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Hi, I’m Gian Pablo Villamil
I’d like to start with a little about me, and what is relevant to
the class.
I’ve been working with consumer/hobbyist 3D printers for 5
years now, mostly with Makerbot and similar machines. I
have 3 printers of my own (3 generations of Makerbot), and
experience with many others, including Type A, RepRaps
and professional level Objet and Stratasys printers.
I’ve gone through 100s of lbs of ABS and PLA, and in the
process seen these machines evolve from hobby projects to
really practical tools.
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The goal of the class is to learn how to design parts that
work well with inexpensive 3D printers – I’ll talk about why
this is interesting and important
We want parts that will be:
•
•
•
•

Stronger – they can stand up to daily use
More attractive – they look nice while in use
Quick to print – print fast and use less material
Reduce post-processing – can be used right out of
the printer, or with minimal cleanup

• I’d also like to talk about some tools, from Autodesk and
others, that are very helpful when working with
inexpensive 3D printers
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3D printing is not brand new – it’s been around for quite a
while, in various guises. Fused deposition modeling, the
basis for most inexpensive printers, has existed since 1989.
So what’s changed?
Early 3D printers were expensive, and focused on high
value applications, such as prototyping. In order to be
effective for prototyping, the design rules had to be as
transparent as possible, so that a designer making a part for
injection molding could ignore the constraints of the printer
itself.
As 3D printing gets cheaper (both printers and materials)
they are increasingly used for making parts for end use.
Since the parts are not intended for another manufacturing
process, it makes sense to optimize their design around the
constraints and design rules of the printers.
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I’ll talk about how these printers work – it’s a necessary
basis to understand where some of the constraints and
design rules come from.
Be aware that you working with a combination of software
and hardware, and many of the key parameters are set by
the intersection of both working together.
I’ll talk about the software, what it does, and what it defines,
and then get into some detail about the physical process
itself. I’ll focus on Fused Filament Fabrication, since this is
the technique used by most consumer level printers. (There
are other emeging techniques, and I will address their
constraints as we go if there is time)
Finally, I’ll talk about how FFF leads to some constraints and
challenges.
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3D printers are a combination of hardware and software
working together.
The printer control software has a key role in taking your 3D
model and converting it into insructions that your printer can
then follow, a process called slicing. So, how the printer
software interprets your 3d model is a key factor in achieving
good prints! It’s the key point where what you mean to make
gets translated into physical reality.
The printer control software is where several key parameters
are defined, such as layer width and height, how support
structures are generated, and how fast the printer moves.
It’s at this stage that the quality of the input mesh makes a
difference.
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Let’s do a brief recap of how fused filament fabrication
works. This is the most common technique now, so I’ll spend
most time on it. I can address others as we go along.
Basically filament passes through a heater which melts or
softens it, and it is extruded through a nozzle. The first layer
is deposited on a build platform, and subsequent layers are
laid down on top.
Adhesion between layers is due to the fusing of layers due
to heating. Since most plastics are never completely melted
during extrusion, this bond is much weaker than a solid
plastic joint would be. We’ll get back to this later.
This drawing is inaccurate in that shows the filament as
round sections – let’s look at it in some more detail.
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This is what is really happening:
The software calculates the volume of filament needed based on the layer width and
height that you define. You also tell it the diameter of the filament going on, so it can
make a calculation of how many mm of filament going in are needed to produce a
deposited filament of given dimensions. (Incidentally, accurately measuring the
diameter of your filament is key to obtaining good results – it tends to vary quite a lot,
between 1.6mm and 1.8mm)
Now, the software model is not entirely accurate, and there are a couple of “fudge
factors”. The grey grid represents the theoretical output, a square matrix. The blue
represents the plastic that is really laid down. As you can see, the round extruded
filament is “packed” in by layers below, to each side, and the flat sides of the nozzle.
It doesn’t really fill in the matrix exactly, so most printer software has a parameter
called “packing density” to adjust for it – lower the packing density to extrude more
filament.
The other fudge factor is on the edges, where the extruded filament is not
constrained on the sides – it bulges out of the grid. If you’re worked with professional
printers and are coming to consumer printers, one of the things you’ve probably
noticed is that the mechanical tolerances of the parts are a bit off. Increasingly, the
printer control software is adjusting for it, but it is not quite there yet.
Note that for a strong print, you’ll want the filament to be as tightly packed as
possible, but then you will have a greater error in the tolerances. Both of these
parameters need to be adjusted in sync.
