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10 principles 

1. Manufacturing complexity is free

2. Variety is free

3. No lead time

4. Zero skill

5. Less waste by-product

6. … 



C
h

u
ck

 H
u

ll 



$15,000 $250,000 > $500,000 



Fab@Home (2006) 
Cornell University, NY 

RepRap (2005) 
University of Bath, UK 

Open Source 3D Printers 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=pvWRSLznZNfujM&tbnid=Gu2NMZoDkB2cwM:&ved=0CAUQjRw&url=http%3A%2F%2Fwww.kith-kin.co.uk%2Fshop%2Freprap%2F&ei=IdJBUfzXNoSu2QWgh4CIBg&bvm=bv.43828540,d.b2I&psig=AFQjCNHW3avw3qY5TPOLKwNX99FR-ZrT1Q&ust=1363354519587007
//upload.wikimedia.org/wikipedia/en/3/39/Fab%40Home_Model_1_3D_printer.jpg


$2,000 $15,000 $250,000 > $500,000 
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STL 

Postscript 

Data Interchange 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=CbBflX-AZH9M2M&tbnid=Uisd6pQtuhlg9M:&ved=0CAUQjRw&url=http%3A%2F%2Fnews.thomasnet.com%2Fcompany_detail.html%3Fcid%3D30243779&ei=K8lBUbqqHu_E2QXJgIGIAw&bvm=bv.43828540,d.b2I&psig=AFQjCNGI3y-a_DhzaaHons8GIvZtTPNp9Q&ust=1363352194353340
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=bL3liKBAWJRw4M&tbnid=fUdOqC5c0mXO1M:&ved=0CAUQjRw&url=http%3A%2F%2Fwww.iconarchive.com%2Fshow%2Fsleek-xp-basic-icons-by-deleket%2FDocument-icon.html&ei=_spBUa21J8XQ2QW1voHACA&bvm=bv.43828540,d.b2I&psig=AFQjCNGIzGkToGbWU8tR80w_BccEf8R4Ag&ust=1363352694256552
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=wmXpr3tSR4YWHM&tbnid=cSK4ty-9CVrucM:&ved=0CAUQjRw&url=http%3A%2F%2Fwww.scientiaweb.com%2F2011%2F10%2F07%2Flaser-printer-problems-solutions%2F&ei=EMtBUYWtJ-j62AX0zIHoDg&bvm=bv.43828540,d.b2I&psig=AFQjCNHrB0YVwzeXFngyQmxRuFPrI87GhA&ust=1363352717239399


STL 

• Benefits

– De-facto standard

– Very simple to read/write/process

• Challenges

– Duplicate information, leaks, inconsistencies

– Does not scale well to high resolution, lattices

– Does not support color, materials, orientation

Holding back the industry 





Prioritized features from survey 
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Key considerations 

• Technology independence
– Describes target object, not how to make it

– Every machine can make it to the best of its ability

• Simplicity
– Easy to understand and implement

• Scalability
– Can handle complex objects, microstructures, repetitions

• Performance
– File size, read/write time, processing, accuracy

• Backwards compatible
– Can covert to/from STL without additional info

• Forward compatible
– Easy to extend new features in the future



XML 

• Meta-format: Format of formats

– Text based

– Easy to read/write/parse

– Existing editing tools

– Extensible

– Highly compressible



General Concept 

• Objects (parts) defined by volumes and materials
– Volumes defined by triangular mesh
– Materials defined by properties/names

• Color properties can be specified
– Color
– Texture mapping

• Materials can be combined
– Graded materials
– Lattice/Mesostructure

• Constellations of Objects can be defined
– Repeated instances, packing, orientation



Basic AMF 
Structure 

<?xml version="1.0" encoding="UTF-8"?> 

<amf units="mm"> 

  <object id="0"> 

 <mesh> 

   <vertices> 

  <vertex> 

  <coordinates> 

  <x>0</x> 

  <y>1.32</y> 

  <z>3.715</z> 

  </coordinates> 

  </vertex> 

  <vertex> 

  <coordinates> 

  <x>0</x> 

  <y>1.269</y> 

  <z>2.45354</z> 

  </coordinates> 

  </vertex> 

  ... 

