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• Introduction 

• Sensorial Materials explained 
• MPTO as approach towards optimized stiffness distributions. 
• Now add adaptivity: Motivation. 

• Approaches towards adaptive stiffness on material level. 

• Approaches towards decision-making in adaptive materials. 

• Conclusion, Outlook 
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Sensorial Materials: Vision. 
Introduction 

„Sensorial Materials gather data about 
their environment and/or their own state. 
They process these data locally 
and use the information 
derived internally, or  
communicate it to 
the external world.“ 
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Delimitation: An Example. 
Introduction 

Tactile sensing - more than merely sensors: 

What the skin, and what a 
pressure sensor does. 
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C = ε0·εr·A/d 

W. Lang et al.: From Embedded Sensors to Sensorial Materials -  
the Road to Function Scale integration. Sensors and Actuators A: 
Physical (2011), doi: 10.1016/j.sna.2011.03.061.  

„Tactile sensing is more than just 
a pressure sensor – instead, it 

links several types of sensor 
signals and includes levels of 

distributed and centralized data 
evaluation.“ 
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Moving from  sensorized 
structure to material inte- 
gration, we relocate func- 
tionality from the external 
world first to the surface, 
then into the volume of a 
host material.  

Adapted from Lee, S. H., 2010, Diploma thesis, 
Bremen Institute for Mechanical Engineering (BIME), 
Supervisor: Prof. K. Tacht.  

Moving Functionality into the Material. 
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„The drawing to the right describes 
the steps from a sensor to an 

integratable sensor node - as yet 
without data evaluation.“ 
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Adapted from D. Lehmhus et al.: When nothing is constant but change: 
Adaptive and Sensorial Materials and their impact on product 

design.  J. Intelligent Mat.l Syst. and Struc. (2013),  
DOI: 10.1177/1045389X13502855. 
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„A Sensorial Material would 
comprise several such sensor 
nodes in a network that would 

provide data evaluation, 
communication and energy 

supply, too.“ 

Moving Functionality into the Material. 
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Adaptive and Sensorial Materials and their impact on product 

design.  J. Intelligent Mat.l Syst. and Struc. (2013),  
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„A Sensorial Material would 
comprise several such sensor 
nodes in a network that would 

provide data evaluation, 
communication and energy 

supply, too.“ 

Moving Functionality into the Material. 

„In our conventional definition of material-integrated 
intelligent systems, we focus on SENSING: 

Hence the term SENSORIAL MATERIALS. 

Adding ADAPTIVITY of (local) properties like stiffness would 
open up additional possibilities.“ 
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Sensorial/Robotic Materials: Applications. 
Introduction 
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Source: McEvoy. M. A., Correll, N. Materials that combine sensing, actuation, computation and communication. Science 347 (2015) 1261689-1 bis -8 .  

autonomous 
flight 
(fly-by-feel) 

SHM 
NDT support 
MoD/predictive 
maintenance  

safe/cooperative robotics 
Human-Machine-Interaction 

Shape Change Load-bearing 
Structures 

Tactile Sensing 

new articulation principles 

Soft Robotics 
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Strong focus, specifically in the industrial sector, on homogeneous 
material/uniform composite topology optimization. 
 
Example:  Topology 
optimization driven 
design process of 
an additive layer 
Manufactured 
Ariane 5 bracket. 
(ISEMP, University 
of Bremen, in 
cooperation with 
Airbus Safran 
Launchers). 

Optimizing internal stiffness distributions. 
Introduction 
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Re-distribution of different porosity & stiffness material elements, aim: Total 
strain energy U mimimized through iterative, linear elastic FEM-based process. 
 

Burblies. A; Busse, M.  Computer Based Porosity Design by Multi Phase Topology Optimization.  
Multiscale & Functionally Graded Materials Conference (FGM2006), Honolulu (USA), October 15th -18th 2006. 

Optimizing internal stiffness distributions. 
Introduction 
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Re-distribution of material ... 
 

Burblies. A; Busse, M.  Computer Based Porosity Design by Multi Phase Topology Optimization.  
Multiscale & Functionally Graded Materials Conference (FGM2006), Honolulu (USA), October 15th -18th 2006. 

Optimizing internal stiffness distributions. 
Introduction 
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How to reflect the optimization result in a real engineering structure? 
Stochastic foams won‘t do the trick. 
 
→ AM approach. 
 

