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Circuitry.
(Christopher J. Robinson, Brent Stucker: Utah State University, Amit J. Lopes, Ryan Wicker: 

University of Texas at El Paso, and Jeremy A. Palmer: Sandia National Laboratories) 

In many instances conductive traces are needed in small, compact and enclosed areas.  
However, with traditional manufacturing techniques, embedded electrical traces or antenna 
arrays have not been a possibility. By integrating Direct Write and Ultrasonic Consolidation 
technologies, electronic circuitry, antennas and other devices can be manufactured directly into a 
solid metal structure and subsequently completely enclosed. This can achieve a significant 
reduction in mass and volume of a complex electronic system without compromising 
performance. 

Introduction 
A common design driver for many industries and applications is the push to make 

products more compact and integrated.  Additive manufacturing techniques are being used to 
create complex, compact integrated structures, thereby reducing cost, size, and mass.  Ultrasonic 
Consolidation (UC) and Direct-Write (DW) are two types of additive fabrication techniques used 
to create integrated structures.   

One application requiring small, integrated structures is small satellites.  This paper 
overviews a recent study by the authors to, for the first time, integrate the technologies of UC 
and DW to create multifunctional panels that are relevant to the types of systems needed in a 
small satellite.  Two panels were created to represent possible structural panel sections of a small 
satellite.  One panel demonstrates the ability to embed electrical circuitry, connectors, switches, 
DW electrical traces, and other components.  The second panel demonstrates the ability to use 
DW to apply a patch antenna on the surface of a UC panel with an embedded honeycomb core 
created using UC. 

Ultrasonic Consolidation (UC) 
Ultrasonic Consolidation is an additive manufacturing process which deposits metallic 

foils using ultrasonic energy, followed by a milling operation to create the desired cross-section.   
UC works by creating differential vibration between the substrate or previously deposited layers 
and a newly deposited layer using a sonotrode. This differential vibration results in plastic 
deformation and metallurgical bonding between clean metallic surfaces, which is discussed in 
more detail in a separate paper in these proceedings (Janaki Ram, 2006).  UC is the only SFF 
technology which can create a solid metal part from engineering alloys at low temperatures, 
which enables the embedding of wiring, electronics, and other components without thermally 
destroying them.  One important benefit of UC is that a build can be paused and left for 
essentially any amount of time and then restarted again with no adverse effects.  In addition, the 
parts can be removed and set aside or used in another apparatus.  This facilitates the combining 
of DW and UC without needing to integrate them into a single apparatus.  However, for 
efficiency purposes, it would be possible to integrate a DW deposition head onto a UC apparatus 
for future work, which would eliminate the need to move the part between apparatuses.   
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The UC machine used for this work is a Solidica FormationTM beta machine located at Utah 
State University (USU).  This is the same technology used to make the Solidica Chorus sensor 
that won the Gold Award at the 2006 Sensors Expo.  This sensor measures temperature, 
vibration, and three-dimensional acceleration, adds GPS/dead reckoning location data, and then 
transmits the data wirelessly to any ZigBee-compliant or 802.15.4 platform, while all electronics 
are embedded within a solid piece of aluminum (Solidica, 2006).  

Direct-Write (DW) 
Direct Write is the ability to write or print passive or active electronic components 

(conductors, insulators, batteries, capacitors, antennas, etc.) directly from a computer file without 
any tooling or masks. Many different direct write technologies have been developed over the 
recent years, following funding by the Defense Advanced Research Projects Agency (DARPA) 
(Church, 2000). These DARPA-funded projects included Matrix Assisted Pulsed Laser 
Evaporation (MAPLE), nScrypt 3De, Maskless Mesoscale Materials Deposition (M3D) and 
Direct Write Thermal Spraying.  nScrypt and MicroPen are two examples of technologies which 
use liquid inks to create DW traces.  In addition, these inks can also be extruded using simple 
extrusion devices.  Ink is dispensed through a tip that is controlled by either a CNC head or other 
stage type controls; or it can also be dispensed by hand, depending on the apparatus.  Many types 
of structures can be created using DW because traces can be drawn in three dimensions and vias 
can be created to step from one level to another in needed situations.  Research in the area of new 
materials is ongoing, and as the number of useful materials increases so does the number of 
possibilities of this technology. 

