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ABSTRACT
Ball Aerospace & Technologies Corporation (Ball Aerospace) was commissioned by the Jet Propulsion
Laboratory (JPL) to produce a wet chemistry automated soil sample processing mechanism that can be
used for planetary wet chemistry sample preparation. Over a three-year period, Ball Aerospace designed,
fabricated and performed end-to-end tests to meet JPL’s performance parameters. The final product of
this effort is called the Wet-chemistry Sample Processing System (WASP). WASP is an integrated system
capable of autonomously accepting 100 mg+ of solid fines within a sample cell, combining the fines with
o
2 mL+ of solvent, heating and containing the mixture at 200 C for 1 hour+, and finally filtering/aspirating
the liquid analyte from the processed cell. The WASP carousel with 30 sample cell assemblies currently
exhibits a total mass less than 15kg making it field portable in a variety of situations and contexts.
1.0 INTRODUCTION
One of the main goals of NASA in the exploration of the Solar System is to determine if life exists or has
existed anywhere beyond planet Earth. In most analytical investigations, there is a need to process
complex field samples for the unique detection of analytes, particularly low concentrations of organic
molecules that may identify extraterrestrial life. To analyze samples, they can either be carried back to
Earth or processed in situ. By automating the processing of samples in situ and using a single integrated
system, size, weight, development costs and time all can be minimized. When compared with the time
and expense of bringing samples back to Earth from other celestial objects for processing and analysis,
in-situ processing of samples should prove a significant cost savings measure.
This paper describes a Wet-chemistry Automated Sample Processing (WASP) system to be used in situ
[1-3]. WASP is a simple and robust device that can process up to 30 separate soil samples and send the
extracted material to instruments in a fluid form. WASP is capable of capturing and sealing a soil sample,
mixing it with up to three different solvents, heating and pressurizing the analyte mixture in the test cell for
extended periods, then aspirating/filtering the post-processed liquid analyte for subsequent chemical
analysis.
WASP consists of a LabVIEW-enabled laptop computer, support electronics, and four primary mechanical
subsystems: 1) sample cell subsystem, 2) carousel/cell-positioning subsystem, 3) capping subsystem,
and 4) fluid handling subsystem. All aspects of WASP are programmable and controllable through a
LabVIEW software interface. Rigorous subsystem-level testing and comprehensive end-to-end functional
testing was performed to optimize performance and enhance reliability. Each of these subsystems is
described further in Section 3.0.
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Figure 1. Wet-chemistry Sample Processing System
This project was funded by NASA’s Mars Instrument Development Program (MIDP), and directed by Dr.
Luther Beegle as the principal investigator (PI) from JPL. Ball Aerospace performed the design,
construction, and demonstration under subcontract to JPL.
2.0 REQUIREMENTS AND OVERVIEW OF FUNCTIONALITY
2.1 Requirements
To develop a sample processing platform that could be used on multiple missions, the PI set a baseline
list of requirements for planetary science investigations. The device could include more capability as long
as these requirements were met and the project stayed within budget. An underlying design goal during
development was to craft the mechanism such that it is as close to a flight-like system as possible, while
operating within cost and schedule. Requirements included: (a) mechanism capable of processing 20
samples, each capable of holding a 100 mL of solid material and be mixed/processed with a reagent
solvent; (b) the ability to process methanol at high temperatures and pressures in the range of 150°C and
10.3MPa (1500 psi) for a period of 1 to 2 hours; (c) as little risk of sample cross contamination as well as
instrument delivery cross contamination as possible; and (d) the delivery of the soil sample into the
sample cell. As the mechanism developed, initial requirements were met and exceeded by maintaining a
flexible and modular design, and productive and regular communication with the PI.
The design consisted of a screw on cap which provided the practicality of reuse. The reusable sample cell
drove the WASP design to increase in complexity, but it provided greater serviceability for field use and
lowered the refurbishing costs of the assembly. The minimum number of sample cells was increased by
50% and the processing temperature and pressure requirements were 200°C and 13.8 MPa (2000 psi).
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By increasing the minimum test cell quantities to 30 test cells, the mechanism scalability was
demonstrated while maintaining the mass goal of less than 15 kg.