   </vertices> 

   <volume> 

  <triangle> 

  <v1>0</v1> 

  <v2>1</v2> 

  <v3>3</v3> 

  </triangle> 

  <triangle> 

  <v1>1</v1> 

  <v2>0</v2> 

  <v3>4</v3> 

  </triangle> 

  ... 

   </volume> 

 </mesh> 

  </object> 

</amf> 
Addresses vertex duplication and leaks of STL 



Compressibility 

Comparison for 32-bit Floats; need to look at double precision 



Number of
Triangles 

Binary STL 
(uncompressed) 

Binary STL 
(compressed) 

AMF 
(uncompressed) 

AMF 
(compressed) 

1,016,388 49.6 Mb 25.3 Mb 205.9 Mb 12.2 Mb 

100,536 4.9 Mb 2.3 Mb 20.1 Mb 1.2 Mb 

10,592 518 K 249 K 2.1 Mb 129 K 

1,036 51 K 20 K 203 K 12 K 

File Size 

• Stored either as text or compressed (zip)

• Both versions have AMF extension

• Reader can determine which and decompress
during read



Read/Write/Parse time 

Number of
Triangles 

Binary STL
(uncompressed) 

Binary STL
(compressed) 

AMF
(uncompressed) 

AMF
(compressed) 

1,016,388 0.372 ~3.4 6.8 15.5 

100,536 0.038 0.038 0.79 1.78 

10,592 0.005 0.005 0.11 0.21 

1,036 0.001 0.001 0.06 0.06 

Number of
Triangles 

Binary STL
(uncompressed) 

Binary STL
(compressed) 

AMF
(uncompressed) 

AMF
(compressed) 

1,016,388 0.384 ~1.3 6.447 6.447 

100,536 0.043 0.043 0.669 0.687 

10,592 0.005 0.005 0.107 0.107 

1,036 0.001 0.001 0.056 0.056 

Write (seconds) 

Read + parse + construct data structure (seconds) 

Still negligible compared to slicing/processing time 



Increasing Geometric Accuracy 

• Flat triangles do not scale well for complex
geometry, esepcially:

– Curved surfaces

– Microstructures

• Typical objects require millions of triangles

– 10M triangles not uncommon

• Likely to get worse with increasing printer
resolution

– 10cm sphere at 10m requires 20,000 triangles
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Geometric fidelity is a high priority 
Must be addressed 



CURVED PATCH 
(Curved using vertex normals) 

PLANNAR PATCH 

Optionally add normal/tangent vectors to some triangle mesh edges to 
allow for more accurate geometry.  

CURVED PATCH 
(or curved using edge tangents) 

Curved patches 



<?xml version="1.0" encoding="UTF-8"?> 

<amf units="mm"> 

  <object id="0"> 

 <mesh> 

   <vertices> 

  <vertex> 

  <coordinates > 

  ... 

  </coordinates > 

  <normal> 

  <nx>0</nx> 

  <ny>0.707</ny> 

  <nz>0.707</nz> 

  </normal> 

  </vertex> 

  ... 

  <edge> 

  <v1>0</v1> 

  <dx1>0.577</dx1> 

  <dy1>0.577</dy1> 

  <dz1>0.577</dz1> 

  <v2>1</v2> 

  <dx2>0.707</dx2> 

  <dy2>0</dy2> 

  <dz2>0.707</dz2> 

  </edge> 

  ... 

   </vertices> 

   <region materialid="0"> 

  <triangle> 

  ... 

  </triangle> 

  ... 

