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1. Scope

1.1 Statement

The purpose of this project is to develop a second generation of the ESP (2G ESP).  The first generation has demonstrated the feasibility of collecting and processing plankton samples in situ, including archiving samples and developing DNA probe arrays with near real-time reporting of assay results.  This capability has created a large interest in the harmful algal bloom (HAB) and water quality research and monitoring community and requests for access to this technology.  A grant from the NOPP has been award for the development of the 2G ESP with the intent of making this technology available to the oceanographic community.  

As there is wide interest and varying application of the ESP, an important design goal will be to develop the core system in such a way that it may be easily modified to suit a wide variety of deployment and use case scenarios.  Applications of the ESP include the coastal and deep oceans, fresh water lakes, rivers and municipal water sources.  The ESP will typically be deployed along side or directly bundled with environmental contextual sensors, such as a CTD/fluorometer.  The current funding is not sufficient to allow the core ESP to meet all of the requirements projected by the entire user community [e.g., a desire to conduct polymerase chain reaction (PCR) assays] but will support basic functions such as collection, archival and chemical processing of samples.  However, the 2G ESP will be designed so additional “analytical modules” can be added at a later date to incorporate desired functionality not met in the initial core design (e.g., PCR)

The 2G ESP will build on the same design concepts already validated in the existing units, but will incorporate changes that will make it a much more robust, compact and user friendly system.  The overall goal in designing the 2G ESP is to produce a system that can be successfully deployed for a variety of applications on a routine basis by a team of trained technicians, thus making it accessible to a much larger group of users than is possible at present.  A major design effort undertaken as part of this project is to reduce the size, complexity and power consumption of the instrument.  There will also be an effort to provide space and appropriate connectivity (electrical, software, fluid) to support the addition of future ‘analytical modules’.  These functional requirements cover a wide range of functionality.  The development will be scheduled so the core features are developed first with certain desirable but not critical functionality delayed until after the core features are thoroughly tested.  By specifying these functional requirements, we mitigate risk by ensuring the design can provide the desired functionality even if it isn’t implemented in this round of funding.

1.2 Definitions

1.2.1 Puck

Basic unit used in the ESP for the collection, processing and storage of a sample.  Different types of pucks support different types of sample collection, processing and archival processes.

1.2.2 Puck Positions

Sample:   This position is where samples are collected.

Process:   This position is where samples are processed chemically

Analytical Module (1 or more):  These are positions where stand-alone modules with unique analytical capability can be added in the future

2. Requirements

2.1 High Level Requirements

2.1.1 Puck

2.1.1.1 Puck types

2.1.1.1.1 Sample/Dry Storage

These pucks will be evacuated of fluid before storage.

2.1.1.1.2 Sample/Wet Storage

These pucks will have the ability to hold internally a volume of fluid with minimal trapped air for archival purposes.  The puck will not be able to store any fluid under significant pressure.  The fluid shall cover retained particles.
2.1.1.1.3 Sample Processing Puck

These pucks will be used in the processing position to decrease the reaction volumes for use in special chemistries where large volumes are not advantageous.

2.1.1.1.4 Pop-top

This puck will be used for imaging the surface of filter media.  A viewing opening to the filter media is required.

2.1.1.2 Filter media 

A puck must be able to support a variety of filter media no greater than 25 mm in diameter.

2.1.1.3 Pressure

All sample pucks must be sealed to withstand 75 positive PSI and vacuum.  The pucks, in any configuration listed above, must be able to seal to filter position clamps to withstand 75 PSI of positive pressure.

2.1.1.4 Dimension

All pucks will have the same outside envelope.  Internal volumes will vary depending upon application.   All pucks will meet a basic fluid coupling specification.  See drawing for details.  A design goal is to support pucks with variable thickness.

2.1.2 Sample Collection Position

This is the position where the sample media is passed through a puck.  Sample filtrates as well as material retained in the puck are available for further processing at the Processing and Analytical Module positions.  Material retained in a sample puck may be archived (wet or dry) or homogenized.

