimnology and can have long life times,
for example the pumps tested in this chapter hairfetame of up to 20 million cycles
(120SP, BioChem Valve, USA), (see Appendix A).

In this chapter an equivalent electronic circuitafsolenoid metering pump based on
experimental results is presented. This circuilged to demonstrate how mixing can be
performed using a T-mixer, represented by a resigwork. Finally the complete

concept for the phosphate analyser is presentas.deESign integrated an LED-photodiode

spectrophotometer.

The final system design is presented schematiceliyg an equivalent electronic circuit.
The purpose was to show that the operation of ansal metering pump can be used
efficiently by using theory of flow in microchansel Since the presented system is

theoretical it is not directly compared to a typstp flow system.

2.1 Discrete metered fluid injection

The analyser was based on the injection of a premisount of fluid into a network of
micro-channels. Before the system was designedé¢haviour of a metering pump was
characterised. The pressure profile of the selediecharging pump was measured and a
mathematical model was developed. This model wasd u® create an equivalent

electronic circuit to describe the behaviour of ploenp.

Since the fluid dispensed by these pumps is at aod@me no flow measuring technology
was needed to determine the volume of fluid pumpéds is of great importance to
microfluidic systems as flow in microchannels regsithe integration of sophisticated
instruments to measure flow on the puL scale. Ano#ltvantage is ease of control. The
metering pumps are operated by supplying a voléagess the solenoid for a short period
of time (~1 second). The majority of micropump tealogies focus on pumps that supply
continuous flow and are operated by supplying Higquency signals, in some cases at a
high voltage (Amirouch, 2009).
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2.1.1 Pressure profile of metering pumps

The pump selected for the experiment was the 1208 Pump (Biochem Valve, USA).
These pumps have size, power consumption, smalmldispensing and high reliability

characteristics that make them suitable for mimiséad analysers.

This pump is based on the displacement of a VITOdN&hragm by a 12 V solenoid

actuator. The flow through the pump is rectified dheck valves, one positioned at the
inlet and the other positioned at the outlet. Tiisnp dispenses 20 puL for a complete
stroke. According to the data sheet the maximumuiytressure of the pump is 0.35 bar.

However, no data on the precision or repeatalolitthis parameter is given.

Figure 2.1 shows a diagram of a solenoid meterimgnp The pump is actuated by a
solenoid actuator and a return spring. There ituager attached to the iron core of the
solenoid and when this is pulled it creates suctit pulls the diaphragm. This happens
when the solenoid is energised. When the diaphmagwves out, the volume in the pump
chamber increases as fluid flows into the pumpsnidea. When the solenoid off, the iron
core and plunger are pushed by the return sprihg. diaphragm is compressed pushing

the liquid out of the pump chamber.

Directionl

Pump of flow Diaphragm Solenoid

Check
Valves

Spring

Direction Plunger Iron core
of flow

Figure 2.1: Solenoid metering pump
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An experiment was run to acquire data detailingptesssure output of a solenoid metering
pump during the return stroke. This information wa&eded to determine how fluid will

flow when it is injected into a microchannel. Thariation in pressure between different
pumps of the same type and the repeatability of gressure was measured. This

information was useful when evaluating the finahlgser.

Pressure Sensor

Tubing

Reservoir
(Distilled water)

\

V\

Direction of flow

Pump

Figure 2.2: Experimental setup for measuring the pressure output of a 120SP micro pump

To measure the output pressure of the pump a pesistive differential pressure sensor
(PK 80083, Honeywell, USA) was used. One port angtressure sensor was connected to
the outlet of the pump with a T-connector and ttleeowas left open to the atmosphere.
The open port on the T-connector was connected2® em length of TEFLON® tubing
(Omnifit, UK). The internal diameter of the tubimgas 0.8mm. The experimental setup is

shown in Figure 2.2.

The output of the pressure sensor was measuredCloynpactDAQ (National Instruments,
USA) with a C series analogue input module (Natidnastruments, USA). A LabVIEW
program was written to record the measured dasaMicrosoft Excel file at a sample rate
of 500 Hz.

Distilled water was used in the experiments. Theapuwvas actuated by supplying a 12 V
square pulse of 1000 ms. At the end of the pulsg@timp began to dispense liquid.
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Three separate pumps were tested. The pumps wees nsed before the experiment.
Each pump was actuated three times and the presmafile recorded. Point for point the
mean of the measured pressure was calculated &agivaverage result for each of the

pumps. The results for the three pumps are detal&dyure 2.3.
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Figure 2.3: Pressure profile of metering pumps discharging fluid

The results from the pumps show a decay from th&man pressure to zero. This
exponential decay is analogous to the discharga oépacitor in a Resistor-Capacitor
circuit. This interpretation agrees with the modia diaphragm pump developed by Shen
et al. (2008). There was a variation in the maxinpuessure between the pumps. This may
be due to differences in the pumps manufacture.affeet of this variation in maximum
pressure on the complete system using these pusrgbeown in Chapter 4. For the rest of

this chapter the behaviour of the pumps is assumbd ideal.
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2.1.2 Description of metering pump using equivalent elecbnic circuit

In order to design an analyser based on meterimgppLan equivalent electronic circuit
was developed that represents the behaviour ohdinvidual pump. Electronic models
were compared with fluidic models do determine egjeint parameters. This information

is used to draw the schematic for the electromizudi

In electronic circuits capacitance is defined asaitkdl in Equation 2.1. Where is
capacitancey is voltage andg is electric charge. This analogous to the equatoyn
compliance as detailed in Equation 2.2. Wheéris the compliancelV is the volume of
the pumping chamber antlP is the pressure difference between both sideshef t
diaphragm. Capacitance is analogous to complias@apacitance it the ratio of charge to
voltage and compliance is the ratio of volume tespure applied.

q
c=-
v

Equation 2.1: Capacitance

AV

C=—
AP

Equation 2.2: Compliance of pump diaphragm

With an analogue between compliance and capaci@mesistor Capacitor circuit that is
analogous to a diaphragm and microfluidic system bea created. Equation 2.3 and
Equation 2.4 detail the equations regarding thegthg and discharging of a capacitor in a
resistor-capacitor circuit. The charge of the cépa® is determined by the total charge
the capacitor can hol@;, the time elapsed and the time constaRC. The equation

governing the discharge of a capacitor throughsssta@r is the inverse of Equation 2.3.

q= qf(l _ e—t/rc)

Equation 2.3: Charging of capacitor in RC circuit

—t/rc

q=qre

Equation 2.4: Discharge of capacitor in RC circuit
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These equations can be converted to the fluidicvatgnt by letting chargg be equivalent
to the volume of the pump chamh&¥, electric resistance be analogous to fluidic
resistanceR, capacitance be analogous to complianég As such, the equations for
governing the behaviour of the metering pump aszideed in Equation 2.5 and Equation
2.6

AV = AVf(1 — e~t/RC)

Equation 2.5: Fluid being drawn into metering pump

AV = AVye~t/RC

Equation 2.6: Discharge of fluid from metering pump

Figure 2.4 shows a Resistor-Capacitor circuit artiaphragm filled through a tube. The
two systems are analogous to each other and thigoredhip between the two systems was
used to draw an equivalent electronic circuit af 8olenoid metering pump detailed in

Figure 2.1.

V+ Diaphragm

Figure 2.4: Resistor-Capacitor, Metering pump diaphragm analogy

To create the equivalent electronic circuit for fh@mp in Figure 2.1 a schematic was
developed that shows the metering pump switchingdsen the states were fluid is drawn
into the pump (see Equation 2.5) and when the pismischarging (see Equation 2.6).

Figure 2.5 shows the equivalent electronic cirfaita solenoid actuated metering pump.
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K1

Vsol
T 4 2
N
D++ GND
N K1 gnd
C1
gnd

Figure 2.5: Equivalent electronic circuit for solenoid metering pump

C1 represents the compliance of the pump diaphragdhthe two diodes represent the
check valves of the pump. R1 represents the fluelsistance of the tubing leading to the
pump inlet and R2 represents the fluidic networ& pump injects the fluid into. The
solenoid actuator is represented by the relay Kils $witches the pump from drawing in
fluid and discharging fluid. The switch is shown time normally open position. The
maximum pressure of the pump is represented.byRil is the fluidic resistance of the
tubing leading from a fluid reservoir to the punipdetermines the length of time the

solenoid has to be switched on for the pump to dratlve maximum amount of fluid.

The pump described in Figure 2.5 is assumed tadeal.i The inlet/outlet pressure, the
volume pumped and performance of the check valvesbased on fixed values. The
circuit simulates of the ideal operation 120SP migpump (BioChem Valve, USA). The
variation in performance as detailed in the pungasa sheet (see Appendix A) is not
incorporated into the equivalent electronic circlite circuit was used to analyse the fluid
flow through the system. It is shown in Chapterofvirandom and systematic variation

between different pumps affects the performanddemicrofluidic system.
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2.2 Fluid mixing using discrete metered fluid injection

Work by Yamada et al. (2006) has demonstrated ahatimber of mixing ratios can be
achieved by varying the layout of the fluidic netloln the system the ratio of fluidic
resistance of the two channels leading to a T-mixegrsely relate to the resulting mixing
ratio. Their design was based on two key assumgtidhat the viscosity of the two fluids
to be mixed was identical as this will affect th@dic resistance of the channels and, the
pressure at the end of both channels leading t@ #mxer is equal. An important note is
that the total flow rate and the coefficient offd#ion of the fluids to be mixed will not
affect the ratio of mixing. The ratio of flow ratefthe two streams meeting at the T-mixer
inversely relate to the mixing ratio, the magnituafethe two flows will have no effect
(Provided the Reynolds number of the flow is beR2@0).

These properties can be used to create a systémmitkess fluids accurately using solenoid
metering pumps. A T-mixer is integrated for mixifigids of the same viscosity. In the
case where fluid is to be mixed at a 1:1 ratiodhannels leading to the T-mixer were of
equal fluidic resistance. A metering pump is cotegdo the beginning of each of the two
channels leading to the T-mixer. The equivalenttedaic circuit of the mixing system is

shown in Figure 2.6.

R3 and R4 represent fluidic resistance of the matrannels leading to the T-Mixer. R5
represents the fluidic resistance of the outleke Vbltage sources ‘Reagent’ and ‘Sample’
represent the maximum pressure of the pumps. Tésspres of the pumps were assumed
to be equal. R1 and R2 are the fluidic resistamte¢le tubing leading to the inlets of the
pumps. These values do not have to be equal, bytdb determine the length of time it

takes for the pumps to fill to their maximum volume

— ND ND —
Sample G G Reagent

R2

gnd gnd gnd

Figure 2.6: Equivalent electronic circuit for mixing of two fluids using metered fluid injection
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In operation the solenoids K1 and K2 are switchedy Vs, which simultaneously flips
the switches charging both capacitors. The solen@thain on until both capacitors reach

the same voltage as ‘Reagent’ and ‘Sample’.

When both capacitors are fully charged the solen@ce simultaneously deactivated
flipping the switches back to the normally openifiass. Both capacitors then begin to
discharge through the resistor network. Since #ststance of R3 and R4 are equal and
voltages of the capacitors start at the same bxeeturrent passing through R3 is equal to
the current passing through R4. This relation htdds throughout the discharge cycle of

both capacitors.

In fluidic terms when the solenoids are actuatexlghmps draw fluid through the inlets
and the diaphragms expand. When both pumps hawndnathe full amount of fluid the
solenoids are switched off. At this point both pwigegin to inject fluid into the micro
channel network. The fluidic resistances of thencieds leading to the T-mixer are equal.
When the pumps discharge they start at an equs$ymme and that pressure decreases at an
equal rate. The result is that the flow rate ahlotets of the T-mixer is equal for both

fluid flows. When the fluid flows meet at the T-gtion they mix at a 1:1 ratio.

In this system the flow rate from the pumps wilirsthigh but will eventually approach
zero. The length of channel the fluids travel befibrey mix will start long but will shorten
until it approaches zero as the flow rate decrea&ssthe flow is not continuous it is
important in this system design that the intern@lme of the micro channel network is
less than the combined internal volume of the punipe time for the fluids to mix in this
system is determined by the Einstein-Smoluchowsl&tion (Equation 2.7) wheteis the
time, x is half the channel width in cm arfd is the coefficient of diffusion of the
molecules to be mixed. It should be noted that/giecity of the fluids does not factor into
this equation.

x2

t=——
2D

Equation 2.7 Time to mix
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2.3 Concept for ROCS using discrete metered fluid injeton

Simply being able to mix a reagent with a water gams not enough to create a fully
functional reagent based optical chemical sens@QR). It is necessary to integrate a
spectrometer into the design to take an absorbaresurement of the reacted sample.
This spectrophotometer has to be calibrated taniéte what the baseline and gain of the
absorbance measurement is. The design has to acémurdrift over time due to
degradation of the spectrophotometers componeasttgpdrature variation and changes in
ambient light. So this effect the ability for theadyser to perform a 2-point calibration is

needed.

Also the performance of the pumps are not idea¢ah operation. A number of factors are

assumed to be equal between separate pumps. Dfésyen pump pressure and volume

pumped are likely cause the analyser to drift fitsypredicted performance. The analyser
needs to be calibrated initially to determine thegmtude of these systematic errors, as is
shown in Chapter 4.

A problem specific to ROCS can also cause drifbath the baseline and gain. The work
of McGraw et al. (2007) highlighted the need fanaasurement of a blank to compensate
for drift in the output of the phosphate analyserspnted. Staining of the Lab-on-a-Chip
caused the absorbance measurement to increasemeeHowever, with the addition of a
blank measurement, drift was still present in asedyoutput (Cleary, 2008). Staining
causes a decrease in resolution of the analyseeagmin is reduced.

It is also a requirement that the effect of tharshg is reduced by the integration of a self
cleaning function into the analyser. Cleaning carabhieved by pumping distilled water
through the microchannels. This strategy is useddii the AZTEC P100 and TresCon
OP210 to self clean (see Appendix A).

2.3.1 Description of phosphate analyser using equivalemlectronic circuit

To describe how the fluidics of the completed asathfunctioned, a schematic represented

by an equivalent electronic circuit is shown inlig 2.7.
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The analyser consisted of 6 identical solenoid nmeggoumps that inject into a network of
microchannels. To perform a phosphate assay, sawgikr was mixed with the reagent
and the colour measured. The pump for the sampletlam pump for the reagent were
positioned opposing channels leading to the T-mixdre pumps for the blank and
phosphate standard were also positioned oppostteetpump for reagent. For mixing to
be carried out at a 1:1 ratio the fluidic resisear@f R13 must be equal to R14.

Furthermore, R7, R8, R9 and R11 must also be egsalting in a 1:1 mixing ratio for all

solutions.
Vsol K3 Vsol
1 2 2 1
GND GND
Standard Cleaner
T R3 g o R9 R10 o 5 R4 T
K3 K4
[sH ['B
C3 Ca
gnd gnd
Vsol k2 KS Vsol
1 2 2 1
GND GND
Sample Reagent
T R2 s o R8 R13 R14 R11 a s RS T
K2 K5
o o
c2 C5
[5e)
gnd & gnd
K&
Vsol Vsol
1N |2 ﬂg E’g
GND GND
Blank Cleaner
—E R1 5 o R7 R12 o s R6 ]—
K1 K6
o Spectrophotometer o
C1 Cé
gnd gnd gnd

Figure 2.7: Equivalent electronic circuit for phosphate analyser

The pumps for the cleaning solution were positiosedhat they inject from the same side
as the reagent. Their positioning is not criticatlze fluid they dispense was not mixed and
must only wash through the microchannels at thetsgghotometer. The intention was to

keep the design of the system symmetrical.
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The check valves on the solenoid metering pump® wadtical to the operation of this
system, represented by diodes in Figure 2.7. Té@gte the pumps from the microchannel
network when they were not injecting fluid. This ane regardless of what solution is

being mixed with the reagent the effective fluidistem acted as described in Figure 2.6.
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CHAPTER 3. CONSTRUCTION OF PHOSPHATE
ANALYSER

This chapter describes the implementation of thiglit system described in Chapter 2. To
create the complete phosphate analyser the flgigitem was combined with an LED-
Photodiode spectrophotometer, temperature sengbithennecessary chemicals. All the
fluid storage and handling, electronic and opticamponents required to make the

functioning analyser are detailed here.

The microfluidic lab-on-a-chip was an implementatiof the microchannel network
detailed in Figure 2.7. The chip contains a T-mixar area for presenting the reacted
sample to the analyser's optics and, microchanfmisconnecting these components

together with the inlets and outlet of the chip.

The chip was fabricated from poly methyl methade/IPMMA) using a micro milling
machine, chip layers were machined individually &odded together thermally after UV
surface treatment to create a multilayered 3 diimeas chip. The full design and

fabrication method are described in this chapter.

The reagent used was the vanadomolybdenumphospamdcmethod (yellow method)
and has been shown to have a lifetime of over aa YBowden, 2003). This reagent
forms no precipitate so can be used in a microftuahip. In practice the reagent was
mixed at a 1:1 ratio with the sampled water. Tinspsified the design of the fluidic chip.
The reaction takes place over 2 to 60 minutes dpgron temperature and absorbance
can be measured below 400nm (Bowden, 2001, 200 .allowed the use of an LED and
Photodiode for the absorbance measurement (McGt@@#). The only major drawback
of this reagent was that it is composed of an agive acid that readily corrodes stainless
steel. This means that all wetted components haé toade from inert plastics.

It is also shown in this chapter how the phosplaatalyser was integrated into a self

contained field deployable platform. The analys@swontained in protective enclosure
with a control board, communications system andwagp supply.
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3.1 Analyser fluidics

3.1.1 Pumps

The solenoid metering pump selected for the analyses the 120SP miniature solenoid
metering pump (BioChem Valve, USA). The pump’s e@tparts are made from inert
materials thus making them suitable for the yelf@vosphate reagent. The dimensions of
the pump are 25 mm in diameter and 64 mm high. oAigh its dimensions are small

enough for it to be integrated into a portable gs& the pump would not be classed as a

micro pump (Laser, 2004).

64 mn

«—>
25 mn
Figure 3.1: 120SP Solenoid metering pump

A portable system must be able to run off a batterya reasonable amount of time. The
pumps were also suitable due to their low powersaomption. The solenoid in these
pumps actuates at 12V and draws 320 mA. The maxicyate rate of these pumps is 2
Hz, at a 50% duty cycle the maximum on time is Gs&6onds. This equates to 26 x°10

Wh of power consumption per cycle. This level ofveo consumption would allow a 1.5V

1000mA AA battery actuate the pump nearly 6,00@8m

The amount of liquid dispensed by this pump ishi tnicro litre range. As the pump was
not designed to be coupled with microfluidic chdartee amount of liquid dispensed was
in excess of what is needed. At a 20 pL dispensana the pump would move liquid 0.5
m down a 0.2 x 0.2 mm square cross sectional agidlary. The reliability of the 120SP
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was a key factor in its selection for the analysemormal use it is capable of up to 20
million cycles. This is enough cycles to pump 4@@$ of fluid.

Pumps with smaller dispense volume are available tbese do not have the same
precision in pressure and dispense volume. Exanuflaékis are the 090SP (BioChem

Valve, USA), the dispense volume is 8 pL but trepdnse volume precision is + 25% (see
Appendix A)

For mounting the pump has two M4 screw holes atttipe The pump can be mounted
vertically in any direction or horizontally with ¢houtlet facing upwards. Tubing is
connected using the two %4"-28 UNF ports for theti@nd outlet.

Six pumps were required for the completed analysach of the fluids to be used had its
own pump. This negated the need for valves in tedyaer’s fluidics. There was one
pump for sample water, one pump for the reagerd, gumps that were used for a two
point calibration and a further two pumps for clegnsolutions. The check valves in the
pump ensure that the pumps were isolated from theahannel network when they were
not being used.

3.1.2 Design of Lab-on-a-Chip

The microfluidic lab-on-a-chip mixed a number afifls with a T-mixer. There was also a
cuvette for holding the reacted sample for the ym®als optics to perform an absorbance

measurement.

With microfluidic devices special consideration nbe made regarding air bubbles. The
analyser design presented in Chapter 2 is notatiol¢o bubbles. Any bubble present in the
system would affect the level of phosphate measuried round surface of the bubble and
difference in refractive index between water andvabuld cause light to scatter, thus
increasing the absorbance measurement. A bubble atsm become trapped at a
constriction or at a sharp turn (Jensen, 2004hi$f were to happen in the optical cuvette

in the analyser the absorbance measurement wodtfdmted.
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Bubbles can also affect the rate of fluid flow im&rochannel since air is compressible. If
a bubble is within a channel section and a pressrapplied across it the bubble
compresses. In this situation the fluid flow raeddoe the bubble is faster than fluid flow
rate after the bubble. Additionally, when the puessacross the channel is reduced the
bubble expands as the pressure normalises. Thiesdie fluid flow rate after the bubble
to increase. In the case of an analyser where atecumixing is a critical factor in its

operation a bubble can have a serious effect opdHfermance.

A common method for eliminating bubbles from a rmofliridic device is to introduce a
bubble trap or debubbler into the design. This hawvevould not be feasible in a portable
analyser. A bubble trap, although simple in cortdiom, merely traps bubbles and does not
let them pass a certain point in the device. Wham hany bubbles are trapped it
overflows, rendering the trap ineffective. Activebdibblers, although effective, can be
complicated devices that would be difficult to mtate into a portable analyser (Skelly,
2008).

As the integration of bubble trap or debubbler chcages the design of the analyser the
strategy undertaken was to design a Lab-on-Chipishtolerant to bubbles and not trap
them. The layout allowed bubbles to pass through_.thC unobstructed. In this case when
a bubble was present it affected the mixing andsomeament performance of the system
only once. In subsequent measurements the bublsigushed through the LOC so that it
did not affect further measurements. Bubbles cartdresidered analogous to noise on

electronic signals, an interference that causesysem to deviate from the ideal.

Microchannels

The microchannels in the Lab-on-a-Chip had a csessional area of 200 x 200 pum in the
channels leading to and from the T-mixer. This wilsure the flow is laminar and the T-
mixer will function as intended. Transitional flaand turbulent flow regimes are achieved
when the Reynolds number exceeds 2000. In a chafrg)0 x 200 pm cross sectional
area with distilled water flowing through at rooemiperature (20° C) the velocity of the
liquid would have to exceed 10 m/s to achieve asitenal flow regime as calculated in
Equation 3.1Re is the Reynolds numbe#, is the viscosity of watep is the density of
water,Dy, is hydraulic diameter of the channel and the velocity of the fluid flow.
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Dyv
Re Py

Re -7
pDp

V =

. 2000 X 1 x 1073
"~ 1000 X 0.2 x 1073

V= 10m/s

Equation 3.1: Calculation of velocity needed for a transitional flow regime

Given that the pump selected had a pressure of 888535000 Pa) the length of the
microchannel would have had to be short to reachulocity. The volumetric flow is
calculated in Equation 3.2. This value was usedatoulate the length the channel would
have to be to achieve this volumetric flow rateegiwhat the pressure is 0.35 bar using the
Hagen-Poiseulle flow equation Equation 3@Q.is the volumetric flow rate in m/s,
28.454zL/a" is the inverse of the fluidic resistance in chdrofesquare cross section and
AP is the pressure difference across the channel. mhemum length required is
calculated as 3.2xT8. In the design of the LOC the length of the chatesding from the
pump to the waste container would have to be lems the calculated value for the flow to

become turbulent.

Q=a’xv

Q =0.04x107°x 10

Q=0.4x10"°m3s7?!

Equation 3.2: Calculation of volumetric flow rate
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28.454 -7 L
Q=""———AP
a

L=
28454 -n-AP

L - 0.4 x 107 x 0.0008
"~ 28.454 x 0.001 x 35000

L=32x10"13m

Equation 3.3: Calculation of minimum channel length required for transitional flow

The layout of the microchannels integrated into lthb-on-a-Chip are detailed in Figure
3.2. Each of the channels has a 200 x 200 um eexg®nal area. The length of each of
the branches leading to the T-mixer is 2.5 mm. Th&n arbitrary length, as explained in
Chapter 2 the magnitude of the fluidic resistanisesiot important provided the flow
remains laminar. What was important in the desifrthes LOC was that the fluidic
resistances of all flows leading to the T-mixer @vequal. This resulted in the 1:1 mixing
ratio required for the analyser to function. Thyolat detailed in Figure 3.2 was fabricated
into a single layer of the PMMA substrate.

T-Mixer
Standar(i lCIeaning solution
2.5
2.5 2.5
Sample—» <«—Reagent
2_51 25 |25
BIankT TCIeaning solution
I
To Cuvette

Figure 3.2: Layout of microchannels (Dimensions in mm)
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Cuvette

The cuvette was the part of the LOC where the eshsiample was held while the

absorbance was measured by the LED-Photodioderspbotometer that is described

fully later in this chapter. The path length of ttievette was made long to increase the
limit of detection in the finished analyser. Sirtbe design had two right angle turns the
shape of the cuvette was such that it would beegtdxde to trapping bubbles. Special

attention described below was made to circumvasttoblem.

The cuvette was a cylinder 1 mm in diameter anch8imheight. Fluid entered the cuvette
through 200 x 200 um channel with a square crosigsose Once in the cuvette the fluid
flows up and around the bend at the top of the tten(€igure 3.3). The end of the cuvette
was curved and the cross section of the channginigaway from the cuvette was of the

same shape.

Channel with Round
Cros«-Sectior Curved End

\ of Cuvette

Direction
of Flow

_____ — A
1
;

Channel with Square
Cros«-Sectiot

Figure 3.3: Layout of optical cuvette/fluidic via

This configuration allowed a bubble that was laegeugh to span the diameter of cuvette
to pass through and not become trapped. As a bubisigherical in shape it matched the

shape of the cuvette cross section. When thereavpasssure difference across the cuvette,
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caused by the actuation of the pump, fluid was lenad flow around the bubble and

pressure applied across it.

Computational studies of bubbles in microchannaks $hown that a bubble can be ejected
by applying enough pressure across it (Jensen,)2094he case of the 200 x 200 pum
channels with the square cross section the inadefis&lic resistance caused a large
pressure difference across the bubble and allowgdabble to be easily ejected from the
channel. However, if the cuvette had a square esson it would have a lower fluidic
resistance. Fluid would be able to flow around babble and pressure applied across it
would not be great enough to move it along the ohhn

At the end of the cuvette the channel turned agla engle. This change in direction was
likely to cause a bubble to become trapped in teer. In the design the cuvette the cross
section of the channel leading away was roundhis ¢ase there is no area where fluid
would be able to flow around the bubble, thus tlesgure across the bubble remained high

enough to eject the bubble from the cuvette.

The 3 dimensional shape of cuvette layout was machin 3 layers of PMMA. The
microchannel leading to the cuvette was embeddeideilbottom layer. The cuvette was a
cylindrical hole through the PMMA layer above. Titoeind cross section channel leading
away from the cuvette was made of two sectionsh Bettions were semicircular channels
machined into the top and middle layers which wimerted formed a single channel with a
round cross section. The same construction was fesedlowing fluid to flow vertically

between layers of the LOC.

Lab-on-a-Chip interconnects

The final part of the LOC design was the fluiditeirtonnects by which fluid entered and
exited. PEEK® tubing which is rigid was insertededily into the LOC via a friction fit.

The type of tubing that was used was PEBKbing 1/6" outer diameter, 0.8 mm inner
diameter (Upchurch Scientific, USA). The hole faceiving the tube was machined

through two of the layers.
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When assembling the LOC a piece of PERKbing was cut to 20 mm in length and
inserted into the hole. The diameter of the holat tthe tube was inserted into was
machined to the outer diameter of the tube withSatdélerance. This means that the tube
was able to be inserted by hand, but was tight gindo give a reasonable seal. This
method was similar to a method of creating fluighterconnects using hollow steel pins
instead of PEER tubing developed by Chen et al. (2009). To ensluieeseal was water
tight, epoxy glue (Araldite Epoxy Glue, Radionic&lL. Ireland) was applied to the joint
where the tube meets the top PMMA layer.

PEEK® Tube
\ / Epoxy Glue
PMMA | |
Layel
PMMA : . .
4«—— Direction
Layer ¥ of Flow
----- f—— T
PMMA
Layel
Front View
Bottom View

Figure 3.4: Left: layout of fluidic interconnect

Complete Lab-on-a-Chip

Figure 3.5 shows the three layers of the Lab-orhig.CEach of the layers were bonded
directly to create a three dimensional layout (Sgere 3.6). Fluid entered the LOC via the
six inlet channels. These channels met at the Termwhere flow continued to the cuvette
via the forward channel. The fluid then flowed ieally through the cuvette and around
the bend as detailed previously in Figure 3.3. flind flowed through the return channel
to the fluidic via where it passed down to the tmitayer where the fluid flow reached the

outlet. The total internal volume of the LOC was|d3
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T-Mixer

& 6 inlet channels orward Channel

Figure 3.5: Exploded view of chip

Inlets

Figure 3.6: Side view of Lab-on-a-Chip showing 3 dimensional layout
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The dimensions of the top and bottom layers werg 326 x 1.5 mm and the dimensions of
the middle layer were 35 x 20 x 2.5 mm. When allldyers were bonded directly together
the resulting LOC is 35 x 20 x 5.5 mm in size.

3.1.3 Fabrication of the Lab-on-a-Chip

The chip design was manufactured by machining e&athe layers using a micro-milling
centre (CAT-3D-M6, DATRON, Germany). The machinegdrs were cleaned and the
mating surfaces were treated by UV irradiation beetbe LOC was assembled in a jig and

the layers bonded under heat and pressure.

The substrate used in fabricating the LOC was podéghyl methacrylate (PMMA). This
polymer was used because it was optically transpai@vn to 254 nm wavelength of light
and has low auto fluorescence (Piruska, 2005). PMMAQid and is soft enough to be

milled effectively.