Burblies. A; Busse, M.  Computer Based Porosity Design by Multi Phase Topology Optimization.  
Multiscale & Functionally Graded Materials Conference (FGM2006), Honolulu (USA), October 15th -18th 2006. 

Optimizing internal stiffness distributions. 
Introduction 
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How to reflect the optimization result in a real engineering structure? 
Stochastic foams won‘t do the trick. 
 
→ AM approach. 
 

Burblies. A; Busse, M.  Computer Based Porosity Design by Multi Phase Topology Optimization.  
Multiscale & Functionally Graded Materials Conference (FGM2006), Honolulu (USA), October 15th -18th 2006. 

Optimizing internal stiffness distributions. 
Introduction 
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How to reflect the optimization result in a real engineering structure? 
Stochastic foams won‘t do the trick. 
 
→ AM approach. 
 

Burblies. A; Busse, M.  Computer Based Porosity Design by Multi Phase Topology Optimization.  
Multiscale & Functionally Graded Materials Conference (FGM2006), Honolulu (USA), October 15th -18th 2006. 

Optimizing internal stiffness distributions. 
Introduction 

Result is a material 
with optimized, but 

static stiffness 
distribution: 

Adaptivity is not part 
of the game. 
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Now add adaptivity: Motivation. 
Introduction 

In homogeneous materials, even simple load  cases can lead to 
heterogeneous stress distributions: 

• Uniaxial tensile/compressive load:  
Homogeneous stress distribution. 

• Bending load: 
Heterogeneous stress distribution. 
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Now add adaptivity: Motivation. 
Introduction 

In heterogeneous materials, property distribution can in principle be 
tailored to reverse this situation: 

• Uniaxial tensile/compressive load:  
Heterogeneous stress distribution due to a heterogeneous property 
distribution specifically focussing e. g. on the bending load case, 
see below. 

• Bending load: 
Homogeneous stress distribution thanks to an adapted property 
distribution. 
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Now add adaptivity: Motivation. 
Introduction 

Achieving stress distribution homogeneity as described on the 
previous slight, i. e. based on a static property distribution within the 
material, works for a single load case. 

Thus, think of adding time to the equation: 

• If heterogeneity was not fixed, but variable, materials/structures 
could autonomously “optimize” their heterogeneity in response to 
recognizing a specific load case. 

• This requires suitable algorithms/mechanisms for recognition of the 
respective load case and identification of an optimum response. 

• Different optimization targets can be imagined: Homogeneous 
stress distribution, or limitation of maximum stress levels. 
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Now add adaptivity: Motivation. 
Introduction 

The previous slides basically refer to a “healthy” structure. 

Adaptivity could also be used to better cope with incurred damage: 

• Assuming that damage detection and localization is implemented, 
property adaptation could reduce stress levels in the damaged 
region, e.g. by creating a higher stiffness “enveloping” substructure 
within the material. 
 
This way the remaining lifetime of the structure could be extended, 
even if certain areas would experience higher loads than they 
would in an undamaged structure. 
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Approaches for physical realization I. 
Material-level Adaptive Stiffness 

Temperature-dependent stiffness macroscopic approach: 
Polycaprolactone structure, heating element, thermistor and 
microcontroller in each active element. 

McEvoy, A.; Correll, N.  
Thermoplastic variable stiffness 

composites with embedded, 
networked sensing, actuation 

and control. Journal of  
Composite Materials  

49 (2015) 1799-1808. 
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Based on a review by: 
Saavreda Flores, E. I., Friswell, M. I., Xia, Y.  

Variable stiffness biological and bio-inspired materials. Journal of  
Intelligent Material Systems and Structures 24 (2012) 529-540. 
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Approaches for physical realization II. 
Material-level Adaptive Stiffness 

Examples of alternative, material-level mechanisms behind adaptive 
stiffness: 

• Wood cells (driver/mechanism: Change in moisture levels) 

• Polymers/spider silk etc. (temperature, stiffness change due to 
transgression of the glass transition temperature) 

• Polymer/cellulose nanofibre composite (Chemical agent induced 
change of nanofibre and nanofibre-matrix interaction) 

• Proteins (sacrificial bonds among molecular cross 
links between polymer chains) 

• etc. 
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Approaches: First, the physical structure. 
Decision-making in Adaptive Structures 

  
    

  
  

 

 
  

  
   

  

   

 
     

  
 