Figure 2. WASP Internal Components – shown in see thru housing
Because of budget limitations, the fluid handling pump and valve components that have been selected do
not have direct links to space-rated components. However, their method of operation does mimic that of
the space-qualified, solenoid-driven fluid control devices that are manufactured by Valcor Engineering
Corporation. By focusing funds and capacity on the challenging aspects of the sample cell design instead
of developing existing technologies such as space qualified valves and pumps and using commercial-offthe-shelf (COTS) components when appropriate, the design goals were achieved and enhanced. WASP
evolved to include 30 reusable sample cells and three fluid reservoirs.
2.2 Operation and Functionality
This section explains the components of the WASP mechanism and how the components interact with
each other. Figures 3 and 4 provide a visual reference for what these components are and where they
are located on the mechanism (reference Figures 3 and 4 to associate the descriptions below):
a) The mechanism is initialized and a sample cell is positioned underneath the inlet funnel
b) The funnel is lowered into the cell
c) A solid sample is delivered into the funnel, flowing into the sample cell
d) The sample cell is driven to the capping station
e) The capping arm is raised, allowing a cap to slide under the arm and load the capping station
f) The capping arm drives the cap down into the sample cell, blocks other caps from feeding
into the capping station, and pushes the cell into a bore hole feature containing an injector
needle
g) The test cell bottoms out at a hard stop and the capping arm pushes the cap until it snaps
into place and seals the sample cell
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h) As the test cell bottoms out into the injector needle, the needle pushes the bottom plunger
valve open
i) While the test cell is bottomed out in the injector station, a solvent is selected on the multiport
valve and then pumped into the sample cell
j) The capping arm is retracted and a spring housed under the sample cell pushes it back to its
neutral position; an O-ring keeps a seal with the needle, preventing any leaks as the plunger
valve closes
k) The sample cell is now driven to the heater station where it makes contact with electrical
terminals to provide power to the cell’s heater; temperature is monitored by an infrared
thermistor
l) Once temperature and dwell time is achieved, the sample is positioned back under the
capping station and allowed to partially cool down
m) After cooling the sample (to lower internal pressures), the capping arm is actuated and the
sample cell driven into the needle of the injector assembly
n) A delivery port is selected and a fluid pump actuated to extract the solute form the sample
cell
o) After the solute is delivered, another port is selected to rinse the tubing and inject the
cleaning residue into the emptied cell.
p) After cleaning the solvent pluming, the capping arm retracts and the sample cell goes back to
its neutral position and the mechanism is ready to process another sample

Figure 3. WASP Components – Mechanical Components
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Figure 4. WASP Components - Fluid System

3.0 MECHANICAL SUBSYSTEMS
WASP’s integrated system consists of control software and electronics, and four multifunction mechanical
systems as listed above and further described below (sample cell subsystem – including the inlet funnel,
carousel/cell-positioning subsystem, capping subsystem, and fluidics management subsystem).
To minimize the number of mechanisms required to perform all the required operations for a field wet
chemistry processing system, many of the mechanical drivers/motors perform several functions.
Additionally, the design included improvements to the sample inlet and interface with the sample cells to
reduce the risk of sample cross contamination and increase the general cleanliness of the mechanism.
This capability was not part of the original scope for this project but was imperative to address. See
Section 4.0 for more information.
3.1 The Sample Cell Subsystem
The sample cells are the key component of the WASP mechanical design. The sample cells determined
the approach we needed to take in designing the sample delivery, capping mechanism, fluid injection,
sample extraction, and overall sizing of the mechanism. The sample cell was the first component we
developed, and the one that took the most research and development.
The sample cell subsystem consists of a cylinder with two open ends. One end is fitted with a valve port
and the opposite end is the sample inlet, which is capped after the sample is delivered, creating a sealed
vessel. An external heater is bonded to the cylinder and external rings attached, acting as electrical
heater contacts. An optical reflector is slipped onto the sample cell and used to accurately read the cell
temperature with an optical infrared thermometer. Part of the cell’s internal components includes a filter to
prevent the sample from clogging the valve port.
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Figure 5. Sample Cell - Components
The ability to heat the sample with methanol at high pressure (200°C and 13.8 MPa) for a minimum of
1 hr is a critical requirement for WASP. A high pressure vessel is required that can be capped, sealed,
heated, and accessed to extract the processed solute. Methanol is a very challenging solvent to seal,
given that it is a small molecule with high vapor pressure, and it is also highly corrosive to rubber and
most synthetic polymers. To seal the pressure vessel the most promising chemical and temperature
resistant materials were determined to be Teflon.
An engineering development unit (EDU) of the capping module was developed to perform a proof of
concept. This EDU assembly was of essence, ensuring the development of a successful approach
showing the means to seal the sample cell and the cap feeding mechanism. If the sample cell capping
was not properly developed, no further progress could be attained expanding the other subsystems for
WASP. The use of a prototype capping device that reliably demonstrated the capping process and helped
understand its nuances was an invaluable investment in resources providing the highest returns. This
assembly helped develop the required features on the caps and the mating components, ensuring a
smooth process when capping the cells. The EDU capping module consisted of a COTS linear motor that
plunged the caps into the sample cell, and a cap feeding assembly that was synchronized with the
capping actuator to control the cap flow. Because motors add significant cost, an approach was
determined to control the cap feed rate and cap the cells with a single actuator.
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Figure 6. EDU - Capping Station
A cap rail guide or runnel with a Teflon slide to house and store the caps was designed to feed the caps
into position. The Teflon slide was passively actuated with a constant force spring box that pulled the cap
slide and forced the caps into the capping station underneath the plunger. To prevent the caps from
jamming, the plunger, or capping head, attached to the motor shaft was elongated to block and control
the dispensation rate. To ensure the caps were properly captured when positioning them in the capping
station, a spring loaded cap guide was developed that slid to receive the next cap before the plunger was
fully retracted to allow the cap to slide into position for the next actuation.