The main reason for its use in fabrication of th@d_was so the chip could be bonded
using the low temperature direct bonding methocetiged by Tsao et al. (2007). In this
bonding method the surfaces of the PMMA to be matedrradiated by UV light at 184.9
nm and 253.7 nm. The light at 184.9 nm breaksQo free radicals and the light at 253.7
nm breaks the polymer chains at the surface oPM#&IA. The free radicals form oxygen
containing functional groups that are incorporaitéd the surface of the PMMA. This
results in a more energetic surface that has eekamgdrophilicity. The advantage of this
method is that the polymer does not have to beebealbove its glass transition
temperature to from a bond thus the channels drdaformed.

Micromilling

Two thicknesses of PMMA sheet were used in the ri@ature of the LOC. 1.5 mm thick
sheets were used for the top and bottom layeraaghl mm sheet was used for the middle
layer. The sheets were cut into 90 x 90 mm sectaonts 6.5 mm diameter holes were
drilled at each of the corners for mounting theises on a CNC milling machine.
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A 5mm thick sheet of PMMA was also cut into an 880xmm section to act as a support
when the PMMA section to be machined was placethemmilling machine. This section
also had 6.5 mm holes drilled to each corner. Turpgse of the support was to prevent the
substrate from flexing while it was being machine¥MA was used for the support as it

allowed machine tools to pass through the subsivat®ut becoming damaged.

The CNC milling machine used was the CAT-3D-M6 (CRON, Germany). It has a
precision of 3 um, a maximum spindle speed of 8D REPM, an 80 x 80 mm work area
and has an automatic 4 slot tool changer. The Coie evas written using the Excalibur
CAD/CAM package.

To mount the PMMA substrate the 5 mm PMMA suppoaswplaced on the table mount
and the PMMA substrate was placed on top. Four N2® xm bolts were passed through
the corner holes and fastened to the table mounoltb the substrate and support in place
(see Figure 3.7).

Figure 3.7: Machining of PMMA substrates on micromill
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The milling of the LOC layers was split into a nuenlof operations. First the channels
were machined, then the holes for the via and ¢ewvéhen the holes for the fluidic
interconnects were milled to the correct diametat finally the layer was cut from the
substrate. The LOC’s microchannels were machineatie 1.5 mm thick bottom layer,
bottom half of the round cross-section return clefntihe cuvette and via were machined
into the 2.5 mm thick middle layer and the top hafifthe round cross-section return

channel was machined into the 1.5 mm thick toprlaye

Heat generated by the friction of the cutting tecah be problematic when machining
polymers. The glass transition temperature of PMiglAapproximately 90° (Tsao, 2007).
Should the temperature of the machine tool risevalbois level the substrate deforms and
IS not cut properly by the machine. In this case slbstrate has to be discarded. To
prevent this from happening distilled water wasduse coolant.

When milling a channel of square cross-sectionraimgll was used. The 200 x 200 pm
microchannels were machined using a 200 um dianegteémill (DATRON, Germany).
The channel was cut in 4 passes each stepping 86wmm. A shallow dept of cut was
used to reduce the amount of material being reménead the substrate during machining
thus reducing the amount of torque being exertethermachine tool. The feed rate was
set to 2 mm per second as the slow speed redueesntbunt of heat generated during
milling. Due to the small size of the milling tale spindle speed was set to 15,000 RPM.

The channel with the round cross-section was mddev@ semi circular cross-section
channels. These channels were milled using a 1mimibgDATRON, Germany). The
ballmill cut through the substrate with 4 passe®.B6 mm steps. The spindle speed was
set to 9,000 RPM and the feed rate was 10 mm gende

The holes for the cuvette and via were drilled ggril mm drill. The spindle speed of the
drill was 6000 RPM. Material was removed from tledehin 100 um steps each time the
drill removed a step it is retracted fully from thele to allow the debris to exit. The

plunge rate of the drill was 2 mm per second.
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The holes for the fluidic interconnects were maetinsing a 1 mm endmill. The hole was
machined by contouring the diameter of the holeagighe 1mm endmill. The diameter of
the hole was 1.587 mm (1/16"), the diameter of REEK® tubing. The mill moves in a

clockwise direction so that no burr was left on tléside of the hole. The mill cut down to
the thickness of the substrate plus 0.5 mm in sbé@s25 mm. The feed rate of the mill

was 10 mm per second and the spindle speed wa3 BPNI.

The final part of machining a chip layer was to itdtom the PMMA substrate. This was
done with a 2 mm endmill. The endmill was set tgpandle speed of 7,000 RPM, a feed
rate of 20 mm per second, and cut down throughsthiestrate in 0.5 mm steps. The
endmill moved around the LOC layer in a counteckWise direction so that a burr was
not left behind. The 35 x 20 mm LOC layer was auitlmy machining 0.5 mm deeper than

the thickness of the substrate.

Figure 3.8 shows the 3 finished layers of the L@@er machining the layers were
sonicated in distilled water for 1 hour to remokie tlebris from milling. The layers were
dried by blowing compressed nitrogen over them.yTlvere then rinsed with isopropyl

alcohol to remove any organic matter.

Figure 3.8: Layers of Lab-on-a-Chip
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For the layers to be bonded together they werdiated with UV light to make the mating
surfaces hydrophilic. The lamp used was a 400W angroV lamp (2000-EC, Dymax,
USA) that radiates light from 180 nm to 400 nm. Tamp was placed 10 cm above the
chip layers and the surfaces were irradiated famidute to make them hydrophilic. The
top and bottom layers were irradiated on the side their channels and the middle layer
was irradiated on both sides.

The layers were then assembled using a custonthig. was fabricated using a FDM 3D
printer (Dimension SST 768, Dimension Printing, USRigure 3.9 shows the Lab-on-a-
Chip being assembled in the jig. The jig was preésseng G-clamps exerting the required
pressure of 3 MPa on the LOC layers (Tsao, 200/ jig was then placed in an oven
preheated to 85° for 2 hours so that the LOC lalyersled.

Figure 3.9: Assembly of Lab-on-a-Chip in 3D printed jig

The bonded LOC was removed from the jig and wamsnaltl to cool to room temperature.
Seven 20 mm lengths of 1/16" outer diameter PEEIing (Upchurch Scientific, USA)
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were cut and inserted by hand into the holes ferflilidic interconnects. The LOC was

then placed in an oven preheated to 85° for 30 tento relieve stress from around the
inserted tubing. This was done to prevent crackiinipe PMMA around the tubing (Chen,

2009). The completed LOC was shown in Figure 3Ekbxy glue was applied where the
tubing meets the PMMA on the LOC to ensure thairiterconnect was water tight.

Figure 3.10: Completed Lab-on-a-Chip

3.1.4 Sample collection, fluid storage and plumbing

Sample port

The water sample was drawn into the analyser thraud.45um pore diameter filter
membrane (Sup8r PALL Corporation, USA) that was held in place pglycarbonate
plates that were 60 x 60 x 8 mm (see Figure 3.htl) sealed with TEFLORI O-rings
(McMaster-CARR, USA). The sample port plates wewnuaiactured by milling machine
(M.A.D.S Inc., USA). The port had a %"-28 UNF por the back to allow tubing to be
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connected. The sample port was mounted on thedeutdithe enclosure (described later in
this chapter).

Figure 3.11: Components of sample port

Chemical storage

The reagent, calibration solutions and cleaningtswis were stored in five square 250mL
high density poly ethylene (HDPE) bottles (NAIGENB18-0250, Nalge-Nunc, USA).
Two square 1L HDPE bottles were used for storingtev@hemicals (NALGENE 2018-
1000, Nalge-Nunc, USA). Both types of bottle hadh®8 screw tops.

The bottle caps used (Q-Series, Bio-Chem Valvegd 88 mm thread and had ¥4"-28 UNF
ports and were fitted with TEFLONcheck valves which allowed air into the bottle to
replace the liquid pumped out without letting gasfem the chemicals to escape and
corrode the systems components (see Figure 3.12).

52



TEFLON®
Check Valve

Q-Series
bottle cap

250 ml HDPE
bottle

Figure 3.12: 250 ml HDPE bottle with Q-series bottle cap and TEFLON® check valve

Tubing and interconnects

TEFLON® tubing of 0.3 and 0.8mm ID with an outer diameied/16" was used for the
fluidic connections between components. Tubing nfesle TEFLON® has good strength
and is chemical resistant while having a small irared outer diameter and is still flexible.
Tubing like PEEK is too rigid to be used. TYG®Ns flexible but has a large outer
diameter and is used mostly on barb connectorsiadao flexible to be fitted with a nut
and ferrule.

The end of the TEFLORItubing was fitted with a cone shaped ferrule and’£8 UNF

nut (Omni-Lok, Omnifit, UK). The fitting could besaembled by hand and required no
tools other than a scalpel for cutting tubes todberect lengths. The end of the tube was
cut flat then the nut was passed over the tube fdinele was then placed on the end. Nut
was then screwed into a flat bottomed %"-28 UNR.pbne ferrule was squeezed against
the tube holding it securely and the end of theeamas squeezed against the bottom of the
Y4"-28 UNF port creating a seal
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Figure 3.13: Diagram of Omni-Lok Inverted Cone Fitting System (Omni-Lok, UK)

TEFLON®
tube

TYGON®
Collar

PEEK® Tube . --——=--

Figure 3.14: Connection of TEFLON® tubing to Lab-on-a-Chip

Six lengths of 0.8 mm inner diameter tubing weretol250 mm in length and both ends
were fitted with the ¥”-28 UNF nut and ferrule. Théing was used to connect the
sample port and the bottles to the six pumps. 3rhm lengths of 0.3 mm inner diameter
tubing were cut and one end was fitted with theZ&YUNF nut and ferrule. The other end

54



was connected to the LOC by using a 1.5 mm innemdter section of TYGONtubing
(Upchurch Scientific, USA), (see Figure 3.14).

3.2 Reagents and standards

The solutions required for the completed analyserew250 ml of reagent, 250 ml of 10
mg/L phosphate standard and 750 ml of a blank Q_rplgbsphate standard. 250 ml of the
blank standard was used in calibration and theroB®® ml was used as a cleaning
solution. The chemicals used in the analyser wezpgved in the same way as McGraw et
al. (2007) and Cleary et al. (2008). All solutionsre prepared with Milli-Q deionized
water (Milli-Ro Plus 30 System, Millipore, USA).

3.2.1 Blank and cleaning solution

The blank and cleaning solution were composed efséime solution. It was made by
mixing 1 L of deionized water with 2.25 ml of sulpit acid (Fisher Chemicals, UK). The

sulphuric acid was used to preserve the blank eahing solution.

3.2.2 Phosphate standards

A 50 mg/L stock solution of phosphorus, in the fasfrphosphate, was made by dissolving
0.6585 g of anhydrous potassium dihydrogen phosptfdtka, Switzerland) in 1 L of

deionized water. 2.25 ml of sulfuric acid (Fishere@icals, UK) was added to preserve
the stock solution with the blank and cleaning sofu 0 — 50 mg/L standard solutions

were prepared from dilutions of the stock solutiath deionized water.

3.2.3 ‘Yellow’ Reagent

The reagent was prepared by dissolving 7.143 gnoh@nium molybdate (A-7302, Sigma-
Aldrich, UK) and 0.358 g of ammonium metavanad@2@565-9, Sigma-Aldrich, UK) in

95 mL of concentrated hydrochloric acid (37% wt. water) (926, BDH Laboratory
Supplies, UK) and 905 mL of water.
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3.3 Electronics for analyser

3.3.1 Design of LED-photodiode spectrophotometer

An integral part of the phosphate analyser's desigas an LED-Photodiode

spectrophotometer. As stated before the compaetasiz low power consumption make
the design ideal for portable analysers. Such speeters are used successfully in
phosphate monitors (TresCon OP210, WTW, Germany) handheld colorimetric

instruments (POCKET Colorimeter Il, Hach-Lange, iGany).

In order to design the LED spectrophotometer tregantteristics of the ‘yellow’ phosphate
reagent had to be quantified. Figure 3.15 showsatisorbance spectra for 12 separate
solutions of phosphate ranging from 0.025 mg/L @nd/L. Each of the solutions was
mixed at a 1:1 ratio with the phosphate reageiat 1® x 10 mm square cuvette before the
absorbance is measured by a benchtop UV-Vis spexitometer (Agilent Technologies,
USA). The absorbance of deionised water was alstuded in the experiment as a

reference.

Absorbance of Phophate Solutions and Yellow
Reagent

Absorbance (Au)
o
(6}

330.0 345.0 360.0 375.0 390.0 405.0 420.0 435.0 450.0 465.0 480.0 495.0 510.0 525.0
Wavelenght (nm)

—H20 ——0.025 mg/L 0.05 mg/L 0.1 mg/L ——0.2mglL
——0.3mglL — 04 mg/l — 05 0.6 mg/L 0.8 mg/L
——1.0my/L — 5.0 mg/L 10 mg/L

Figure 3.15: Absorbance spectra of varying concentrations of phosphate mixed with reagent

56



In plot it can be seen that solutions of phospheatd the reagent absorb light below
400nm and that this absorbance is proportionahéoaimount of phosphate in the solution
as predicted by the Beer-Lambert law. The absodmamreases exponentially as the light
wave length decreases. In order for the spectropheter to be suitable for use with the
yellow reagent an LED that emits light at a peakvelength that is absorbed by the
reagent had to be selected. This LED had to beledupwith a photodiode that was

sensitive to the peak wavelength of the LED.

An LED of peak wavelength of 375 nm was chosen fioe spectrophotometer
(NSHU590A, Nichia, Japan) (see Figure 3.16). Thes@length was chosen as it is below
400 nm but not below 360 nm where the absorbandbeophosphate reagent increases
rapidly. A wavelength below 360nm would not be dese as the peak wavelength of an
LED varies with temperature and this would causeiremeased level of noise in the

absorbance measurement.
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Figure 3.16: Emission spectrum of UV LED (NSHU590A, Nichia, Japan)

To limit the effect of ambient light on the speg@hotometer a photodiode that is sensitive
to UV light was chosen. Figure 3.17 shows the raspity of the UV photodiode (EDP-
440-0, Roithner Lasertechnik, Austria). It has akpeesponsivity of 440 nm and a
bandwidth that includes 375 nm required for thetptimde to function with the UV LED

chosen.
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Figure 3.17: Responsivity spectrum of photodiode (EDP-440-0, Roithner Lasertechnik, Austria)
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Figure 3.18: Trans-impedance amplifier circuit

The LED was switched by a bipolar transistor. Tlo#age power supply was smoothed
and held at 5V by a linear voltage regulator (TPEBD®BYV, Texas Instruments, USA).
The photocurrent of the photodiode was converted wltage and amplified by a trans-
impedance amplifier, (see Figure 3.18). The opemati amplifier (TLV2772, Texas
Instruments, USA) was powered through a 3.3 V livedtage regulator (LP2985-33DBV,
Texas Instruments, USA) to give an output range 3.3 V.
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Figure 3.19: Holder for Lab-on-a-Chip and spectrophotometer

Figure 3.20: Components of holder for LOC and spectrophotometer

The LED-Photodiode spectrophotometer had to beledupith the cuvette in the LOC. A
3D printed holder was designed to do this (DimemsBST 768, Dimension Printing,
USA). This method was also used successfully fa #ahignment of fibre optics by
Scarmagnani et al. (2008). The holder was madd tquoparts, a base plate, an enclosure
for the electronics, a collar for the LOC and aarofor LOC (see Figure 3.19 and Figure
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3.20). The base plate held the photodiode andretecs in place. The enclosure was
placed over the electronics to protect them. Théarcdeld the LOC in place over the
photodiode and the LOC cover held the LED in plager the LOC. The holder was

printed in black to block ambient light from intering with the spectrophotometer.

The arrangement of the LED and photodiode in m@hatid the cuvette in the LOC is shown

in Figure 3.21. Two masks in the form of a 10 xn® black insulation tape (Radionics,

Ireland) with a 1mm diameter hole punched throughdentre were placed on either side
of the LOC. This was done so that the majorityh& light entering the photodiode passed
through the solution held in the cuvette.

4_
Direction CU\;ét_t_e_ Masks
of flow

—

- Photodiode

Figure 3.21: Positioning of LED and photodiode relative to cuvette

3.3.2 Temperature sensor

The temperature sensor used for the analyser wasMI335 precision temperature sensor
(National Semiconductor, USA). This temperaturessemvas used as it is easy to calibrate
and its output is on a linear scale. The sensorimtagrated into the holder for the LOC

and spectrophotometer to give the temperatureeofitid in the LOC.
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3.4 Standard operating procedure of sensor

For the analyser to accurately detect phosphateudt go through a set procedure to
complete the assay. Before the analyser was usatkfecting phosphate it was primed to
remove any air that may be present in the LOC dintietubing in the fluidics. This was
done by actuating each of the analyser's pumpsguence until no more air is passes
through the outlet of the LOC. This process is sawtiomatic, the used initiates the
priming sequence and inspected the outlet tubénminore air passes from the outlet.

When performing a phosphate assay the first steptovaurge the tubing leading from the
sample port to the sample pump. This replaced @ahgoke water from the previous assay
with new sample water. The length of the tubing &8 mm this equates to roughly 125
pL of fluid. In order to purge this volume the sdenpump was actuated 10 times which
purged 200 pL of fluid. Next the LOC was purgedhwateaning solution. This is done by
simultaneously actuating the two pumps for clearsalyition thus purging the LOC with
40 pL.

Then the reagent and phosphate standard, a sotftiamown concentration of phosphate,
were simultaneously injected into the LOC and a#ldwio react. The reaction time is
dependent on temperature as demonstrated by Gleaty(2008). Figure 3.22 shows how
the reaction reaches equilibrium after a periotié at 10° C. For this reason the analyser
was programmed to wait a number of minutes in ofdethe reaction to complete. The

reaction time varies between 2 and 60 minutes.

After the phosphate standard is reacted an absmeb@easurement was taken. The LED
emitter was pulsed for 1 second so that it warmsTagn the LED was pulsed for 100 ms
during which time the ADC connected to the photdditoransimpedance amplifier output
was sampled. 100 ms was as this was approximdtelyamount of time it takes for the
ADC to take a sample, The LED was pulsed and th€ ABmpled a further 127 times and
the mean of all the ADC samples was calculated. OBP is pulsed to minimise the
amount of time the LED is on, thus reducing theenir consumed. The number returned
from the ADC ranges from 0 to 4095 depending onititensity of the light measured.
Although not necessary, the calculated mean was shbtracted from 4095 to give the

inverse of the light intensity reading. This giv@gseudo-absorbance measurement that
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makes the raw data from the spectrophotometerretasread. This number is then stored
and the LOC is purged with 40 pL of cleaning salnti
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Figure 3.22: Reaction time of yellow reagent at 10° C (Cleary, 2008)

The sample and reagent were then injected intb. @@ and allowed to react for the same
amount of time as the standard. When the solutiad reacted the absorbance was
measured by the LED-Photodiode spectrophotometeg tise same procedure used when
measuring the reacted standard. The mean of 128umeaents was calculated the inverse
of this value was stored. The LOC was purged fohial time with 40 uL of cleaning

solution.

The final step was to inject the blank and reagetat the LOC. The solution was left to
react for the same amount of time as the standadidtee sample. After which the LED-
Photodiode took 128 measurements and the meanal@sdated. The inverse of the mean
was stored. The final action was to inject 40 plclefning solution into the LOC to purge
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it. The analyser wathen left idle until the next ass Figure 3.28etails the opation of
phosphate analyser.

Procedure Actions
Draw in Sample —> Cycle Pump 2, 10 Times
Purge Chipj/ —> Cycle Pump 4&6
React HighvStandard —> Cycle Pump 3&5
Wait for RZaction — Reactiontime 2-15min
Take Abso:/bance —> Average Photodiode 128 times
Purge Chi; — Cycle Pump 4&6
React Samt)le —> Cycle Pump 2&5
Wait for RZaction —> Reactiontime 2-15min
Take Abso\:bance —> Average Photodiode 128 times
Purge Chi|:\>y —> Cycle Pump 4&6
React Lovatandard —> Cycle Pump 1&5
Wait for RZaction — Reactiontime 2-15min
Take Abso\rl‘/bance —> Average Photodiode 128 times
Purge Chip\)y — Cycle Pump 4&6
v

Store: Date, Time, Battery, Temperature, High Standard,
Sample, Low Standard to Flash

Figure 3.23: Flow chart of standard operating procedure of phosphate analyser

3.5 Power Supply

The analyser’s power wasovided by a 12V 7Ah lead acid gel cell (Maplire&ionics,

Ireland). This type of batterwas used as it has high charge density, is able to
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recharged, can supply the high amounts of curreatled to operate the communications
system and the solenoid pumps without damagintf msedropping a significant amount
of voltage. A 2A fuse was connected to the negatwvminal of the battery to protect the

battery from a short circuit.

3.6 Electronic control board

The function of the electronic control board was#ory out the functions of the analyser.
It coordinates the actuation sequence of the pumipls data acquisition from the
spectrophotometer. It also stores the data cotleeted operates the communication
hardware. The board consists of a microcontrolieit (MCU), a flash memory chip,
circuitry for operating the pumps and LED-Photodiagpectrophotometer, and circuitry

for communicating with other peripheral devices.

The MCU used was the MSP430F449 (Texas Instrum&l88,). This was chosen for its
low power consumption during both active (280 pA)dasleep modes (1.1 pA). A
complete open source compiler is also available pfos.sourceforge.net). The
MSP430F449 has, along with numerous digital inpud autputs, an 8 channel 12 bit
analogue to digital converter (ADC) with a 0 to \8.3ange and two universal
asynchronous receive and transmit (UART) ports. Mi@dJ can select to run off either of
two clock crystals. One 8 MHz crystal was used wtienMCU was active and a second

32,768 Hz was used when the MCU was in standby.

To control the phosphate sensors pumps the MCusedilan array of Field Effect
Transistors (IRLML2502, International Rectifier, A5 A Field Effect Transistor (FET)
was used for two reasons. First, a minute amountuofent is required to switch the
transistor. Second, the dielectric in the FET potstehe MCU from the relatively high
current required for actuating the pumps, negatimegneed for opto-couplers. The FETs
maximum current is 4.2 A and the outputs were cotateto a screw terminal where the

leads of the pumps were connected to.

To save power another array of FETs were used miralothe power supply to all the
peripheral devices. This meant that components weleon when they needed to be and

when the system was idle the only part receivinggrovas the MCU.
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The MCU’s ADC collects data from photodiodes trampedance amplifier circuit and the
+ terminal in the battery. The battery voltage weduced from 12 V to the 3.3 V range of
the ADC by a potential divider. The output of themperature sensor was connected
directly to the ADC. The LED was controlled by aIGRGeneral Programmable Input
Output) port on the MCU.

Data collected was stored on a flash memory IC (REX ST Microelectronics, USA).
The low power device (1 pA in standby mode) haseanory capacity of 2 megabits. The
IC communicated via the Serial Peripheral Interfggfel) protocol. This was chosen as the
protocol can be easily implemented in software.rFBRIO pins were used to; send and
receive data; send clock signal to synchronisel@havith the MCU; and a chip select
output. If required additional SPI devices could dmnnected to the same clock and
communication bus, each would only require an amtthid chip select output for the

device.

The two UARTs were converted to the RS232 protoaith a RS232 driver IC
(MAX3232, Texas Instruments, USA). The output of tiriver was connected to a male
DE9 connector making the control system DTE (Dagaminal Equipment) compliant.
The goal of which was to allow peripheral devicbhattuse the RS232 protocol to be

connected directly to the electronic control board.

3.7 Communications

A GSM modem is used for communication when theesyss deployed. The main reason
for using this communications protocol is the estea coverage of the GSM network in
Ireland. Since the GSM infrastructure is alreadypiace the only hardware cost in the
communications is the GSM modem itself. Also thetem can be deployed any where

there is a GSM signal.
The modem used was the Siemens MC35IT (Siemenand®g). The modem was

connected to the MCU via the RS232 protocol and wopearated by an extended AT

command set which allows the GSM functionality eoused.
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The GSM modems SMS (Short Messaging Service) isedito send data. The data can
be sent to another GSM modem, a mobile phone onkme SMS server. The modem was
only on when sending data, a period less than 86nsks, otherwise it was completely
powered down. The GSM modem selected could alsoskd to receive commands via

SMS, a function that is not implemented in this kvor

3.8 Enclosure

The systems enclosure provided two functions. Taigot the systems components from
the outside environment and it also allowed the moments to be mounted securely. The
enclosure must be tough enough to survive the matteperating environment and must be
radio transparent to allow the GSM modem to comeatei A final and important
requirement was that it must have some sort ofspresequalisation system. Sample water
drawn in must be stored in the waste containergréfftre the volume of liquid in the
waste containers increased during each assayishiladed during each measurement must
be allowed to escape the waste container and tbkeseme so the enclosure’s internal

pressure does not increase affecting the operatitre pumps.

The enclosure selected was the Pelican™ 1430 cBsé Products, USA). This
Polypropylene case was resistant to the chemicdd and was completely water tight.
Although tough, the case could be easily machimetcat allowing the sample port to be
drilled through and self tapping screws to be usanount components. The GSM modem
functioned normally inside the box. Also standardRelican™ cases is a GORE-TEX
membrane that acts as a pressure equalisation.\@OBE-TEX is a form of molecular
filter that allows gasses to pass through but mptids. This ensures that the pressure
inside the enclosure was equalised and the interoalponents were protected from

moisture.
The internal dimensions of the Pelican™ 1430 isn34b5long, 146mm wide and 297mm

deep. The case has a hinged lid that is 51mm a=ing 246mm of dept in the bottom
part. The components were mounted in three dissiections.
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The bottom of the case held the system’s consummabtiemicals and battery. The battery
sat in the centre to keep the case’s centre oftgrbglow the carrying handle. The bottles

were placed around the battery to hold it in place.

The electronics were mounted in the lid sectiothefcase. The case lid has six mounting
holds four of which were used to mount the consgétem board using self tapping
screws. The GSM modem was secured to the lid wsihgsive backed VELCRO

Holder for LOC and
spectrophotometer

Mounting
Flange

Figure 3.24: 3D model of mount (Top view)

A custom made ABS mount was manufactured using Il BD printer (Dimension SST
768, Dimension Printing, USA), (see Figure 3.24 kiglre 3.25). The mount held all the
solenoid pumps in position around the microfluidiep holder, which fitted into a slot at
the centre of the mount. It consisted of four sedias the 3D printer’'s work area was too
small to print it in its entirety. Two plates supfeal the weight of the components.
Another two sections, one for holding the pumps andther for the microfluidic chip
holder fitted on either side of the plates. All gextions were fastened together using M6
nylon nuts and M6 x 40 nylon bolts (Radionics,drel). The mounting plate was fitted at
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the opening of the bottom section of the enclosine is held in place by the mounting
flanges. There were two holes for the bottle capthe waste containers as these were

taller that the depth of the bottom section oféhelosure.

Figure 3.25: 3D model of mount (Underside)

The reason for the stratified mounting was to proteitical components in the event of a
leak. Components at the bottom the enclosure weated so they are not affected by
water. The electronics were most likely to be dagdalgy liquid so were mounted at the
top. The remaining components were mounted in tigglle of the case. One exception to
this rule was the battery. It was placed at thédnotbecause of its weight. The battery
however is sealed with only the contacts at theb®pg exposed. Liquid would have to

fill the bottom 90 mm of the case to cause a scct.
Figure 3.26 shows the layout of the componentsoittom section of the enclosure. The

five 250 ml bottles, two 1 L bottles and the batterere located here. The underside of the

top plate is also visible in the figure. The pumpsre secured in place using two M4
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thread mounting holes located at the top of the pulfEFLON® tubing can be seen

connecting the bottles to the pumps.

Pump
Pumps
Battery
Waste Waste
— Cleaning
solution
Blank
Standard
Reagent

GSM Modem

Electronic Control

Boarc Antenna

plder for LOC and
yectrophotomet

Figure 3.27: Inside view of phosphate analyser showing top plate and electronics
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Figure 3.27 shows the phosphate analyser withafh@late in position. The location of the
LED-Photodiode spectrophotometer is visible alority wthe TEFLON tubing connected
to the LOC. The electronic control board and GSMilem were located at the top of the

enclosure.

The sample port was mounted on the side of the. dad®le was drilled through the
enclosure wall and the ¥4"-28 UNF port on the sangue is aligned with the hole. A
further two holes were drilled through the enclestar two bolts that fix the sample port
to the enclosure. Polyurethane adhesive (Heinklebi&nGermany) was applied to the

back of the sample port to seal it against theosugk.

Figure 3.28: Sample port mounted on the outside of the enclosure.

The phosphate analyser is deployed by simply sulprmgeithe sample port beneath the
water line (see Figure 3.29) Chapter 4 presents thevwanalyser was deployed at a waste

water treatment plant.

70



Figure 3.29: Complete phosphate analyser deployed

3.9 Software functionality

The majority of the phosphate analyser’s functiipalas derived from its software. It
had its own operating system and the various fanstiare described here. All of the

software was written in C and was compiled usirgMBSPGCC compiler.

Users could operate the analyser by connectingrial s@ble to the top RS232 port.
Hyperterminal™ a telecommunications program avéeladis part of most versions of
Microsoft Windows was used to communicate with #ystem. The control board
communicated at a baud rate of 115200 bits pernskazach character sent contained 8

bits, one stop bit and no parity check is done.