   </region> 

 </mesh> 

  </object> 

</amf> 

Only needed for 

curved surfaces 

Only needed for 

curved edges 

(rare) 



Recursive Triangle Subdivision 

Importer temporarily subdivides each curved triangle into a set of 4n planar triangles 

then uses those to calculate slice  







Icosahedrons (20 Triangles) 



Icosahedrons (20 Triangles) 

Flat triangles, error = 10.26% of diameter 

Error 



Icosahedrons (still 20 triangles) 

One subdivision, error = 3.81% 



Icosahedrons (still 20 triangles) 

Two-fold subdivisions, error = 1.49% 



Icosahedrons (20 Triangles) 

Three-fold subdivisions, error = 0.84% 



Icosahedrons (still 20 triangles) 

Four-fold subdivisions, error = 0.67% 



Icosahedrons (still 20 triangles) 

Five-fold subdivisions, error = 0.635% 



Icosahedrons (still 20 triangles) 

Six-fold subdivisions, error = 0.625% 



Curving the triangle patches using 
surface normal reduces error 
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Double Icosahedrons (n=80) 



Double Icosahedrons (n=80) 

Flat triangles, error = 3.29% 



Double Icosahedrons (n=80) 

One subdivision, error = 0.946% 



Double Icosahedrons (n=80) 

Two-fold subdivision, error = 0.290% 



Double Icosahedrons (n=80) 

Three-fold subdivision, error = 0.121% 



Double Icosahedrons (n=80) 

Four-fold subdivision, error = 0.079% 



Double Icosahedrons (n=80) 

Five-fold subdivision, error = 0.068% 



Double Icosahedrons (n=80) 

Six-fold subdivision, error = 0.065% 



Curving the triangle patches using 
surface normal reduces error 

#-fold subdivisions 
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Curved Triangles 
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x4 error reduction with 

every subdivision 



Curved Triangles 
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Three orders of magnitude improvement in accuracy for same number of triangles 



Curved Triangles 
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Three orders of magnitude reduction in number of triangles for same accuracy 



Accuracy 

Number of
Triangles 

STL AMF  
(with normals) 

20 0.102673 0.006777 

80 0.032914 0.000788 

320 0.008877 8.28E-05 

1,280 0.001893 1.01E-05 

5,120 0.000455 1.95E-06 

20,480 1.13E-04 4.51E-07 

81,920 2.81E-05 1.11E-07 

327,680 7.03E-06 2.75E-08 

1,310,720 1.76E-06 6.87E-09 



• Fabricate 10cm diameter sphere
• with 10μm Precision

– STL: 20,480 Flat Triangles

• 500K Compressed Binary STL

– AMF: 320 Curved Triangles

• 10K Compressed AMF

• Fabricate 1m Sphere with 1nm precision

– AMF: 1M Triangles

– STL: !?

Examples 



Simple to implement 

1. If tangents t0 or t1 not specified, compute tangents from normals

2. Compute center point v01=h(0.5)  and center tangent t01 using Hermite curve
h(s)=(2s3-3s2+1)v0+(s3-2s2+s)t0+(-2s3+3s2)v1+(s3-s2)t1

3. Repeat for three triangle edges, then split triangle into four

4. Recurse as much as possible (diminishing returns after ~4 levels)

5. No ambiguities. Detailed procedure in specification.
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Multiple 
Materials 

<?xml version="1.0" encoding="UTF-8"?> 

<amf units="mm"> 

  <material id="1"> 

    <metadata type="Name">StiffMaterial</metadata> 

  </material> 

  <material id="2"> 

    <metadata type="Name">FlexibleMaterial</metadata> 

  </material> 

  <material id="3"> 

    <metadata type="Name">MediumMaterial</metadata> 

    <composite materialid="1">0.4</composite> 

    <composite materialid="2">0.6</composite> 

  </material> 

  <material id="4"> 

    <metadata type="Name">VerticallyGraded</metadata> 

    <composite materialid="1">z</composite> 

    <composite materialid="2">10-z</composite> 

  </material> 

  <material id="5"> 

    <metadata type="Name">Checkerboard</metadata > 

    <composite materialid="1"> 

 floor(x+y+z%1)+0.5) </composite> 

    <composite materialid="2"> 

 1-floor(x+y+z%1)+0.5) </composite> 

  </material> 

  <object id="0"> 

    <mesh> 

<vertices> 

 ... 

</vertices> 

<region materialid="1"> 

 ... 

</region> 

<region materialid="2"> 

 ... 