The DW apparatus used for this work is the 2405 Ultra Dispensing System (EFD Inc., East 
Providence, Rhode Island), shown in Figure 1, located at the University of Texas at El Paso 
(UTEP).  The DW system consisted of an air pressure control console and a dispensing syringe 
and tip (with nozzle diameters down to 6 mils), which was connected to the console with a 
plastic hose.  The console obtains an externally supplied inlet air pressure (up to 100 psi) and 
regulates the outlet pressure (from 0 – 5 psi), which was then supplied to the dispensing tip.  The 
ink can be dispensed manually or controlled using LabVIEW® and stages integrated at UTEP to 
draw given circuit profiles.  It may be adapted to dispense a variety of fluids including 
conductive inks and virtually any other fluid (Medina, 2005).

Figure 1: The DW 2405 Ultra Dispensing System, located at the University of Texas at El Paso 
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LED Panel Description 
The first demonstration panel created using UC and DW is a 6” X 6” X ¾” honeycomb 

panel with solid aluminum outer walls and face sheets, and a solid network of aluminum to 
support embedded circuitry.  Embedded in the structure is a common 9-pin space-rated 
connector, an LED and a mechanical on/off switch, all of which are connected with electrical 
traces drawn with conductive silver ink deposited using DW technology.  A CAD model of this 
system is shown in Figure 2.  While there are many different types of honeycomb structures and 
cores commercially available, a unique and custom honeycomb was created using UC, which has 
the added possibility of being able to embed components and circuitry directly into the 
honeycomb itself.  As this demonstration panel had no specific structural constraints, the 
honeycomb was designed with an arbitrary wall thickness and height of 0.45 inches. 

Figure 2: CAD model of an integrated structure built using UC and DW, shown with upper facesheet 
removed to illustrate the honeycomb network and embedded electrical traces. 

Build Process for the LED Panel 
Based on previous experience with embedding electronics in UC structures, the following 

process plan was used to create the LED demonstration panel.  Al 3003 H18 tape was 
ultrasonically consolidated to a solid Al 3003 H18 substrate.  The integrated CNC mill machined 
the geometry for the honeycomb, channels for the electrical traces, and pockets for embedding a 
space rated D-connector receptacle, a simple switch and an LED into the monolithic block that 
was formed from a combination of deposited Al and the Al substrate.  The panel, attached to a 
larger substrate, after milling but prior to embedding of components is shown in Figure 3.   
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Figure 3: The LED panel after UC, but prior to component embedding, showing the honeycomb structure, 
pockets for electronic components, and channels for DW traces. 

Following the creation of the basic panel structure, the various pre-manufactured 
components were potted into their respective pockets using Arctic Alumina thermal epoxy, 
which is both electrically non-conductive and non-capacitive.  The demonstration panel and the 
connectors used were designed and selected so that all connections to pins and leads would be at 
the same height for easy accessibility for the DW tip.  This was to minimize the number of times 
the panel had to be shipped between USU and UTEP.  The channels for the conductive traces 
were then filled with the same epoxy.  The channels were again milled with a smaller end mill so 
that a slot with insulator on three sides was created.  At this point, the components were all 
checked to ensure operability and the panel was removed from the UC apparatus and taken to the 
DW apparatus.   

At UTEP, DW traces were drawn to connect all parts of the system into one electrical circuit.  
The ink chosen for the traces was E1660-136 silver based ink.  This ink was chosen for its 
properties of high conductivity, excellent wear resistance and very good flexibility.   