The analyser was powered on by pushing the onlswotated in the centre of the control
board down wards. If the RS232 cable was pluggethththe hyperterminal program was
open with the right settings the analyser printet @ message saying that it is ready to
start and the user was prompted to hit the retesntk start the analyser and access the
command line interface. Users manually controllegheof the analysers functions or
could program a sample rate and the system costehainected and ran autonomously.
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The command line interface input and output infdramain the following format:
$CMD_NAME,DATA_1,DATA_2,DATA_3,DAT... ..DATA_N<CR>

Where $’ signifies the start of the commandMD_NAME is the name of the command,
DATA_1 to DATA_N are the data to be input or output to the analyséicommands end

with the carriage return character <CR> better km@8 the return key on a standard

keyboard. A list of commands can be seen in Taldle 3

Command Format Arguments

Set time and
date SPOSET,<Date>,<Time> <Date> - YYYYMMDD
<Time> - HHMM

Program
Analyser SPOPRM,<Start Time>,<Sample
Parameters Rate>,<Reaction Time> <Start Time> - HHMM
<Sample Rate> - MM
<Reaction Time> MM
Prime <Pump> - Number of pump to be primed
system SPOPRE,<Pump>,<Times> 'ALL' primes all pumps in sequence
<Times> - Number of times the pumps is
actuated
Purges Lab- <Time> number of times cleaning solution is
on-a-Chip SPOPGE,<Times> injected
Operate
flash <Operation> - Is either 'ERASE' to erase the
memory SFLASH,<Operation>,<Argument> flash device or 'READ' to read from the flash
<Argument> - is used after 'READ' is used.
'ALL' prints the entire contents of the flash.
'LATEST' prints the most recent data.
'YYYYMMDD' prints all the data for
that particular day.
Test all

components  STEST

Table 3.1: Commands for phosphate analyser
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The analyser maintains time by use of an intereal time clock. The 32,768 Hz crystal

was used to keep the clock in time. An internaletinm the MCU was used to count the
number of oscillations of the crystal. Every 32, #®illations of the crystal equates to 1
second. Each time the count reaches 32,768 onede&as added to the RTC. There was
a function for converting the incrementing of tleea@nds into minute, hours, day, months
and years so the analyser maintains an internahdat. The main function of the internal

clock was to keep the sample rate and reaction tifmbe analyser accurate. The other

function was to ensure that the data logged isrately time stamped.

Data acquired by the analyser was stored in treh ffaemory chip. Data was formatted
into a 16 byte data block that contained the nunalb¢he assay, the time and date of the
assay, the battery voltage, the temperature, therbénce of the phosphate standard, the
absorbance of the sample and the absorbance . blae 2 Mbit capacity of the flash
memory allowed 16,384 data blocks (or phosphataya$¥4o be stored, which was far in
excess of the amount of data the analyser woulérgés Data could be read and erased

using the commands described in Table 3.1.

The GSM modem was operated automatically by thérabiboard. Every five data blocks
were sent by the SMS protocol to a phone numbegraromed into the analyser. There
were no commands for changing the destination phameber or operating the GSM
modem via the command line interface. The number @vdiered when the program for the

analyser was compiled.

3.10Chemical and Power Consumption

The analyser had two types of consumables, the peteged in the battery and the
chemicals stored in the bottles. In order to deteemthe analysers life time both
consumables are detailed here.

Table 3.2 details the fluid consumption of the geat as per assay. The total amount of
fluid consumed by the analyser was 480 pL andvibliisme was stored in the waste bottles
after an assay was complete. This allows for 43&ys to be performed before the waste
containers were full. The fluid that limited théetime of the analyser was the cleaning

solution. There was enough cleaning solution inbibitles for 3,125 assays.
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Blank Sample Standard Cleanerl Reagent Cleaner2 Fluid to

Actions (W) () (1) (1) (1) (ul) waste (ul)
- Draw in new

sample 200 200
- Purge LOC 20 20 40
- Mix Standard

and Reagent 20 20 40
- Purge LOC 20 20 40
- Mix Sample

and Reagent 20 20 40
- Purge LOC 20 20 40
- Mix Blank and

Reagent 20 20 40
- Purge LOC 20 20 40
Fluid

Consumed (pl) 20 220 20 80 60 80 480

Table 3.2: Fluid consumption of phosphate analyser for one assay

Table 3.3 details the power consumption of the yamsals main components and the data
was obtained from the component’s datasheets.hdrcase of the electronics board the

current consumption was measured using a multinfeteboth the standby and active

states.
ltem mA (Standby) mA (Active) Voltage mW (Standby) mW (Active)
Spectrophotometer 0 21 5 0 105
Pump 0 320 12 0 3840
GSM modem 0 600 10 0 6000
Electronics Board 0.5 5 3.3 1.65 16.5

Table 3.3: Power consumption of analyser’'s main components

The power consumption for each of the componentag®ay is shown if Table 3.4. The
total power consumed was 0.023 Wh per assay. Usmd?2 V 7 Ah (84 Wh) battery in

the analyser this equates to 3,652 assays penpaltarge. As the total number of assays
was limited to 3,125 by the chemicals stored, atily@ Wh of the battery power was used
for performing phosphate assays. The rest of theeryacharge was used to keep the

analyser on standby. Using the remaining chargengtindstandby current of 0.5 mA at 3.3
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V (0.00165 Wh) the analyser could theoretically dre standby for 7,333 hours or 305
days.

ltem Time (Standby) Time (Active) Times used Total usage Wh (Active)
Spectrophotometer 0 14 3 42 0.001225
Pump 0 0.25 24 6 0.006400
GSM modem 0 30 0.2 6 0.010000
Electronics Board oo 44.25 27.2 1203.6 0.005517

0.0231415

Table 3.4: Power usage of components per phosphate assay

3.11Cost analysis

To compare the phosphate analyser to commerciahtdagy a cost analysis is detailed in
Table 3.5. The costs for the electronic board, L& 3D printed components were
estimated as they were of custom manufacture. dlaédost of the analyser’'s components
came to €2,372. It was expected that cost of gethis analyser would range from €5,000
to €10,000.

Item Manufacturer Quantity Price$ Price € Total €
Metering Pumps Bio-Chem Valve 6 210.3 151.42 908.50
Bottle Caps Bio-Chem Valve 8 4237 30.51 244.05
Check Valves Bio-Chem Valve 5 33.58 24.18 120.89
1/4" 28 Nuts * 10 Bio-Chem Valve 2 19.12 13.77 27.53
1/4" 28 Ferules * 10 Bio-Chem Valve 2 19.68 14.17 28.34
250ml Bottles Nalge-Nunc 6 8.08 5.82 34.91
1000mI Bottles Nalge-Nunc 2 14.92 10.74 21.48
Top Plate NCSR 1 0 100.00 100.00
Electronics Beta Layout 1 0 500.00 500.00
GSM Modem Siemens 1 0 250.00 250.00
Lead Acid Battery Maplin 1 0 32.99 32.99
LOC Holder NCSR 1 0 20.00 20.00
LOC Chip NCSR 1 0 15.00 15.00
Pelican Case 1430 Pelican 1 94.95 68.36 68.36
€ 2,372.05

Table 3.5: Cost analysis of completed phosphate analyser
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CHAPTER 4. EVALUATION OF PHOSPHATE ANALYSER

The analyser described in Chapter 2 details a ypuredoretical system based on the
operation of ideal components. However the actoalyaser presented in Chapter 3 had a
number of random and systematic errors that affieitseperformance. This chapter details
the testing of the analyser to measure the extfethiese errors. It is demonstrated how the
analyser uses the two point calibration to maintgouracy over hundreds of assays. In

addition the factors that determine the analygmegision were identified.

In order for the performance of the analyser taabeertained it was run continuously to
measure solutions of known concentrations of phatphThe analyser was run
continuously to show that its reliability over axtended period of time. 661 consecutive

assays were performed over a period of 7 days.

Later in this to chapter it is demonstrated that tlab-on-a-Chip phosphate analyser is a
viable alternative to commercial monitors as it wadidated against a commercial

phosphate monitor of similar performance charasties.

4.1 Set up of analyser

Phosphate standards of 0, 1, 2, 5, 10, 20 and 3D R@®,> were prepared as samples for
the analyser. Each of the samples was stored Ens2y0 ml HDPE bottles (Nalge-Nunc,
USA). The analyser itself had 250 ml of 10 mg/L,2@hosphate standard, 250 ml of
blank, 500 ml of cleaning solution and 250 ml redgstored. The two 1 L waste
containers were empty at the start of the experiméme sample rate of the analyser was

set to every 15 minutes and the reaction time was8tes.

The sample port was not used in the experimentapieawater was drawn directly from
the 250 ml bottles positioned outside the enclossieg a 300 mm length of 0.8 mm inner
diameter TEFLON tubing (Omni-Lok, UK) connected directly to thergale pump with a
Y4"-28 UNF nut and ferrule (Omni-Lok, UK).

The analyser started with a sample of 0 mg/L phatghCalibrations were carried out at

sample number 84, 180 and 574. In a calibrationgILnPQ*> was measured for four
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assays, then the sample was changed to 2 mgif ®©four assays. The samples were
changed by removing the TEFLGNube connected to the sample pump from one sample

bottle and dipping it into the next sample bottle.

The same was done for 5, 10, 20 and 50 mg/LL>*P@ach phosphate standard was
measured four times before the next highest stdndas measured. After the 50 mg/L
standard was measured the sample was switched mm/D phosphate. In the third

calibration the 50 mg/L standard was not used &edanalyser measured the 0 mg/L
phosphate standard after the 20 mg/L standard veasumed four times. All the data was
recorded to the phosphate analyser's flash membiy and was retrieved after the
experiment. The GSM modem was not used in the erpat and the analyser was

powered by a 12V power supply.

4.2 Accuracy of the analyser

Figure 4.1 shows the raw data from the continuans The start of each of the calibrations
is marked. There was an apparent relationship letiemperature and the measurements
of the LED spectrophotometer as reflected in theatian of the measurement of the
blank. As detailed in the datasheet for the NSHU62V LED (see Appendix A),
ambient temperature affects the intensity of tightlioutput and peak wavelength thus
affecting the output of the spectrophotometer. €heas also a drift in the measurements
of the LED-Photodiode spectrophotometer. This wastrtikely caused by staining of the
Lab-on-a-Chip.

There are a number of spikes and variations inrdlae data shown in Figure 4.1. These
variations were averaged out so they have no afiethe determination of accuracy of the
analyser. It is shown later in this chapter howséheariations affect the precision of the

phosphate measurement.
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Figure 4.1: Raw data from long term experiment

4.2.1 Drift in analyser’s output

To further investigate the affects of temperatund ataining on the phosphate analyser
measurement of the blank is plotted against thesored temperature (see Figure 4.2). It
can be seen more clearly that the measurement tieplesmdence on temperature. However
this dependence is not linear. Most of the datasaedtered throughout the plot and not
positioned along a single line as would be expedteadmperature was the only factor

affecting the drift. This is evidence that othectéas, such as staining, cause drift in the

analyser output.

In the experiment three calibrations were carried b staining was responsible for drift in
the analyser it would be expected that the amodinstaining would increase after
measuring a high level of phosphate as an increasachount of

vanadomolbdenumphosphoric acid is formed duringdhenes. In the experiment there
were three occasions where an excessive amourttasppate was present in the LOC.
This corresponds to the three drifts in the measarg of the blank. Although there is
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most likely other factors that affect the outputtbé phosphate analyser it is shown in
Figure 4.2 that the two main causes of drift in@halyser were temperature and staining.

3660
L g
3640
3620 ‘Q
L 4
L 4
@
£ 3600 AR 44
3
]
o
a
2 3580 *
|
3560 ‘ , ~= :
Drift due I _ - Drift due to
to staining | “w o temperature
3540 variation
3520
15 17 19 21 23 25 27
Temperature (C)

Figure 4.2: Measurement of blank versus temperature

4.2.2 Two - point calibration

It should be noted that since staining is relatethé level of phosphate measured it cannot
be compensated for by simply measuring the levedrdt over time and subtracting it.
When measuring phosphate in the environment thespgitate levels would fluctuate

randomly and this would lead to the amount of dnftthe analyser output being random.

In order to compensate for the variations in thalyser's output, known values were
integrated into the output of the analyser in themf of a two point calibration. Each
sample taken was compared to a blank and a phesghatdard. The two values were

used to compensate for drift in the analyser’s lo@sand gain.

Figure 4.4 shows the effect of integrating the klameasurement into the measurement of

the sample and standard. This was done by calegl#te absorbance of the sample and
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standard in respect to the blank being the basefhge. Equation 4.1 and Equation 4.2
detail how the absorbance was calculated usingatheéADC counts for the measurements

of the sample, standard and blank. The calculaa¢al @re plotted in Figure 4.3.

AD CSample)

Asample = logqo <Wblk
an

Equation 4.1: Calculation of absorbance of sample

AD Cstandard)

Astandara = 10910 (Tblk
an

Equation 4.2: Calculation of absorbance of standard

The plot shows how the baseline of the analysentpud was normalised. This is most
evident in between calibrations when the analysas \neasuring the 0 mg/L BO
standard, the output was close to zero wheredkpected to be. What is shown when the
absorbance of the standard is plotted is that tiseeedownward drift. This was a drift in
the gain of the analyser’s output due to stainibhgvould be reasonable to suggest that
there is a similar effect on the calculated absmbaof the sample. Figure 4.3 shows that
the integration of only the blank measurement was sufficient to fully stabilise the
output of the analyser although it does show tletutation of the absorbance had a
significant effect on improving the analyser’s autpAlso visible was the sharp increase in
the absorbance of the standard when samples vgthduncentrations of phosphate were
introduced in to the analyser. This sharp incremae due to excessive staining of the
LOC's cuvette.
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Figure 4.3: Normalisation of sample and standard by integration of blank measurement

Figure 4.4 shows plot of the analysers output &fter absorbance of the standard was
integrated into the sample measurement. The comatem of the sample was calculated
using Equation 4.3. The known value of the phosplsindard used to calibrate the
analyser gtandard) which was 10 mg/L P§. This was multiplied by the ratio of
absorbance of the samplédgye) and standard Agandard) 10 give the phosphate

concentration of the sample.

Asample )

sample = standard X (
standard

Equation 4.3: Calculation of sample concentration
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Figure 4.4: Data normalised by integration of blank and standard measurements

In the plot there is no drift between the second last calibration run. This is particularly
noticeable between the measurements for the 5 PG standard. However, there was
still an error between the measured concentratiwh the actual concentration of the

sample.

4.2.3 Compensation of systematic errors

In order to understand the performance of the systed to quantify the deviation of the
analyser’s output from the expected performanceotiiput was plotted against the actual

concentration of the phosphate standards.

Using the normalised data plotted in Figure 4.413almeasurements that were taken for
each of the phosphate standards were gatheredhéogaid the mean was calculated. The
mean of the measured concentrations are plotteisaghe actual concentrations of the
phosphate standards (see Figure 4.5). It can bethaethe output of the analyser had a
linear relationship to the actual concentrationthef phosphate standards from 1 to 5 mg/L

PQO,>. For higher concentrations of phosphate the aseysutput became saturated. This
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non linearity was caused by the increase in abscghaf the standard when higher
concentrations of phosphate were sampled (seed~4y8).
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Figure 4.5: Calibration curve of analyser

The linearity of the analyser was calculated/as0.911x + 0.053. If the operation of the
analyser was ideal the linearity would be calculae y = x. The deviation from the ideal
was an error in the gain and baseline of the aaalyhe cause of this was most likely a
difference in pressure between separate pumpssesvea in Figure 2.3 in Chapter 2. In
order that the output of the analyser was accuratas compensated by using the inverse
of the linearity (see Equation 4.4). All of the rmesed phosphate concentrations were
compensated for and the results plotted in Figuée With the systematic errors in the

analyser corrected the linearity was calculateg=ax + 0.005.

Actual Phosphate = <Measured Phosphate X ) —0.053

0.911

Equation 4.4: Calculation of actual phosphate concentration
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Figure 4.6: Calibration curve of analyser with systematic errors corrected

4.3 Limits of detection and precision

The precision of the analyser was determined bysthbility of the output signal. There
were a number of interferences that affected thebilty, the stability of the
spectrophotometer, the stability of the output gues of the pumps while mixing, and

bubbles that were present in the fluidic system.

Number ADC Count Mean  Standard Deviation
3542 3542.4 0.5164
3542
3542
3543
3543
3543
3543
3542
3542
3542

O 00 N O U1 A WN -

[
o

Table 4.1: Stability of spectrophotometer
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To investigate the stability of the optics, priorthe experiment 10 consecutive readings of
the spectrometer where taken. These where done ththfully assembled phosphate
analyser. Deionised water was injected into theraooievette of the LOC before the
experiment. Each reading was taken using the sare@oeh when the analyser is
measuring absorbance described in Chapter 3. 1&@ng were taken and the mean
calculated. The results are shown in Table 4.1. /Baeling from the spectrophotometer

only varies by one count showing that it was higtgble.

Figure 4.7 shows the first 150 samples of the emmart. What is seen in the first part of
the plot are 4 spikes in the data. They appeahemmeasurement for the standard, sample
and blank. These spikes were caused by bubblesgassough the analyser’s fluidics.
The bubbles were sometimes caught between the LBB photodiode in the
spectrophotometer and they caused the emitterist lig scatter and not reach the
photodiode. The output was the inverse of the nreddight intensity so the presence of a
bubble caused a high value. In the next assayuhblé was pushed out of the way of the
spectrophotometer when pumps inject fluid intoltkeC. The presence of bubbles caused

the analyser to output spurious data and thesespsiould be discarded.

To quantify the precision of the analyser the limitdetection (LOD) was calculated.
Statistically it was assumed that the measuremikisn by the LOC analyser had a
normal distribution around the actual concentrabbrthe phosphate sample. In a normal
distribution 99.7 % of the phosphate measuremeamtsvahin 3 standard deviations from
the actual concentration of the sample. The LOD dedsed here as 3 times the standard
deviation of the measurement (Equation 4.5). Themms that there is a 99.7 % certainty

that measurement taken by the LOC analyser hasamua error of the LOD quoted.

Limit of detection = 3 X Standard deviation

Equation 4.5: Limit of detection

For the 20 readings marked on the plot in Figuié the phosphate concentration was
calculated using Equation 4.1, Equation 4.2, Equa#i.3, and Equation 4.4. The standard

deviation for the 20 measurements was calculatedhautiplied by 3 to give the limit of

85



detection which was given as 0.3 mg/L/£OThe maximum error in measurements taken

by the LOC analyser characterised here was 0.3 IRGYE".
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Figure 4.7: Details of bubbles in analyser’s output

4.4 Validation against commercially available analyser

The analyser selected for the validation was th&AZ P100 (Severn-Trent, UK). It has a
limit of detection of 0.3 mg/L and a linear range0d to 7.5 mg/L P This compares
well with the LOC phosphate analyser’s limit of elgion of 0.3 mg/L and linear range of
0.3 to 5 mg/L PG so it is used for the validation. An AZTEC P100swastalled at a
Water Water Treatment Plant (WWTP) located Osbenst&o. Kildare and was used for
the validation the LOC phosphate analyser.

The commercial phosphate analyser was installedadwitor the final effluent leaving the
WWTP. It worked alongside a nitrate (MWDand a nitrite (N@) monitor and was used to
sample the phosphate concentration of the efflexry 15 minutes. The measured

phosphate concentration was stored in a databagenearby computer.
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Figure 4.8 shows the set up of the analyser vatidatn the effluent monitoring system,
effluent flowed through a 100 pum filter to eachtle¢ monitors. The effluent then flowed
back to a waste reservoir. The LOC analyser wasexind to the same sample line as the

other monitors using a modified sample port.

The sample port had a poly ethylene cover glued agee Figure 4.9). The cover had
two 1/8" inner diameter barbed connectors for &itag tubing. 1/8" inner diameter
silicone tubing was used to circulate effluent frtme sample stream. The analyser could

then draw sample water through the filter membrane.

Aztec P100 , : . , To data
Phosphate Monitor Nitrate I\/I\onltor Nitrite MTnltor Termina

\
- l From

Effluent
4_

N

Filter

Sample Lines

LOC

Waste Lines Phosphate——‘vl—>

Analyser

Figure 4.8: Setup of phosphate analyser at WWTP monitoring station
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Figure 4.9: Schematic of modified sample port
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Figure 4.10: Phosphate analyser at WWTP
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Figure 4.10 shows the LOC analyser at the WWTak positioned below the three other
monitors and the silicone tubing for circulating tbffluent is visible in the picture. In the

validation the LOC analyser was powered by conngc®? V adaptor to mains electricity.

The validation ran for 38 days with a total of 94€says being performed by the LOC
analyser. The sample rate was set to every 60 ssnamd the reaction time for each
sample was 8 minutes. The GSM modem was used fatirgge the data collected to a
mobile phone. The data was transmitted every 5shand was also stored on the flash
memory chip. The AZTEC P100 was set to a sampéafl5 minutes with the data being
stored on the computer terminal. Only the samgalksrt by the AZTEC P100 at the same
time as the LOC analyser were used in this vabidati.e. 3 out of the 4 measurements
were discarded). After 450 samples the filter oa #ample port became clogged with

solids. The filter was changed and the validati@s allowed to continue.

4.5 Comparison of results

The plot in Figure 4.11 shows the result of thedatlon. The raw data from the LOC
analyser was normalised by using the blank anddatdnmeasurements as detailed earlier
in this Chapter. The output of the Aztec P100 wes tbtal phosphorus (P-g0 in the
sample so the output of the LOC analyser was ctedeto total phosphorus by
multiplying the measured phosphate concentratio®883. A 5 point moving average
was performed on both sets of data to show thdt Aoalysers follow the same trend in
measured phosphate concentration. There are a nwhpkces where the trends deviate
from one another and these are shown in more detgigure 4.12, Figure 4.13 and Figure
4.14.

89



-~ P-PO4 (LOC) ——— P-PO4 (AZTEC P100)

Trend P-PO4 (LOC) ——P-P0O4 (Trend AZTEC P100)
40.00

35.00

30.00

25.00

20.00

15.00

Concentration P-PO4

10.00

5.00

0.00
0 100 200 300 400 500 600 700 800 900 1000

Sample number

Figure 4.11: Comparison of output from LOC analyser and AZTEC P100 phosphate

monitor

Figure 4.12 shows a number of spikes in the pladhefmeasured concentration from the
LOC analyser that do not appear on the plot foremAltec analyser. These were caused
by bubbles in the optical cuvette in the LOC anaty3he bubbles scatter light from the
emitter causing the absorbance measurement to usialty high. It should be noted that
bubbles only affected a small number of measuresnafier which the LOC analyser
resumes correlation with the AZTEC P100. Methods dhfferentiating real high

concentrations of phosphate and bubbles are disdus<hapter 5.

There is a single point where the AZTEC P100 detech higher concentration of
phosphate compared to the LOC analyser. This doelldue to the Aztec P100 being able
to detect phosphates in particulate that is excdumethe 0.45 um pore diameter filter on
the LOC analyser. This same discrepancy was seie idata from the phosphate analyser
used by Cleary et al. (2008).

90



——P-PO4 (LOC) —— P-PO4 (AZTEC P100)

40.00

Bubbles
35.00 // /I \ \x\
< 30.00 / \ \
3 [N
o
a 25.00
c
'9 / _ O T | 1 £ [FOR |
® 2000 / Hightevelof solids
g \
g 0 Aztec P100 s \
o 10.00 Offline
5.00 I ] A
0.00 M«Mﬁg—.ﬂ &MWMMM
0 50 100 150 200 250 300

Sample number

Figure 4.12: Beginning of validation showing good correlation and interference by bubbles

The effect of high amounts of particulate on bathlgsers is more evident in Figure 4.13.
What is seen is a rapid deviation in measuremeyntthd LOC analyser from the Aztec
P100. This was caused by the modified sample pardining clogged with high amounts
of particulate. This particulate shows up in theamwements made by the Aztec P100 as
number of spikes in measured concentration.

The sample port was removed, cleaned and the Wibsrreplaced at about sample number
500. It can be seen that the measurements madethyabalysers resumed correlation
after the filter change and continue to do so uihi end of the validation (see Figure
4.14).

There are a number times throughout the plot thatAztec P100 was offline. This was
due to the fact during the validation tests thee&22100 had to be serviced because of the

failure of a component or chemicals were depletee Figure 4.14).
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Figure 4.13: Detail of midway through validation showing effect of clogged filter
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Figure 4.14: Detail of the final of validation showing good correlation until end
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CHAPTER 5. DISCUSSION & CONCLUSIONS

The principles of fluid flow in microchannels wesepplied to design and construct a
prototype phosphate analyser based on a Lab-ongm-tbat was both compact and
reliable. The analyser demonstrated improved detecperformance and reliability

compared to previous designs of LOC phosphate aeay The improvements in

performance were significant enough such that tkeC Lanalyser can compete with
commercially available phosphate analysers. Itesrcthat the LOC analyser and others
like it are potentially a disruptive technology. athwould displace and challenge current
methods of phosphate monitoring.

The phosphate analyser designed in this work iscbas a microfluidic Lab-on-a-Chip. It
was shown that it is possible to make an analysargusolenoid metering pumps. The
equivalent electronic circuit was an effective noetho aid designing a fluidic system that
accomplished all of the required actions to malsel& calibrating analyser. The analyser
could be built using mostly commercial parts. Thetom built component of the analyser
was the polymer Lab-on-a-Chip that is the impleragoh of the fluid system. It was
shown that current fabrication techniques for LCHEs sophisticated enough to create a

chip with the 3 dimensional layout required for Hralyser to operate.

An analysis on the theoretical time between sesviethe analyser based on the battery
life was performed. It was shown that from the sb& of low power components that the
life time was significantly long with the abilitptperform 3,125 phosphate assays on one
battery charge and also a standby time of 305 dagie LOC phosphate analyser
developed by McGraw et al. which reported a batté#eyof 7 days at a sample rate of
every 15 minute running off a 12 V, 7 Ah batter)heTLOC analyser developed here
would operate for 32 days using the same battedAg(86 increase in battery life for the

same sample rate.
In the laboratory test of the analyser it was showvbe accurate over an extended period

of time and over hundreds of assays. The accurasyguaranteed by including a frequent

2-point calibration resulting in the analyser haviro drift over time.
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The LOC analyser also demonstrated an improved biletection over previous designs
of LOC analyser due to the longer path length & d¢ptical cuvette compared to the
optical window used by McGraw et al. (2007). Then® length compared to the 0.2 mm
length resulted in a 300% decrease in the limdeatection. The improvement in the limit
of detection is also due to the stability providsdthe two-point calibration. The analyser
compensates for drift so does not suffer from tioedase in limit of detection reported by

McGraw et al.

In comparison to the previous designs of LOC arsaily/shere was a decrease in the linear
range of the new LOC analyser. The non linearityinisoduced by the absorbance
measurement of the standard. When higher levelsplufsphate are sample the
measurement of the standard is affected by staiamd) this affects calculation of the
concentration of phosphate in the sample. Previlesgns of LOC analyser did not have a

measurement of a standard to introduce this typerof.

Table 5.1 shows a comparison of commercial phospéaalysers with the LOC analyser
developed here (LOC analyser l1l). It can be sedastsimilar performance characteristics
to the low end commercial analyser (Aztec P100k Tihear range is less than expected

and caused by the LOC becoming stained while mesgshigher levels of phosphate.

Detection Range

Make Developer (mg/L PQ®) Comments

LOC Analyser Il Slater 0.3-5 Portable, Automated
LOC Analyser McGraw/Cleary 0.9 - 60 Portable, Automated
Aztec P100 Severn-Trent 03-75 Automated
TresCon OP210 WTW 0.15-9 Automated
Pocket Colorimeter Il Hach-Lange 0.15-4.5 Porabl

Table 5.1: Updated comparison of commercial and experimental phosphate analysers

During the validation of the developed LOC analyagainst the commercially available
Aztec P100, the LOC analyser operated for 38 datts enly one fault. The sample port

became clogged half way through and had to be eteand have the filter replaced. It was
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shown throughout the validation that the LOC arafgsoutput had excellent correlation
with the Aztec P100. This is an improvement over 81 day validation of the LOC
analyser developed by Cleary et al. (2008). The design of the LOC analyser was able
to provide high quality data over this longer pdrad time.

Given that the LOC has similar performance charattes to the Aztec P100 and has been
proven to be reliable over a long period of timeisiconceivable that the LOC analyser
could be used to substitute current commercialnelcyy. In terms of cost the LOC
analyser could be sold for between €5,000 and ©00,0his is a fraction of the €70,000

need to install a similar currently available connored system.

LOC analyser also has the added benefit of beitgytalrun off a battery, and so it can be
deployed at remote locations. This would also altbevLOC analyser to replace the hand

held colorimeter in some situations where highvallef precision is not required.

5.1 Recomendations

This work has shown that a pu-TAS can be construtttatican offer similar performance
to commercially available microfluidic analysers lati reduced size, reagent consumption
and power consumption. However this is not an aogBoh solution, there are

improvements that can be made to a number of thlysar’s key components.

The LOC analyser developed here can be improvetheurby miniaturisation of its
individual components in particular the pumpshl volume dispensed by the pumps was
reduced this would reduce the amount of fluids yssmdassay decreasing the overall size

of the analyser.

The optics of the LOC are not optimised for theasbance measurements. The integration
of fibre optics and waveguides would decrease tileme of sample needed and a more

efficient optical set up could improve the limitisdetection.
The linear range of the analyser is limited by sty of the LOC by the reagent. If
cleaning of LOC was improved by using somethingeraggressive, then the linear range

of the analyser could be increased.
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It might also be possible to add more featurefi¢ophosphate analyser. As well as storing
the data collected in the flash memory, sampleddcba stored in a microfluidic auto
sampler such as the one developed by Boukelldl €G@09) and the data could be verified

later by High Performance Laser Chromatography (EPL
Microfluidic fuel cells could also be utilised intiire designs (Kjeang, 2009). Fuels cells

although under development have the potential forenefficient energy storage on a

micro scale increasing the lifetime of future asahg.
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APPENDIX

A. Datasheets:

1.
2.
3.
4.
5.

Severn Trent Aztec P100

WTW TresCon OP210

Hach-Lange POCKET Colorimeter II
120SP Solenoid Metering Pump
Honeywell, PK80083

B. Technical Drawings:

1.
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CHIP_BOTTOM
CHIP_MIDDLE
CHIP_TOP
JIG_BOTTOM
JIG_TOP
CHIP_COVER
CHIP_COVER_MOUNT
CHIP_MOUNT
CHIP_ENCLOSURE

10.PUMP_MOUNT_TOP
11.PUMP_MOUNT
12.TOP_PLATE_LEFT
13.TOP_PLATER_RIGHT

C. Electronics:

1.
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Photodiode Circuit Schematic
Photodiode Circuit PCB Layout
Nichia NSHU590

Roithner Laser Technik EPD-440-0
Texas Instruments TLV277x
Texas Instruments LP2985LV
Texas Instruments TPS7695
National Semiconductor LM335

Control Board Schematic

10.Control Board PCB Layout
11.Texas Instruments MSP430F449
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12.International Rectifier IRLML2502
13. ST Microelectronics M25P20
14. Texas Instruments MAX3232

D. Software

adcl2.

batterymonitor

command

gsm

GSMPo-ll

phosphate

photodiode

pindefs
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pumps
10.spi_flash
11.system
12.temp_sensor
13.uart

14, utility
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SEVERN
TRENT

AZTEC®
Phosphate Monitor

SERVICES

CapritaAL CONTROLS

The Capital Controls AZTEC®
Phosphate Monitor, Model P100 is a
reliable, continuous on-line process

instrument. The microprocessor-based
] B technology makes the operation easy
© || © and user-friendly.