Figure 7. EDU Capping Station - Capping Sequence
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The caps are self-aligning to allow for misalignments and position themselves when applied under load.
Fillets and chamfers are used on the interfaces wherever required to assist the cap flow and help the
transition into the sample cell. Chamfers on the sample cell cylinder avoided damaging the seals during
the capping process and helped the cap position itself as it was pressed on. This chamfer angle took
some debugging. Testing showed that the hard Teflon seals resulted in high peak loads to get the O-ring
over the sample cell; therefore, it was necessary to reduce the abruptness of the angle on the chamfer to
reduce peak loads. Later cell designs incorporated a longer chamfer which reduced the capping loads to
a more linear response and also served as a self-aligning feature for the caps.
After developing the capping approach the next step was solvent injection and sample extraction. A Zirk
fitting type of valve was the initial baseline, but the operational temperatures and pressures directed the
search for other options as these components could not meet our requirements. A valve based on O-ring
technology was developed for its low cost, relatively mature technology solution, and parts availability.
Because O-ring based valves are susceptible to particulate contamination, a means to keep the solvent
and sample from contaminating the valve was required. Filtering of the liquid sample after solvent
extraction was accomplished by a two stage approach: a paper filter to capture the course particulates,
and a COTS metal sintered cylinder to act as the refining filter that also works as a spring retention
interface to keep the valve closed.

Figure 8. Sample Cell Cross Section
After developing the sample cell sealing and valving, the heating approach was addressed. To increase
heating efficiency, reduce complexity, and provide redundancy, each sample cell has its own heater
assembly. Kapton heaters were selected for their affordability and reliability. To reduce weight, cost, and
wiring complexity, the heater leads to the sample cells were eliminated by incorporating heater contact
rings instead of flying leads. To monitor the cell’s temperature, a remote infrared sensor captures the
cell’s temperature; this option removed the requirement of having localized thermocouples installed on
each sample cell. To power the heater, the sample cell is positioned by the carousel to a heating station
with matching connectors that slide and contact the contact-rings. Once contact is achieved, power can
be applied to the heater; simultaneously, the infrared sensor monitors temperature. This heating station
can be easily duplicated to provide redundancy.