In previous work at UTEP, an ink dispensing experiment was performed using several 
conductive inks on different substrates at a fixed dispensing pressure (4 psi), vertical gap (4 mils) 
and using a 6 mil dispensing tip.  The parameters were chosen based on previous research done 
by Medina et al, and gave the most consistent interconnecting lines (Medina, 2005).  Figure 4 
summarizes the results of the ink dispensing experiments.  The results indicate that the E 1660 
silver conductive ink gave the lowest average resistivity after thermal cure on all the substrates 
as compared to the other inks.  Thus the E 1660 ink was selected for making the electrical 
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interconnects for this research.  Future research will include experimentation with smaller 
dispensing tips to get the narrowest consistent DW interconnect line. 
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Figure 4: Resistivity comparison of different inks on a variety of substrates 

The resulting circuit is powered through the connector by an external power source and 
controlled by the switch.  A lit LED, when the switch is in the on position, indicates that the 
circuit is operating properly.

At USU, the DW traces were then covered with more insulator material.  The panel was 
placed back in the UC apparatus and milled flat before the face sheet was deposited using UC, 
completely embedding the system into a panel that is solid aluminum on the outside with a 
connector, switch and LED protruding from around the edges, as seen in Figure 5.  This panel, 
while low in mass, is relatively stiff because of the honeycomb structure embedded within.   
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Figure 5:  The LED panel after completion. 

Testing of the DW Circuitry 
Testing was performed throughout the entire LED panel build process.  At every stage of 

the process, the LED responded properly, confirming that the circuit was functioning properly. 

A parallel set of tests were performed on simple DW traces to ascertain the effects of the 
build process used on DW trace performance.  For this test, there were no components for the 
traces to connect to; instead, simple DW pads were created external to a UC part so that 
electrical resistance could be checked, as shown in Figure 6.  For this set of tests, the resistance 
of the traces was measured at different stages of the process and compared to see if there were 
any significant changes.   Resistances of the straight and 90 degree bend DW traces prior to 
encapsulation by epoxy were 2.3  and 1.5  respectively.  The resistance after epoxy 
encapsulation but prior to UC encapsulation was 2.8  and 1.9 , and the resistance after UC 
embedding was 2.3  and 1.6 .  The decrease in resistance after UC embedding was likely due 
to additional curing of the ink traces and the epoxy from the elevated temperature (300º F) at 
which the UC deposition was performed; however, further studies would be necessary to 
ascertain whether ultrasonic vibration played any role in enhancing the conductance in addition 
to elevated temperature curing. 
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Figure 6:  Various DW traces encapsulated in Al 3003 using UC to test for performance degradation. 

Patch Antenna Panel Description 
The panel design for the surface drawn patch antenna demonstration was a 6” x 6” panel 

that was approximately 0.65” thick, also made of Al 3003 H18 material.  A CAD representation 
of the part is shown in Figure 7.  This panel was built to demonstrate that a structural panel 
created using UC can have an antenna drawn directly onto the surface using DW technology.  
This antenna was designed to perform as a 10 GHz antenna, similar to one purchased from 
Labvolt.  The antenna had critical dimensions in the width and length of the patch and microstrip 
as well as the trace thickness.  The antenna also was attached to an SMA connector that was 
grounded to the backplane of the antenna, which in this case was the UC panel.  A patch antenna 
works on the concept of capacitance so it was necessary to insert a dielectric material as the 
substrate for the antenna and to attach that to the backplane.  The dielectric material chosen was 
0.030” thick GML 1000.  The ink chosen for the antenna was also E1660-136 silver based ink.
A honeycomb structure with walls of 0.061” thickness was also used. 

Build Process for the Patch Antenna 
The process for building this panel was to start by directly using the CNC capabilities of 

the UC machine to create the honeycomb structure in the base substrate and then consolidating 
material on top of the substrate, thereby embedding the honeycomb.  As aluminum face sheet 
material was added to the top, a lower area was created for attachment of the dielectric material 
using dielectric double-sided adhesive tape. Using this configuration, the antenna would not 
protrude above the surface of the overall aluminum structure, thus protecting it from damage.  
Slots for the SMA connector ground pins were cut into the panel and the connector was secured 
using arctic alumina epoxy.  Care had to be taken to ensure that the ground pins of the connector 
were securely grounded to the panel.  The antenna was then drawn onto the dielectric with the 
required dimensions starting from the end of the center connection pin of the SMA connector.
Figure 8 shows the finished panel and antenna, with cylindrical testing attachment pins attached 
on two sides of the panel. 
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For future demonstrations, this panel could easily be integrated onto the surface of the 
LED panel, but for initial demonstration purposes these were built separately.   

