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Abstract
In this paper we present a very simple

modification of the iterative learning control algorithm of

Arimoto et al [1] to the case where the inputs are bounded.
The Jacobian condition presented in Avrachenkov [2] is
specified instead of the usual condition specified by

Arimoto et al [1]. (See also Moore [1 l].) In particular, the
former is a condition for monotonicity in the distance to the
solution instead of monotonicity in the output error. This
observation allows for a simple extension of the methods of
Arimoto et al [1] to the case of bounded inputs since the

process of moving an input back to a bound if it exceeds it
does not affect the contraction mapping property in fact,

the distance to the solution, if anything, can only decrease
even fhrther. The usual Jacobian error condition, on the
other hand, is not suftlcient to guarantee the chopping rule
will converge to the solution, as proved herein. To the best

of our knowledge, these facts have not been previously

pointed out in the iterative learning control literature.

1. Introduction

Learning control is a method of control that feeds
the system inputs for a specific task repetitively and uses

the actual on-line measured response of the system to

evaluate the quality or goodness of the input. The actual
responses are used in a feedback loop in which the inputs
are adjusted to reduce measured errors in the output.

Example applications include robotics and manufacturing
where a certain output tracking task is to be performed

repeatedly. Usually the output is the position or velocity
history of the robot’s joints although sometimes it also

includes measured forces at the end effecter (see Cheah and
Wang [4]).

Learning control has a history dating back to 1984’
(see Arimoto et al [1]) when it was first applied to robot

motion control. Horowitz [10] gives a nice history of the
development and usage of learning controllers for (rigid)

robot manipulators. He compares and contrasts different
learning algorithms and also provides an experimental
demonstration of a robot that learns to make its end effecter
track a circular trajectory. He insightfully points out that
an open area of research is in tinding methods for robust

optimal (e.g., minimum energy, minimum vibration, or
minimum time) trajectory learning, as opposed to only
finding a control history that meets output requirements.
Examples of work that have empirically investigated

approaches to this problem include Gorinevsky ([7], [8],

and [9]), who considered the use of the Levenberg-
Marquardt optimization method for least squares, and
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and low-power pyro}yzer could reduce the size and power required of existing instrumentation. The same can be said for a
portable chromatography. The goal of this work has been to determine whether microfabricated components could facilitate a
pyrolysis/methy lation reaction and therefore demonstrate the potential for a hand-held FAME sensor.
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Figure 1. (a) Pyrolysis/methylation reaction of a fatty acid to its representative methyl ester. (b)
Pyrolysis/methylatiorr/conversion of a triglyceride to its three representative FAMEs.

A program to develop a portable, autonomous chemical sensor has been ongoing at Sandia National Laboratories.
Components of the sensor, described elsewhere as part of the pChemlab@ program[6,7], have included a preconcentration
stage or mini-hotplate that heats rapidly and has a low heat capacity, a micro-gas chromatography column, and miniature
surface acoustic wave array detectors. In the first phase of this work, the potential for pChemlab components to perform the
functions critical to a pyrolytic FAME analysis (pyrolysis and chromatography) was evaluated. The results of that evaluation
are the subject of thk paper. A block diagram of the envisioned biodetector is shown in Figure 2.

Microfabricated Selective Gas Chromatograph Detector
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Pyrolyzer Microfabricated
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Figure 2. Potential design of a biodetector based upon microfabricated pyrolysis/methy lation and gas
chromatography y.
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2. EXPERIMENTAL DETAILS 0s4-6
The design and development of the microfabricated hotplate (micropyrolyzer) and microfabricated gas chromatography
column (microGC) have been described previously [8,9,10,11]. These devices were tested individually here for the
application of pyrolysis/methylation of fatty acids and other samples related to detection of bacteria and biological samples of
interest.

Purified fatty acids, triglycerides, and fatty acid methyl esters were purchased from Sigma and Supelco and used without
further modification. Canola oil was obtained from a standard grocery brand. GC purity TMAH, methanol, and chloroform
reagents were purchased from Fisher Scientific; TMAH was used as the methylating agent as described abov% methanol and
chloroform were used to dilute and solvate the fatty acid and related samples as necessary.