2.1.2.1 Sonification

This is a low priority function for this position.  Sonification provides an alternative means of disrupting cells compared to the heating and chemical treatments used now.  More information is needed.

2.1.2.2 Heating

The Sample Collection position shall be able to heat the puck from ambient to a user-defined temperature up to 95oC, within 3 minutes.  The temperature should be stable within (2oC.  Temperature durations shall be user specified up to 4 hours with 1 second resolution.  Cooling is not controlled.

2.1.2.3 Reagent delivery device

2.1.2.3.1 Volume

The Reagent delivery device shall be able to measure and deliver volumes of reagents in the 0.5 to 10ml range (1-3x puck volume) with 10uL accuracies.

2.1.2.3.2 Particle size

All plumbing from the intake, through filter media, to exhaust shall be able to handle particle sizes up to 0.5mm.  1mm is a goal.  An ability to size-fractionate particles is a goal.

2.1.2.3.3 Number of reagents

The Reagent delivery device shall be capable of selecting from a minimum of 6 reagents along with air, flush, and a port to the Process Position, for a total of 9.  

2.1.2.3.4 Types of reagents

The Reagent delivery device shall be compatible with the following type of regents (materials used in the current design appear to meet this requirement):

EtOH SET

Acidic Lugol’s

Neutral Lugol’s

Aldehydes (or other)

RNA Later

1 of 2 part lysis agent

2 of 2 part lysis agent

Pre-mix (Saigene)

MeOH (other xOH’s)

CTAB/protK,

10%HCl

2.1.2.3.5 Block diagram of fluid path 

Refer to block diagram for the basic requirements of fluid flow.  In the Sample Collection position, fluid shall be delivered to and recovered from the top and bottom of the puck.  The fluidic system shall also store a single fluid for passing to the Process Position/Analytical module.  This storage may be in the syringe.

2.1.2.3.6 Filter clogging

The system shall detect the occurrence of filter loading to prevent over pressurization and vacuum trapped in the system.  A differential pressure sensor across the filter is one mechanism to accomplish this.

2.1.2.3.7 Filter holder

The filter holder used in the sample collection position shall accommodate a puck of standard dimensions, as defined by 2.1.14.

2.1.2.3.8 Mixing

The reagent delivery device shall provide for mixing a set of reagents.  The volume will be up to 10mL total.

2.1.2.3.9 Sample to Process Position
The Reagent Delivery device must be capable of passing a collected sample fluid to the Process Position Reagent Delivery Device and/or Analytical Modules.  Filtration of this material may be required due to the fine bore nature of the Process Position fluidic system.  This volume may be as large as 10mL.
2.1.3 Sample Processing

The purpose of this position is to continue processing a sample collected and subjected to pre-processing steps in the Sample Collection Position.  The fluidics at this position will be fine-bore and, therefore, must not be contaminated with large particles.  This system will have the ability to pass fluids to an Analytical Module for further processing if required.

2.1.3.1 Temperature control

2.1.3.1.1 Standard temperature control

The Sample Processing position must control the puck temperature in the range of 25-95oC.  It shall reach set temperature within 3 minutes and maintain within (2oC.  The set temperature must be held for up to 4 hours in 1 second resolution.  The cooling rate is uncontrolled in this requirement

2.1.3.1.2 Thermal cycling

This is a goal for this position.  Thermocycling consists of rapid heating/cooling cycles required for nucleic acid amplification.  A typical thermocycling protocol is as follows: ambient to 94oC (2-3 min); 94 oC to 55 oC (30 sec); 55 oC soak (30 sec-3 min); 55 oC to 70 oC (30 sec); 70 oC soak (30 sec – 2 min).  Such cycles are repeated up to 30 times.  The temperature levels must be maintained for up to 5 minutes at a resolution of 1 second.

2.1.3.2 Reagent delivery device

2.1.3.2.1 Volume

The Reagent delivery device must be able to measure and deliver volumes of reagents in the 0.01 to 2ml range with an absolute accuracy of 1ul.

