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Value Drivers
325 (S v
* Easier to design

* Less supply chain
* No tooling

* Less Labor

slge (Souzy vV

* No assembly error bk v
* Less certification ’
* Lighter Product &b oy b v
* Better!

Duct: conventional Duct: consolidated for additive

Assembled, vacuum form Fabrication with SLS

Part Count =16 plus glue Part Count =1
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Fig. 9. (a) Stack of back-scattered electron images covering the entire cross-section of the gradient Ti/TiC composite. (b-d) Magnified images highlighting the 4
changes in the fractions of undissolved TiC particles, taken from locations where the expected TiC content is 20%, 40% and 60%.
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Pre-strained polystyrene substrate with inkjet-
printed hinges made of carbon black ink.
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Figure 4: Traditional composite versus FGAM composite and schematic structures to illustrate the
change in material properties in thermal conductivity (...

2013).

e Final properties of
@ traditional composite

By controlling the extrusion velocities
(V1, V2 and V3), we can customize
the percentage composition of each
of the 3 pastes in the final product

AL (B
C

Static Mixer

FGM Green Part
(e.g., 20% Paste A
30% Paste B
50% Paste C)

a5~>‘9-° (S ST

ch
T

Final properties of
FGAM composite

.) and elastic modulus (=) (Craveiro, et al,

20% A, 30%B, 50%C
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Freeze-form Extrusion Fabrication (FEF)

FEF builds a ‘green’ (before postprocessing) part in
an environment below the freezing point of water
to solidify the paste after the deposition of each
layer during the fabrication process.
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Selective Laser Sintering (SLS)

Nylon-11 + 10% Silica Nano

Nylon-11 + 6% Silica Nano

Nylon-11 + 4% Silica

Nylon-11 + 2% Silica Nano

Pure Nylon-11

Figure 17: Compliant gripper. 7.62mm each layer [Mumtaz, 2007].

-

Inconel 625

e

| Gradient zone
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304L stainless steel

Laser metal deposition (LMD)

/
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-
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Figure 20: Schematic and photograph of gradient alloy specimen by Carrol [Caroll, 2016]. The dotted 8
line shows where the part was sectioned for analysis.




Table 2. Supporting additive manufacturing technologies for FGM and its

referenced to ISO/ ASTM [38].

classifications with

AM Power Description Supporting Techniques | Material
Process source for FGAM
Material Thermal Material selectively | Fused deposition | Thermoplastics,
extrusion Energy is dispensed through | modelling (FDM) ceramic slurries,
a nozzle or extruder. | Freeze-form  Extrusion | metal pastes
Fabrication (FEF)
Powder High- Feedstock is | Selective Laser Sintering | Polyamides or
bed fusion | powdered | deposited and | (SLS), polymer,
laser beam | selectively fused by | Direct Metal Laser | atomized metal
Electron means of a heat | Sintering (DMLS), powder, ceramic
beam source or bonded by | Selective Laser Melting | powder.
means of an | (SLM),
adhesive to build up | Selective Mask Sintering
parts. (SMS),
Electron Beam Melting
(EBM)
Directed Laser Thermal energy is | Laser Engineering Net | Molten metal
energy beam used fo fuse | Shape (LENS), powder
deposition materials by melting | Directed Metal
as they are being | Deposition (DMD)
deposited.
Sheet Laser Sheets of material | Laminated Object | Plastic film,
lamination | Beam are bonded together | Material (LOM), metallic sheet,
and selectively cut in | Ultrasonic Consolidation | ceramic tape
each layer to create | (UC)
a desired 3D object.
Material Photo Droplets of build | PolyJet Technology | Photopolymer
jetting curing material are | (PJT) digital materials

selectively deposited
layer by layer.
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FIG. 1. An example of a chainmail fabric created with
traditional 3D printing.® Color images available online at 10
www.liebertpub.com/3dp
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* Design guide for additive manufacturing

of metal components by SLM process

Design guide for additive
manufacturing of metal
components by SLM process
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Refs/A practical Guide to Design for - Olaf Diegel, Axel Nordin, Dimei.pdf
https://www.linkedin.com/in/olaf-diegel-56226923/recent-activity/all/
file:///D:/Teaching/MSc_Additive Manufacturing/Refs
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Stress concentration crack Uneven thickness at corner so risk Filleted corner reduces risk of stress
of residual stress and deformation concentration and residual stress

Fig. 9.36 Example of simple filleting to eliminate both stress concentrations and residual stress
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and shot-peening
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New Set of Rules

Optimize products for manufacturing.