318

Figure 9. Heater Station
The capping of the test cell proved to be a challenge and the design-kernel for the overall mechanism
development. Initially, the sample cell was developed with a single-use flight mission in mind. This
approach led us to develop a simple test cell that proved successful after some development. However,
we quickly realized of the cost-impact this approach would have for ground testing and further
development. For this reason, a re-usable cap and sample cell was developed. Although the new
reusable cap added more complexity and initial cost, it served the end user in the long run, reducing
overall development costs. We also choose the harder and more difficult Teflon seals to ensure we had a
viable design.
A final feature to the sample cell was the addition of a dust tray that is sealed when the cell is capped.
The dust tray serves as an alignment and vibration damping feature and dust contamination mitigation
device.
3.2 The Carousel System
The carousel system serves as the housing and positioning mechanism for the sample cells. It houses 30
test cells and drives them by means of a stepper motor and a worm drive reduction gearing. The worm
drive gearing is used to get a mechanical advantage and to lock out the carousel when stopped. Position
control is managed by an optical encoder and reduction gearing, resulting in position accuracy of
0.3 millidegrees. Because the carousel houses the test cells, it acts as a structural support platform
through which most loads to the sample cells react. To manage these loads, the carousel is mounted on
a large bearing, double sealed, and housed in a labyrinth seal to minimize bearing contamination.
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Figure 10. Carousel Assembly
The carousel positioning and repeatability is crucial to prevent damage during any operation, such as
sample delivery, capping, heating, and solvent delivery. To obtain these goals, several approaches were
considered: motor step counting, mechanical telemetry, and even a bar code approach. We chose an
optical encoder because of its accuracy, turnkey solution, relatively low cost, and ability to mount the
encoder ring on the outside of the carousel, which allowed the use of the inside area of the carousel for
installing other components. The encoder output was integrated with readily available software drivers
and subroutines that integrated with the WASP control software based on LabVIEW.
To move the carousel, a ring gear is bolted to the inside wall, close to the bearing to minimize tooth gear
loads. A pinion gear attached to a worm drive gear box is used to drive the ring gear with enough gearing
reduction to achieve position accuracy, torque margin, and a means to lock the carousel. The worm gear
assembly is driven by a COTS stepper motor with flight history and vacuum compatible.
To facilitate assembly and refurbishing of the sample cells, a quick access port was designed into the
bottom of the WASP cover through which each cell is accessible and easily removed by taking out a
circlip that holds the cell in the carousel. For flight, an internal and external skirt can be added to further
mitigate particulate contamination.
3.3 The Capping Subsystem
The primary function of the capping subsystem is to seal the sample cells and to drive the cells into the
injector station of the fluidics subsystem. To accomplish this process, the capping subsystem requires a
cap feeding assembly, and a capping arm to drive the caps into the sample cell and push the sealed cell
into the injector station. The capping arm is driven by a similar setup as the carousel drive: a geared
worm drive with an attached stepper motor, and a linear encoder to determine the arm position. As a
backup system, mechanical switches are used to determine failed modes and reset the mechanism.
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Figure 11. Capping System
The cap feeding assembly is a passive mechanism driven by constant force springs. All the sample cell
caps are placed in the runnel and driven into the capping station by a cap guide made of Teflon. A cable
is attached to the cap guide and routed along the runnel with rollers, and feeds into a redundant constant
force spring box. The feeding of the caps into the capping station is managed by the capping arm. The
cap feeding assembly was designed to only provide caps into the capping station when a new sample cell
requires it. The arm was designed to block the caps from feeding into the capping station when the
capping arm is driving a cap downward to seal a sample cell. When a new cap is required, the capping
arm is driven upward to allow a cap to slide underneath. To insure that the cap does not get jammed, a
cap capturing slide pops from the opposite side to capture the new cap. As the new cap is pushed into
position, the capturing slide is pushed back to its stowed position. At this point the cap is still supported by
the caps on one side and the capturing slide on the other. When the command is given, the capping arm
begins to push the cap downward and blocks other caps from feeding into the capping station. The cap
and capping arm engage through matching chamfers to center the cap onto the sample cell. As
discussed in the sample cell section, the chamfer on the cell ensures the cap has enough run for the cap
to self-align and seal in place.
The capping arm is driven by an ACME screw supported with bearings and Belleville washers to prevent
jamming when bottoming out the assembly. The ACME screw is driven by a worm drive gearbox that is
connected to the same type of stepper motor as for the carousel. Similar to the carousel, the worm drive
is used to stop and lock motion. The worm drive gearing is designed to lock out the capping arm at any
position. Because of the high mechanical gearing, special attention was given to the bracket design to
ensure the mechanism would not self-destruct if the capping arm was driven past its operational limits.
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The components were designed so that the capping arm can hard stop at either end without breaking
anything. During normal operation, position is managed by the linear encoder; however, in case of losing
control of the capping arm, mechanical switches are positioned at either end of travel.