2.1.3.2.2 Number of reagents

The Regent delivery device shall be capable of selecting from a minimum of 15 reagents along with air, filtered sample from the Sample Collection Position, flush, and at least one port to an Analytical Module, for a total of 19.  

2.1.3.2.3 Types of reagents

The Reagent delivery device must be compatible with the following type of regents:

buffered salt/detergent (e.g., Vector Buffer E + Tween)

GuSCN for DNA probes/sandwich hybridization

Saline Sodium Citrate (DNA probe hybridizations)

antibody/antibody-enzyme conjugates

enzyme substrates (pre-mixed or 2-part)

solid phase extraction column (SPEC) solutions

bind, wash, elute 

DNA probes/PCR primers/control DNA templates (PCR)

2.1.3.2.4 Block Diagram of fluid path 

Refer to block diagram for the basic requirements of fluid flow.  In the sample process position fluid must be able to be delivered and recovered to and from the top and bottom of the puck .

2.1.3.2.5 Mixing

The reagent delivery device must be able to mix a set of reagents.  This volume may be small, in the range of 10 to 500ul.

2.1.3.2.6 Filter holder

The filter holder used in the sample collection position shall accommodate a puck of standard dimensions, as defined by 2.1.14.  The Reaction chambers within the puck may vary as follows:


small volume reaction chamber (50-100ul),

large volume reaction chamber (500ul – 2ml).

2.1.3.2.7 Sample to Process Position
The Reagent Delivery Device must be capable of accepting a sample fluid from the Sample Collection Position Reagent Delivery Device.  The fluid must not contain particles >0.45μm due to the fine bore nature of the fluidic system.
2.1.3.2.8 Small Volume reagents

For up to 6 reagents a small volume low-loss plumbing system shall be incorporated.  This is defined as 10 - 50ul per draw with less than 5% loss from supply side to valve to reaction chamber.  The reservoir for each reagent shall be no larger than 10ml.  The reservoir shall be single use.  The design shall be such that no bubbles may form within the plumbing. 
2.1.4 Internal Detection Position

The internal detection position consists of a Black and White, low light CCD camera of equal or better performance than the SBIG-8e currently used.  This location shall be capable of imaging the surface of a solid support fitted for transverse flow in a pop-to puck.  A design goal is to support imaging of lateral flow arrays that may be housed in a separate magazine or contained in a puck.

2.1.4.1 CCD Camera

The CCD camera shall be capable of black and white images with a manually adjustable focus.  The camera shall have an interface which allows downloads to be completed within 20 seconds.

2.1.4.2 Temperature control

This position shall be able to set and maintain a constant temperature of either the Puck or one of the lateral flow arrays.  The temperature range is 30 to 94oC with an accuracy of (1oC.  The temperature can be held up to 4 hours with a 1 second resolution.

2.1.4.3 Light seal

This position shall be capable of sealing the puck or array in such a way as to eliminate light leaks.  The sealing mechanism for this position may use the puck elevator.

2.1.4.4 Fluid Control

This is a goal for this position. Fluid control in this position is required for the lateral-flow arrays.  It shall be capable of varying the delivery rate.  Fluid must be able to be delivered to and collected from the lateral array.  This position may use the Reagent Delivery Device of the Sample Process Position. 

2.1.4.5 Light Source

This position shall provide a light source to perform fluorescence chemistry detection.  This light source must be turned on and off.  The light source must be available to illuminate the top surface of a puck through an appropriate beam splitter/filter cube.  A design goal is to use a light source that uses the lateral flow array support as a wave-guide.  The light source or filters may be an interchangeable so as to provide different wavelengths of incident light based on chemistry requirements.

2.1.5 Analytical Modules

The purpose of the analytical module is to expand the detection capabilities of the ESP.  These modules will use existing and new technologies such as:

Lateral flow,

Transverse Flow

Arrays, optical and electrochemical,

Spectrophotometeric, 

PCR or other amplification techniques or,

MEMs.

The interface to an Analytical Module includes power, serial communications, and fluid connections.  An Analytical Module is self-contained.