The micropyrolyzer was evaluated using a Hewlett Packard model 5890/5971A MSD gas chromatograpldmass spectrometer
(Agilent, Palo Alto, CA). Tests were conducted by injecting samples and reagent directly into the device cavity, followed by
a bias pulse to power the resistive heater. A device outlet led to the GC injection port with a heated transfer capillary, swept
with helium. A 15 m GC column (J&W Scientific DB23) was used to separate product peaks prior to detection.

The microGC was evaluated using an HP model 6890 gas chromatography outfitted with a flame ionization detector (FID).
Nitrogen was used as the carrier gas. The microfabricated column used was 1 meter long, coated with the stationary phase
OV1 (poly(dimethylsiloxane)).

3. RESULTS AND DISCUSSION

3.1 Microuvrolvzer

Tests were conducted separately on the micropyrolyzer and microGC elements. Figure 3 (a) shows photographs of the
microfabricated hotplate device. Figure 3 (b) illustrates the device used as a pyrolyzer.
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Figure 3. (a) Photographs of the microfabricated hotplate show the metal resistive heater formed on top of
the suspended silicon nitride membrane. (b) The device when used as a micropyrolyzer is
configured to hold the sample inside the silicon cavity, on the opposite side of the nitride
membrane. The test fixture includes a gas tight lid, liquid sample inlet, and carrier gas inlet and
outlet.

Initial evaluation of the micropyrolyzer included power pulse tests and IR camera tests to measure the ability to heat the
membrane rapidly with a liquid sample load. Devices were able to withstand repeated biasing with repeatable temperature
response. Figure 4 shows data collected with the II? camera, demonstrating a temperature ramp from 85 to 290°C in about 60
msec using 250 mW poweq temperature ramps up to 70°C/ms have been demonstrated, with larger bias voltage resulting in
faster ramps.
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Figure 4. Temperature ramp demonstrating ability of micropyrolyzer to heat rapidly under a sample load.

Data was taken with a computer controlled JR camera; device was loaded with 1.5 @ fatty acid
solution.

Figures 5 through 9 give results from several tests using the micropyrolyzer to effect pyrolysis/methylation reactions of
various samples. FAME peaks are denoted in these figures by the number of carbons and the number of unsaturated bonds
(X: Y); for example, the (16:0) peak is the hexadecanoic acid methyl esjer (or palmitic acid methyl ester). Fatty acids (FAs)
are the simplest precursor for FAME generation so initial tests used purified FAs to evaluate the ability of the device to
transform the analyte. Figure 5 shows results from a mix of eight fatty acids in unequal amounts; test results indicate a
qualitative transformation of the mix and offer a first time demonstration of pyrolysis using a microfabricated device; this
transformation required less than 5 seconds for sample preparation and reaction, after the sample was manually loaded onto
the membrane.

Figure 5. Gas chromatographlmass spectrometer results from pyrolysis/methylation of a mix of eight fatty
acids using the micropyrolyzer. The top graph shows the integrated detector response; the middle
plot gives the mass/ion spectrum of the second peak; the third plot shows the spectrum for the
C 14:0 methyl ester from a mass spectra library database. All peaks had spectra that matched
with the expected FAME peak; no additional contamination or FA peaks were found. FAME
peaks are denoted in hereby the number of carbons and the number of unsaturated bonds (X: Y);
for example, the (16:0) peak is the hexadecanoic acid methyl ester.



Figure 6 shows chromatography from another test where the pyrolysis/methylation reaction of two fatty acid mixes were
compared: mix A contained the six FAs C12:C 13:C15:C16:C17:C18 (all saturated) with relative concentrations of
4:1:1:4:4:4, respectively; mix B contained the same six FAs with relative concentrations of 1:4:4:1:1:1, respectively; the
distribution of percentage concentrations within each mix can be calculated as 22%:6%:6%:22%:22%:22%, for mix A, and
8%:33%:33%:8%:8%:8%, for mix B. These mixes roughly simulate differences in FAME peak signatures seen for in situ
pyrolysislMS of two bacteria, Pseudomonas jluorescens and Bacillus cereus, demonstrated using standard equipment [12].
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Figure 6. Pyrolysis/methylation of two mixes of fatty acids. Test results show good correlation between
initial FA composition and relative areas of the resultant FAME peaks.