€ Reduce print time and ® Choose best material

material use
® Incorporate color

€ Add strength and
flexibility ® Break down a project into
manageable pieces
@ Understand thresholds
and tolerances
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CAD vs. CAM

When you understand how to use both,

you'll have the most control.
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Exploring
Build Plate Surfaces

Heated Plates

@ A heating element covered
with a metal plate

® Coverings include Kapton
Tape, Glass, or specialty
surface like PEI



Exploring
Build Plate Surfaces

Heated Plates

Pros

® \ersatile

® Wide variety of thermoplastics

Cons

® Expansion on bottom layers

€ Added time for heating and
cooling
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Exploring
Build Plate Surfaces

Disposable

Pros Cons

® Purpose built ® Expensive

® Optimized for a variety of
thermoplastics
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Exploring
Build Plate Surtaces
Re-useable

@ Glass, metal, or plastic

€® Common choice for PLA

@ Surface treatments include a
thin layer of glue stick, or

applied blue painters tape

® Specialty surfaces like PEI or
flexible plates




Exploring
Build Plate Surfaces

Re-useable

Pros

® Overall machine cost is
lower

® Less down time

® No layer expansion

Cons

® |less versatile
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Exploring
Build Plate Adhesion
On Surface

Pros

® Fast and efficient
® No post-processing

® Smooth bottom surface

Cons
@ Corner lifting




Exploring
\ Build Plate Adhesion
With Skirt

A single line around your print

Pros

€ Assurance that your build
surface is level




Exploring
Build Plate Adhesion
With Brim

A brim extends the first layer of

your print for better adhesion.

Pros

® Less lifting and warping

Cons

® Requires post-processing




Exploring
Build Plate Adhesion
Custom

Add your own geometry

in CAD to serve the same

purpose.

“Helper” geometry

should be one-layer-
height-thick for easy

removal.




Exploring
, Build Plate Adhesion

With Raft

A thick layer of plastic under

your print to aid with adhesion

Pros
€ Most forgiving option
Cons

® Requires post-processing

® Can mar bottom surface

® Adds time




Exploring
, Build Plate Adhesion
Pro Tips

Certain geometries are problematic and benefit

from more aggressive adhesion.
® Large prints

® Sharp corners

@ Small contact area

@ Tall, skinny prints
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Exploring
Build Plate Adhesion
Pro Tips

€ Edges with chamfers or
fillets make a print easier
to remove

® This is also a great way to
counteract bottom layer
expansion due to a

heated bed Chamfer

Fillet




What if the geometry in your
design exceeds 45 degrees,
or has large open spans?

Support material
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Dissolvable
Supports

® Two extruders

® Support material is
washed away

Ultimaker




Industrial Printers

€ ABS, nylon, etc.

® Proprietary dissolvable
support material

Desktop Printers
@ PLA or nylon, paired with PVA

® Dissolves in water

@ ABS paired with HIPS
High Impact Polystyrene (HIPS)

® Dissolved in limonene
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Removable
Supports

® One extruder

® Support manually
removed by hand

Ultimaker’

HH! Q‘!

J’l | ' l 3
.
ok b




Dissolve support is standard on
commercial grade FDM printers.

® Create complex geometries without additional planning
® Recommended for prototyping

@ Design with fewer restrictions
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Removable support has similar advantages

@ Design complex geometry

@ Support needs to be removed manually

€ Time-consuming and can mar the surface

® Make sure support areas are easy to access for cleaning

® Avoid delicate or interlocking parts

72



Both types of support are
generated by your slicer.

73



Consider Supportless Designs
® Save printing and post-processing time
® Use less material

&® Cost-effective

4



Creating
Supportless Designs



support
required

Support
required
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Unsupported *V Added

feature chamfer 27



Use Bridges
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'Add Custom Support
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' Add Custom Support
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Body
of a 3D Print
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Infill

® 5-50% are common




Add Strength

@ Increase infill density

® Add shells

® Add top or bottom layers

Save Time
&® Reduce infill and shells







Line Width

Thread width or extrusion width

The dimension of a single

extrusion of plastic




Line Width

€ What it is and how it's controlled

@ How line width impacts wall thickness

€ Ways to optimize your design



Nozzle Size

® Common nozzle sizes are
0.35 mm-0.5 mm.

® Nozzle size is approximately
equal to the default line width.

@ You can set a slightly smaller
or larger line-width value.