Series P100

The measurement is based on the
recognized and approved molybdenum
blue method. An adaptation of this
method is also described in “Standard
Methods”, 18th Edition.

Accuracy and reproducibility are
obtained through a programmable
automatic calibration feature. This

¢ Continuous on-line two-point calibration, based on
monitoring deionized water and a standard
¢ Two-point auto-calibration solution, represents the only tuning
Selfedi g needed for continuous operation.
¢ Self-diagnostics
» . - The sample head combines a
e precision-engineered pump with the
¢ Multiple sample streams optical measuring cell. The optical cell
¢ Microprocessor controlled is self-cleaning further gnsuring an
+ Data logging accurate and reproducible system.
I . Sample flow and reagents are
SR usgHIGR foquirgmept monitored by level detectors and the
¢ Programmable sample monitor is designed to operate for a
frequency minimum of 20 days before reagent

replacement.

The P100 is designed to NEMA 4
standards and uses corrosion-resistant
materials.

The microprocessor provides between
one and six weeks of data logging.
Standard outputs include RS232, 4-20
mAdc, parallel printer port, and alarm
relays.

-1- 233.0001.3



Applications

+ Drinking Water: Raw
and finished water
monitoring and control

+ Surface Water: Monitor
for treatment against
algae blooms

+ Wastewater: Effluent
compliance and process
control

¢ Industrial Wastewater:
Effluent compliance

¢ Cooling Towers:
Chemical package
control

¢ Boiler Water: Process
control

Design Features

+ Automatic Calibration:
A two-point calibration
using deionized water
and a phosphate
standard ensures highly
accurate and
reproducible results

¢ Communications:
Serial (RS232) and
parallel (centronics
printer port) and 4-20
mAdc outputs are
standard

233.0001.3

¢ Self-diagnostics: The
monitor will indicate
system faults and shut
down in the event of a
power or sample flow
failure. The unit will
automatically restart

once these are restored.

¢ Microprocessor
controlled: Installation
and operation is user-
friendly with control
variables such as date,
time, alarm limits,
calibration interval and
print mode that can be
entered via the keypad

¢ Multi-stream: In addition
to the standard single
stream unit, an optional
triple stream unit is
available

+ Data logging: The
microprocessor has a
data logging capability
with storage in excess
of one week of data

+ Sample frequency:
The number of samples
per hour is fully
programmable. This
reduces maintenance
frequency and reagent
consumption.

Principle of Operation

The colorimetric method is
based upon the reaction of
molybdenum-blue in an
acidic sample. This optical
method passes light
through a 20 mm sample
cell at a wavelength of 690
nm.

A discrete sample of water
is collected by the pump at
user-programmable
intervals. A sample blank
is measured to
compensate for color or
turbidity of the sample and
then the sample is
transferred to a reaction
chamber where acid is
added. A conditioning
reagent and color reagent
allow a color to develop in
direct proportion to the
concentration of
orthophosphate in the
sample. This solution is
drawn into the combined
pump/optical cell and the
transmission of light is
measured using a photo-
diode detector and a 690
nm optical filter.

The output from the
detector is converted by a
microprocessor into mg/l P
or mg/l PO,.

In addition, a pre-
programmed, two-point
automatic calibration
ensures the accuracy of
this analyzer. The piston
pump provides accurate
reproducible and a
continually cleaned
sample cell. (Figure 1)



Technical Data
Series P100

Quality Standards: ISO 9001 Certified Model Information Code
Measuring Ranges:

Low: 0.3-7.5 mg/l phosphate or 0.1-2.5 mg/l phosphorous Model P100 __

High: 0.9-22.5 mg/l phosphate or 0.3-7.5 mg/l phosphorous. | I
Accuracy: £0.01 to £0.3 mg/l P Voltage Sample stream

i 1- 120 Vac, 50/60 Hz, 0 - Triple sample stream

Resolution: 0.01 mg/l single phase 1 - Single sample stream
Repeatability: <2% of reading
Sample Flow: 200 to 500 ml/min. 2 - 240 Vac, 50/60 Hz,
Sample Temperature Range: 1-35°C (33-96°F) single phase

Operating Temperature Range: 0-35°C (32-96°F)
Power: 110 Vac, +6%, 60 Hz, 120/240 Vac, +6%, 50/60 Hz.
Supply to be stable and generally free of voltage dips/surges,
excessive switching spikes and transient noise. 5 Amp fuse.
Power Consumption: 240 watts
Outputs: RS232, parallel (centronics), isolated 4-20 mAdc into
1000 ohms maximum. Each value is held until the reading is
updated
Alarms: 4 dry contacts rated 10 amps @ 240 Vac maximum
Chemical Reagents:

Acid reagent

Conditioning reagent

Indicator reagent ANSA

Deionized water

Standard solution
Sample Frequency: 1 to 6 measurements per hour
Cabinet: NEMA 4 Three-section industrial, wall cabinet, mild steel
construction with phosphate etch prime and epoxy powder texture
finish.
Dimensions: 21 1/2” (545 mm) H x 35 3/8” (899 mm) W x 11 1/4”
(285 mm) D
Shipping Weight: 125 Ib. (60 kgs)

HEATER
POWER
CONTROL

| caBINET
———————————— HEATER MIXER
VALVE

BLOCK MIXER
| MICROPROCESSOR WASTE
DATA LOGGER SUPPLY—————
STANDARD m
DC POWER
SUPPLY — — VALVE CONTROL  p| WATER

UNIT
T ANSA
CONDITIONER

GLASS TUBE
OPTICAL FILTER

—th
ACID —0
/

FROMPSU_ _ _ F_—
120{240 N Lavp~ DETECTOR |
________ THT\
| L—— MOTOR PISTON
: | : mV SIGNAL FROM DETECTOR ]
|| LTV SOMLFROMPEREIR
| | ==
I ¥ |
——
ALARM OUTPUT
‘CONTACTS’ [ﬂ EEEEE] L4 e - —— ERINIERZ
DISPLAY 4—20mA
STATUS MENU RS232
KEYPAD PARALLEL
Figure 1

-3- 233.0001.3



Warranty and Capability

Capital Controls offers a one (1) year limited warranty on the P100 Phosphate Monitor.

Capital Controls is ISO 9001 certified to provide quality and precision materials. Disinfection technologies, water
quality monitors and instrumentation for water and wastewater are areas of specialization. Over 35 years of
industrial and municipal application experience in the water and wastewater industries is incorporated into the
equipment design to provide high quality comprehensive solutions for the global market.

Brief Specification

The phosphate monitor shall provide on-line, continuous analysis of a water sample using the molybdenum-
blue method. The method shall incorporate a blank measurement on the untreated sample. The range of the
monitor shall be selectable from a low range of 0.3 to 7.5 mg/l PO, to a high range of 0.4 to 22.5 mg/I PO,.

The cabinet shall be constructed of mild steel and be suitably rugged for long term plant operation, water-
resistant to NEMA 4 standard. The sensor and electronics shall be mounted within separate compartments to
ensure a safe working environment.

Sampling frequencies shall be programmable between 1 and 6 times per hour. Automatic two-point
calibrations shall be programmable between 1 and 4 times per day. The unit shall be configurable to a 3-
stream unit within the standard enclosure.

The unit shall feature a programmable isolated 4-20 mAdc output, RS232c port, parallel printer port and
alarm relay contacts.

The unit shall operate on standard clean power supply within 6% of specification.

Design improvements may be made without notice.

Represented by: S E V E R N
TRENT

SERVICES

CapritaAL CONTROLS

Severn Trent Water Purification, Inc.
3000 Advance Lane Colmar, PA 18915
Tel: 215-997-4000 o Fax: 215-997-4062
Web: www.severntrentservices.com
E-mail: marketing@severntrentservices.com

UNITED KINGDOM e UNITED STATES ¢ HONG KONG

INDIA o ITALY o MALAYSIA

04/02 Copyright 2002 Severn Trent Services
233.0001.3 -4 -



Pnospnate

Molybdenum blue method

In an acidic medium, ortho-phos-
phates bond with ammonium
molybdate to form molybdenic
phosphoric acid. With the aid of
a reducing agent this forms
phosphorus molybdenum blue
compound. Photometrical
measurement of dye intensity
can be performed at 880 nm.

Vanadate/molybdate
method (yellow method)

In acids, ortho-phosphate ions
react with ammonium molybdate
and ammonium vanadate to
form yellow ammonium phos-
phoric vanadomolybdate. This
can be photometrically analyzed
at 380 nm.

Phosphate

Phosphorus compounds — in particular ortho-phosphate PO,3- — are considered to
be the limiting nutrients in most stagnant and flowing waters. An increase in their
concentration caused by higher input (wastewater, avulsion etc.) results directly in
increasing eutrophication of the water with known effects such as increased growth
of algae, oxygen depletion as far as anoxia in the deeper regions, etc.

Phosphorus Compounds in Water

Phosphorus occurs in 3 compounds in natural waters:

e inorganic, dissolved ortho-phosphate

e dissolved organic phosphorus compounds

e particulate phosphorus (bound in biomass or attached to particles),

which add up to the total of phosphorus content P, an important parameter
in monitoring wastewater treatment plant effluents.

Measuring Methods and Digestion

There are two methods available for determining phosphate or phosphorus con-
centrations:

e Molybdenum blue method

e Vanadate/molybdate method (yellow method)

Both techniques are based on the measurement of ortho-phosphate. Digestion of
both dissolved organic as well as particulate phosphorus compounds is therefore
mandatory for determining the total P content. In addition, an unfiltered sample
must be acquired in order to include all solid matters in the digestion process.
Digestion is usually performed by heating the sample with peroxodisulfate and sulfuric
acid.

Elimination of Phosphates in Wastewater

To meet the required limits of P concentration in the effluent, the modern wastewater

treatment facility has two methods available:

e Biological elimination of phosphates “Bio-P":
incorporation of phosphate in microbial biomass (usually in combination with
a preliminary anaerobic stage to stimulate luxury consumption of phosphate
and intracellular storage as polyphosphate)

e Chemical-physical elimination of phosphates:
Chemical precipitation of ortho-phosphates using metallic salts (usually Fe3+ or
Al3+). The use of ortho-phosphate analyzers for effective control and regulation
of precipitations results in considerable savings.

Regulation according to P Concentration

With a continuous monitor PO, analyzer, the operator of water treatment plants can
realize significant cost savings.
(cf. Application Report PO4 1609 2003 01e)

For information visit www.WTW.com for a customer care center near you or inside US: call WTW 800 645 5999.
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OP 210

Phosphate Analyzer Module

On-line orthophosphate measurement

IresCon® OP 210

Yellow method

e Control or feedback control of chemical phosphate precipi-

tation, e.g. precipitating agent addition with simultaneous
precipitation

* Monitoring biological phosphate elimination

e Measuring the phosphate pollution in natural waters

* Monitoring the phosphate concentration in the drinking water

Measuring Principle

Continuous background
compensation

Continuous/Discontinuous
operation selectable

Can be used in weakly pol-
luted water without sample
preparation

The PO, module uses the vanadate/molybdate method (yellow
method) for determining the orthophosphate content. A reagent
reacts with phosphate in the sample to color the sample solution
yellow. The intensity of this color is recorded photometrically

and evaluated as a measure of the phosphate content.

Technical Data OP 210

Resolution
(Display)

Accuracy

Coefficient of
variation for method

Response time
Measuring interval
Calibration

Background
correction

Sample input

Consumption

Maintenance interval

Measuring range 1:
Measuring range 2:
Measuring range 3:

0.01T mg/I or umol/I
0.1 mg/I or pmol/I
0.1 mg/I or umol/I

+2% of the measured value +0.01 mg/l PO,4-P (Measuring range 1)
+2% of the measured value £0.1 mg/l PO4-P (Measuring range 2 and 3)

2% (for all measuring ranges)

<4 min to measured value (after alteration in concentration at module input)
Quasi-continuous measurement; 5, 10, 15, 20, 25 or 30 min settings
Automatic 2-point calibration (time and interval selectable)

Continuous background compensation based on new WTW algorithm

Approx. 0.06 I/h, solid content <50 mg/I (e.g. sewage treatment plant effluent)

60/155/310/465 days with cont.
/10/20/30 min measuring intervals
90 days with 24 h calibration interval
45 days with 24 h cleaning interval

Reagent, 10 I:

Standard B 1.5 I:
Cleaning solution, 1.5 I:

Every 6 months

Ordering Information OP 210

Separate TresCon® analyzer module for Orthophosphate for extension of an existing TresCon® system (requires 1 measuring place)

OP 210/ MB 1
OP 210/ MB 2
OP 210/ MB 3

TresCon®-basic instrument with analysis module OP 210 for ortho-phosphate (wall mounting, space for 2 further modules)

TresCon® P 211/MB1
TresCon® P 211/MB2
TresCon® P 211/MB3

Module for Orthophosphate: Measuring range 1
Module for Orthophosphate: Measuring range 2
Module for Orthophosphate: Measuring range 3

Orthophosphate, Measuring range 1
Orthophosphate, Measuring range 2
Orthophosphate, Measuring range 3

TresCon® Uno single parameter system ortho-phosphate with analysis module OP 210

TCU/P211-MB1
TCU/P211-MB2
TCU/P211-MB3

TresCon® Uno for Orthophosphate: Measuring range 1
TresCon® Uno for Orthophosphate: Measuring range 2
TresCon® Uno for Orthophosphate: Measuring range 3

Accessories and Consumables see brochure “Product Details”

Years
Warranty

Measuring Range 1

mg/| umol/I
PO,-P 0.05-3.00 1.5-100
PO, 0.15-9.00 1.5-100
Measuring Range 2
mg/| umol/I
PO,-P 0.1-10.0 3-320
PO, 0.3 -30.0 3-320
Measuring Range 3
mg/| umol/I
PO,-P 0.1-25.0 3-800
PO, 0.3 -80.0 3-800
Order No.
820 004
820 005
820 006
Order No.
8A-40030
8A-50030
8A-60030
Order No.
820 104
820 105
820 106

For information visit www.WTW.com for a customer care center near you or inside US: call WTW 800 645 5999.

|

Parameter
section

Dissolved
Oxygen

Turbidity/ Conductivity pH/ORP
Suspended Solids

I Phosphate I Nitrogen I

Carbon:
COD/TOC/DOC/
BOD/SAC
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OP 510

Total phosphorus analyzer module

On-line analysis of
total phosphorus for
wastewater treatment
plant effluent

Rapid analysis at 10 min
intervals

2-point calibration —
high degree of accuracy

Automatic Cleaning
Automatic Monitoring

Blue method

On-line Py, measurement
¢ Monitoring the effluent from wastewater treatment plant for P,

¢ Monitoring phosphorus pollution in natural waters

Measuring Range*
mg/| pmol/l

Protal 0.01 ... 3.00/ 6.00* 0.3 ... 100/ 200*
* by continuous sample dilution in a 1:1 ratio

D &5 (€8 (2 Ve |

For information visit www.WTW.com for a customer care center near you or inside US: call WTW 800 645 5999.



—(wTwW)

Measuring Principle

The Py, module consists of two units: in the first unit (digestion
unit) the sample undergoes a chemical-thermal digestion; in
the second unit the total phosphorus content is determined.

During the digestion all the phosphorus compounds contained
in the sample are converted to orthophosphate; this can be
determined photometrically. The phosphorus compounds are
oxidized by peroxodisulfate under acidic conditions. This process
is accelerated by overpressure and an increased temperature

TresCon® OP 510

The subsequent analysis is by the molybdenum blue method.
The sample is mixed with a molybdate reagent which reacts
with phosphate via an intermediate chemical step to form a
blue coloration. The intensity of this coloration is a measure of
the original concentration of the phosphate ions. It is measured
photometrically and evaluated.

so that very short digestion times are achieved.

Technical Data

Resolution

(Display)

Accuracy

Measuring principle
Measuring method

Coefficient of
variation for method

Measuring interval
Calibration
Consumption

Maintenance interval

Range: 0.01 ... 3.00 mg/I : 0.01T mg/I

0.30 ... 100 pmol/I : 0.1 pmol/I
+3% of the measured value £0.05 mg/| Py
Photometric reference beam method after digestion
Molybdenum blue method
1.5%

10, 15, 20, 25, 30 or 60 min can be set (DIN EN measurement with 30 min digestion at approx. 248 °F/120 °C)
Fully automatic 2-point calibration

Reagents A, B, C, D: 10/15/20/30/60 days with 10/15/20/30/60 min measuring interval
Standard, 1.5 I: 70 days with 24 h calibration interval
Cleaning solution, 1.5 I 60 days with 24 h cleaning interval

Every 6 months

Ordering Information Total Phosphorus OP 510

OP 510

TresCon® P 511

Order No.

Separate TresCon® analyzer module for total phosphorus 820011

for extension of an existing TresCon® system (requires 2 TresCon® measuring places)
TresCon®-basic instrument with analysis module OP 510 for total phosphorus (wall mounting, space for 1 further module) 8A-8X030

Accessories and Consumables see brochure “Product Details”

Homogenizer available on demand (see brochure “Product Details”)

For information visit www.WTW.com for a customer care center near you or inside US: call WTW 800 645 5999.

|

Parameter
section

Dissolved
Oxygen

Turbidity/ Conductivity pH/ORP
Suspended Solids

I Phosphate I Nitrogen I

Carbon:
COD/TOC/DOC/
BOD/SAC
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PRODUCT INFORMATION
LABORATORY ANALYSIS
COLORIMETER

POCKET COLORIMETER I

POCKET Colorimeter Il —
Small in size, big on precision

The POCKET Colorimeter Il has already proven its worth, but now it can serve
additional application areas: These single parameter meters can now be used
for key parameters to evaluate LANGE cuvette tests in addition to HACH
tests. This dual functionality enables you to make the most of two key benefits:
cost-effective meters combined with reagents for various quality standards.
The result? Outstanding portable water analysis.

The numerous mini colorimeters on offer can serve a broad range of
parameters from A (aluminium) to Z (zinc). Extensive measuring ranges for
parameters such as ammonium, COD and chlorine extend the scope to
include wastewater and drinking water applications.

@ LANGE®

UNITED FOR WATER QUALITY




LABORATORY ANALYSIS_POCKET COLORIMETER |l

40 POCKET mini colorimeters:

Cost-effective, accurate field testing

-> Extremely flexible; 40 single-parameter meters

-> Suitable for various quality standards owing to a diverse

range of tests

-> Compact and simple to operate

-> Reliable results with no mains connection

-> Sturdy design, IP67 standard

Proven analysis:

Now with even greater flexibility
The POCKET Colorimeter Il deliv-

ers rapid, reliable results for any
application thanks to consistent
LANGE cuvette tests and practical
HACH tests.

Each mini meter can be used with the
pre-configured calibration curves or
self-programvming by the user for spe-
cial applications. This makes it possible
to determine a parameter using both
feed and drain samples.

www.hach-lange.com

Optimum operation
You can benefit from the high quality
design specifications:
- Simple operation: just four buttons

are required to operate all functions.

- Safe handling: proven LANGE
cuvette tests exclude sources of
error instantly. ADDISTA standard
solutions result in accurate quality
assurance.

- All-weather equipment: optional
backlighting, large digit display.

-

From aluminium to zinc (A-Z), the diverse
range of single-parameter instruments makes
this mini meter a giant in the field of water
analysis.

Strong on detail

These lightweight instruments weigh
just 230 grams despite their sturdy
design, but they can tolerate a lot!
They are waterproof in line with
IP67, which is ideal for all weather
conditions. The POCKETS are also
suitable for prolonged use, with the
batteries lasting for 2,000 analyses.
All models come with a fully equipped
carrying case.




Order information: LANGE
cuvette tests & accessories

Handy carrying case: The POCKET Il and its
accessories are safely stored and are ideal CUVETTE TESTS ORDER NO.
for field testing. Ammonium (Xn, N)*

2-47 mg/l NH,~N LCK 303
3518 0.015-2 mg/l NH,-N LCK 304
1-12 mg/l NH,-N LCK 305
Parameters from aluminium to Chloride (T, C)
zinc (A-Z): The POCKET Il evaluates 1.0-1,000 LCK311
| PERMACHEM, ACCUVAC and Chlorine (free, total)
n M| | ANGE cuvette tests. 0.05-2 mg/I Cl,/0s LCK310
Ammol COD (T, C)
AmGaEorG 15-150 mg|l LCK 314
50-300 mg/I LCK 614
150-1,000 mg/I LCK 114
1,000-10,000 mg/I LCK014
Formaldehyde
0.5-10 mg/I LCK 325
Phosphate (C, Xn)
0.05-1.5 mg/I PO,-P LCK 349
0.5-5 mg/l PO,-P LCK 348
2-20 mg/| PO,-P LCK 350
Zinc (Xn)
0.2-6.0 LCK 360

ADDISTA standard solutions DOCO062.
LCA700-709, see document 52.00269

LANGE reagents are easily assessed
ACCESSORIES & SPARE PARTS

using the adapter.

Pipette 0.2-1.0 ml BBP 078
Pipette tips 0.2-1.0 ml BBP 079
Pipette 1.0-5.0 ml BBP 065
Pipette tips 1.0-5.0 ml BBP068
Empty cuvettes LCW 919
POCKET light protection cap LZV759

Easy to carry: The lightweight yet sturdy design, Adapter for LANGE cuvette 5954600

combined with simple operation make the mini tests

meter an unbeatable option for field testing. Stands for LANGE cuvettes LYW 915
LT 200 thermostat, LTV082.99.

Single block, for COD + PO, + Zn 10002

*Abbreviations of hazard symbols for reagents,
see next page

Measuring with the POCKET Il for use with LANGE cuvette tests

Out in the field: Samples are added directly During this waiting time, the POCKET is set to Once the light protection cap has been fitted,
for the pre-configured LANGE cuvette test. The zero using the blank value cuvettes supplied. measurement can start: Simply press the button
cuvette is ready for use after a short develop- All it takes is the touch of a button. The to read. The large display will show the result.
ment time. POCKET is then ready to measure the sample

cuvette.




@

LABORATORY ANALYSIS_POCKET COLORIMETER I

Order information

POCKET COLORIMETER Il IN CARRYING CASE HACH LANGE Services

HACH LANGE GMBH
WillstatterstraBe 11
D-40549 Diisseldorf

Tel. +49 (0)2 11 5288-0

Fax +49 (0)2 11 5288-143

info@hach-lange.de
www.hach-lange.com

LANGE

UNITED FOR WATER QUALITY

Meter for parameters Measurement Method No. of Order no.
incl. reagents range [mg/I] tests
Aluminium (Xi)* 0.1-0.8 Aluminon 100 5870025 Contact us to place an order,
Ammonium (C, Xn) 0.01-0.8 NH;-N  Salicylate 100 5870040 request information or receive
Bromine 0.05-4.5/0.2-10.0 DPD 50-100 5870001 technical support.
Copper 0.04-5.0 Bicinchoninate 100 5870019
Chlorine, free + total 0.02-2.0/0.10-8.0 DPD 50 5870000 Assurance of legal compliance
Chlorine, free + total 0.10-10.0 Cl, DPD 100 5870012 . . '
together with environmental

pH 6.0-8.5 pH Phenol red 100+pH protection via collection service
Chlorine dioxide 0.05-5.0 DPD, Glycine 100 5870051 for recycling of used reagents
Chromium VI (Xi) 0.01-0.7 Diphenylcarbazide 100 5870017 '
Fluoride (C) 0.10-2.00 SPADNS 50 5870005
Iron (Xn) 0.02-5.0 FerroVer 100 5870022 www.hach-lange.com
Iron (Xn) 0.01-1.7 TPTZ 50 5870016 g up to date and secure, with down-
Lead (C) 0.005-0.15 Column extraction 20 5870021 loads, information and e-shop.
Manganese (T, N) 0.01-0.70 PAN 100 5870018
Manganese (Xi, 0) 0.20-20.0 Periodate oxidation 100 5870015
Molybdate 0.02-3.00/ Ternary complex 100 5870010

0.10-12.0
Nickel + cobalt (T) 0.01-1.00 Ni PAN 100 5870020

0.02-2.00 Co
Nitrate (T, N) 1.5-100 NO, Cd reduction 100 5870002
Oxygen (Xi) 0.20-10.0 HRDO 50 5870003
Ozone (Xn) 0.01-0.25/ Indigo trisulphonate 50 5870004

0.01-0.75
Phosphate (ortho/total) (Xi) 0.02-3.00 PO, PhosVer 3 100 5870006
Phosphonate with 0.10-2.5/ PhosVer 3/UV 100 5870008
UV lamp (Xi, Xn, 0) 1.0-125 PO,
Silica (Xi) 1.0-100 Si0, Molybdate 100 5870034
Sulphate (Xn) 2.0-70 Turbidity 100 5870029
Zinc (Xn, N) 0.02-3.0 Zincon 100 5870009 Hazard symbols for reagents
POCKETS Il FOR SPECIAL APPLICATIONS °
Wavelength 420 nm 0-2.5 extinction 5870042 é bl
Wavelength 450 nm 0-2.5 extinction  Also for immunoassays 5870045 =
Wavelength 500 nm 0-2.5 extinction 5870050 @
Wavelength 528 nm 0-2.5 extinction 5870052 Toxic
Wavelength 550 nm 0-2.5 extinction 5870055 o
Wavelength 580 nm 0-2.5 extinction 5870058 x Harmful
Wavelength 600 nm 0-2.5 extinction 5870060
Wavelength 665 nm 0-2.5 extinction 5870065 xx'
POCKETS Il FOR LANGE CUVETTE TESTS** Irritant
Kit for ammonium 0.015-47 NH,-N  LCK 303, LCK 304, LCK 305 (Xn, N)* 5953000V.01 —
Kit for chloride 1.0-1,000 LCK 311 (T, C) 5953000V.07 f&‘ -
Kit for chlorine 0.05-2 Cl,/0, LCK310 5953000V.02 )
Kit for COD 15-300 LCK314, LCK 614 (T, O) 5953000V.03 | Borgaes G g
Kit for COD 150-10,000 LCK 114, LCKO014 (T, C) 5953000V.04 v o0 ORI §
Kit for formaldehyde 0.5-10 LCK325 5953000V.08 IS
Kit for phosphate 0.05-20 PO,-P  LCK 349, LCK348, LCK350 (C, Xn) 5953000V.05 S
Kit for zinc 0.2-6.0 Zn LCK 350 (Xn) 5953000V.06 %
* Abbreviations of hazard symbols for reagents ** Cuvette tests must be ordered separately. §
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Specifications
Pump Series & Weight ....
Electrical -
Lead wires .
Pressure limits
Cycle rates
Dispense volume
accuracy
Manifold mounted pumps 4
Ports and tubing
Internal volume ..
Mounting
Adjustable pump
Wetted materials ...
Ordering information ..
Installation drawings

Inert solenoid operated self-priming fixed displacement
diaphragm pumps

High accuracy dispense settings from 8ul to 250yl
Low power consumption / minimal heat generation
Low internal volume

Positive shut off

High cycle life - up to 20 million dispense cycles
Choice of inert wetted materials

Broad range of dispense settings and flow rates

The diaphragm pumps are factory set for discrete outputs ranging from 8pl to 250pl. The pumps can be cycled at up to 2.0
Hz for the smallest version and 1.6 Hz for the largest version. Flow rates reach up to 25 ml/ minute. Depending on the
dispense setting, very high accuracy can be achieved with deviations from set-point of less than 1%. For optimal accuracy,
the pumps should be used for the transfer of fluids between un-pressurized containers.

Self-priming

At startup, the pump is able to draw air. The suction created by the larger pumps is sufficient to pull liquids from an un-
pressurized container located up to 1.3 meters (4’ 3”) beneath the pump. Once the pump is primed, it is able to generate
around 5 psi (0.3 bar) pressure, equating to 3.5 meters (11’ 6”) of water.

Wide assortment of inert wetted materials available

The pumps provide a non-metallic, inert fluid path for the dispensing of high purity or aggressive fluids. The standard pump
body is made of PPS (polyphenylsulfide). Other materials available for the pump body include PTFE, PEEK™ and Delrin®. The
elastomers that can be used for the diaphragms and check valves include PTFE, EPDM, and Viton®.

High reliability
The pumps are designed for continuous duty. They are guaranteed for up to 20 million actuations, corresponding to nearly
3,000 hours of continuous use at a 2 Hz cycle rate.

BI1O-CHEM




Specifications

The self-priming pumps are offered in four pump series, distinguished by the solenoid shell sizes:

Valve Series .Shell Weight
Diameter
090SP 0.75 inches 2 0z. (60 g)
120SP 1.00 inches 5 0z. (140 g)
130SP 1.00 inches 6 0z. (170 g)
150SP 1.50 inches 16 oz. (450 g)

Effective
Valye Voltage Power @ Current @ ngf/:,gl:%lis
Series 70°F (21°C) 70°F (21°C)
max cycle
rate
090SP 12 vdc 2.6 Watts 0.22 amps 0.8 Watts
090SP 24 Vdc 2.6 Watts 0.11 amps 0.8 Watts
120SP 12 vdc 4.0 Watts 0.32 amps 1.2 Watts
120SP 24 Vdc 4.0 Watts 0.16 amps 1.2 Watts
130SP 12 vdc 4.0 Watts 0.32 amps 1.2 Watts
130SP 24 Vdc 4.0 Watts 0.16 amps 1.2 Watts
150SP 12 vdc 8.0 Watts 0.66 amps 3.2 Watts
150SP 24 Vdc 8.0 Watts 0.33 amps 3.2 Watts

All lead wires are Teflon® coated. Different lengths of lead wires and terminal connectors can be provided. Please
consult Bio-Chem Valve and Omnifit concerning non-standard lead wire lengths and the addition of terminal connec-
tors.