Figure 7 shows the same FAME peaks with percentage peak areas calculated, with some deviation form what would be
expected if all FAs had converted with the same efilciency. The ability to measure accurate concentrations will depend on
consistent conversion yields for each analyte and analyte mix. These preliminary data, coupled with other observations,
show that conversion is approximately quantitative but that some loss of product occurs. Improvements in the device design
and sample loading should enable us to resolve these conversion issues.
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Figure 7. Same data as shown in Figure 6 with peak areas calculated for comparison.
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Figures 8 and 9 give results from tests using more complex analytes that contain fatty acids in forms more typical for
biological samples. In Figure 8, a mix of five triglycerides was pyrolyzed; this mixture contained equal amounts of
tricaprylin, tricaprin, trilaurin, trimyristin, and tripalmitin. As can be seen, five FAME peaks were formed, corresponding to
the five FA types found within the triglyceride mix. Conversion efficiency may have been affected by the triglyceride
composition of the original anal yte; however, effective transformation of a more complex anal yte was demonstrated.
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Figure 8. Pyrolysis/methy lation of a triglyceride mix, showing effective transformation of the triglycerides
into the five types of fatty acid tails.

Figure 9 gives results from a test on another kind of lipid sample, Canola oil; Canola oils are one of many food types with
high value fatty acid content including mainly unsaturated fats considered to be more healthy; degradation and alteration of
products can change this distribution. This test demonstrates the ability of the reaction achieved with the micropyrolyzer to
transform a sample with both saturated and unsaturated components.

Figure 9.
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These data show pyrolysis/methylation of a 1 ~ sample of Canola oil and demonstrate that the
device can efficiently transform and distinguish between closely related peaks of saturated and
unsaturated FAMEs._ For comparison, a te~t with oil and heat b-ut no TM-AH was conducted; the
background scan shows small residual carryover and minute FAME conversion, demonstrating
the ability of the TMAH mediated conversion to dominate over competing effects.
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3.2 Microfabricated gas chromatograuh column

Figure 10 shows optical and SEM photographs of a microfabricated gas chromatography (GC) column similar to the one used
for the test described below.
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Figure 10. The optical photograph in the top left hand comer shows a single die, cut from a 4“ silicon wafer
after anodic bonding with a Pyrex plate. Each die is 1.25 x 1.25 cm and contains within it a 1 m
long channel. This photograph also shows the outlet capillary tube perpendicular to the surface
of the microGC. This spiral is shown in part in the top right hand SEM photograph. The SEM
photograph at the bottom of the figure shows a cross-section cut through the device, showing
the rectangular cross-section of the channel and the thin walls etched with a deep reactive ion
etcher that makes possible Sandia’s uniquely small microGC column.

Figure 11 shows results for one of several tests conducted with the rnicroGC columns. For this test, purified FAMEs were
injected directly onto the column, which was then temperature ramped from 60 to 150”C. Baseline separation of all 10
FAME peaks was achieved repeatably although a baseline shift with temperature was observed. The column employed here
was coated with OV1, a nonpolar stationary phase.
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Figure 11. Baseline separation of FAME peaks using the microfabricated GC column.
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4. CONCLUSIONS
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The performance results of the miniature pyrolyzer and miniature GC demonstrate that the potential exists for a
microfabricated sensor toperform aF~Eanalysis similar to that performed by commercial instrumentation. Such a sensor
could find many applications in the environmental, biomedical, agricultural, industrial, and military arenas. The advantages
offered by a miniaturized system using microfabricated elements include the possibility of producing a detector that is low
power, low cost, hand-held, and lightweight. In addition, the selectivity of these device elements and other components taken
from Sandia’s pChemLab system is tunable, allowing selectivity against many interferents. This project represents the first
published work showing successful pyrolysis/methylation of fatty acids and related analytes using a microfabricated
pyrolysis device.