Figure 7:  CAD model of Patch Antenna panel where antenna is drawn using DW technology.

Figure 8:  Finished panel with embedded honeycomb and  
external patch antenna 
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Testing of the Patch Antenna Panel 
Because the antenna was designed to perform similarly to a Labvolt antenna, results were 

directly compared to the results from the commercial antenna.  Testing was performed to 
measure the half power beam width.  The first test performed was to expose the antenna to a 
signal at 10 GHz and record the output as the antenna was rotated 360 degrees.  As can be seen 
in Figure 9, the pattern for the DW antenna is similar to the Labvolt antenna test results, but at a 
lower overall gain.  The gain decrease is due to a number of factors, two of which are, that the 
dielectric substrates are not the same for the two antennas and the thickness of the patch was not 
accurately known.  The half power beam width of the DW antenna was 62 degrees while the 
Labvolt was 74 degreees.  The results of the test were promising and show that a working 
antenna can be directly written onto a structural UC panel. 

Figure 9:  Results from testing of the DW antenna tested at 10 GHz (left) and results from similar Labvolt 
patch antenna (right). 

Conclusions
Ultrasonic Consolidation and Direct-Write make the production of multifunctional 

satellite panels and other systems a possibility.  By integrating these systems using simple 
process planning, it has been demonstrated that an integrated panel can have structural features, 
embedded circuitry and components, and serve as the backplane of an antenna that can easily be 
drawn on the surface using DW.  The future integration of a DW apparatus onto the UC machine 
will make it simple to create multi-functional, integrated panels with embedded circuitry and 
components.  For the case of small satellites, this should result in an overall decrease in the mass 
of the system, while increasing payload area and performance. 

68



Acknowledgements 
Support for this project was provided by the National Science Foundation by an STTR grant 
through MicroSat Systems, Inc. (OII 0512641) and by the State of Utah Centers of Excellence 
Program (Center for Advanced Satellite Manufacturing).

The DW work presented here was performed at UTEP in the W.M. Keck Border Biomedical 
Manufacturing and Engineering Laboratory using equipment purchased through Grant Number 
11804 from the W.M. Keck Foundation.  Development of the DW system was supported, in part, 
by the Texas Advanced Research (Advanced Technology/Technology Development and 
Transfer) Program under Grant Number 003661-0020-2003.  Support was also provided through 
the Mr. and Mrs. MacIntosh Murchison Chair I in Engineering and through research contract 
28643 from Sandia National Laboratories in the Laboratory Directed Research and Development 
(LDRD) program.  Frank Medina, Keck Lab Manager, provided technical assistance during the 
development of the DW system and his efforts are appreciated.  Sandia National Laboratories is 
a multi-program laboratory operated by Sandia Corporation, a Lockheed Martin Company, for 
the United States Department of Energy's National Nuclear Security Administration under 
contract DE-AC04-94AL85000.

References 
Church, K.H., Fore, C., and Feeley, T., “Commercial Applications and Review for Direct Write 
Technologies,” Materials Development for Direct Write Technologies, San Francisco, CA, April 
24-26, vol. 624, pp. 3-8, 2000. 

F.R. Medina, A. Lopes, A. Inamdar, R. Hennessey, J. Palmer, B. Chavez, D. Davis, P. Gallegos, 
and R. Wicker (2005), “Hybrid Manufacturing:  Integrating Direct Write and Stereolithography,” 
Solid Freeform Fabrication Symposium Proceedings, Austin, TX, August, 2005. 

G.D. Janaki Ram, Y. Yang, J. George, C. Robinson and B.E. Stucker (2006), “Improving Linear 
Weld Density in Ultrasonically Consolidated Parts,” Solid Freeform Fabrication Symposium 
Proceedings, Austin, TX, August, 2006. 

Solidica (2006) http://solidica.com

69



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