Valve Series o TS -Wire
length thickness
090SP 15in. / 38cm 26 gauge
120SP 15in./38cm 26 gauge
130SP 15in. / 38cm 26 gauge
150SP 15in./ 38cm 22 gauge
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Specifications (contd.)

To attain optimal dispense accuracy, pressure on both the inlet and the outlet side of the pump must be kept
between + 0.5 psi (0.035 bar) and O psi (equating to a head of £ 12 in / 30 cm of water).

During the pump’s up-stroke, suction is created on the inlet. Positive pressure is generated at the outlet during the
down-stroke. When the pump is not actuated, it will shut off flow as long as the pressure on the inlet does not
exceed the maximum holding pressure. To ensure correct operation, pressure on the inlet side should never
exceed 2 psi even when the pump is in the closed position. The check valves in the pump prevent fluid from
flowing against the intended flow direction.

Inlet suction Inlet suction

Valve Series

priming w/air) (after priming

090SP 1 psi/ 0.07 bar 3 psi/ 0.20 bar 3 psi/ 0.20 bar
120SP 2 psi / 0.15 bar 5 psi/ 0.35 bar 5 psi / 0.35 bar
130SP 2 psi/ 0.15 bar 5 psi/ 0.35 bar 5 psi / 0.35 bar
150SP 2 psi/ 0.15 bar 5 psi/ 0.35 bar 5 psi / 0.35 bar

To operate the solenoid micro pumps, first place the rated voltage over the pump’s coil (causing the intake stroke)
and then turn the voltage off again (causing the output stroke). To achieve the optimal dispense accuracy, the pump
must remain in the on and in the off position for a minimum amount of time. To operate the pumps at less than the
maximum cycle rate, the on-time should remain unchanged and the off-time should be lengthened appropriately.

: Minimum on  Minimum off Maximum
Valve Series : :
time time cycle rate
090SP 150 msec 350 msec 2.0 Hz
120SP 150 msec 350 msec 2.0 Hz
130SP 150 msec 350 msec 2.0 Hz
150SP 200 msec 400 msec 1.6 Hz
Valve Minimum Maximum Max flow
Series setting setting rate
Dispense volume: 8 ul 8 ul 1.0 ml / min
090SP  Set-point accuracy: +/- 25% +/- 25%
Repeatability: +/- 5% +/- 5%
Dispense volume: 10 pl 60 pl 7.2 ml/ min
120SP Set-point accuracy: +/- 4% +/- 2%
Repeatability: +/- 3% +/- 1%
130Sp & PDispense volume: 10 pl 50 pl 6.0 ml / min
120SP  Set-point accuracy: +/- 5% +/- 5%
W/PTFE dia. pepeatability: +- 3% +- 1%
Dispense volume: 100 pl 250 pl 25 ml / min
150SP Set-point accuracy: +/- 5% +/- 3%
Repeatability: +/- 1% +/- 0.5%

Complete Fluid System Solutions™ 3



Specifications (contd.)

The Bio-Chem Valve diaphragm pumps can be mounted directly on manifolds. Many configurations are possible to
meet the specific needs of the application. Please consult with Bio-Chem Valve regarding manifold mounted pump
designs.

Ports and tubing

To achieve an optimal dispense accuracy, the tubing should conform to the recommended inner diameters stated
below and friction losses should be kept to a minimum.

For more information regarding 1/4"-28 fittings and tubing sets, please consult the Omni-Lok™ Fitting System and
Fitting Systems specification sheets.

Recommended Recommended
inlet tubing size outlet tubing size

Pump Series Standard ports

090SP 1/4"-28 flat bottom >1/32" I.D. >1/32" I.D.
120SP 1/4"-28 flat bottom >1/32" I.D. >1/32" I.D.
130SP 1/4"-28 flat bottom >1/32" I.D. >1/32" I.D.
150SP 5/16"-24 flat bottom >1/8" 1.D. >1/8" 1.D.

Internal volume

Pump Series IESAREL
volume
090SP 130 pl
120SP 105 l
130SP 105 pl
150SP 710 ul

BIO-CHEM




Specifications (contd.)

For mounting clips, rings and flanges, please see the Mounting Accessories and Options specification sheet.
Two mounting holes in the body permit bottom mounting in the 120SP series pumps. Please see the dimensional
diagrams on the following pages for further information.

The pumps should be installed with the solenoid portion of the pump pointing upwards, downwards, or in a horizon-
tal position with the outlet on top. The horizontal position with the outlet on the bottom could affect the output
accuracy.

4 N

Mounting Positions

=

N /

FLOW
MOT4

Adjustable pumps

In cases where the dispense volume for the application is
unknown, Bio-Chem Valve offers an adjustable pump
designed to be used as an R&D tool by the instrument
design engineer to help determine the optimal dispense
setting. By turning the shell on the pump, the engineer
can compensate for the instrument’s friction losses or
pressure imbalances. Once the correct pump setting and
dispense volume have been determined, the engineer can
provide the dispense volume to the factory. This informa-
tion will be used to manufacture a factory-set (non-adjust-
able) pump specific to the application.

Pump Series Dispense range

090SP - adjustable 8 ulto 12 pl
120SP - adjustable 10 pl to 60 pl
150SP - adjustable 100 pl to 250 pl

Aside from the adjustability of these pumps, all other specifications are identical with those stated in this product
data sheet for the same pump series.

For part numbers of the adjustable pump versions, please contact Bio-Chem Valve and Omnifit.

Complete Fluid System Solutions™ 5



Specifications (contd.)

Valve Standard .
Series materials Qe
Body: PPS PEEK™
090SP Diaphragm: PTFE
Check valves: EPDM Viton®, Perfluoroelastomer
Body: PPS Delrin®, PEEK™
120SP Diaphragm: EPDM PTFE
Check valves: EPDM Viton®, Perfluoroelastomer
Body: PTFE
130SP Diaphragm: PTFE
Check valves: Perfluoroelastomer
Body: PPS PEEK™
150SP Diaphragm: EPDM
Check valves: EPDM

Ordering Information

1 | Select pump series

090SP, 120SP, 130SP, 150SP

2 | Indicate voltage

12 VDC, 24 VDC

3 | Indicate dispense setting (ul)

8 (090SP), 10, 20, 30, 40, 50, 60 (120SP),
10, 20, 30, 40, 50 (130SP),

100, 125, 150, 175, 200, 225, 250 (150SP)
4 Indicate body material 1 (PTFE, 130SP only), 4 (PPS), 5 (PEEK),
(See optional materials in chart above.) | 6 (Delrin®, 120SP only)
Indicate diaphragm material
5 (See optional materials in chart above.) E (EPDM), T (PTFE)
6 Indicate check valve material E (EPDM), V (Viton®),

(See optional materials in chart above.)

P (Perfluoroelastomer)

Part Number Example:
120SP 24 50 - 5
T T T T T T

Pump  Voltage Dispense Body Diaphragm Check
Series setting material  material

T

P

valve
material

Please see our other product specification sheets for the following accessories:
Omni-Lok™ fittings and tubing sets
CoolCube™ control module

Mounting clips
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Installation Drawings

090SP

2.0" REF.

ﬂ

(51mm)

@ .75"
(19mm) E

1.24"
(32mm)

SET SCREW HEIGHT
UP TO 1/4" (6mm)

}‘_,7 .3" (8mm)

\

@1.0" (25mm)

=

120SP

I —

| SETSCREWUWPTO
1/4" (6mm) HIGH

25" (64mm)

T

14" (36mm)

i

#4-40 MTG. HOLES
TYP.2PLCS.

2.1"REF.
(53mm)

69" (17.5mm)
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Installation Drawings (contd.)

130SP

2.7" REF. (69mm)

ﬁ 1.0" (25mm)  |~—

y 1.5" (38mm)

LSET SCREW UP

TO 1/4" (6mm) HIGH

@ 1.0" (25mm)

2X 1/4-28 FLAT

BOTTOM PORT —= 107 (25mm)

150SP

- 1.5" (38 mm f— SET SCREW HEIGHT
( ) — VARIABLE TO 1/4" (6mm)

el

3.7" (94 mm)
3.2"REF.
(81 mm)
L N
] S\:
~—— 22"(56mm) —=
Trademarks:
CoolCube™ is a trademark of Bio-Chem Valve Inc. msscientific Chromatographie-Handel GmbH
Delrin®, Teflon®, Viton® are registered trademarks of E.I. du Pont de Nemours and Company ) . .
Omni-Lok™ is a trademark of Omnifit Ltd. FGn_efjg%lggZ?sg ggé $7qu9fi.95§glr%2§8rrgggg
PEEK™ is a trademark of Victrex plc on: -Fax:

e-mall: info@msscientific.de -Web: www.msscientific.de

Bio-Chem Valve / Omnifit, 2 College Park, Coldhams Lane, Cambridge, CB1 3HD UK
Rev. 0805 t: +44 (0) 1223 416642 f. +44 (0) 1223 416787 e: sales@omnifit.com w: omnifit.com

Bio-Chem Valve / Omnifit, 85 Fulton Street, Boonton, NJ 07005 USA

A t: 973 263 3001 f: 973 263 2880 e: info@bio-chemvalve.com w: bio-chemvalve.com
HALMA

GROUP
COMPANY




Honeywell

Installation Instructions for the

26PC Series Pressure Sensors

A WARNING

PERSONAL INJURY

DO NOT USE these products as safety or
emergency stop devices, or in any other
application where failure of the product
could result in personal injury.

Failure to comply with these instructions
could result in death or serious injury.

GENERAL INFORMATION

26PC Series pressure sensors are four
active element piezoresistive bridges. When
pressure is applied, the resistance changes
and the 26PC provides an output signal
proportional to the input pressure.

Gage pressure is measured with respect to
ambient pressure. When applied pressure
increases, the differential voltage V2 - V4
increases. As pressure decreases, differential
voltage V2 - V4 decreases.

Differential sensors provide a differential
voltage proportional to the pressure
differential between port P2 and P1. As DP =
P2 — P1 increases, differential voltage V2 -
V4 increases. As DP = P2 — P1 decreases,
differential voltage V2 - V4 decreases.

SOLDERING
Limit soldering to 315 °C [600 °F] maximum,
with duration of 10 seconds maximum.

CLEANING

Proper cleaning fluids should be selected,
based on the type of contaminants to be
removed. Honeywell recommends alcohols or
fluorinated solvents. Do not immerse the
sSensor.

ISSUE 4

PK 80063

26PC SERIES PERFORMANCE CHARACTERISTICS
at 10.0 = 0.01 Vdc Excitation, 25 °C

Min. Typ. Max. Units
Excitation — 10 16 Vdc
Response Time — — 1.0 ms
Input Resistance* 5.5k 7.5k 115k  Ohm
Output Resistance* 1.5k 25k 3.0k Ohm
Weight 2 gram

* Measured using a 1 mA current

ENVIRONMENTAL SPECIFICATIONS

Operating

Temperature -40 °C to 85 °C [-40 °F to 185 °F]
Storage

Temperature -55 °C to 100 °C [-67 °F to 212 °F]
Compensated

Temperature 0°Cto 50 °C [32 °F to 122 °F]
Shock Qualification tested to 150 g
Vibration MIL-STD-202, Method 213

(0 kHz to 2 kHz, 20 G sine)

Note: For media compatibility specifications, refer to catalog or
web site: www.honeywell.com/sensing

26PC CIRCUIT TERMINATION

Pin1=Vs (+)
Pin 2 = Output + (V2)

Pin 4 = Output - (V4)
Pin 3 = Ground (-)
Pin 1 is notched

Pin 2 is next to Pin 1, etc.

Automation and Control Products

O Honeywell 2002, All Rights Reserved
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26PC Series Pressure Sensors ISSUF 4 PK 80083

26PC LASER BRANDING SCHEME (Note: Alternate form is the entire catalog listing)
6 B E 6 G XX

CATALOG Special (Sequentially numbered)
LISTING = Pressure measurement: G = Gage, D = Differential
STAMP

= Termination style: 2 =2 x 2, 5 = Wire Harness,or6 =1 x 4
= Media seal: F = Fluorosilicone, E = EPDM, N = Neoprene,
S = Silicone, V= Viton

= Range (psi): A=1,B=5,C=15,D=30,F=100, G =250,
J=38,K=38

= Type: (6 = Compensated)

o m| o x
@ G)|:
Il

N
[=3
o
N

2002 10 (Note: Alternate date code is 102002)
DATE STAMP 10 = Week in the year

CODE 2002 = Year

ADDITIONAL PORT VARIATIONS (dimensions for reference only) mm/in

B Barbed C Luer D Modular H M5 Thread
@32 e 4,6 P2 .
0.12 Ba7 Bois 1 0 f ‘ I
0.18 % | 127
mm(m oo 0
51 & 216
127 - 0.85
0.50 27,9
! 20, 18,8 0N 1.10
o | | 0.80 P2 0.74
AR | P
m o |m m P -
P
e 127 .
0.50
190° Port J Needle * K Reverse 90° Port M %2-28 Thread**
P21 1,78 P2 I ?9,1
; 0.07 1 B 036
& [F | b, —0 50
: 031 35 ..
| 22,1 i 0.14
Fig p1 | P2 U r =
0.07 1 ‘ ZJ@% 127 P2l J L 239
89 086 W e
L o | | |V 157 1 I |
‘ 062 12,4 ? n' N
P1 e T Long Barbed gy
127 | o007 318 l [l ===
0.50 '
0.137 [” 47 i
. 0.19
S Manifold _
* P2
¥
84 | 11 |
0.33 | o ‘
1 N () |oss !
305 l 20.1 ‘
0.12 079 ! 28
Y | 1.10
‘ ‘ PIN1 l ‘
4X0,5
T T \
: 5.1 |
L12.7 AL
0.50 X
| A1
127

* Recommended torque for sealing is 4 in-Ib. Do not exceed 6 in-lb of torque. Use size 007 O-Ring. O-Ring
counterbore dimensions are 0.04 +.005 in D x 0.300 + .003 in Dia.

** Recommended torque for sealing is 8 in-Ib. Do not exceed 12 in-Ib. Use size 009 O-Ring. O-Ring counterbore
dimensions are .040 +.002 in D x 0.360 + .003 in Dia.
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26PC Series Pressure Sensors ISSUE4 PK 80083

ADDITIONAL PORT VARIATIONS (dimensions for reference only) mm/in

G Small Flow Through N or U Large Flow Through
256
1.01
- L.2X 89
2X51 - 035 2X10,9
020 i 0.437] _
f
8ot =XES BES 2Xg |
035 T EL — T 894
| 2X 835 0.35
L7 0.14
028 2X 823
0.09

MOUNTING DIMENSIONS (dimensions for reference only) mm/in

GAGE SENSOR
1 x 4 Termination (Style 6) Port Style A, Straight 2 x 2 Termination (Style 2) Port Style A, Straight
Pin 1 is notched, Pin 2 is next to Pin 1, etc. Pin 1 is notched, Pin 1 is shown at lower right corner. Pins 2,
3, 4 are clockwise.
@19

8 4X05 i _j-_4X 041

’ 8.6 *
e 007 002| o |L_ls1 o 016
020 0.20

e 127 ]

0.50

3 4
0.08 21.9
' T N\ /008
i L '7.9
O 0.31 _r7,9
1 | |P2_L B 031
‘gzs 5,1 ‘ 25,1 n)
1501 020 (I N & 6.4 0.20 6.4
0.60 025 2 1 025
{ 2,3
3X25 ™= 0.09
0.10 a4 x 1.0
s 0.04
0.05
P2 P2 Y
21,8 | e \
162 | 556 - | | 086 | .
0.64 | | 27,9 | |
1.10
B 1 %
4 X 0,41 1,0
| | o1s Eﬁ 004 !
== 4X10 ~F 1T
TL ! 0.044—]\«
:
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26PC Series Pressure Sensors ISSUF 4 PK 80083

MOUNTING DIMENSIONS (for reference only) mm/in

DIFFERENTIAL SENSOR ACCESSORY
1 X 4 Termination (Style 6) Port Style A, Straight (Only) PC-10182 — Steel Lockring

21,9 BLACK FINISH

008 \ " STEEL LOCKRING
}
7,9
a < [ 031 o
1 1 + f
251 R 15
025 | P
0.45
3X 25 o 2.3
0.10 |le—4 X 1,0
L 0.04 0.09
] 1,3
0.05
* T

as 218
16,2 i 0.86
0.64 34,3

1.35

AR 4X0,41 Eﬁ
i | __ot6

—

o
-
— 1
JES I B N
o~
o«
]
————g |

I
B —F

WARRANTY/REMEDY

Honeywell warrants goods of its manufacture as While we provide application assistance personally,
being free of defective materials and faulty through our literature and the Honeywell web site, it is
workmanship. Contact your local sales office for up to the customer to determine the suitability of the
warranty information. If warranted goods are returned product in the application.
to Honeywell during the period of coverage, Honeywell For application assistance, current specifications, or
will repair or replace without charge those items it finds name of the nearest Authorized Distributor, contact a
defective. The foregoing is Buyer’s sole remedy and is nearby sales office. Or call:
in lieu of all other warranties, expressed or implied, 1-800-537-6945 USA
including those of merchantability and fitness for a 1-800-737-3360 Canada
particular purpose. 1-815-235-6847 International

Specifications may change without notice. The FAX
information we supply is believed to be accurate and 1-815-235-6545 USA
reliable as of this printing. However, we assume no INTERNET
responsibility for its use. www.honeywell.com/sensing

info.sc@honeywell.com

Honeywell

Automation and Control Products

Honeywell

11 West Spring Street

Freeport, Illinois 61032 www.honeywell.com/sensing
PK 80083-4-EN IL50 GLO 0902 Printed in USA
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Nichia STSE-CH2058C
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GaP — UV-Photodiodes (190 - 570 nm)

Schottky barrier type

EPD-440-0

Description

Wide bandwidth and high spectral sensitivity in
the UV and visible range (190 nm - 570 nm), low
cost chip based on GaP, large active areas are
possible

Applications

Medical engineering (dermatology), output check
of UV - lamps and gas burner flame, measure-
ment and control of ecological parameters, ra-
diation control for a solarium, UV water purifica-

tion facilities

Features

Mounted in hermetically sealed TO-packages
with UV glass window, different active areas are

Responsivity, A/W

0,1

EPD-440-0

L

1E-3
100 150 200 250 300 350 400 450 500 550 600

Wavelength, nm

available
Parameter Units Symbol | EPD-440- | EPD-440- | EPD-440- | EPD-440-
0/0.9 0/1.4 0/2.5 0/3.6
Chip sizes mm 09x09 | 14x14 | 25%x25 | 3.6x3.6
Active area mm2 A 0.7 1.2 4.8 10.9
Max. dark current at
Vg = 0.01V PA o 1 2 4 8
Vg = 1V 10 20 40 80
Package TO-46 TO-46 TO-39 TO-39
Spectral range at 0,01 maximum nm I min-l max 190 - 570 (with UV-glass)
Spectral bandwidth at 50% nm Dl o5 180
Peak sensitivity wavelength nm I p 440
Typical responsivity at | , A/W Se 0.12
Temperature coefficient of Ip times/K | TClp 1.07
Typical rise and fall time at ns t; 0.7 0.8 1 1
Vg = -5V and 50 Wload t; 13 30 140 140
Maximal reverse voltage at
lr=100 pA v Vi 10
Operating temperature range °C Tamb -40 to +125
Storage temperature range °C Tstg -40 to +125
rev.06/01

ROITHNER LASERTECHNIK A-1040 Vienna, Austria, Schonbrunner StralRe 7, Tel.: +43 1 586 52 43, office@roithner-laser.com




TLV277x, TLV277xA
FAMILY OF 2.7-V HIGH-SLEW-RATE RAIL-TO-RAIL OUTPUT
OPERATIONAL AMPLIFIERS WITH SHUTDOWN

SLOS209F — JANUARY 1998 — REVISED MARCH 2001

® High Slew Rate . .. 10.5 Vius Typ ® 2 pA Input Bias Current

® High-Gain Bandwidth . .. 5.1 MHz Typ ® Characterized From Tp =-55°C to 125°C

® Supply Voltage Range 2.5V to 5.5V ® Available in MSOP and SOT-23 Packages

® Rail-to-Rail Output ® Micropower Shutdown Mode . .. Ipp <1 uA

® 360 uV Input Offset Voltage ® Available in Q-Temp Automotive

® Low Distortion Driving 600-Q High Reliability Automotive Applications
0.005% THD+N Configuration Control / Print Support

® 1 mA Supply Current (Per Channel) Qualification to Automotive Standards

® 17 nVAHz Input Noise Voltage

description

The TLV277x CMOS operational amplifier family combines high slew rate and bandwidth, rail-to-rail output
swing, high output drive, and excellent dc precision. The device provides 10.5 V/us of slew rate and 5.1 MHz
of bandwidth while only consuming 1 mA of supply current per channel. This ac performance is much higher
than current competitive CMOS amplifiers. The rail-to-rail output swing and high output drive make these
devices a good choice for driving the analog input or reference of analog-to-digital converters. These devices
also have low distortion while driving a 600-Q load for use in telecom systems.

These amplifiers have a 360-pV input offset voltage, a 17 nV/AVHz input noise voltage, and a 2-pA input bias
current for measurement, medical, and industrial applications. The TLV277x family is also specified across an
extended temperature range (—40°C to 125°C), making it useful for automotive systems, and the military
temperature range (—-55°C to 125°C), for military systems.

These devices operate from a 2.5-V to 5.5-V single supply voltage and are characterized at 2.7 Vand 5V. The
single-supply operation and low power consumption make these devices a good solution for portable
applications. The following table lists the packages available.

FAMILY PACKAGE TABLE

NUMBER PACKAGE TYPES
DEVICE OF SHUTDOWN :\%V:giglﬁ
CHANNELS | PDIP | CDIP | SOIC | SOT-23 | TSSOP | MSOP | LCCC | CPAK
TLV2770 1 8 — 8 — — 8 — — Yes
TLV2771 1 — — 8 5 — — — — —
TLV2772 2 8 8 8 — 8 8 20 10 — Refer to the EVM
Selection Guide
TLV2773 2 14 — 14 — — 10 — — Yes (Lit# SLOU060)
TLV2774 4 14 — 14 — 14 — — — —
TLV2775 4 16 — 16 — 16 — — — Yes
A SELECTION OF SINGLE-SUPPLY OPERATIONAL AMPLIFIER PRODUCTST
Vpp BW SLEW RATE | Ipp (per channel)
DEVICE RAIL-TO-RAIL
(V) (MHz) (Vius) (nA)

TLV277X 25-6.0 5.1 10.5 1000 (0]

TLV247X 2.7-6.0 2.8 1.5 600 /0

TLV245X 2.7-6.0 0.22 0.11 23 /0

TLV246X 2.7-6.0 6.4 1.6 550 1/0

T All specifications measured at 5 V.

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

This document contains information on products in more than one phase Copyright © 2001, Texas Instruments Incorporated

. o 9 )
g:) :;\fl;l:g?::g}eg:lec aslt(a:;lfra‘::'t:raigacieme is indicated on the page(s) ” On products compliant to MIL-PRF-38535, all parameters are tested
- I unless otherwise noted. On all other products, production
l EXAS pr ing does not ily include testing of all parameters.

POST OFFICE BOX 655303 ® DALLAS, TEXAS 75265 1



LP2985LV
150-mA LOW-NOISE, LOW-DROPOUT REGULATOR
WITH SHUTDOWN FOR OUTPUT VOLTAGES <2.3V

SLVS552 - OCTOBER 2004

® Available in the Texas Instruments DBV (SOT-23) PACKAGE
NanoStar™ and NanoFree™ Wafer Chip (TOP VIEW)
Scale Packages U
® Output Tolerance of: VIN E 5 J Vour
- 1% (A Grade) GND I 2
- 1.5% (Standard Grade) ONOFF[l3 4]l BYPASS
® Ultra Low Dropout, Typically
280 mV at Full Load of 150 mA YEQ, YEU, YZQ, OR YZU (WCSP) PACKAGE
® Wide Vjy Range... 16 V (Max) (TOP VIEW)
® Lowlqg... 850 pA at Full Load at 150 mA ez oo
Vin [ T e | Vour
® Shutdown Current ... 0.01 pA Typ - -
® Low Noise. .. 30 uVgrms With 10-nF Bypass B2 :. BYPASS
Capacitor &
® Stable With Low ESR Capacitors, Including oNEE |7 3 a5 e
Ceramic Q¥ A3
Over-Current and Thermal Protection
® High Peak Current Capability

® For Voyt Options =2.5V, See LP2985 Data
Sheet

® Portable Applications
- Cellular Phones
- Palmtop and Laptop Computers
- Personal Digital Assistants (PDAs)
- Digital Cameras and Camcorders
- CD Players
- MP3 Players

description/ordering information

The LP2985LV family of fixed-output, low-dropout regulators offers exceptional, cost-effective performance for
both portable and nonportable applications. Available in voltages of 1.25V,1.35V, 15V, 1.7V, 1.8V, and
2V, the family has an output tolerance of 1% for the A version (1.5% for the non-A version), and is capable of
delivering 150-mA continuous load current. Standard regulator features, such as over-current and
over-temperature protection, are included.

The LP2985LV has a host of features that makes the regulator an ideal candidate for a variety of portable
applications:

® | ow dropout: A PNP pass element allows a typical dropout of 280 mV at 150-mA load current.

® | ow quiescent current: The use of a vertical PNP process allows for quiescent currents that are
considerably lower than those associated with traditional lateral PNP regulators.

® Shutdown: A shutdown feature is available, allowing the regulator to consume only 0.01 uA when the
ON/OFF pin is pulled low.

® | ow-ESR-capacitor friendly: The regulator is stable with low ESR capacitors, allowing for the use of
small, inexpensive ceramic capacitors in cost-sensitive applications.

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

NanoStar and NanoFree are trademarks of Texas Instruments.
PRODUCTION DATA information is current as of publication date.
Products conform to specifications per the terms of Texas Instruments H
andard warranty. Prodi p ing does not ily include I TEXAS

testing of all parameters.
INSTRUMENTS

POST OFFICE BOX 655303 ® DALLAS, TEXAS 75265 1

Copyright © 2004, Texas Instruments Incorporated




TPS76901, TPS76912, TPS76915, TPS76918, TPS76925
TPS76927, TPS76928, TPS76930, TPS76933, TPS76950
ULTRALOW-POWER 100-mA LOW-DROPOUT LINEAR REGULATORS

SLVS203D — JUNE 1999 — REVISED APRIL 2000

100-mA Low-Dropout Regulator DBV PACKAGE
Available in 1.2-V, 1.5-V, 1.8-V, 2.5-V, 2.7-V, (TOP VIEW)
2.8-V, 3.0-V, 3.3-V, and 5-V Fixed-Output and IN [ |1 5] out
Adjustable Versions
® Only 17 pA Quiescent Current at 100 mA GND [ |2
® 1 uA Quiescent Current in Standby Mode AN AR
® Dropout Voltage Typically 71 mV at 100mA
® Over Current Limitation
® -40°C to 125°C Operating Junction TPS76933
Temperature Range GROUND CURRENT
[ J -Pi - Vs
5-Pin SOT-23 (DBV) Package FREE-AIR TEMPERATURE
description 22 1 ]
V=43V
The TPS769xx family of low-dropout (LDO) 21 - C|o=4-7 uF 4
voltage regulators offers the benefits of low /
dropout voltage, ultralow-power operation, and /]
miniaturized packaging. These regulators feature < 2 /’
low dropout voltages and ultralow quiescent T o =
) - 0 =100 mA P
current compared to conventional LDO s 19 /'
regulators. Offered in a 5-terminal small outline £ / /
integrated-circuit  SOT-23  package, the g 18 4
TPS769xx series devices are ideal for § / /|0=0mA
micropower operations and where board space is 5 47 ,/
at a premium. //
A combination of new circuit design and process 16 //
innovation has enabled the usual PNP pass
transistor to be replaced by a PMOS pass 15
element. Because the PMOS pass element —60 -40 -20 0 20 40 60 80 100 120 140
behaves as a low-value resistor, the dropout T — Free-Air Temperature — °C

voltage is very low, typically 71 mV at 100 mA of

load current (TPS76950), and is directly proportional to the load current. Since the PMOS pass element is a
voltage-driven device, the quiescent current is ultralow (28 uA maximum) and is stable over the entire range
of output load current (0 mA to 100 mA). Intended for use in portable systems such as laptops and cellular
phones, the ultralow-dropout voltage feature and ultralow-power operation result in a significant increase in
system battery operating life.

The TPS769xx also features a logic-enabled sleep mode to shut down the regulator, reducing quiescent current
to 1 uA typical at Tj = 25°C. The TPS769xx is offered in 1.2-V, 1.5-V, 1.8-V, 2.5-V, 2.7-V, 2.8-V, 3.0-V, 3.3-V,
and 5-V fixed-voltage versions and in a variable version (programmable over the range of 1.2 V to 5.5 V).

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

PRODUCTION DATA information is current as of publication date.

Copyright © 2000, Texas Instruments Incorporated

Products conform to specifications per the terms of Texas Instruments

)
warranty. Prod p ing does not ily include I
testing of all parameters. EXAS

INSTRUMENTS

POST OFFICE BOX 655303 ® DALLAS, TEXAS 75265 1



General Description

The LM135 series are precision, easily-calibrated, integrat-
ed circuit temperature sensors. Operating as a 2-terminal
zener, the LM135 has a breakdown voltage directly propor-
tional to absolute temperature at +10 mV/°K. With less
than 1Q dynamic impedance the device operates over a
current range of 400 wA to 5 mA with virtually no change in

&National Semiconductor

LM135/LM235/LM335, LM135A/LM235A/LM335A
Precision Temperature Sensors

February 1995

temperature range. The LM335 operates from —40°C to
+100°C. The LM135/LM235/LM335 are available pack-
aged in hermetic TO-46 transistor packages while the
LM335 is also available in plastic TO-92 packages.