ACKNOWLEDGEMENTS
Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United States

Department of Energy under Contract DE-AC04-94AL8.5000. The authors would like to thank everyone on the pChemLab
team at Sandia, especially Larry Anderson, Doug Adkins, Mary-Anne Mitchell, and Carolyn Matzke; additional thanks are
due to J.J. Mulhull and Paul Smith of Sandia for their assistance with IR temperature measurements and to Susan Brozik and
Darren Branch for their discussion regarding bacteria and other microorganisms.

Keywords: microsensor, GC, gas chromatography, fatty acid, pyrolysis

REFERENCES

1. E.W. Robb, J.J. Westbrook, Anal. Chem. 35, 1644-1647 (1963).
2. N.R. Krieg, cd., Bergey’s Marmul of Systematic Bacteriology, Williams & Wilkins, Baltimore, MD ( 1984).
3. MicrobialID, Inc., Microbial ldentijkatiorr System Operating Manual, ver. 3.0, MIDI, 115 Barksdale Prof. Center,
Newark, DE 19711 (1993).
4. J.P. Dworzanski, L. Berwald, W.H. McClennen, and H.L.C. Meuzelaar, “Mechanistic Aspects of the Pyrolytic Methylation
and Transesterification of Bacterial-Cell Wall Lipids,” J. Anal. Appl. Pyrolysis 21,221-232 (1991).
5. F. Basile, M.B. Beverly, K.J. Voorhees, and T.L. Hadfield, “Pathogenic Bacteria: Their Detection And Differentiation By
Rapid Lipid Profiling with Pyrolysis Mass-Spectrometry,” Trac-Trends In Analytical Chemistry 17,95-109 ( 1998).
6. G. C. Frye-Mason, et al., “Hand-Held Miniature Chemical Analysis Systems (pChemLab) for Detection of Trace
Concentrations of Gas Phase Analytes:’ Micro Total Analysis Systems 2000, Kluwer Academic Publishers, Dordrecht, The
Netherlands, 2000, pp. 229-232.
7. G. C. Frye-Mason, R. J. Kottenstette, E. J. Heller, C. M. Matzke, S. A. Casalnuovo, P. R. Lewis, R. P. Manginell, W. K.
Schubert, V. M. Hietala, and R. J. Shul, “Integrated Chemical Analysis Systems for Gas Phase CW Agent Detection;’ Proc.

Micro Total Analysis Systems ’98 (vTAS ‘98), D. J. Harrison and A. van den Berg, Eds., Kluwer Academic Pub.: Boston,
pp. 477-481 ( 1998).
8. R. P. Manginell, G. C. Frye-Mason, W. K. Schubert, R. J. Shul and C. G. Willison, “Microfabrication of Membrane-
Based Devices by Deep-Reactive Ion Etching (DRIE) of Silicon,” Microstructure and Microfabricated Systems IV,
Proceedings Vol. 98-14, The Electrochemical Society, pp. 62-69 (1998).
9. R. P. Manginell, D. A. Rosato, D. A. Benson, G. C. Frye-Mason, “Finite Element Modeling of a Microhotplate for
Microfluidic Applications;’ Proc. Modeling and Simulations of Microsystems 1999 (MSM’99) (in press).
10. C. M. Matzke, R. J. Kottenstette, S. A. Casalnuovo, G. C. Frye-Mason, M. L. Hudson, D. Y. Sasaki, R. P. Manginell,
and C. C. Wong, “Microfabricated Silicon Gas Chromatographic Micro-channels: Fabrication and Performance,” Proc. SPIE
Micromachining and Microfabrication Process Technology IV, Vol. 3511, pp. 262-268 (1998).
11. M. L. Hudson, R. Kottenstette, C. M. Matzke, G. C. Frye-Mason, K. A. Shollenberger, D. R. Adkins, C. C. Wong,
“Design, testing, and simulation of microscale gas chromatography columns,” Microelectromechanical Systems (MEMS)
Conference, 15-20 Nov. 1998, Anaheim, CA, USA (1998).
12. F. Basile, M.B. Beverly, C. Abbashawks, C.D. Mowry, K.J. Voorhees, and T.L. Hadfield, “Direct mass-Spectrometric
Analysis of In-Situ Thermally Hydrolyzed and Methylated Lipids from Whole Bacterial-Cells,” Anal. Chem. 70, 1555-1562
(1998).

.—