Four walls
= 1.6 mm
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Optimizing
Line Width



4

1. Design as you wish in CAD, then adjust
your setting in your slicer to optimize.

2. Test your slicer to find a value that works
best, then use that value to design in your
CAD software.
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Slicer Settings for Wall Thickness

® Line width
® Wall thickness
® Wall line count

® Number of shells

€ Number of perimeters

100



Layer Height
And Resolution



g

Layer Height

® Measurement of the height of a single
layer of extruded plastic

® Measured in millimeters or microns
® 0.1 mm = 100 microns

€ Ranges from 60-400 microns



300 microns
103



Layer height 3( Resolution or quality

104



Line width impacts appearance.

Z resolution = 60 microns
XY resolution = 400 microns

Z resolution is more than six times better than XY
resolution.
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What are the most essential factors that influence the
layer’s thickness selection?

Time
Appearance
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Appearance

® Subtle slopes benefit from
higher layer heights.

® Reorient your design to
take advantage of the
higher resolution along
the Z-axis.




Appearance

® Layer lines are less
apparent on vertical
shapes.

@ Save time with thicker
layers.




Appearance

@ Eliminate slopes that don't
serve a function.

@ Aflat plane or steeper
angle will look more
attractive in a 3D print.




Creating
Small Details



Small Details

@® The minimum dimension of small details,
like text or a thin cylinder, is dictated by
line width

® Theoretical minimum is twice the line width

€ With a line width of 0.4 mm, the minimum
is 0.8 mm

® 1.0 mm is a good place to start




Small Details

® Use larger diameters on taller
features.

® Add a taper or flanged base.
® Lower speed

® Increase minimum layer time.
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Text

On a horizontal plane, the
stroke of a letter needs to be

more than twice the line
width.



Text

® On a vertical plane, thinner layers
will help with readability.

® Technically breaks 45 degree rule

® Embossed features = 1.0-2.0 mm




Achieving
Accuracy and Fit



Tolerance

® The permissible range of variation in
the dimensions of an object

€ Commercial systems publish tolerance
information, but many systems do not

® To test a printer, print a part with known
dimensions and measure with calipers

® Expect tolerance +/- 0.1 to 1.0 mm




Filament
Diameter

€ Measure your filament in
several places and average
them. Input this value into
your slicer




e ° @
Engineering Fit
® To fit together properly, mated

parts require clearance

® 0.25 mm clearance for tight fit

® 0.4 mm clearance for loose fit




Achieve an Excellent Fit

® Reduce the element in your design to a test piece

@ Print, test fit, and incorporate knowledge into your
CAD design

&® Print several iterations
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Planning for
Strength and Flexibility



Material Choice

® Different thermoplastics have different properties

m\ W\

® For flexibility, Nylon, Polypropylene, TPU, and other flexible filaments
are good choices

® For functional prototypes and end-use parts, Nylon, CPE PC
ABS are common choices

® PLA is not the best choice for end-use parts
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Rules of Thumb

@ Thick walls are stronger than thin walls
@ More shells are stronger than less shells
® Denser infill is stronger than less infill

® Orientation matters

123



Orientation




Orientation
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Printed horizontally

Printed vertically




Orient your parts so the stress is
perpendicular to the layer lines.




Exploring
Color









Single Extruder

® Change color midway
through a print

® Pause, change, purge,
and restart

® Third-party app
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Multiple Extruders

® Plan color placement in CAD

@ STL files do not support color inherently

® Create with a separate form for each
intended color and export separately

® Load into your slicer software and assign a
different extruder to each form




Designing
Assemblies
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Assembly

A collection of 3D parts that are
put together to form a whole
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y.

C

ut It Up
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https://www.youtube.com/watch?v=oA7p_YQ_KoQ

Placement Pins

® Placement pins, or locating pins, help you assemble your project accurately

137



Placement Pins

Groove
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Adhesives

@ Depends on thermoplastic
@ Plastic glues recommended

® Solvent such as acetone




Engineering Fits
® Clearance: Hole is larger than the part

® Location: Hole is slightly smaller than the part

® Interference: Hole is smaller than the part
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Snap Fits

Cantilever

® Two categories: L and U
® Be cognizant of flexibility

® Orient your part so the
stress is perpendicular to
the layer lines
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Threaded Parts

® Be mindful of the size and
shape of the screw thread

® Don't exceed an angle of
45 degrees
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Incorporate
Hardware

® Hardware set with heat
shouldn’t need clearance

® For glue, clearance is
required




Print in Place
Preassembled

FDM 3D printed parts that contain

integrated hinges, joints, or other types of

captured features
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Strategies

@ Pull parts down to the build plate
® Angle up at 45 degrees
® Leave clearance around moving parts

® Bridge over and through gaps
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