Features

performance. Whoen calibrated at 25"53 the LM135 has typi- g Directly calibrated in *Kelvin
o e a1 o 02 100 jemoeras 410S. w17 ) scuray et
o s s X as a ar output. m Operates from 400 A to 5 mA
Applications fqr the LM135 include almost any type of tem- m Less than 10 dynamic impedance
perature sensing over a —55°C to +150°C temperature m Easily calibrated
range. The low impedance and linear output make interfac- ) Y X
ing to readout or control circuitry especially easy. m Wide operating temperature range
The LM135 operates over a —55°C to + 150°C temperature ® 200°C overrange
range while the LM235 operates over a —40°C to +125°C ™ Low cost
Schematic Diagram
< +
b
/:’g““‘ o ::RS < RS S R7
M Sak Sssk

<

3pF R4 9
10k <]
_d |—‘VW— b3
AN ADJUSTMENT
az
o
3
> R10
a3 138k
- TL/H/5698-1
Connection Diagrams
TO-92 S0-8 TO-46
Plastic Package Surface Mount Package Metal Can Package*
- 8
Al + NG L u 8,
I %—j 7
NC — — NC
6
NC — — NC
4 5
TL/H/5698-8 I = ADJ
Bottom View

Order Number LM335Z or LM335AZ
See NS Package Number Z03A

Order Number LM335M or
LM335AM
See NS Package Number M0OSA

TL/H/5698-26

TL/H/5698-25 Bottom View

*Case is connected to negative pin
Order Number LM135H,
LM135H-MIL, LM235H, LM335H,
LM135AH, LM235AH or LM335AH

See NS Package Number HO3H

©1995 National Semiconductor Corporation TL/H/5698

RRD-B30M115/Printed in U. S. A.
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MSP430x43x, MSP430x44x
MIXED SIGNAL MICROCONTROLLER

SLAS344B — JANUARY 2002 — REVISED OCTOBER 2002

® Low Supply-Voltage Range, 1.8 Vto 3.6 V

® Ultralow-Power Consumption:
— Active Mode: 280 pA at 1 MHz, 2.2V
— Standby Mode: 1.1 pA
— Off Mode (RAM Retention): 0.1 pA

Serial Onboard Programming,

No External Programming Voltage Needed
Programmable Code Protection by Security
Fuse

Integrated LCD Driver for Up to

® Five Power Saving Modes 160 Segments
® Wake-Up From Standby Mode in 6 us ® Family Members Include:
® 16-Bit RISC Architecture, - MSP“f:;;ig'sBB Flash Memo
125-ns Instruction Cycle Time 512B RAM y,
® 12-Bit A/D Converter With Internal — MSP430F436:
Reference, Sample-and-Hold and Autoscan 24KB+256B Flash Memory,
Feature 1KB RAM
® 16-Bit Timer With Threet or Sevent — MSP430F437:
Capture/Compare-With-Shadow Registers, 32KB+256B Flash Memory,
Timer_B 1KB RAM
® 16-Bit Timer With Three Capture/Compare — MSP430F447:
® On-Chip Comparator _ MSP413I§E4|:§'M
® Serial Communication Interface (USART), 48KB+2.56B Flash Memory,
Select Asynchronous UART or 2KB RAM
Synchronous SPI by Software; — MSP430F449:
Two USARTs (USARTO, USART1) In 60KB+256B Flash Memory,
MSP430x44x Devices 2KB RAM
g:‘clai(l:JeSSART (USARTO) In MSP430x43x ® For Complete Module Descriptions, See
The MSP430x4xx Family User’s Guide,
® Brownout Detector Literature Number SLAU056
® Supply Voltage Supervisor/Monitor With
Programmable Level Detection T 'F435, 'F436, and 'F437 devices
T 'F447,°F448, and 'F449 devices
description

The Texas Instruments MSP430 series is an ultralow-power microcontroller family consisting of several devices
featuring different sets of modules targeted to various applications. The microcontroller is designed to be battery
operated for use in extended-time applications. The MSP430 achieves maximum code efficiency with its 16-bit
RISC architecture, 16-bit CPU-integrated registers, and a constant generator. The digitally-controlled oscillator
provides wake-up from low-power mode to active mode in less than 6 pus. The MSP430x43x and the
MSP430x44x series are microcontroller configurations with two built-in 16-bit timers, a fast 12-bit A/D converter,
one or two universal serial synchronous/asynchronous communication interfaces (USART), 48 1/O pins, and
a liquid crystal driver (LCD) with up to 160 segments.

Typical applications include sensor systems that capture analog signals, convert them to digital values, and
process and transmit the data to a host system, or process this data and displays it on a LCD panel. The timers
make the configurations ideal for industrial control applications such as ripple counters, digital motor control,
EE-meters, hand-held meters, etc. The hardware multiplier enhances the performance and offers a broad code
and hardware-compatible family solution.

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

PRODUCTION DATA information is current as of publication date.
Products conform to specifications per the terms of Texas Instruments

Copyright © 2002, Texas Instruments Incorporated
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International
TR Rectifier

PD-93757C

IRLML2502

HEXFET® Power MOSFET

Ultra Low On-Resistance
N-Channel MOSFET
SOT-23 Footprint

Low Profile (<1.1mm)
Available in Tape and Reel
Fast Switching

VDSS =20V

D
RDS(on) = 0.045Q

Description

These N-Channel MOSFETs from International Rectifier
utilize advanced processing techniques to achieve extremely
low on-resistance per silicon area. This benefit, combined
with the fast switching speed and ruggedized device design
that HEXFET® power MOSFETs are well known for, provides
the designer with an extremely efficient and reliable device
for use in battery and load management.

b

A thermally enhanced large pad leadframe has been
incorporated into the standard SQT-23 p_ackage to produce Micro3™
a HEXFET Power MOSFET with the industry's smallest
footprint. This package, dubbed the Micro3™, is ideal for
applications where printed circuit board space is at a
premium. The low profile (<1.1mm) of the Micro3 allows it
to fit easily into extremely thin application environments
such as portable electronics and PCMCIA cards. The thermal
resistance and power dissipation are the best available.
Absolute Maximum Ratings

Parameter Max. Units
Vps Drain- Source Voltage 20 \
Ib @ Ta=25°C Continuous Drain Current, Vgs @ 4.5V 4.2
Ib @ Ta=70°C Continuous Drain Current, Vgs @ 4.5V 3.4 A
Iom Pulsed Drain Current ® 33
Pp @Ta =25°C Power Dissipation 1.25
Pp @Ta =70°C Power Dissipation 0.8 w

Linear Derating Factor 0.01 W/°C

Vs Gate-to-Source Voltage +12 \%
Ty, Tsta Junction and Storage Temperature Range -55 to + 150 °C
Thermal Resistance

Parameter Typ. Max. Units
Rgia Maximum Junction-to-Ambient® 75 100 °C/W
www.irf.com 1
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IS74

M25P20

2 Mbit, Low Voltage, Serial Flash Memory
With 25 MHz SPI Bus Interface

FEATURES SUMMARY
m 2 Mbit of Flash Memory

m Page Program (up to 256 Bytes) in 1.5ms
(typical)

Sector Erase (512 Kbit) in 2 s (typical)
Bulk Erase (2 Mbit) in 3 s (typical)

2.7 V to 3.6 V Single Supply Voltage

SPI Bus Compatible Serial Interface

25 MHz Clock Rate (maximum)

Deep Power-down Mode 1 uA (typical)
Electronic Signature (11h)

More than 100,000 Erase/Program Cycles per
Sector

m More than 20 Year Data Retention

December 2002

Figure 1. Packages

1

SO8 (MN)
150 mil width

-

VFQFPNS8 (MP)
(MLP8)
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MAX3232

3-V TO 5.5-V MULTICHANNEL RS-232 LINE DRIVER/RECEIVER

SLLS410F — JANUARY 2000 — REVISED AUGUST 2002

® Meets or Exceeds the Requirements of D, DB, DW, OR PW PACKAGE
TIA/EIA-232-F and ITU v.28 Standards (TOP VIEW)

® Operates With 3-V to 5.5-V V¢ Supply c1+ 11 ) 161 Vec

® Operates up to 250 kbit/s v+ ]2 15[] GND

® Two Drivers and Two Receivers c1-[]3 14]] DOUT1

® Low Supply Current . .. 300 uA Typical C2+ []4 13[] RIN1

® External Capacitors ...4 x 0.1 uF C\Z/_ Z 11?% gﬁ\:{”

® Accepts 5-V Logic Input With 3.3-V Supply pouT2 07 10[] DIN2

® Designed to Be Interchangeable With riN2 [18 o[l ROUT?2
Maxim MAX3232

® RS-232 Bus-Pin ESD Protection Exceeds

115 kV Using Human-Body Model (HBM)

® Applications

— Battery-Powered Systems, PDAs,
Notebooks, Laptops, Palmtop PCs, and
Hand-Held Equipment

description/ordering information

The MAX3232 device consists of two line drivers, two line receivers, and a dual charge-pump circuit with
+15-kV ESD protection pin to pin (serial-port connection pins, including GND). The device meets the
requirements of TIA/EIA-232-F and provides the electrical interface between an asynchronous communication
controller and the serial-port connector. The charge pump and four small external capacitors allow operation
from a single 3-V to 5.5-V supply. The devices operate at data signaling rates up to 250 kbit/s and a maximum
of 30-V/us driver output slew rate.

ORDERING INFORMATION

ORDERABLE TOP-SIDE
TA PACKAGET PART NUMBER MARKING
Tube MAX3232CD
SOIC-D MAX3232C
Tape and reel MAX3232CDR
Tube MAX3232CDW
—0°C to 70°C SOIC - DW MAX3232C
Tape and reel MAX3232CDWR
SSOP - DB Tape and reel MAX3232CDBR MA3232C
TSSOP - PW Tape and reel MAX3232CPWR MA3232C
Tube MAX3232ID
SOIC-D MAX3232I
Tape and reel MAX3232IDR
Tube MAX3232IDW
—40°C to 85°C SOIC - DW MAX3232I
Tape and reel MAX3232IDWR
SSOP - DB Tape and reel MAX3232IDBR MB3232|
TSSOP - PW Tape and reel MAX3232IPWR MB3232|

TPackage drawings, standard packing quantities, thermal data, symbolization, and PCB design guidelines are
available at www.ti.com/sc/package.

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

*’) TEXAS
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adc12. c 07/ 10/ 2008
#i ncl ude "adc12. h"

voi d adc_set _channel (vol atile unsigned int ch) //selects and configures
channel

{
ADC12CTLO = /1 ADC12SC | /1 Start Conversion
/1 ENC | /I Enabl e
Conver si on
/1 ADC12TOVIE | [//Set Tiner Flow
I nterupt Enabl e

/1 ADC120VI E | /1 Set Overflow
I nterupt Enable
ADC120N | /| Enabl e ADC Core
((ch==10 || ch==1) ? REFON : 0) | //1f channel 10 or 1 ref on
((ch==10 || ch==1) ? REF2 5V : 0) |//1f channel 10 or 1 ref is 2.5V
/1 NSC | /1Set Multiple
Sanpl e Conver si on
SHTO 7 | /1 Sample tiner0
is 1024
SHT1 7; [/l Sample tinerl
is 1024
ADC12CTL1 = / | ADC12BUSY | /] Set ADC Busy
CONSEQ 0 | /1 Si ngl e Channel

Conver si on
ADC12SSEL 2 | //Master O ock

ADC12DI V_7 | /1 d ock Divide
/11SSH | /1l nvert Sanpl ehold
Si gnal
/1 SHP | /1 Set Sanple Hold Pul se
Mode
SHS 0; /1 Sanmpl e hol d source
ADC12SC bi t
/1 (ch<<12); /1 Menory Sel ect
ADC12MCTLO = ch |
((ch==10 || ch==1) ? SREF_1 : SREF 0) | //I1f channel is 10 or 4 then ref
2.5V
ECS;
}

voi d adc_off ()
ADC12CTLO = ADC12CTL1 = 0x0000;

vol atile unsigned int adc_read() //Take Sample

{
SET_BI TS( ADC12CTLO, ADC120ON); //Enabl e ADC Core
SET_BI TS( ADC12CTLO, ENC); //Enabl e Conversion
SET_BI TS( ADC12CTLO, ADC12SC); //Start Conversion
busy wait (0xO0fff); //Hold Sample
CLR _BI TS( ADC12CTLO, ADC12SC); // Stop Conversion
whi | e( ADC12I FG == 0){nop();} //Wait for flag
CLR BI TS( ADC12CTLO, ENC); //Di sable Conversion
CLR BI TS( ADC12CTLO, ADC120N); //Di sable ADC Core
return ADC12MEMD;
}



adcl2. h 04/ 02/ 2009

#i f ndef _ADC12 H
#define _ADC12 H

#include "utility.h"
#i ncl ude "pin_defs. h"

/* routines for manipul ating the ADCs */

[*** forward references ***/

voi d adc_set channel (vol atile unsigned int ch); //A so sw tches ADC on
voi d adc_off();

vol atile unsigned int adc_read();

#endif /* _ADCI2_H */



batterymonitor.c 09/ 09/ 2008

#i ncl ude "batterynonitor.h"

vol atile short get_battery()

{
volatile unsigned int i;
unsi gned | ong adc = O;
adc_set _channel (4);
for(i=0;i<128;i ++)

adc += adc_read();

adc_of f();
adc = adc/i;
return adc;

}



batterymonitor. h 09/ 09/ 2008

#i f ndef _BATTERYMONI TOR_H
#defi ne _BATTERYMONI TOR _H

#i ncl ude "adcl2. h"

/* routines for manipul ating battery */
[*** forward references ***/

vol atile short get battery();

#endi f /* _BATTERYMONI TOR H */



command.c

#include  <string . h>
#include <io . h>
#include <stdio . h>
#include <stdlib . h>
#include <signal . h>
#include <ctype . h>

#include  "pumps.h"
#include  "temp_sensor.h"
#include  "batterymonitor.h"
#include  "photodiode.h"
#include  "phosphate.h"
#include  "spi_flash.h"
#include  "uart.h"

#include  "gsm.h"

#include  "system.h"
#include  "command.h"

char * delims = "$,\r"
void cmd_echo (void )
{
if (uOrx_echo == 0)
uorx_echo = 1;
printf0  ("$ECHO,ON\r\n" ) ;
}
else
uOrx_echo = 0;
printf0  ("$ECHO,OFF\r\n" ) ;
}
return
}
void cmd_poset (char * cmd)
{

cmd = strtok ( NULL, delims );
if (cmd == NULL)

printf0  ( "$POSET,20%02u%02u%02u", system . year ,

day) ;
printf0  ( ",%02u%02u\r\n" , system . hour , system . minute );
return ;

eise if (isdigit (*cmd) && (strlen (cmd) == 8) )
char cyear [| = {cmd[ 2], cmd[ 3]} ;
system . year = atoi (&cyear [O0]) ;

char cmonth[] = {cmd 4], cmd[ 5]} ;
system . month = atoi (&cmonth [ 0]) ;

char cday[] = {cmd 6], cmd 7]} ;
system . day = atoi (&cday[O0]) ;

cmd = strtok (NULL, delims );
if ( isdigit (*cmd) && (strlen (cmd) == 4))
{

char chour [] = {cmd 0], cmd[ 1]} ;
system . hour = atoi (&chour [O0]) ;

char cminute [] = {cmd] 2], cmd[ 3]} ;
system . minute = atoi (&cminute [0]) ;

else

printfto  ("$POSET,ERROR\"\n" ) ;
return ;

}
printf0  ( "$POSET,20%02u%02u%02u,%02u%02u,0K\r\n"

system . month,

09/02/2009

system .

system . year , system . month, system . day, system . hour , system . minute ) ;
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}

void

{

}

else

printf0  ("$POSET,ERROR\"\n" ) ;
return ;

cmd_poprm(char * cmd)

[/Ivolatile unsigned char poprm[0x000F];
cmd = strtok ( NULL, delims );
char buffer [3];

buffer [2] = "0 ;
if (cmd == "\0' )

printf0  ( "$POPRM,%02u%02u,%u,%u\r\n" , system . sample hour
sample_minute , system . sample_time , system . reaction_time
return ;

}

/I Set Sample Time

buffer [0] = *cmd, buffer [1] = *(++cmd);
system . sample_hour = atoi (&buffer [0]) ;

buffer [0] = *(++cmd); buffer [1] = *(++cmd);
system . sample_minute = atoi (&buffer [0]) ;

/I Set Sample Rate
cmd = strtok  (NULL, delims ); //if(cmd == "\O")return;
system . sample_time = atoi (cmd);

/I Set Reaction Time
cmd = strtok  (NULL, delims ); //if(cmd == "\O")return;
system . reaction_time = atoi (cmd);

09/02/2009

, system .

printf0  ( "$POPRM,%02u%02u,%u,%u,OK\r\n" , system . sample_hour , system .

sample_minute , system . sample_time , system . reaction_time );

return

}

void

if

if
{

}

cmd_popre (char * cmd)

volatile unsigned char i, j, k=0, pumps, pump_number, pump_times ;

cmd = strtok ( NULL, delims );
if (cmd == 0" )

{
printfo  ("$POPRE,ERRORY) ;
return ;

}

pump_number = atoi (cmd);

pumps = (0x01 << (pump_number-1)) ;
cmd = strtok (NULL, delims );
pump_times = atoi (cmd);

(pumps > 0x20)
printft0  ("$POPRE,ERROR\"\n" ) ;
return ;

(pumps == 0x00)

pumps = 0x01;

k - .

for (i =0; i <pump_times ;i ++)

for (j =0;j<=k;]j ++)
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{
pump(( pumps << j), ON_TIME, OFF_TIME);

}
printf0  ( "$POPRE,%u,%u,OK\r\n" , pump_number, pump_times ) ;

}

void cmd_popge (char * cmd)

volatile unsigned char i, times ;
STORAGEstore ;

cmd = strtok ( NULL, delims );
if (cmd == 0" )

{
printft0  ("$POPGE,ERROR\r\n" ) ;
return ;

times = atoi (cmd);
for (i=0;i <times ;i ++)

pump( PHOSLOW_PUMP_| PHOSHIGH_PUMP_J CLEANER_PUMP_¢
CLEANER_PUMP_, 5 ON_TIME, OFF_TIME) ;
get_phosphate_ test (&store , 1);

printf0  ("$TEST,%u" , store .count );
printf0  (",20%02u%02u%02u” , store .year , store . month, store .day);
printf0  (",%02u%02u" , store . hour , store . minute );

printf0  (",%u" , store . battery );
printf0  (",%u" , store .temp);
printf0  (",%u" , store . phos_high );
printfO  (",%u" , store .sample);

printf0  (",%u,OK\\n" , store . phos_low );
//pum}p(CLEANER_PUMP_4 | CLEANER_PUMP_6, ON_TIME, OFF_TIME);
printf0  ( "$POPGE,%u,OK\r\n" | times ) ;
}

void cmd_pomse(char * cmd)

{
STORAGEstore ;

cmd = strtok (NULL, delims );
if (cmd == "\0" )
pEinth ("No arguments, Type $HELP,POMSE for more details\r\n" );
return ;
pump( CLEANER_PUMP_4 CLEANER_PUMP_, } ON_TIME, OFF_TIME);
get_phosphate (&store , atoi (cmd)) ;
printfO ("$POMSE,%u", store . count );

printf0  (",20%02u%02u%02u” , store .year , store . month, store .day);
printfO (" %02u%02u" , store . hour, store . minute );
printf0  (",%u" , store . battery );
printf0  (",%u" , store .temp);
printf0  (",%u" , store . phos_high );
printf0  (",%u" , store .sample);
printfO (" %u" , store .phos_ low );
("

printfO ,OK\r\n" )
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void cmd_porqgt (void )
{

STORAGEstore ;
volatile unsigned short index = O;
index = system . nextFreeDataBlock -1;
readDataBlock (index , &store );
printft0 ("$PORQT") ;
printf0  (",%u" , store .count );
printf0  (",20%02u%02u%02u” , store .year , store .month, store .day);
printf0  ( ",%02u%02u" , store . hour , store . minute );
printf0  (",%u" , store . battery );
printf0 (",%u" , store .temp);
printft0  (",%u" , store . phos high );
printf0  (",%u" , store .sample);
printf0  (",%u" , store . phos_low );
printf0 (",OK\r\n" ) ;
return ;
}
void cmd_flash (char * cmd)
{
STORAGEstore ;
volatile unsigned char brk = 0O;
volatile unsigned short index = O;

/Istore.count = O;
cmd = strtok (NULL, delims );

if{ (!'stremp ("READ", cmd))

cmd = strtok (NULL, delims );

while (index < system . nextFreeDataBlock && brk 1= 1)

{
printf0  ( "$FLASH,READ") ;

if (!strcmp ("LATEST", cmd))

printto  (",LATEST" );
index = system . nextFreeDataBlock - 1;

}
else if (!strcmp ("ALL" , cmd))

printfO (" ALL" );
/[displayAllStoredData();

else if (!strcmp ("DATE", cmd))
{
printf0  (",DATE" );

09/02/2009

/lImplement - write  date-to-index function
brk = 1;
}
else if (isdigit (*cmd))
{
index = atoi (cmd);
brk = 1;
}
else
printf0  ( "$FLASH,ERROR\r\n" ) ;
return ;
}
readDataBlock (index , &store );
printfO  (",%u" , store .count );
printf0  (",20%02u%02u%02u” , store .year , store . month, store .day);
printf0  ( ",%02u%02u" , store . hour , store . minute );
printf0  (",%u" , store . battery );
printf0  (",%u" , store .temp);
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printfO
printfO
printfO
printfO

"%u" , store . phos_high );
"%u" , store .sample);
"%u" , store . phos_low );
"OK\n\n" ) ;

e T T

index ++;
}
}
else if (!stremp ("ERASE", cmd))
{
printf0  ( "$FLASH,ERASE") ;
if (( cmd=strtok (NULL, delims )) == 0" )
spi_flash_bulk_erase 0 ;
}
else if (isdigit (*cmd) && atoi (cmd) <=3)
spi_flash_sector_erase (atoi (cmd)) ;
printf0  (",%u" , atoi (cmd)) ;
[lprintfO(",ERROR\\n");
}
printf0 (",OK\r\n" ) ;
}
[

else

{
printft0 (", ERROR\"\n" );
}

}

void cmd_test (char * cmd)

{
/Ivolatile unsigned short stdev = 4095;
STORAGEstore ;

/lwhile(1)
I

JIprintfO("$TEST, %x,%x\r", TAR, TAIV);
n

/ISET_BITS(ADC_OUTPORT, ADC_0);

/lwhile(stdev>15)
1K
/Istdev = get_photodiode_stdev(16);
[lprintfO("$TEST,%u,OK\r\n", stdev);
I}

/ldaqg_enable();
/iwhile(1)
1
[lprintfO("$TEST,%u", get_photodiode());
I

}
//daq_disable();

get_phosphate_test (&store , 1);
[ltext_test();

printt0  ("$TEST,%u" , store . count );

printf0  (",20%02u%02u%02u” , store .year , store . month, store . day);
printf0  ( ",9%02u%02u" , store . hour , store . minute );

printf0  (",%u" , store . battery );

printfO  (",%u" , store .temp);

printf0  (",%u" , store . phos high );

printfO  (",%u" , store .sample);

printf0  (",%u,OK\\n" , store . phos_low );

/ICLR_BITS(ADC_OUTPORT, ADC_0);

09/02/2009
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}

void parse_command (char * part )

{

char * cmd;

char * split ="$, W' ;
printfto  ("\\n" );

cmd = strtok (part , split );

if (uOrx_buff read [0] '="% && uOrx_buff read [0] '= 13 && uOrx_echo == 1)
printt0  ("Bad Command;\r\nAll commands must start with a '$\n\n" );
else if (!strcmp ("ECHOQO", cmd))
cmd_echo () ;

else if (!stremp ("POSET", cmd))
cmd_poset (cmd) ;

else if (!strcemp ("POPRM', cmd))
cmd_poprm ( cmd) ;

else if (!stremp ("POPRE", cmd))
cmd_popre (cmd) ;

else if (!strcemp ("POPGE", cmd))
cmd_popge (cmd) ;

else if (!strcemp ("POMSE", cmd))
cmd_pomse( cmd) ;

else if (!strcemp ("PORQT", cmd))
cmd_porgt () ;

else if (!strcemp ("FLASH", cmd))
cmd_flash (cmd) ;

else if (!stremp ("TEST", cmd))
cmd_test (cmd) ;

else if (uOrx_buff read [0] == 13)
nop() ;

printf0  ("INVALID COMMAND\A\n");

else

printfo (">>");
clear_uart0_buffers 0

void start (void )

{
set_defaults 0 ;

basic_timer_setup 0 ;

timer_a_setup (OX7FFF);
printf0  ( "\r\nPort 0: MSP430 Running the GSMPO4-11 115200bps\r\n" );
printfl  ( "\r\nPort 1: MSP430 Running the GSMPOA4-II 115200bps\r\n" );
system . nextFreeDataBlock = findNextSlot 0 ;

printft0  ("Press Return to Start" );

system . flag = uOrx_flag ;
while (system .flag == uOrx flag ){ nop() ;}

printf0  ("\r \r' )

printf0  (">>");

return
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#i fndef _CVD | MP_H
#define CVD I MP_H

/*** forward references ***/

extern void
extern void

/1 inline LEDL on() {SET BITS(LED QUTPCRT, LED 1); }
/1 inline LED1 off() {CLR BI TS(LED OUTPORT, LED 1)
/lextern void inline LED2 on() {SET BI TS(LED OUTPORT, LED 2): }
/lextern void inline LED2 off() {CLR BI TS(LED OUTPORT, LED 2)
/lextern void inline LED3 on() {SET _BI TS(LED OQUTPORT, LED 3); }
/lextern void i

/lextern void i }
/lextern void i

inline LED3 of f() {CLR BI TS(LED OUTPORT, LED 3);
inline LED4 on() {SET Bl TS(LED OUTPORT, LED 4);
inline LED4 of f() {CLR BI TS(LED OUTPORT, LED 4);

/lextern void inline LEDs_on() {SET_BI TS(LED QUTPORT, LED 1 | LED 2 | LED 3
| LED 4); }
/lextern void inlin
LED 3 | LED 4); }

(0]

LEDs_of f () {CLR Bl TS(LED OUTPORT, LED 1 | LED 2 |

void start(void);
voi d parse_command(char * part);

#endif /* _CVD IMP_H */
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#include <stdio . h>

#include  "system.h"

#include  "gsm.h"

#include  "uart.h"

#include  "utility.h"

volatile unsigned char debug = 0;

void gsm_on()

gsm _igt on () ;
busier_wait  (0x0040 ) ;
gsm_igt off ;
busier_wait  (0x0080 ) ;
}
void gsm_off ()
{
gsm pd on() ;
busier_wait  (0x0040 ) ;
gsm_pd off () ;
/Ibusier_wait(0x0080);
}
void text data (DATATEXT* text )
{
volatile unsigned int i;
gsm_on() ;

busier_wait  (0x0080 ) ;

printfl.  ("AT+CMGF=1"); //Set Modem to Textmode
putchar_ultx (13);
busier_wait  (0x0040 ) ;

printfl. ~ ("AT+CMGD=1"); //Clear Text Message
putchar_ultx (13);
busier_wait  (0x0040 ) ;

printfl. ~ ("AT+CMGW=1) ; //Write the message
putchar_ultx (13);
busier_wait  (0x0040 ) ;

printfl  ("$POTXT,%u,20%02u%02u%02u,%02u%02u,%u,%u;" , text - >count ,

text - >year ,
text - >month,
text - >day,

text - >hour ,

text ->minute ,

text - >sample_time
text - >reaction_time )

for (i=0;i<=4;i++)

printf1  ( "%u,%u,%u,%u,%u;" ,text ->battery [i],
text ->temp[i],
text ->phos_high [i],
text ->sample [i],
text ->phos_low [i]) ;

}

busier wait  (0x0040);
putchar_ultx (26); /lctrl-z
busier_wait  (0x0040 ) ;

[lprintfL("AT+CMSS=1,0866088342,129"); //Send Message
/Iputchar_ultx(13);
/Ibusier_wait(0x0200);

printfl ~ ("AT+CMSS=1,0868935040,129" );
putchar_ultx (13);
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busier_wait  (0x0200 ) ;

/lprintf1("AT+CMSS=1,0871236656,129");
/Iputchar_ultx(13);
/Ibusier_wait(0x0200);

printfl. ~ ("AT+CMGD=1"); //Clear Text Message
putchar ultx (13);
busier_wait  (0x0040 ) ;

gsm_off () ;
}

void text test ()

{

/Ivolatile unsigned int i

gsm_on() ;
busier_wait  (0x0080 ) ;

printfl. ~ ("AT+CMGF=1"); //Set Modem to Textmode
putchar ultx (13);
busier_wait  (0x0040 ) ;

printfl. ~ ("AT+CMGD=1"); //Clear Text Message
putchar ultx (13);
busier_wait  (0x0040 ) ;

printfl. ~ ("AT+CMGW=1) ; /[/Write the message
putchar ultx (13);
busier_wait  (0x0040 ) ;

printfl  ("$POTXT,OK");
[*for(i=0;i<=4;i++)

printf1("%u,%u,%u,%u,%u;" text->battery]i],
text->templi],
text->phos_high(i],
text->sampleli],
text->phos_lowf[i]);
¥
busier wait  (0x0040);
putchar_ultx (26); /lctrl-z
busier_wait  (0x0040 ) ;
HprintfL("AT+CMSS=1,xx***xxxxx 129"): [[Send Message
/Iputchar_ultx(13);
/Ibusier_wait(0x0200);
printfl  ( "AT+CMSS=1],****xxxxkk 1 9Q" ); //Send Message
putchar_ultx (13);
busier_wait  (0x0200 ) ;
printfl. ~ ("AT+CMGD=1"); //Clear Text Message
putchar_ultx (13);
busier_wait  (0x0040 ) ;
gsm_off () ;
}

/*char sms_command(char * number, char * text)

char * s;
sprintf(s,"AT+CMGW=""%s""\r",number);

printf1("%s",s);

return 'f';
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¥

void send _sms(char * num, char * msg)

{
/lemd = strtok(NULL,",");
if (num == "\0' || msg == "\0" )
printf0  ( "Incorrect Useage\r\n" ) ;
return ;
}
gsm_on() ;

printf0  ("To: %s\r\nMessage: %s\n\r" , num, msg) ;
printftl  ("AT+CMGR=1\r" ) ;

/Ibusier_wait(Ox00FF);

unsigned char i;

for (i=0;i<200;i ++)
{

printf0  ( "[%0S] ", &ulrx_buff read [0]) ;
}
/*
printf1();
uprintf(putchar_ultx,"AT+CMGR=1"); /ISet Modemto Textmode

putchar_ultx(13);

uprintf(putchar_ultx,"ATD017007604");
putchar_ultx(13);

busier_wait(OXOFFF);
printfO("%s\r\n",ulrx_buff read);

[luprintf(putchar_ultx,"ATH");
/lputchar_ultx(13);*/

gsm_off () ;
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#i fndef _GSM H
#define _GSM H

#i ncl ude "system h"
#include "utility.h"
#i ncl ude "pin_defs. h"

/* routines for manipul ati ng swi tchabl e power */

extern void inline gsmigt _on() { SET_BI TS( SWP_QOUTPORT, SWP _2); }
extern void inline gsmigt off() { CLR BI TS(SWP_QUTPCORT, SWP 2); }
extern void inline gsmpd on() { SET_BI TS( SWP_QOUTPORT, SWP_3); }
extern void inline gsmpd off () { CLR BITS(SWP_QUTPORT, SWP_3); }

/*** forward references ***/
void ring();

voi d text _done();

void text test();

voi d text_dat a( DATATEXT * text);

void send_sns(char * num, char * msg);

#endif /* GSMH */



GSMPo-11.c

#i
#i
#i
#i
#i
#i
#i

4

ncl ude
ncl ude
ncl ude
ncl ude
ncl ude
ncl ude
ncl ude

ncl ude

"pi n_defs.h"
"system h"
"utility.h"
"conmand. h"
"phosphat e. h"
"spi _flash. h"
"gsm h"

"GSMPo- I | . h"

26/ 03/ 2009

int mai n(void)

// Function Vari abl es
STORAGE store;
DATATEXT text;

//vol atile unsigned short i;

/[linitialize watchdog timer

WDTCTL = //WDTI SO | /I Timer Interval SelectO
[ VDTl S1 | [/ Timer Interval Selectl
/1 WDTSSEL | /1 Sel ects ACLK as Source
/1 WDTCNTCL | /1 ears Count Val ue
/I WDTTMVSEL | /llnterval Tinmer Enable
/1 WDTNM /1 Non Maskabl e Interupt Enable
/1 \WDTNM ES | /1 Non Maskabl e Interupt Edge Sel ect
WDTHOLD | /] Timer Stop
VWDTPW; /| Passwor d.