</region> 

    </mesh> 

  </object> 

</amf> 



Graded 
Materials 

<?xml version="1.0" encoding="UTF-8"?> 

<amf units="mm"> 

  <material id="1"> 

    <metadata type="Name">StiffMaterial</metadata> 

  </material> 

  <material id="2"> 

    <metadata type="Name">FlexibleMaterial</metadata> 

  </material> 

  <material id="3"> 

    <metadata type="Name">MediumMaterial</metadata> 

    <composite materialid="1">0.4</composite> 

    <composite materialid="2">0.6</composite> 

  </material> 

  <material id="4"> 

    <metadata type="Name">VerticallyGraded</metadata> 

    <composite materialid="1">z</composite> 

    <composite materialid="2">10-z</composite> 

  </material> 

  <material id="5"> 

    <metadata type="Name">Checkerboard</metadata > 

    <composite materialid="1"> 

 floor(x+y+z%1)+0.5) </composite> 

    <composite materialid="2"> 

 1-floor(x+y+z%1)+0.5) </composite> 

  </material> 

  <object id="0"> 

    <mesh> 

<vertices> 

 ... 

</vertices> 

<region materialid="1"> 

 ... 

</region> 

<region materialid="2"> 

 ... 

</region> 

    </mesh> 

  </object> 

</amf> 



Microstructure 

<?xml version="1.0" encoding="UTF-8"?> 

<amf units="mm"> 

  <material id="1"> 

    <metadata type="Name">StiffMaterial</metadata> 

  </material> 

  <material id="2"> 

    <metadata type="Name">FlexibleMaterial</metadata> 

  </material> 

  <material id="3"> 

    <metadata type="Name">MediumMaterial</metadata> 

    <composite materialid="1">0.4</composite> 

    <composite materialid="2">0.6</composite> 

  </material> 

  <material id="4"> 

    <metadata type="Name">VerticallyGraded</metadata> 

    <composite materialid="1">z</composite> 

    <composite materialid="2">10-z</composite> 

  </material> 

  <material id="5"> 

    <metadata type="Name">Checkerboard</metadata > 

    <composite materialid="1"> 

 floor(x+y+z%1)+0.5) </composite> 

    <composite materialid="2"> 

   1-floor(x+y+z%1)+0.5) </composite> 

  </material> 

  <object id="0"> 

    <mesh> 

<vertices> 

  ... 

</vertices> 

<region materialid="1"> 

  ... 

</region> 

<region materialid="2"> 

 ... 

</region> 

    </mesh> 

  </object> 

</amf>  

Can also 

reference a 

texture map 



Periodic functions can be used to describe linear and nonlinear lattice materials 



Material properties 

• By name

– <metatdata type=“Name”> ABS </metadata>

– <metatdata type=“Name”> Nylon 1234</metadata>

• By physical property
– <metatdata type=“Elastic Modulus”> 2GPa</metadata>



Color and Graphics 

• Can be assigned to

– A material

– A region

– A vertex

• Specified

– Fixed RGBA values

– By formula

– By reference to an image



Print Constellation 

• Print orientation

• Duplicated objects

• Sets of different
objects

• Efficient packing

• Hierarchical



Metadata 

<metadata type=“Author”>John Doe”></metadata> 
<metadata type=“Software”>SolidX 2.3”></metadata> 
<metadata type=“Name”>Product 1></metadata> 
<metadata type=“Revision”>12A”></metadata> 

<object id=“1”> 
<metadata type=“Name”>Part A ></metadata> 

</object id=“1”> 



Future plans 

• Tolerances

• Surface/depth textures

• Data encryption, copyright

• External references and subassemblies

• Process control

• Non-volumetric support structures

• Non mesh geometry specification methods

– Voxel, FRep



Current Status 

• AMF approved May 2011 as ASTM F2915

• Revision 1.1 in 2012

• Now: The test of adoption

http://www.astm.org/DATABASE.CART/WORKITEMS/WK27506.htm


More Information 









Wikipedia provides an overview of key 

concepts 

Refers to ASTM for formal spec 



STL2.org 

Full open-source reference implementation 

Sample files 



Join The Discussion 
http://groups.google.com/group/stl2 

http://groups.google.com/group/stl2


Inside3Dprinting 
April 22-23, NYC 



• Technologies

• New business models

• New design tools

• Bioprinting

• Food printing

• Education

• Law and safety

• Future directions