 
   

    
 

   
    

 

 

 

    
       

       

 

Stress distribution images: 
Burblies, 2006 
(see slides 10-13) 

  
    

  
  

 

 
  

  
   

  

   

 
     

  
 

 
   

    
 

   
    

 

 

 

    
       

       

 



BOSSE, LEHMHUS: ECSA-3, November 15th-30th, 2016 22 

Second, a virtual evaluation environment. 
Decision-making in Adaptive Structures 

Stress distribution images: 
Burblies, 2006 
(see slides 10-13) Replace physical  

structure with  
FEM simulation to 
create a virtual test 

environment. Element-
level strain information 
to be used instead of 

sensor data. 
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MAS/ML System Cooperation. 
Decision-making in Adaptive Structures 

The Multi-Agent System (MAS) is active if a load case - described by 
current stiffness distribution and associated structural response (e.g. 
strain fields) - is  “unknown” to the Machine Learning (ML) System. 

In this case, a new stiffness distribution is negotiated based on clearly 
defined optimization criteria the fulfillment of which can be derived 
from sensor data. 

Once an optimum solution has been identified, information on (a) load 
case (b) optimization target and (c) stiffness distribution found is 
provided as new training data set to the ML system.  

Otherwise, i. e. in case of a “known” load case, the ML system will 
directly select a matching stiffness distribution. 
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MA/FEM System Cooperation and Modules. 
Decision-making in Adaptive Structures 
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MAS System: Optimization aims. 
Decision-making in Adaptive Structures 

Optimization can target different aims. Possibility of a situation-
dependent switch may be studied (i. e. dependent on health of 
structure). 

• Limit maximum stress/strain levels. 

• Limit global deformation. 

• Maximize lifetime of structure. 

• Control damage propagation/growth. 

 
Potential conflicts between targets of global character and local nature 
of the MAS based optimization approach must be considered.    
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Global aims vs. local range. 
Decision-making in Adaptive Structures 

A major challenge for the MAS system is the fulfillment of global 
optimization aims based on local optimization 

A main research target will be to test MAS-based optimization 
algorithms that meet this aim and evaluate their performance in this 
respect. 

Potentially, a multi-layer approach is needed which combines coarse 
and fine-grained approaches. 

 
A major asset is the fact that thanks to its adaptivity, the 
envisaged material/structure is in principle capable of self-
evaluation. 
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Adaptive Materials – Challenges & Promises. 
Conclusion, Outlook. 

• A cellular adaptive material architecture may raise additional 
potentials in lightweight design. 

• Adaptivity can focus on different timescales: First, momentary loads 
can be addressed throughout a part. Second, based on typical use 
patterns, prediction-based limits to life cycle loads are possible. 

• Adaptivity can be used to increase remaining lifetime of damaged 
structures by limiting loads in areas with known damage. To achieve 
this, a coupling between adaptivity control and SHM approaches for 
detection and localization of damage is necessary. 

• In the latter role, adaptivity may contribute to safety as well as 
longevity of load-bearing structures. 

27 
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Many thanks for your attention … 
 
Where to find us: 

Dr.-Ing. Dirk Lehmhus 

Tel. +49 (0)421 2246 7215 
Fax  +49 (0)421 2246 300 
Email dirk.lehmhus@uni-bremen.de 

Web www.isis.uni-bremen.de  
 
Postal Address Wiener Straße 12 
  28359 Bremen 
  Germany 
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Find my work on 
RESEARCHGATE 
www.researchgate.net/profile/Dirk_Lehmhus/ 
 
 
… soon including this presentation, too! 


	Foliennummer 1
	Introduction
	Introduction
	Foliennummer 4
	Foliennummer 5
	Foliennummer 6
	Foliennummer 7
	Introduction
	Foliennummer 9
	Foliennummer 10
	Foliennummer 11
	Foliennummer 12
	Foliennummer 13
	Foliennummer 14
	Foliennummer 15
	Foliennummer 16
	Foliennummer 17
	Foliennummer 18
	Foliennummer 19
	Foliennummer 20
	Foliennummer 21
	Foliennummer 22
	Foliennummer 23
	Foliennummer 24
	Foliennummer 25
	Foliennummer 26
	Conclusion, Outlook.
	Many thanks for your attention …��Where to find us:


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /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 /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /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 true

  /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 300

  /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 300

  /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 1.50000

  /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



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