/* set up the systemclock */
/*
FLLDx di vi der
nodul ation is ON, FLL is on
SCFQCTL = 122;

W want an 8 MHz MCLK from our
is 2 and FLL divider (N
etc.

32768 Hz xt al
is 122,

SO

*/

SCFI0 = FLLD 2 | FN_2;
FLL_CTLO = // SMCLKOFF |
XT20FF
DCOPLUS
XCAP10PF; /* why called 10PF? should be smaller */
FLL_CTL1 = FLL_DI V_1;
/* set default outputs before we switch any I/O pins to "output" */
P1OUT = 0xO00;
P20OUT = 0x08; //Flash chip select 0x08 is set high on startup
P3QUT = 0x00;
P40QUT = 0x00;
P5QUT = 0x00;
P6OUT = 0x04; //ADC22 chip select 0x04 is set high on startup
/* select either I/O or peripheral for pin (1/0O = 0, peripheral = 1) */
P1SEL = P1_FUNCTI ON_PI NS;
P2SEL = P2_FUNCTI ON_PI NS;
P3SEL = P3_FUNCTI ON_PI NS;
PASEL = P4_FUNCTI ON_PI NS;
P5SEL = P5_FUNCTI ON_PI NS;
P6SEL = P6_FUNCTI ON_PI NS;
/* port direction registers (out =1/ in = 0) */
P1IDIR = ~P1_I NPUT_PI NS;
P2DIR = ~P2_I NPUT_PI NS;
P3DIR = ~P3_| NPUT_PI NS;
PADIR = ~P4_1 NPUT_PI NS;
P5DIR = ~P5_| NPUT_PI NS;
P6DIR = P6 INPUT_PINS | Ox01 | 0x08; //A0 and A3 are outputs
/* interrupt edge select (0 = positive / 1 = negative) */
P1IES = 0x0000;
P21 ES = 0x0000;
/* interrupt enables (0 = disabled / 1 = enabl ed)

P1I E

0x0000;
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P2IE = 0x0000;
/luartQO_setup(0x0682, O0x00DE); //4800
/luartO_setup(0x0341, 0x0009); //9600
uart 0_setup(0x0045, 0x0029); //115200
uart1l setup(0x0045, 0x0029); //115200

/* wait while clock settles */
busy_wait (Oxffff);

eint(); //Enable Interupt

start();

LPMB;
whi | e(1)
{

systen. flag = uOrx_fl ag;
whi | e(systen. flag == uOrx_fl ag)
{

i f((system hour == systemn. sanpl e_hour) &&(system. m nute ==
system. sanpl e_m nute))

system. count = (system. count > 4) ? 0 : system. count;
system. sanple mnute = system ninute + system. sanple_tine;
syst en. sanpl e_hour = systen. hour +
(systen. sanpl e_m nut e/ 60);

system. sanpl e_m nute = (system. sanpl e_ni nut e>=60) ?
(systen. sanpl e_m nut e- 60) : syst en. sanpl e_m nut e;

system. sanpl e_hour = (systen. sanpl e_hour>=24) ? (systenm.
sanpl e_hour - 24) : syst em. sanpl e_hour ;

get phosphate(&store, system.reaction_tine);
printf0O("$POVBE, %u", store.count);

printf0o(", 20902u¥®2u%2u”, store.year, store.nonth, store.day);
printf0o(", YQ2u%®2u", store.hour, store.ninute);

printfO(", %", store.battery);
printfo(", %", store.tenp);
printfO(", %", store.phos_high);
printfo(", %", store.sanple);
printfO(", %", store.phos_|ow);
printfo(",o\r\n");

i f(systen. count == 0)

text.count = store.count;
text.year = store.year
text.nonth = store.month
text.day = store.day;

t ext. hour = store. hour;
text.mnute = store. n nute;

text.sample time =
text.reaction_tine

}

text.battery[system count] = store.battery;
text.tenp[system count] = store.tenp;

t ext. phos_hi gh[ systen. count] = store.phos_high;
t ext.sanpl e[ system. count] = store.sanpl e;

text. phos_| ow| systen. count] = store. phos_I ow;

system. sanpl e ti ne;
= systen.reaction_tinme;

i f (system. count == 4)
text _data(&t ext);

systemn. count ++;

}
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}

par se_conmmand(uOr x_buf f_read);

}
}

/* print string (no formatting) using pchar as putchar routine */
/*void uprint_string(void (*func)(char c), const char *s)

for (; *s; s++) func(*s);
}el
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#i fndef PO H
#define PO H

/*** forward references ***/

extern void
extern void
extern void
extern void
extern void
extern void
extern void
extern void

nline LEDL on() {SET BI TS(LED OUTPORT, LED 1); }
nline LEDL off() {CLR BI TS(LED OUTPORT, LED 1):
nline LED2 on() {SET BI TS(LED OUTPORT, LED 2); }
nline LED2 off () {CLR BI TS(LED OUTPORT, LED 2):
nline LED3 on() {SET BI TS(LED OUTPORT, LED 3); }
nline LED3 off () {CLR BI TS(LED OUTPORT, LED 3):
nline LED4 on() {SET BI TS(LED OUTPORT, LED 4); }
nline LED4 off () {CLR BI TS(LED OUTPORT, LED 4):

/lextern void inline LEDs_on() {SET_BI TS(LED QUTPORT, LED 1 | LED 2 | LED 3
| LED 4); }

/lextern void inline LEDs_off() {CLR BI TS(LED OUTPORT, LED 1 | LED 2 |

LED 3 | LED 4); }

/lextern void inline LED on(volatile unsigned char |ed_nunber)
{SET_BI TS(LED _OUTPORT, | ed_nunber);

/lextern void inline LED off(volatile unsigned char |ed_nunber)
{CLR BI TS(LED_QUTPORT, |ed_nunber); }

void uprint_string(void (*func)(char c), const char *s);

#endif /* POH */
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#include "utility.h"

#i ncl ude "punps. h"

#i ncl ude "tenp_sensor. h"

#i ncl ude "batterynonitor.h"
#i ncl ude "phot odi ode. h"

#i ncl ude "spi _flash. h"

#i ncl ude "system h"

#i ncl ude "phosphate. h"

#i ncl ude "uart.h"
/*voi d get phosphate_cal i brate(CALI BRATION * cali brate)
vol atil e unsigned char i,j;

cal i brat e->year = system year

calibrate->nonth = system nont h;

cal i brat e->day = system day;

cal i brat e->hour = system hour;
calibrate->m nute = systemmn nute

calibrate->battery = get_battery();
calibrate->tenp = get _tenp(BOARD);

for(i=0;i<3;i++)

{
for(j=0;j<20;j++)
{

punp_on(i +1, 0x20, 0xcO0) ;

cal i brate->phos[i] = get_photodi ode();
for(j=0;]j<20;j ++)
punp_m x( CLEANERL, CLEANERZ2, 0x20, 0xcO0) ;

}
for(j=0;]j<20;j++)
{

punp_on(5, 0x20, 0xcO0) ;
}

cal i brat e->phos[ 3] = get_phot odi ode();
for(j=0;j<20;j ++)
{

punp_m x( CLEANERL, CLEANER2, 0x20, 0xcO0) ;

return;
yel

voi d get_phosphate_test (STORAGE * store, volatile unsigned char
reaction_tine)
{
st ore->count = systen. next FreeDat aBl ock;
store->year = systemn.year
store->month = systen. nont h;
store->day = systen. day;
st ore->hour = systenm. hour;
store->mnute = systerm. mnute;
store->battery = get battery();
store->tenp = get_tenp_avg(BOARD, 1);
st ore->phos_hi gh = get phot odi ode_avg( WARM UP, 0x80, 128);
store->sanpl e = get phot odi ode_avg( WARM UP, 0x80, 128);
st ore->phos_| ow = get phot odi ode_avg(WARM UP, 0x80, 128);

// store_dat abl ock(store);
//witeDat aBl ock(store, system nextFreeDat aBl ock);

1
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}

void wait_reaction(volatile unsigned char reaction_tine)
vol atil e unsigned char mnute, wait_second, wait_mi nute;

/1 LPMB; [/ Low power node
/1LPMB_EXIT; //Exit |ow power node

wai t second = systen. second;
wait_mnute = system. mnute + reaction_tine;
wait _mnute = (wait_mnute>=60) ? (wait_m nute-60):wait_ninute;
/1 busy wait (Oxffff);
[lTprintfO("% % % %\r\n",wait_minute, systemm nute, wait_second,
system second) ;

m nute = systemn. mnute;
while((system. minute !'= wait_mnute) || (system second != wait_second))

busy_wait (Oxffff);

if((system.mnute >= wait_mnute-2) && ((systen.second >=

wait _second) || (system.mnute >= wait_minute)))
//LED on = 1;
/1 dag_enabl e();
/luv_on();
[/printf0o("$POSTT, %02u: ¥©2u, ¥O2u: ¥O2u, ", wait_m nute,

/1 wait _second,
/1 syst em mi nut e,
/1 system second) ;
[l printfo("%04u, %904u, ¥®4u, K \r", get _battery(),
/1 get _tenp_avg(BQOARD, 1),
/1
get _phot odi ode_avg( WARM UP, 0x10, 1));
}
/el se
/14
printf0o("$POSTT, ¥02u: ¥02u, ¥O2u: ¥O2u, K \r",

wai t _m nute,

wai t _secon

systen.
m nut e,
systen.
second) ;

11}

//mnute = (m nute>=60) ? (m nute-60):m nute;

[1if(mnute == system ni nute)

/

i f
14
[lprintfO("%\r\n", get_phot odi ode());
//mnute = systemmnute + 1

I}

}
[luv_off();
/1 dag_di sabl e();

}
voi d get _phosphat e( STORAGE * store, volatile unsigned char reaction_tinmne)

vol at
/1 vol at

| e unsigned char i, chip = COUVETTE;// SERPENTI NE
| e unsi gned char ninute;

st ore->count = systen. next FreeDat aBl ock;
store->year = systen.year

store->nmonth = systen. nont h;

st ore->day = systen. day;
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store->hour = system. hour;

store->mnute = system. mnute;
store->battery = get_battery();

store->tenp = get_tenp_avg(BOARD, 128);
/1 CLR_BI TS(ADC_QUTPCRT, ADC 3); //Peristaltic Punp Of
for(i=0;i<=19;i++) //get new sanpl e

punp( SAMPLE_PUMP_2, ON_TI ME, OFF_TI ME);

}
for(i=0;i<=1;i++)

punp( CLEANER_PUMP_4 | CLEANER PUMP_6, ON_TI ME, OFF_TI ME);
/ get _phot odi ode_avg( WARM UP, 0x80, 128);

for(i=0;i<=chip;i++)
punp( PHOSHI GH_ PUMP_3 | REAGENT_PUMP_5, ON_TI ME, OFF_TIME);

wait _reaction(reaction_tine);
st ore- >phos_hi gh = get _phot odi ode_avg( WARM UP, 0x80, 128);

/luv_off();
// dag_di sabl e();

for(i=0;i<=1;i++)
pump( CLEANER_PUMP_4 | CLEANER PUMP_6, ON_TIME, OFF_TI ME):

for(i=0;i<=chip;i++)
punp( SAMPLE_PUMP_2 | REAGENT_PUMP_5, ON TI Mg, OFF_TIME);

wait _reaction(reaction_tine);
store->sanpl e = get_phot odi ode_avg( WARM UP, 0x80, 128);

[luv_off();
/1 dag_di sabl e();

for(i=0;i<=1;i++)
punp( CLEANER_PUVMP_4 | CLEANER PUMP_6, ON_TI ME, OFF_TI ME);

for(i=0;i<=chip;i++)
punp( PHOSLOW PUMP_1 | REAGENT_PUMP_5, ON_TI ME, OFF_TI ME);

wait _reaction(reaction_tine);
st ore->phos_I| ow = get _phot odi ode_avg( WARM UP, 0x80, 128);

/luv_off();
// dag_di sabl e();

/1 SET_BI TS(ADC_QUTPCRT, ADC 3); //Peristaltic Punp On
for(i=0;i<=1;i++)
punp( PHOSLOW PUVMP_1 | CLEANER PUMP_4 | CLEANER PUMP_6, ON_TI ME
OFF_TI ME) ;
/[ punp( PHOSLOW PUMP_1 | PHOSHI GH PUWP_3 | CLEANER _PUMP_4 |
CLEANER_PUMP_6, ON_TI ME, OFF_TI ME)
writ eDat aBl ock(store, systen. nextFreeDat aBl ock) ;

return;
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#i f ndef _PHOSPHATE_H
#defi ne _PHOSPHATE_H

#i ncl ude "system h"

#def i ne SERPENTINE O // Changed from 3.
#defi ne COUVETTE O

/*** forward references ***/

//void get phosphate calibrate(CALI BRATION * calibrate);

voi d get phosphate test (STORAGE * store, volatile unsigned char
reaction_tinme);

voi d get phosphat e( STORAGE * store, volatile unsigned char reaction_tine);

#endi f /* _PHOSPHATE H */
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/ ] #i ncl ude<coni o. h>

#i ncl ude "phot odi ode. h"
#i ncl ude "adc12. h"

#i nclude "uart.h"

#i ncl ude <mat h. h>

vol atil e unsigned short get nean(vol atile unsigned short *value, volatile
unsi gned char n)

vol atil e unsigned char i;
vol atil e unsi gned short nean;
//1find nmean
for(i=0; i<n; i++)
nmean+=val ue[i];
mean=mean/ n;
return(nean);

vol atil e unsigned short get_stdev(volatile unsigned short *value, volatile
unsi gned char n)

{

vol atil e unsigned char i;
vol atil e unsigned short nean = 0, stdev = 0, dev2[16];
vol atil e short dev[16];
/*val ue[ 0] = 16;

val ue[ 1] = 1;

val ue[ 2] = 2;

val ue[ 3] = 3;

val ue[ 4] = 4;

val ue[5] = 5;

val ue[ 6] = 6;

value[7] =7,

val ue[ 8] = 8;

val ue[9] = 9;

val ue[ 10] = 10;

val ue[ 11] = 11;

val ue[ 12] = 12;

val ue[ 13] = 13;

val ue[ 14] = 14;

val ue[ 15] = 15;*/

//find nmean
for(i=0; i<n; i++)

nmean+=val ue[i];
nmean=mean/ n;

//find deviation
for(i=0; i<n; i++)

dev[i] = value[i] - nean;

[

//find variance
for(i=0; i<n; i++)

—~

dev2[i] = dev[i]*dev[i];

[

for(i=0; i<n; i++)
{

stdev+=dev2[i];
st dev=st dev/ n;

stdev = sqrtf(stdev);
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return(stdev);

}

vol atil e unsi gned short get_phot odi ode()
vol atil e unsigned short adc;
adc_set _channel (1);

uv_on();
busy wait (Oxffff);
adc = adc_read();
uv_off();
busy _wait (Oxffff);
adc_off();

adc = adc;

return(adc);

}

vol atil e unsigned short get_ phot odi ode_avg(vol atil e unsigned char warr,
vol atil e unsigned char warmtine, volatile unsigned char n)

{

vol atil e unsigned char i;
vol atil e unsigned | ong abs = O;

daq_enabl e();
busi er _wai t (0x0001);

i f(warm == WARM UP)

uv_on();
busier wait(warmtine);
uv_of f();

for(i=0;i<n;i++)

abs += get phot odi ode();
}
abs = 4095 - (abs/n);

//busy wait(0xffff);
daqg_di sabl e();

return(abs);

}

vol atil e unsigned short get_ phot odi ode_fourier(volatile unsigned char warrm,
vol atil e unsigned char warmtine, volatile unsigned char n)

{

vol atil e unsigned char i;
vol atil e unsigned short abs = 0O;
vol atil e unsigned | ong acu = O;

dag_enabl e();
busi er _wai t (0x0001);

i f(warm == WARM UP)
uv_on();

busier_wait(warmtine);
uv_of f();

for(i=0;i<n;i++)
{
acu += get_phot odi ode_avg( NO WARM UP, 0x00, 64);

2
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}
abs = 4095 - (acu & OxFFF);

//busy wait(0xffff);
daqg_di sabl e();

return(abs);
}
vol atil e unsigned short get phot odi ode_stdev(vol atil e unsigned char n)

vol atil e unsigned char i,j;
vol atil e unsigned short stdev, value[n], value_nmean[n];

dag_enabl e();
busi er _wai t (0x0040) ;

/1uv_on();
for(i=0;i<n;i++)

for(j=0;j<n;j++)
val ue[j] = get_photodi ode();

val ue_nean[i] = get_nean(val ue, n);

stdev = get_stdev(val ue_nean, n);

//busy_wait (Oxffff);
dag_di sabl e();

return(stdev);
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#i f ndef _PHOTODI CDE_H
#def i ne _PHOTODI ODE_H

#include "utility.h"
#i ncl ude "pin_defs. h"

#defi ne WARM UP 1
#defi ne NO WARM UP 0

/* routines for manipulating emtter and photodi ode */
extern void inline uv_on() {SET_BITS(DAQ QUTPORT, DAQ EMM TTER); }
extern void inline uv_off() {CLR Bl TS(DAQ QUTPORT, DAQ EMM TTER); }

extern void inline dag_enabl e() { SET _BI TS(SWP_QUTPORT, SWP_1); }
extern void inline dag_disabl e() { CLR BI TS(SWP_QUTPORT, SWP_1); }

/*** forward references ***/

vol atil e unsigned short get_ phot odi ode();

vol atil e unsigned short get photodi ode avg(vol atile unsigned char warnm,

vol atil e unsigned char warmtinme, volatile unsigned char n);

vol atil e unsigned short get photodi ode fourier(volatile unsigned char warrm,
vol atil e unsigned char warmtinme, volatile unsigned char n);

vol atil e unsigned short get photodi ode_stdev(volatile unsigned char n);

#endi f /* _PHOTODI ODE_H */
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#ifndef
#define

#include

_PIN_DEFS_H
“PIN_DEFS_H

<io . h>

/* 1/0 port definitions */

#define
#define
#define

#define
#define
#define

#define
#define
#define

#define
#define
#define

#define
#define
#define

#define
#define
#define

#define
#define
#define

#define
#define
#define

PUMP_OUTPORT
PUMP_INPORT
PUMP_DIRPORT

FLASH_OUTPORT
FLASH_INPORT
FLASH_DIRPORT

LED_OUTPORT
LED_INPORT
LED_DIRPORT

SWP_OUTPORT
SWP_INPORT
SWP_DIRPORT

SPARE_OUTPORT
SPARE_INPORT
SPARE_DIRPORT

ADC_OUTPORT
ADC_INPORT
ADC_DIRPORT

DAQ_OUTPORT
DAQ_INPORT
DAQ_DIRPORT

PERI_OUTPORT
PERI_INPORT
PERI_DIRPORT

/* PUMP port pin definitions */

#define PUMP_1

#define PUMP_2

#define PUMP_3

#define PUMP_4

#define PUMP_5

#define PUMP_6

#define PHOSLOW_PUMP_1
#define SAMPLE_PUMP_2
#define PHOSHIGH PUMP_3
#define CLEANER_PUMP_4
#define REAGENT PUMP_5
#define CLEANER_PUMP_6
/* FLASH port pin definitions */
#define FLASH_MOSI
#define FLASH_MISO
#define FLASH_SCK
#define FLASH_NCS
#define SERO_TX

#define SERO_RX

#define HEATER

#define TEMP_ENABLE
#define  UTXDO

#define  URXDO

/* LED port pin definitions */
#define UV_LED

#define LED UNUSED
#define LED _SENSE_A

#define

UV_LED_POWER

P1OUT
P1IN
P1DIR

P20UT
P2IN
P2DIR

P30OUT
P3IN
P3DIR

P40OUT
P4IN
P4DIR

P50UT
PSIN
P5DIR

P6OUT
P6IN
P6DIR

P6OUT
P6IN
P6DIR

P6OUT
P6IN
P6DIR

0x01
0x02
0x04
0x08

0x10

0x20

0x01
0x02
0x04
0x08
0x10
0x20

0x01
0x02
0x04
0x08
0x10
0x20
0x40
0x80

0x10
0x20

0x01

0x02

0x04
0x08

16/09/2008
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#define LED_1 0x10
#define LED 2 0x20
#define LED_3 0x40
#define LED 4 0x80

/* Switchable Power port pin definitions */

#define SER1_TX 0x01

#define SER1 RX 0x02

#define SWP_3 0x04
#define SWP_2 0x08
#define SWP_1 0x10
#define SWP_X1 0x20

#define SWP_UNUSED 1 0x40

#define SWP_UNUSED_2 0x80

#define UTXD1 0x01
#define URXD1 0x02

/* SPARE port pin definitions */

#define SPARE_PINO 0x01

#define SPARE_PIN1 0x02

#define SPARE_PIN2 0x04

#define SPARE_PIN3 0x08

#define SPARE_PIN4 0x10

#define SPARE_PIN5S 0x20

#define SPARE_PING 0x40

#define  SPARE_PIN7 0x80

/* ADC port pin definitions */

#define ADC_ 0 0x01
#define ADC_1 0x02
#define ADC_2 0x04
#define ADC_3 0x08
#define ADC 4 0x10
#define ADC_5 0x20
#define ADC_6 0x40
#define ADC_7 0x80

/* Data Aqusition Board Definitions*/

#define  DAQ_EMMITTER 0x01
#define DAQ_PHOTODIODE 0x02
#define DAQ_TEMPERATURE 0x04

[* Pin for Peristaltic Pump*/
#define  PERI_PUMP 0x08

/* function (as opposed to 1/0O) select pins */

#define P1_FUNCTION_PINS 0x00

#define P2 FUNCTION_PINS SERO _TX | SERO_RX

#define P3_FUNCTION_PINS 0x00

#define P4 FUNCTION_PINS SER1 TX | SER1_RX

#define P5 _FUNCTION_PINS 0x00

#define P6_FUNCTION_PINS 0x00 /*don't forget, fix later*/

/* inputs pins (as opposed to output) */

#define  P1_INPUT_PINS 0x00

#define  P2_INPUT_PINS 0x00

#define  P3_INPUT_PINS 0x00

#define  P4_INPUT_PINS 0x00 /* we'll handle the ADC input manually
*/

#define  P5_INPUT_PINS 0x00

#define  P6_INPUT_PINS 0x00

/* unused pins */

#if 0O

#define  P1_UNUSED_PINS 0xc0

#define  P2_UNUSED_PINS 0x00 /* UARTO pins *

#define  P3_UNUSED_PINS 0x02

#define P4 _UNUSED_PINS 0xc0 /* 0x03 are UART 1 pins */
#define  P5_UNUSED_PINS 0x00

#define  P6_UNUSED_PINS 0xf0

#endif
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#endif /*_PIN_DEFS_H *
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#i f ndef _PUWPS H
#defi ne _PUMPS H

#include "utility.h"
#i ncl ude "pin_defs. h"

#define ON_TI ME 0x20
#defi ne OFF_TI ME 0x30

extern void inline punp(vol atile unsigned char punps,
vol atil e unsigned char

on_tine,
vol atil e unsigned char
of f _tine)
{
SET_BI TS( PUMP_QUTPORT, punps)
busier_wait(on_tine);
CLR_BI TS( PUMP_QUTPORT, punps)
busier_wait (off_tine);
}

#endif /* _PUWPS_H */
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#i ncl ude <io. h>

#i ncl ude <stdio. h>

#i ncl ude <stdlib. h>

#i ncl ude <signal . h>

#i ncl ude <ctype. h>

#i ncl ude <string. h>
#include "utility.h"
#i ncl ude "spi _flash. h"

unsi gned char STORAGE buffer[sizeof (STORAGE)];
unsi gned short return_buffer[8];

voi d cl ock()
flash_cl ock_hi gh();
flash_clock_| ow();

}

vol atil e unsigned char spi_flash_receive_byte()

vol atil e unsigned char i, byte=0;
for(i=0;i<=7;i++)

byte = byte << 1;
byte = byte | ((FLASH_ | NPORT & FLASH M SC)>>1);
cl ock();
return(byte);
void spi_flash_send _byte(volatile unsigned char byte)

vol atil e unsigned char i,bit;
for(i=0;i<=7;i++)

bit = byte << i;
bit = bit & 0x80;
i f(bit==0x80)
SET_BI TS( FLASH_OUTPORT, FLASH MOSI);
}
el se
{
CLR_BI TS( FLASH_OUTPORT, FLASH MOSI);
}
cl ock();
return;

}

vol atil e unsigned char spi_flash_test()

vol atil e unsi gned char byte;
flash_sel ect();

spi _flash_send byte(RES);

spi _flash_send_byt e( DUMV) ;

spi _flash_send byt e( DUWV) ;

spi _flash_send_byt e( DUMV) ;

byte = spi _flash receive_byte();

flash_desel ect ();

i f(byte == 0x11)

return(0);
el se
return(l);

}

void spi_flash wite byte(volatile unsigned char byte,

05/ 12/ 2007

vol atil e unsigned char

sector,

vol atil e unsigned short
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addr ess)

{

vol atil e unsigned char x, vy;

X = address & OxO0OFF;

y = (address >> 8) & OxO00FF
flash_select();
spi _flash_send_byte(VWREN) ;
flash_desel ect ();

flash_select();

spi _flash_send _byte(PP);

spi _flash send byte(sector);
spi _flash_send _byte(y);

spi _flash_send byte(x);

spi _flash_send_byte(byte);
flash_desel ect ();

/1 Make it wait until the witing is over
flash_sel ect();

spi _flash_send byt e( RDSR) ;

whil e((spi _flash_receive_byte()& 0x01) == 0x01);
flash_desel ect ();

return;

}

05/ 12/ 2007

vol atil e unsigned char spi_flash_read_byte(volatile unsigned char sector,

vol atil e unsigned char byte, x, vy;

X
y

flash_select();

spi _flash_send byt e( READ) ;

spi _flash send byte(sector);

spi _flash_send byte(y);

spi _flash_send byte(x);

byte = spi _flash_receive_byte();
flash_desel ect ();

address & OxO0FF
(address >> 8) & OxO0O0FF;

return(byte);
}

void spi_flash_bul k _erase()
flash_select();
spi _flash_send_byt e(VWREN) ;
flash_desel ect ();
flash_select();
spi _flash_send_byte(BE);
flash_desel ect ();
flash_select();
spi _flash_send byt e( RDSR) ;
whil e((spi _flash receive byte()& 0x02) == 0x02);
fl ash_desel ect ();

syst em. next FreeDat aBl ock = fi ndNext Sl ot () ;
}

void spi_flash_sector_erase(vol atile unsigned char sector)

[lprintfO("Erasing Sector [%]\r\n", sector);

2

vol atile
unsi gned
short

addr ess)
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flash_sel ect();
spi _flash send byte(\WREN);
flash_desel ect ();

flash_sel ect();

spi _flash_send byt e(SE);

spi _flash_send_byte(sector);
spi _flash_send byt e(0x00);
spi _flash_send_byt e(0x00);
flash_desel ect ();

flash_select();
spi _flash_send_byt e( RDSR) ;
whi l e((spi _flash_receive_byte()& 0x02) == 0x02);
flash_desel ect ();
busi er _wai t (50);
}
/**
* i ndexToAddr ess
* converts an index to a specified location in nmenory in the formof a
Dat aBl ockAddr ess
* @aram bl ock the passed index to be converted to a viable address in
flash nenory
* @eturn a struct that stores the address and sector for storing
*/
Dat aBl ockAddr ess i ndexToAddress(vol atil e unsigned short bl ock) ({
Dat aBl ockAddr ess db;

i f(block < 0x1000)
db. sector = 1,
db. address = bl ock* DATABLOCK S| ZE;