2.1.5.1 Power

The power passed to an Analytical Module is unfiltered, power switched, voltage from the main power supply.  This power will fall into the same working range as the system voltage.  The maximum current draw is TBD.

2.1.5.2 Fluid

Fluid handling will have up to three connections as follows:

1) Send Sample,

2) Receive Sample,

3) Toxic Waste.  

There will be no direct connection to the outside environment (raw water intake).  

2.1.5.3 Communications

Command, control and data output of an Analytical Module shall be by a serial standard.  This may be, but not limited to one of the following:

1) RS-232,

2) RS-422,

3) Ethernet, 10base-T, 

An Ethernet hub will be required to pass through external Ethernet to bulkhead

4) I2C

Currently used as servo interface

5) USB

Already using internal USB for camera. 

A USB hub will be required for analytical modules

2.1.6 Sampler

The Sampler provides the means for water to be drawn through the Sample Collection puck.  There are two classes of samplers: internal and external.  It is not required for the two samplers to be present and plumbed at the same time.

2.1.6.1 Internal

The internal sampler will be a low-pressure design capable of withstanding pressures of 100 PSI.  This sampler will exist inside the ESP housing and have a connection to the external environment through a pressure housing bulkhead intake valve.  It shall only be able to move water from the intake to exhaust port.  It must be able to supply pressures of up to 75 PSI through a filter.

2.1.6.2 External

The external sampler will be capable of depressurizing water collected at depths up to 4000m down to a pressure acceptable to the internal plumbing of the ESP.  This pressure shall not exceed 75 PSI.  This device exists external to the ESP.  It must be able to move the sample through the ESP and exhaust to the external environment or back into the external sampler in cases where size fractionation of particles is desired.  It must be able to supply pressures of up to 75 PSI through a sample collection filter.

2.1.6.3 Volume

Sample volumes shall be definable from 10ml – 2L, with accuracy desired to 1% and required at 5%. 

2.1.6.4 Rates

10 ml samples shall be collected in no more than 2 minutes.  2L samples shall be collected in no more than 30 minutes.  Intermediate sample volumes shall be approximately proportional to these limits.  

2.1.6.5 Communications

The ESP shall be capable of communicating with either of the samplers using a standard serial interface.
2.1.6.6 Power

ESP shall provide power for the Sampler. The maximum current draw is TBD.  Refer to section 2.2.6

2.1.7 Software Requirements

2.1.7.1 Mission Programming

Mission programming is the ability of a researcher to configure the instrument to sample and perform the chemistry and the time requirements as required.    The programming shall be done using an existing scripting language, which supports the following:

1) Parallel execution,

2) Conditionals and looping,

3) Arithmetic expressions,

4) Date and Time expressions,

5) Parameterized user written Scripts.

All mission programming shall not require compiling, or development software other than an ASCII text editor.

2.1.7.2 Engineering debug

The software shall provide a complete time stamped log of all system functions in manner that correlates system state with the execution of all instructions from the high level mission programming instructions through the low level commands sent to the actuators and other subassemblies.  The time resolution of the recorded data shall be user defined on a subassembly by subassembly basis.  System state shall include the following data.  

For actuators:


Position, limit switch status, motor current, position error, …

For heaters:

 desired temperature, current temperature, …

For valves:

 desired valve state, actual valve state, …

For pucks:

 Current position of all pucks, e.g. in carousel tube T, position P; in process position; shuttling from collection to process position; ….

For … 

2.1.7.3 Mission Simulation

The purpose of mission simulation is to forecast resource usage, Detect logic errors, and determine instrument configuration.  The simulation shall use the same scripts as the actual missions.  The only difference between the simulation and actual mission shall be the substitution of simulated hardware drivers for actual ones.  This simulation does not need to run on the actual instrument hardware.  The simulation should be able to run in real-time, scaled real-time or simulated time (i.e. as fast as can be computed).

Forecast resource usage is used to determine the various resources consumed in a mission.  This shall include such resources as:

1) Reagent types and volumes,

2) Time for each process and complete mission,

3) Power usage for the mission and,

4) Pucks.