Figure 12. Capping Mechanism
The secondary function of the capping assembly is to engage the sample cell to the fluid transfer station.
This subassembly consists of the injector housing, injector needle, and a spring loaded injector guide.

Figure 13. Capping Mechanism - Actuation – Section View
As the sample cell is driven into the fluid transfer station bore, the injector guide reacts against the bottom
of the sample cell and aligns the injector with the bottom cell valve, while supporting the injector from
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getting bent; the capping arm continues driving the sample cell until the valve is fully open and the injector
fully sealed in the sample cell.
3.4 The Fluidic Management Subsystem
The fluidic subsystem consists of three fluid reservoirs, a multi-port valve, a pump, and a fluid transfer
station.

Figure 14. Fluid Transfer Station
The fluid transfer station consists of an injector needle with a spring loaded guide to support the needle
when engaging the sample cell. The spring guide acts as a backup system in case the sample cell spring
in the carousel fails, in which case, as the capping arm backs out, the spring guide will push out the
sample cell from the fluid transfer station and allow the mechanism to continue functioning. If this failure
would occur, the failed sample cell would simply drag along the bottom of the WASP housing.

Figure 15. Fluid Management System
The finalized WASP fluidics subsystem incorporates a COTS VICI 4-position valve and a COTS VICI
Cheminert M6 pump to select and deliver fluids from three custom Teflon reservoirs. The custom fluid
reservoirs reside internal to the carousel and the design assumes water, methanol and oxalic acid as the
three fluids of choice. The M6 bi-directional pump is capable of delivering fluids with an accuracy and
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precision of ±0.5% and -/0.1%, respectively, at flow rates of 10 mL/min when exposed to a maximum
backpressure of 100 psi (0.69 MPa). Plumbing consists of COTS 1/16” (1.6-mm) OD, 300-nm ID PEEK
tubing and COTS zero-dead-volume PEEK compression-style fittings. A relative layout of the solvent
delivery subsystem is shown in Figure 16, depicting the pump, valve, and sample cell injection interface.
A block diagram depicting basic fluid delivery pathways is illustrated in Figure 19. After each extraction
cycle, fluid lines are flushed with a desired clean solvent back into a used sample cell in order to mitigate
sample cross contamination.

Figure 16. Fluid Management System
3.5 Additional Considerations: Inlet Funnel
The sample introduction was not part of the scope for this project. However, because an inlet is required,
some development was done to address the means by which the sample is introduced into the test cells.
How the sample is introduced to the test cells is critical in minimizing cross contamination of samples.
Because the sample will be manually introduced, we used a funnel to guide the sample into the test cell.
The funnel can be lowered into the sample cell, so that the neck of the funnel recesses inside the cell
when delivering the soil sample. The funnel assembly is supported and guided by pins with springs under
it to prevent the funnel from falling in and jamming the mechanism, and passively return it to its stowed
position after use. An ultrasonic motor was attached to the funnel to excite the sample particles
downward.
For flight, antistatic adhesion coatings will be applied to the funnel to minimize dust clinging onto the
funnel surface due to electrostatic effects; Ball Aerospace has developed a coating that minimizes these
effects in dry and dusty environments. The funnel’s plunging step into the sample cell and the funnel’s
ultra-sonic motor actuation would be automated to ensure proper sample delivery.

324

4.0 CONTROL SOFTWARE AND ELECTRONICS
A great deal of consideration was placed upon developing a software command and telemetry interface
that is highly intuitive and user-friendly, while also maintaining an elevated degree of versatility and
customization. Given that the system is nominally intended to operate with an opaque aluminum cover—
with all core mechanisms being visually inaccessible—Figure 17 illustrates that there is a wide array of
LED indicators made available via the software interface, which provides an easily-decipherable display
of general system status and positioning. This interface approach ensures that the user will never lose
track of any system parameter during normal operation.
In addition to an assortment of intuitive LED indicators, the system is largely controlled via an interactive
message center that provides the user with instructions, buttons, numeric inputs, indicators and/or plots
that appear, disappear and automatically update depending upon user-initiated commands. For the
advanced user, a quick-setup option is available that will allow the user to input predetermined sample
processing parameters if desired.
A collection of versatile subroutines have been developed to perform the following tasks:











Initialize the WASP carousel to its home encoder index.
Initialize the WASP carousel to sample cell index #1. This move is relative to the home encoder
index.
Move the carousel to a user-specified cell index. This move requires the carousel to be initialized
to cell index #1.
Initialize the capping mechanism to its home encoder index.
Move the capping mechanism to apply a cap and/or engage with the solvent delivery needle.
This move is relative to the home encoder index.
Move the capping mechanism to an intermediate position to allow the carousel to spin, but not
allow another cap to feed. This move is relative to the home position.
Turn the WASP heater on or off.
Acquire an analog temperature measurement from the infrared thermocouple.
Drive the VICI pump to dispense or aspirate a user specified volume of solvent at the user
specified flow rate.
Position the VICI valve at a user specified position.

These subroutines are used in multiplicity throughout the main WASP LabVIEW user interface state
machine. The front panel of the main WASP user interface is depicted in Figure 18.
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Figure 17. Screenshot of the WASP LabVIEW user interface
The input parameters tab of the software interface is pictured in Figure 19, and the existing software
algorithm block flow diagram is shown in Figure 20.

Figure 18. WASP Software User Interface, Input Parameters and Plotting Panel
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Figure 19. Updated WASP Software Algorithm Flow Diagram
4.1 ASPS Electronics Overview
COTS National Instruments (NI) hardware controls all aspects of the WASP system and was integrated in
conjunction with the software interface as outlined in above. An NI 2-axis stepper motor controller controls
the motors responsible for positioning the carousel and capping plunger; and a PCI-7332 board with four
DIO ports that are used for heater modulation, as well as four analog inputs that capture the infrared
temperature sensor telemetry. A NI Universal Motion Interface Connector Block serves as the central hub,
to which all motion devices, heaters and thermocouples/thermistors are connected. The pump, valve,
motor, and infrared temperature sensor also utilize COTS driver and amplifier modules in order to
operate.

Figure 20. WASP electronics box CAD model
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The existing system is compatible with either a single 110 VAC grid outlet or a 28 VDC supply (e.g.,
batteries, bench-top DC supply). This approach allows for a convenient power option in a laboratory
setting, but would also make powering the ASPS system in the field with two standard car batteries—
connected in series—a viable option as well. The WASP primary bus voltage will be +28 VDC, which was
selected because it is a spacecraft bus voltage that is commonly available. As such, if 110 VAC option is
used, the AC voltage will first be converted to +28 VDC. The end result is a single electronics box with a
single three-foot cable bundle leading from the computer, and a single six-foot cable bundle leading to the
carousel as shown in the picture in Figure 20.
4.2 Integrated System Calibration
The integration and calibration of the WASP took significant effort throughout the program. By treating
each subsystem as an independent component, it made it easier to later integrate each subsystem into
the WASP chassis. However, all the components had to work in conjunction, and timing and sequencing
was of essence. A transparent cover was designed through this process to observe and help develop the
timing and sequencing of events. This tool became indispensible developing the mechanism.
Calibration of the VICI pump and valve simply amounted to programming vendor-furnished calibration
constants into the COTS controller/driver boxes’ EEPROM via an RS-232 interface. Due to the nature of
these devices, they should never require recalibration. The initial capping and carousel motion control
setup calibration, however, was much more complex and required extensive trial and error in order to
optimize the performance of each mechanism. Given that the WASP structure and mechanisms have
intentionally been designed to be extremely stiff and rugged, it is anticipated that the system will be able
to perform hundreds of cycles without requiring recalibration.
5.0 CONCLUSION
Over a three-year period of performance, Ball Aerospace successfully completed the design, fabrication
and end-to-end testing of a field-portable Wet-chemistry Automated Sample Processing (WASP) system.
Ball has demonstrated that the integrated system is capable of autonomously accepting 100 mg+ of solid
fines within a sample cell, combining the fines with 2 mL+ of solvent, heating and containing the mixture
°
at 200 C for 1 hour+, and finally filtering/aspirating the liquid analyte from the processed cell. The
integrated WASP carousel with 30 sample cell assemblies currently exhibits a total mass less than 15kg
and either meets or exceeds all of the performance goals. The WASP field-portable platform was
th
delivered to JPL the week of October 17 , 2011.
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