}
el se if(block < 0x2000) {
db. sector = 2;
db. address = (bl ock-0x1000) * DATABLOCK_ SI ZE;

}
el se if(block < 0x3000) {
db. sector = 3;
db. address = (bl ock-0x2000) * DATABLOCK_ SI ZE;

return db;

}
/**
* addressTol ndex
* @aram Dat aBl ockAddress a struct that holds the nenory address
* @eturn a short that holds the wanted bl ock nenory address
*/
unsi gned short addressTol ndex(Dat aBl ockAddress db) {
unsi gned short index = O;

i f(db.sector == 1) {
i ndex = db. addr ess/ DATABLOCK_SI ZE;

}

el se if(db.sector == 2) {
i ndex = db. addr ess/ DATABLOCK Sl ZE;
i ndex += 0x1000;

el se if(db.sector == 3) {
i ndex = db. addr ess/ DATABLOCK Sl ZE;
i ndex += 0x2000;

return index;

}
/**
* writeDataBl ock
* will store a dataBlock a selected nenory sl ot

* @aram dat aBl ock pointer to the STORAGE struct that holds data to be
stored

* @aramindex index to store sel ected dataBlock in nenory [0-12,287] i.e.
12, 288 spaces
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void witeDataBl ock( STORAGE * dat aBl ock, volatile unsigned short index) {

/1 (1) - declare variables

vol atil e unsigned char i; /1 Loop index

unsi gned char * nenptr; /1 Character pointer to cast struct
bytes to

Dat aBl ockAddress db = i ndexToAddr ess(i ndex); /1 for index

conversion to address

i f(db.sector>3 || db.address>0xFFF0) ({
return;
}

/1l (2) - create char pointer and point to address of storage pointer
menptr = (voi d*)dat aBl ock;
/1 (3) - store the values in spi flash nenory at specified |ocation
for (i =0;i <DATABLOCK_SI ZE; i ++) {

spi _flash_wite_byte(*(menptr++), db. sector, (db. address) +i);

syst em. next Fr eeDat aBl ock ++;

}

voi d storeDat a( STORAGE * dat aBl ock) {
vol atil e unsigned char i; /1 Loop index
unsi gned char * nmenptr; /1 Character pointer to cast struct
bytes to
Dat aBl ockAddress db = i ndexToAddr ess(syst en. next FreeDat aBl ock) ; /1
for index conversion to address

dat aBl ock- >count = system. next FreeDat aBl ock;

i f(db.sector>3 || db.address>0xFFF0) ({
return;
}

/1 (2) - create char pointer and point to address of storage pointer
menptr = (voi d*)dat aBl ock

/1 (3) - store the values in spi flash nenory at specified |ocation
for(i=0;i <DATABLOCK SI ZE; i ++)
spi _flash wite byte(*(nmenptr++), db. sector, (db. address) +i);

éysten.nextFreeDataBIock++;
}
/**
* readDat aBl ock
* will store a dataBlock a selected nenory sl ot

* @aramindex index to store selected dataBlock in slot [0-12,287] i.e.
12, 288 spaces

* @aram dat aBl ock pointer to the STORAGE struct that will hold the wanted
data

voi d readDat aBl ock(vol atil e unsigned short index, STORAGE * dataBl ock) ({

}

/**

* findNext Sl ot
* will scan through the stored data bl ocks and | ocate the next

/1 (1) - declare variables

Dat aBl ockAddress db = i ndexToAddr ess(i ndex); /1 Get address from

i ndex

unsi gned char * menptr;

vol atil e unsigned char i; /1 Loop I ndex

/1 (2) - point to address of storage pointer
menptr = (voi d*)dat aBl ock;

/1 (3) - store the bytes in space allocated for dataBl ock

for(i=0;i <DATABLOCK_SI ZE; i ++) {
menptr[i] = spi_flash_read_byte(db. sector, db. address+i);

4
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*/
unsi gned short findNextSlot() {

vol atil e unsigned short i; /1 1 oop index
STORAGE t enp;

/1l Cycles through all stored data bl ocks
for(i=0;i<0x3000;i++) {
readDat aBl ock (i, & enp) ;
if(tenp.count !'=1i) {
return i;
}
}

return O;
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#i fndef _SPI _FLASH_H
#define _SPI _FLASH_H

#include "utility.h"
#i ncl ude "pin_defs. h"
#i ncl ude "system h"

#defi ne WREN 0x06
#define WRDI 0x04
#define RDI D Ox9F
#defi ne RDSR 0x05
#def i ne WRSR 0x01 ite Status Register
#defi ne READ 0x03 Read Data Bytes

[IWite Enable
/1
/1
/1
/1
/1
#defi ne FAST_READ 0x0B // Read Data Bytest at H gher Speed
/1
/1
/1
/1
/1
/1

W
Wite Disable

Read ldentification
Read Status Register
W

#define PP 0x02 Page Program

#define SE  0xD8 Sector Erase

#defi ne BE 0xC7 Bul k Erase

#define DP  0xB9 Bul k Er ase

#define RES OxAB //Rel ease From Deep Sl eep

#def i ne DUVM 0x00 Dumy Byte
#def i ne DATABLOCK SI ZE 16 /1 Final size of the datablock in bytes
(128 bits)

t ypedef struct {
unsi gned short address;
unsi gned char sector;

} Dat aBl ockAddr ess;

/* routines for mani pulating flash nmenory */
extern void inline flash_sel ect ()

CLR_BI TS( FLASH_OUTPORT, FLASH_NCS):
CLR Bl TS( FLASH_DI RPORT, FLASH M SC) ;

}

extern void inline flash_desel ect ()

SET_BI TS( FLASH_OUTPORT, FLASH_NCS):
SET_BI TS( FLASH_DI RPORT, FLASH M SC) ;

}

extern void inline flash_clock_high() { SET_BI TS( FLASH QUTPORT,
FLASH SCK); }
extern void inline flash_clock_| ow() { CLR BI TS( FLASH QUTPORT,
FLASH SCK); }

[*** forward references ***/

voi d spi _flash_bul k _erase();

void spi_flash sector erase(volatile unsigned char sector);

void witeDat aBl ock( STORAGE * dat aBl ock, volatile unsigned short index);
voi d readDat aBl ock(vol atil e unsigned short index, STORAGE * dataBl ock);
unsi gned short findNextSlot();

voi d displayAl | StoredData();

#endif /* _SPI _FLASH H */
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#i ncl ude <io. h>
#i ncl ude <signal . h>

#include "utility.h"
#i ncl ude "system h"

vol atil e SYSTEM syst en;

vol atil e unsigned int phoshigh[12], phoslow] 12], sanple[12],

board tenp[12], chanber tenp[12], internal tenp[12];

static unsigned char nmonth30[4] = {4,6,9, 11};

void set_defaul ts()
systen.year = 8;
systen. nont h
system. day =
syst en. hour = 0;
system mnute =
system. second =

system. count = O;

syst en. sanpl e_hour = 12;

systen. sanpl e_m nute = O;
system. sanple_time = 10;
system. reaction_tinme = 8;

}

voi d basic_tinmer_setup()

12/ 09/ 2008

battery[ 12],

{
BTCNT1 = 0xO00;
BTCNT2 = 0x00;
BTCTL = BT_fCLK2 _DIV128 | //Interupt Sel ect
BT fLCD 1K | /1 For controlling LCD Frequency
BTDI V; /1fCLK2 = ACLK: 256
/ | BTRESET; /1 BT is reset and BTIFG is
reset if this bit is set
// BTHOLD | /1 BTl is held if this bit is
set
/ | BTSSEL; /1 fBT = f MCLK (main

cl ock) BTCTL = BTDIV | BT_f CLK2_DI V128;
SET BITS(I E2, BTIE); /1 Enabl e | nterupt

i nterrupt (BASICTI MER_VECTOR) rtc(void)
{

BTCNT1 = BTCNT2 = 0xO00;

IF&R = IF&Q & ~BTI FG;
syst em. second++;

i f(systen. second==60)

syst en. m nut e++;
syst en. second = O;
i f(systen. m nute==60)

syst en. hour ++;
system. mnute = O;
i f(systen. hour==24)
{

syst emn. day++;

syst en. hour = 0;

i f(systen.day==28 && systen.nonth == 2)
{

syst em. nont h++;
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system. day = 1;
}
/lelse if(systemday==29 && system nonth == 2)
114
/] system nont h++;
/lsystemday = 1;
11}
el se if(systen. day==0)
{

syst en. nont h++;
system. day = 1;

el se if(systemn. day==31 && (system. month == nonth30[0] || systen.
nonth == nmonth30[1] || system month == nonth30[2] || system nonth
== nmont h30 [3]))

{

syst emn. nont h++;
system. day = 1;
}

i f(systenm nonth == 13)

syst em. year ++;

}
}
}
}
void tinmer_a_setup(volatile unsigned short period)
{
TAR = 0x00;

TACCRO = peri od;
/| TACCR1L = OxOFFF;

[/ TACCTL1 = CClE;
TACTL = TASSEL_ACLK | // O ock Sel ect TASSELXx

ID DIV1 | /1 ock Divider |Dx

/1 MC_UPTO_CCRO | /1 Ti mer Mode Control

TAI E; [/ Timer Interrupt enable
/1 TACLR; /1 Timer Cear

}
i nterrupt (TINMERAO_VECTOR) pul se(void)

/1 LED on(0x10);
[1busy wait(Oxffff);
/[ LED_of f (0x10);
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#i f ndef _SYSTEM H
#define _SYSTEM H

typedef struct {

unsi gned
unsi gned
unsi gned
unsi gned
unsi gned
unsi gned

unsi gned
unsi gned

unsi gned
unsi gned
unsi gned
unsi gned
unsi gned

} SYSTEN;

typedef struct

unsi gned
unsi gned
unsi gned
unsi gned
unsi gned
unsi gned

unsi gned
unsi gned
unsi gned
unsi gned
unsi gned

unsi gned
} STORAGE

t ypedef struct
unsi gned int

unsi gned int

unsi gned
unsi gned

unsi gned
unsi gned

unsi gned
unsi gned

unsi gned
unsi gned

unsi gned int
unsi gned int
unsi gned int phos_| ow[ 5];

nt
nt
nt
nt
nt
nt

nt
nt

nt
nt
nt
nt

nt

{

nt
nt
nt
nt
nt
nt

nt
nt
nt
nt
nt

year: 7, /1 + 07 bits
nmont h: 4; /[l + 11 bits
day: 5; /1 + 16 bits
hour : 6; /[l + 22 bits

mnute:7; [/ + 28 bits
second: 6;

flag: 1;
count: 3;

sanpl e_hour: 6;
sanpl e_m nut e: 8;
sanpl e_tine: §;
reaction_tine:6;

next Fr eeDat aBl ock: 14;

count : 14; /1l +14
year: 7, /1 +21
nont h: 4; /] +25
day: 5; /1 +30
hour : 6; !/l +36
m nut e: 6; /1l +42
tenp: 12; /1 +54
phos_hi gh: 12;// +66

phos_| ow: 12; /1l +78
sanpl e: 12; /1 +90
battery: 12; [/ +102

ong reserved: 26; // +128

{

count : 14; /[l +14

year: 7, /1 +21

nt nont h: 4; /1 +25
nt day:5; /1 +30
nt hour: 6; /1l +36
nt mnute:6; /1 +42

nt sanple_ tine:8§; /1 +50

nt reaction_ time:6; // +56

nt battery[5];

nt tenp[5];

phos hi gh[ 5] ;
sanpl e[ 5] ;

} DATATEXT;

[ *typedef struct {
unsi gned int count: 14; /1 +14
unsi gned int year:7; /1 +21
unsi gned int nonth: 4; /1 +25
unsi gned i nt day: 5; /1 +30
unsi gned int hour: 6; /1l +36
unsi gned int mnute:6; [l +42

unsigned int battery:12; [// +54

unsi gned int tenp:12; /1 +66

unsi gned short phos|[6];

12/ 09/ 2008
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} CALI BRATI ON; */
extern vol atil e SYSTEM syst en;

/lextern volatile unsigned int phoshigh[12], phoslow 12], sanple[12],
battery[12], board_tenp[12], chanber_tenp[12], internal tenp[12];

/*** forward references ***/

voi d set _defaults();

voi d basic_timer_setup();

void tinmer_a_setup(volatile unsigned short period);

/lextern void inline LED on(volatile unsigned char |ed_nunber)
{SET_BI TS(LED QUTPORT, | ed _nunber);

/lextern void inline LED off(volatile unsigned char |ed _nunber)
{CLR BI TS(LED _QUTPORT, | ed_nunber); }

#endif /* _SYSTEM H */
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#i ncl ude "tenp_sensor. h"

vol atil e short get_tenp_avg(vol atile unsigned short sensor,
unsi gned char n)

{

vol atile unsigned int i;
unsi gned | ong adc = O;
//volatile float volt, tenp;

swi t ch(sensor)

case BQOARD:
tenp_enabl e();
adc_set _channel (6);
br eak;
case CHAMBER
adc_set _channel (2);
br eak;
case | NTERNAL:
adc_set _channel (10);
br eak;
defaul t:
return O;

}
for(i=0;i<n;i++)
adc += adc_read();

ténp_disable();
adc_of f();

adc = adc/n;
/*if(sensor == | NTERNAL)
vol t (2.5 * adc)/4096;
tenp (volt - 0.986)/0.00355;

return tenp;
pel

return adc;

06/ 10/ 2008

vol atil e
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#i f ndef _TEMP_SENSCOR H
#defi ne _TEMP_SENSOR H

#i ncl ude "pin_defs. h"
#i ncl ude "adc12. h"

#defi ne BOARD 1
#def i ne CHAMBER 2
#define | NTERNAL 3

/* routines for manipul ati ng swi tchabl e power */
extern void inline tenp_enabl e() { SET_BI TS(FLASH OQUTPORT, TEMP_ENABLE) ;

}
extern void inline tenp_disabl e() { CLR BI TS(FLASH QUTPORT, TEMP_ENABLE) ;
}

/*** forward references ***/

vol atile short get_tenp_avg(vol atile unsigned short sensor, volatile
unsi gned char n);

#endif /* _TEMP_SENSOR H */
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#include "uart.h"

/* serial buffer variables */

static volatile unsigned int uOtx_count ;

static volatile unsigned int uOtx_in_p , uOtx_out p
static volatile char uOtx_buff [UOTX_BUFF_SIZE];
volatile char uOrx_echo , uOrx flag ;

volatile unsigned int  uOrx_buff_count ;

volatile char * uOrx_buff_write ;

volatile char * uOrx_buff read ;

static volatile char uOrx_buff a [ UORX_BUFF_SIZF] ;
static volatile char uOrx_buff b [ UORX_BUFF_SIZE] ;

void uartO_setup (unsigned int uxbr, unsigned char mod) {
/* select UARTO pins as uctrl function instead of I/O */
P2SEL = UTXDO| URXD(

/* configure UARTO */

SET_BITS(UOCTL, SWRS);

SET_BITS(UOCTL, CHAF; /*select 8N1, asynch */
UOTCTL = SSEL_SMCL];

UORCTL = 0;

UOBRO = uxbr & Oxff ;

UOBR1 = uxbr >> 8;

UOMCTL = mog;

SET _BITS(ME], UTXEO | URXE(;
CLR_BITS(UOCTL, SWRS);

[* serial port transmit ring buffers are initially empty */

uOtx_count = O;
uotx_in. p = 0;
utx_out p = 0;

[* serial port receive buffers are initially empty and flag is set to 0
*/

uorx_echo = 1;

uOrx_flag = 0;

uOrx_buff_count = 0;
uOrx_buff_write = uOrx_buff a ;
uOrx_buff_write = uOrx_buff b ;

/* enable UART RX interrupts (tx interrupt set in xmit routine) */
SET_BITS(IE1, URXIEQ);

void clear_uart0_buffers (void )
{
volatile unsigned char i;
for (i =0;i <UORX_BUFF_SIZE; i ++)
uorx_buff a [i] = "\0' ;
uorx_buff b [i] = "0 ;

}

/* This is the uart O receive interrupt. */
interrupt (UARTORX_VECTQ)R uartO_rcv_isr (void )
{
if (UORXBUF== 3)

FCTLL = 0;
}

if (uOrx_echo == 1)
UOTXBUF = UORXBUI;

uOrx_buff_write [ uOrx_buff_count ] = UORXBUI
uOrx_buff_count ++;
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if (UORXBUF== 8)
{

uOrx_buff_count = uOrx_buff_count -2;
uOrx_buff_write [ uOrx_buff count ] = 0O;
}
if (uOrx_buff write [ uOrx_buff_count - 1] == 10) //Discard New Line
Characters
uOrx_buff_write [ uOrx_buff _count - 11 = 0;
}

if (uOrx_buff_count > UORX_BUFF_SIZE || uOrx_buff_write [ uOrx_buff_count -
1] == 13)

uOrx_flag = uOrx_flag Nl

if (uOrx_flag == 1)
uOrx_buff_write = uOrx_buff b ;
uOrx_buff read = uOrx_buff a ;
}

else
uOrx_buff_write = uOrx_buff a ;
uOrx_buff_read = uOrx_buff b ;
uOrx_buff_count = 0;

}

}

/* This is the uart 0 transmit interrupt, set to work with a ring
buffer so we can send a few bytes without busy waiting. */
interrupt (UARTOTX_VECTQ)? uart0_xmit_isr (void ) {
/* send char out UARTO transmitter */
UOTXBUF = uOtx_buff [uOtx_out p ++];

/* wrap output ptr if necessary */
if (uOtx out p > UOTX BUFF SIZE - 1) uOtx out p = 0;

/* update count */
uOtx_count - -;

/* if that was the last one, disable further interrupts */
if (uOtx_count == 0) CLR_BITS(IE1, UTXIEO);
}

/* This routine will send a byte through uart 0. If there is room in
the ring buffer, it will insert the byte into the buffer and return
immediately. If there is no room in the buffer, it will wait until
there is room. */

void putchar uOtx (char data) {

/* wait until there's room in the buffer */
while  (uOtx_count >= UOTX_BUFF_SIZE);

/* put it in there ... */
uOtx_buff [uOtx_in_p ++] = data ;

/* wrap the input ptr if necessary ... */

if (uOtx_in_p > UOTX_BUFF_SIZE - 1) uOtx_in_p = O;
[* force an interrupt now that data is ready to be sent, update count...
*/

dint ()

SET BITS(IEL, UTXIEO);
uOtx_count  ++;
eint () ;

void printftO (const char *fmt, .. )
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const char *p;
unsigned char i;
char s[80];
va_list argp ;

va_start (argp, fmt);
for (p = fmt; *p 1= "0 ; p++)
if (*p != %)

putchar uOtx (*p);
continue

switch (*++p)

case 'c' :
putchar uOtx (va_arg (argp, int )) ;
break ;
case 'd' :
sprintf (s, "%d", va arg (argp, int)) ;
for (i =0;i<strlen (s);i++)
putchar_ uOtx (s[i]) ;
break ;
case '0' :
sprintf (s, "%0", va_arg (argp , unsigned int )) ;
for (i =0;i<strlen (s);i++)
putchar_uOtx (s[i]) ;
break ;
case 's' :
sprintf (s, "%s",va arg (argp, char *)) ;
for (i =0;i<strlen (Ss);i++)
putchar_ uOtx (s[i]) ;
break ;
case 'U'
sprintf (s, "%u",va_arg (argp , unsigned int )) ;
for (i =0;i<strlen (s);i++)
putchar_uOtx (s[i]) ;
break ;
case X' :
sprintf (s, "%x",va arg (argp, unsigned int )) ;
for (i =0;i<strlen (s);i++)
putchar_uOtx (s[i]) ;
break ;
case ‘X' :
sprintf (s, "%X", va_arg (argp , unsigned int )) ;
for (i =0;i<strlen (s);i++)
putchar_uOtx (s[i]) ;
break ;
case '%' :
putchar uOtx ('%' );
break ;
case '0' :
switch (*++p)
{

case '2'
sprintf (s, "%02u" , va_arg (argp, unsigned int )) ;
break ;
case '3
sprintf (s, "%03u", va_arg (argp, unsigned int )) ;
break ;
case '4' :
sprintf (s, "%04u" ,va_arg (argp, unsigned int )) ;
break ;
}
pt+;
for (i =0;i<strlen (
putchar_uOtx  (
break ;

S) ;i ++)
s[i]
}

va_end (argp ) ;
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}
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#include "uart.h"

/* serial buffer variables */

static volatile unsigned int ultx_count ;

static volatile unsigned int ultx_in_p , ultx out p
static volatile char ultx_buff [UL1TX_BUFF_SIZE];
volatile char ulrx_echo , ulrx flag ;

volatile unsigned int ulrx_buff _count ;

volatile char * ulrx_buff write ;

volatile char * ulrx_buff read ;

static volatile char ulrx_buff a [ UORX_BUFF_SIZF];
static volatile char ulrx_buff b [ UORX_BUFF_SIZF];

void uartl setup (unsigned int uxbr, unsigned char mod) {
/* select UART1 pins as uctrl function instead of I/0O */
PASEL = UTXD1| URXD;

/* configure UARTL1 */

SET_BITS(UL1CTL, SWRS);

SET_BITS(U1CTL, CHAF; /*select 8N1, asynch */
U1TCTL = SSEL_SMCL];

U1RCTL = 0;

U1BRO = uxbr & Oxff ;

U1BR1 = uxbr >> 8§;

U1IMCTL = mog;

SET BITS(MEZ, UTXE1l| URXE);
CLR_BITS(ULCTL, SWRS);

[* serial port transmit ring buffers are initially empty */
ultx_count = O;

ultx in. p = 0;

ultx out p = O;

/¥ serial port receive Dbuffers are initially empty and flag is set to O
*/

ulrx_echo = 0;
ulrx_flag = 0;
ulrx_buff count
ulrx_buff_write
ulrx_buff write

0;
ulrx_buff a ;
ulrx_buff b

/* enable UART RX interrupts (tx interrupt set in xmit routine) */
SET_BITS(IE2, URXIEL);

}

/* This is the uart 1 receive interrupt. */
interrupt (UART1RX_VECTQ)R uartl_rcv_isr (void )
{
if (ulrx_echo == 1)
U1TXBUF = U1RXBUI
ulrx_buff write [ ulrx_buff count ] = U1RXBUI
ulrx_buff count ++;

if (ULRXBUF== 8)

ulrx_buff count = ulrx_buff_count -2;
ulrx_buff write [ ulrx_buff count ] = 0O;
}
if (ulrx_buff write [ ulrx_buff _count - 1] == 10) //Discard New Line
Characters
ulrx_buff write [ ulrx_buff count - 11 = 0;
}

if (ulrx_buff_count > U1RX_BUFF_SIZE || ulrx_buff write [ ulrx_buff_count -

1
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1] == 13)
ulrx_flag = ulrx_flag A
if (ulrx_flag == 1)
ulrx_buff write = ulrx_buff a ;
ulrx_buff read = ulrx_buff b ;
else
ulrx_buff write = ulrx_buff b ;
ulrx_buff read = ulrx_buff a ;
ulrx_buff_count = 0;

}
}

/* This is the uart 1 transmit interrupt, set to work with a ring
buffer so we can send a few bytes without busy waiting. */

interrupt

(UARTITX_VECTQ)? uartl xmit_isr

/* send char out UART1 transmitter */

U1TXBUF = ultx_buff

[ultx out p ++];

/* wrap output ptr if necessary */

if (ultx_out p

/* update count */
ultx_count --;

> U1TX_BUFF_SIZE -

(void ) {

1) ultx_out_p

[* if that was the last one, disable further interrupts */

if (ultx_count ==

}

0) CLR_BITS(IE2,

UTXIEL);

/* this routine will send a byte through uart 1. If there is room in
the ring buffer, it will insert the byte into the buffer and return
immediately. If there is no room in the buffer, it will wait until

there is room. */
void putchar_ultx

( char

data ) {

/* wait until there's room in the buffer */
>= U1TX BUFF_SIZE);

while  (ultx_count

[* put it in there ... */
ultx_buff

[ultx_in_p ++]

= data ;

/* wrap the input ptr if necessary ... */

> ULTX_BUFF_SIZE -

1) ultx_in_p

0;

0;

/* force an interrupt now that data is ready to be sent, update count...

if (ultx_in_p
*/
dint ()

SET BITS(IE2, UTXIEL);

ultx_count ++;
eint () ;
}
void printfl  ( const
{

const char *p;

unsigned char i;

char s[80];
va_list argp ;
va_start (argp ,

for (p = fmt; *p

char *fmt, .. )

fmt ) ;

= 1\0" ; p++)

if (*p 1= %)

putchar_ultx

continue

(*p);

13/08/2007
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switch (*++p)

case 'c' :
putchar ultx (va_arg (argp, int )) ;
break ;
case 'd' :
sprintf (s, "%d", va arg (argp, int )) ;
for (i =0;i<strlen (Ss);i++)
putchar_ultx (s[i]) ;
break ;
case 'o'
sprintf (s, "%0", va_arg (argp , unsigned int )) ;
for (i =0;i<strlen (s);i++)
putchar_ultx (s[i]) ;
break ;
case 's' :
sprintf (s, "%s",va arg (argp, char *)) ;
for (i =0;i<strlen (Ss);i++)
putchar_ultx (s[i]) ;
break ;
case 'u' :
sprintf (s, "%u", va_arg (argp , unsigned int )) ;
for (i =0;i<strlen (s);i++)
putchar_ultx (s[i]) ;
break ;
case X' :
sprintf (s, "%x",va arg (argp, unsigned int )) ;
for (i =0;i<strlen (Ss);i++)
putchar_ultx (s[i]) ;
break ;
case ‘X' :
sprintf (s, "%X", va_arg (argp , unsigned int )) ;
for (i =0;i<strlen (s);i++)
putchar_ultx (s[i]) ;

break ;
case '%' :
putchar ultx ('%');
break ;
case '0' :
switch (*++p)
case '2' :
sprintf (s, "%02u",va _arg (argp, unsigned int )) ;
break
case '3' :
sprintf (s, "%03u", va_arg (argp, unsigned int )) ;
break ;
}
pt+;

for (i =0;i<strlen (s);i++)
putchar_ultx (s[i]) ;
break ;

}

}
va_end (argp ) ;

void just_return 0

{
}
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#i f ndef _UART_H
#define _UART H

#i ncl ude <stdio. h>
#i ncl ude <string. h>
#i ncl ude <signal . h>
#include "utility.h"
#i ncl ude "pin_defs. h"

#def i ne UOTX_BUFF_SI ZE Ox000F
#def i ne UORX_BUFF_SI ZE 0x005F

#defi ne ULTX BUFF_SI ZE 0x000F
#defi ne ULRX_BUFF_SI ZE 0x005F

extern vol ati
extern vol ati
extern vol ati
extern vol ati

char uOrx_echo, uOrx flag;
unsi gned int uOrx_buff count;
char* uOrx_buff _wite;

char* uOrx_buff _read;

extern vol ati
extern vol ati
extern vol ati
extern vol ati

char ulrx_echo, ulrx flag;
unsi gned int ulrx buff _count;
char* ulrx_buff _wite;

char* ulrx_buff read;

[*** forward references ***/

voi d uartO_setup(unsigned int uxbr, unsigned char nod);
void uartl setup(unsigned int uxbr, unsigned char nod);
void clear_uart0_buffers(void);

extern void putchar_uOtx(char data);
extern void putchar_ultx(char data);

extern void printfO(const char *fm, ...);
extern void printfl(const char *fnt, ...);

extern void just return();
#endi f /* _UART_H */
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#i fndef _UTILITY_H
#define _UTILITY_H

#i ncl ude <i onacros. h>
#i ncl ude "uart. h"

typedef char* string;

t ypedef char byte;

t ypedef unsigned char ubyte;

typedef volatile char vchar;

t ypedef vol atil e unsigned char vuchar;

/-k

#defi ne BUSY WAI T(x) asn({"nov %), r5\nl:\tnop\n\tdec r5\n\tjnz 1b"\
: . llill (X) : llr5I|’ IICCII);

*/

/* this C code is equivalent to the inline assenbler code above */
extern inline volatile void busy wait(unsigned int x) {

unsigned int i;

for (i =x; i >0; i--) nop();
}

extern inline volatile void busier_wait(unsigned int x) {
unsigned int i;
for (i =x; i >0; i--) busy wait(Oxffff);

/* set SFRwith command. Usefull for bitw se operations */

#defi ne DO SFR CVD(cnd, s, V) :
Eiasnl_ __volatile ( #cmd " % mask], %port]" \

[port] "=m" ((__typeof(s))s) \
i)[nask] "l ((__typeof __(s))v)); \

#define SET BI TS(port, nask) DO SFR CVD(bi s.
#define CLR BITS(port, mask) DO SFR CMD( bi c.
#define SET BI TS W port, nmask) DO SFR CMD(b
#define CLR BITS Wport, mask) DO SFR CMD(b

b, port, nmask);
b, port, mask);
s, port, mask);
c, port, mask);

#endif /* _UTILITY_H */



	Index
	S Manifold
	Sheet 1
	Views
	new_view_1
	bottom_2
	right_3


	Sheet 1
	Views
	new_view_1
	bottom_2
	right_3


	Sheet 1
	Views
	new_view_1
	bottom_2
	right_3


	Sheet 1
	Views
	new_view_1
	right_2
	bottom_4


	Sheet 1
	Views
	new_view_1
	bottom_2
	right_3


	Sheet 1
	Views
	new_view_6
	right_7
	bottom_8


	Sheet 1
	Views
	new_view_1
	right_2
	bottom_3


	Sheet 1
	Views
	new_view_1
	right_2
	bottom_3


	Sheet 1
	Views
	new_view_1
	bottom_2
	right_3


	Sheet 1
	Views
	new_view_1
	right_2
	bottom_3


	Sheet 1
	Views
	new_view_1
	right_2
	bottom_3


	Sheet 1
	Views
	new_view_1
	right_2
	bottom_3


	Sheet 1
	Views
	new_view_1
	right_2
	bottom_3