The detection of logic errors will be used to notify the user of possible cases where the instrument could be put into an unsafe state.  This may be opening a valve at the wrong time or sequence, moving an axis while another is interfering, or applying heat when no puck is present.  These errors shall be flagged and reported in a log for the user to inspect and correct.


The simulation shall result in a report, which details the configuration of the instrument.  This report will give details as puck type and order, volumes of reagents, reagent connection location, and estimated total power use.

2.1.7.4 Graphical User Interface

The Graphical User Interface (GUI) will be software running on a remote computer, which provides a means of instrument command, control, monitoring, and programming.  This development is a lower priority and shall be accomplished in the second year of the program.  The GUI shall include the following functions:

1) Real time monitoring of instrument status,

2) Command and Control,

3) Animation of Instrument state,

4) Development of Mission Programming 

A) Diagrammatic, 

B) Menu structure.

For the purposes of programming the GUI shall automate the generation of the mission script.
2.1.7.5 Licensing fees

Software tools shall be chosen to eliminate or minimize licensing fees.

2.1.8 User Interface

There shall be a means for a user to physically connect to the instrument, either directly or remotely.

2.1.9 Contextual Sensors

Contextual sensors are sensors systems that measure other environmental parameters that are important to understanding the ESP measurements.  Examples of contextual sensors are:

CTD,

ISUS,

FRR,

Current,

GPS,

PCO2, or

Spectroradometer.

These sensors will be located outside of the ESP housing and provide their own connections to the environment being measured.

2.1.9.1 Total Number
The ESP will provide a maximum of four contextual sensor ports.

2.1.9.2 Communications Interface
Most likely this will be RS-232, with others considered.  In the case or RS-232 two handshake lines, one in and one out will be available.  The baud rate may be limited to 115Kbaud. 

2.1.9.3 Power

Does not provide power to contextual sensors. 

2.1.9.4 Contextual Data

2.1.9.4.1 Log to file

All data received from a contextual data should be stored in a log file for the sensor.

2.1.9.4.2 Command and Control

The ESP must allow the user to route raw commands to each specific contextual sensor via the ESP’s Ethernet/remote connection.  A higher level driver should also provide command and control through the mission scripts

2.1.9.4.3 Stream to “shore”

Selected data sets shall be streamed to shore for archival or processing.  Sensor metadata shall be limited to the bare minimum necessary to uniquely identify the sensor from which the data originated

2.1.9.4.4 Data streaming

Contextual detectors will need to buffer data if the sensor samples asynchronously to ESP wake cycle.  The ESP cannot be woken when data is available from an instrument. The ESP will explicitly request data from the contextual sensor when it is ready to accept it.

2.1.10 Number of samples

Since a single sample may consume multiple pucks, an actual number of samples cannot be specified.  The specification will be that the ESP must be able to store, access, and manipulate at least 125 pucks.

2.1.11 Power Source

The power source for the ESP may not be contained internally. This is due to the presence of liquids, which may leak or spill on batteries. For the purposes of system reliability and robustness the ESP shall have a means for the external power source to provide a power fail signal.  This power fail signal shall provide at least 10 minutes of warning to the ESP before shutting down.  In the event of an unanticipated power failure the ESP shall have a manual recovery capability.

2.1.12 Modular Design philosophy

The design should support the idea that various subsets of the instrument may be needed, such as, everything but the carousel and elevator.  This should be able to be done without having to re-code and or recompile core software.  Also the hardware should have minimal numbers of wires and cables to disconnect any one of the modules.
2.2 Design Derived Requirements

2.2.1 Internal Bus controllers

To facilitate low power operation of the main processor, microcontrollers will be employed to take on the basic tasks within ESP.  These tasks will be moving and monitoring motors, controlling temperatures and switching valves.  To facilitate the modularity and reduced cable runs the microcontrller will be designed such that it controls all functions associated with a position.  Since many of these positions have repeated functions the design goal for the controller will be to have a common set of hardware to minimize the number of custom systems.

2.2.1.1 Motor 

The controllers shall provide functions to move, position, and detect errors within the servo system.  Each controller shall support up to two brushed DC motors.


2.2.1.2 Heater

The controller shall be able to support heating and cooling modes for each position.  Actual power levels are TBD.  The sensor is TBD, but must sense as close as possible to the working fluid.

2.2.1.3 Valve control

The controller shall be capable of switching latched dual coil and non-latched single coil valves.  

2.2.1.4 User control

The controllers on the internal bus shall be accessible to the user via the ESP user interface.  These controller’s commands may be issue-able from within the mission and sub-scripts.  These controllers’ functions may be mapped to user-defined logical names.

2.2.2 Camera

The Camera used in the Internal Detection position shall have performance equivalent to the current ESP camera.  It shall also have an image upload time of less than 20 seconds.  

2.2.3 External wake up 

The ESP must be able to be put into a very low power state.  From this state the instrument must be able to be “woken up” based on any of the following events:

1) Pre-programmed  wake up time given by YY/MM/DD HH:MM, with a 1 minute resolution,

2) Contact closure or,

3) Radio Wakeup.

Any of these events should be able to be recognized by the system uniquely and not inferred.  Time may be set either as local or GMT.  This system may be implemented with a small low power processor.  The ESP must respond to any external wakeup events within 60 seconds.

2.2.4 Engineering log

2.2.4.1 The engineering log shall report in the following, or equivalent, format
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2.2.5 Error Checking

2.2.5.1 Details

2.2.6 Power

ESP must be powered from an external power source, which must meet the following specifications:

1) Voltage range of 10 to 16 Volts, nominal 12V,

2) Supply a continuous current of 5 amps and,

3) Peak Current draw of 10 amps.

Due to the complex processing nature of the ESP the power source should have a robust means of maintaining a continuous power to the instrument.  This may be accomplished by using a secondary storage cell charged by a power source.  All charge controlling shall be done external to ESP.

2.3 Environmental Requirements

Ambient temp 0 – 35C non-freezing conditions


Core system shall be able to operate at depths of 40 meters


Salt or Fresh water

2.4 Operational/Maintenance Requirements

3. Interfaces

3.1 Communications

3.1.1 Physical

The ESP shall provide two means of user connection as follows:

1) Ethernet, 10base-T,

2) Serial 

a) RS-232,

b) RS-422.

Either of these two methods shall be a fully capable interface port providing all required communications for programming, monitoring, commanding and controlling the ESP.  Both means need to be supported simultaneously, and the Serial connection shall only support one physical connection at a time.  The RS-232 connection may be used as a direct connection or a remote connection via radio, or landline modem.  To facilitate this connection the following communication lines shall be provided:

a) Transmit Data (out of ESP),

b) Receive Data (in to ESP),

c) Clear to Send (in to ESP),

d) Request To Send (out of ESP),

e) Data Terminal Ready (out of ESP),

f) Carrier Detect (in to ESP).

3.1.2 Network Stack

3.1.2.1 Ethernet

The network stack for the Ethernet connection shall be TCP/IP with support for DHCP.

3.1.2.2 Serial

This connection shall support PPP.

3.1.2.3 Application layer Network services

The following Network services shall be supported:

1) FTP,

2) Telnet

This service shall support the following functions:

a) OS commands prompt,

b) Scripting language shell and,

c) Development of Scripts.

3) HTTP,

a) System Monitoring (with crude graphics and plots)

b) Data upload from core and contextual sensors

c) High level control

a. run/shutdown

b. alter existing mission’s start time(s) 

4) Instrument Status and Control.

Detailed status commands and control for a custom GUI

3.2 Power

Refer to sections 2.2.5 and 2.1.11

4. Schedule

4.1 PDR

4.1.1 Complete 

 May 20, 2003

4.1.2 Software

April 22, 2003
4.2 CDR

August 2003

4.3 Prototype

4.4 Lab testing

4.5 Deployments

4.5.1 Engineering

4.5.2 Science

4.6 Second copy
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