Finally, you want to be aware of the layer width – this is defined by the software, and
is used in the volume calculation mentioned earlier. Ideally, you want it to be close
the nozzle diameter, but it doesn’t have to be that way. The nozzle diameter simply
defines a range of possible widths, if you go too wide or too narrow quality will suffer
but the software will let you do it.
On Makerbots, the layer width is constrained to match the nozzle diameter. Other
print software defines a ratio between layer height and width (usually 1.4)
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Now that we know the basics of how these printers work,
let’s dive into common constraints and how to address them.
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If you are creating models with multiple mating parts, you
need to allow a gap between them. (This addresses the
inaccuracy we just discussed). Typically 0.5mm will give you
a loose fit for rotating or sliding parts, while 0.25mm will give
a friction fit. This will vary by printer, so you should print out
a test piece like the one in the picture and figure out the
tolerances for your own situation.
One key design principle is to try to isolate key parts with a
tight tolerance. For example, the picture shows a snap
together toy car. The original design (in orange) had the
mating pin designed into the body of the car. The revised
design (in blue) has a socket in the body. That way, if the
tolerances are wrong, you only need to adjust and re-print
the pin (shown in yellow). There is another benefit to
isolating the pin that way, which we’ll get to in a bit.
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If you are making boxes or enclosures, you should make
sure that the walls are an exact even multiple of the layer
width. The reason for this is that the slicer has no way of
accounting for very small gaps, and will simply not extrude
anything.
So for example, if your layer width is .4 millimeter and you
have a wall in your model that is 1.0 millimeter wide, the
slicer will generate two walls with a .2mm gap in the middle.
You would want your wall to be either .8mm or 1.6mm wide
to avoid this. (Odd numbers don’t work either – though this
is eventually fixable).
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Overhangs are one of the best known constraints in FFF
printers.
Since the layer width is greater than the layer height, the
deposited filament has a rectangular section, and overhangs
are possible. Generally the plastic is “sticky” enough to
easily allow overhangs of up to 45 degrees off the vertical.
However, you can go even further, up to 70 degrees, if you
have a narrow salient. The side walls are supported well, so
you are in effect “bridging” across the bottom surface.
If this is NOT the case, the 45 degree rule applies. The
green tower will print fine, but not the yellow one – the
extruder would be printing into air.
Of course, support material is avallable and works well in
this case – however, it will increase your print time and affect
your surface finish.
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In some cases, you’ll have overhangs that are disconnected
from the main body of an object. In these cases, you want to
design in support for them, even if you will later use the
slicers own support generation tools.
The support generated by the slicer is intentionally “flimsy”
and won’t properly hold up structures like the nose and tail
of the dinosaur shown, so you’ll want to give them a stable
base yourself.
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FFF printers are capable of bridging quite large gaps, if both
ends are supported. 50mm is certainly possible, and some
printers, even greater distances. This is done by reducing
the extrusion rate of “bridges” so that the filament is slightly
stretched.
However, for this to work, you have to make sure that the
spans are completely flat – otherwise you’re dealing with an
extreme overhang situation and need to use support.
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You will want to make sure that there is a consistent flat
surface in contact with the build platform. This will keep the
piece firmly attached to the build platform.
In the example shown, the car on the left has a completely
flat body. On the right there is a faintly visible bezel, and the
back is an unsupported overhang. If you didn’t use support,
the car on the right would not stick to the platform very well,
and the back would print badly. If you DID use support,
you’d have a single layer of support material which would be
awkward to remove.
The dinosaur shown has had its feet flattened to make sure
that it is well anchored to the build platform. If I only relied on
support, it would be a weak attachment.
Rafts can be used in cases like this as well, but they slow
down print times and add to post-processing times.
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As we reviewed earlier, the adhesion between layers is due
to fusing, but is a much weaker bond than that along the
length of the filament.
Ideally, we want to orient our parts so that the greatest
stress is carried along the length of the filament – the orange
parts illustrate this. The red pats would be a lot weaker.
In some cases, it makes sense to split a model into multiple
parts so that each makes use of its strongest dimension.
The example shown is a mount for a attaching a gopro
camera to a stunt kite. The three “prongs” which will be used
to attach the camera are made as separate parts, so that the
filament “surrounds” the bolt.
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Judiciously cutting a model into multiple parts for later gluing
is a good technique.
When you have models with details on all sides, it is difficult
to find a flat surface to attach to the build platform. Slicing
the model can give you this flat surface.
In the example show, multiple techniques are shown – I’m
using helper cones to support the pods under wings, there is
a flat surface for each part, support will only be used on the
trailing edge of each wing, and the final seam will be almost
invisible.
If I cut the model along the wing, I could print with even less
support, but then I’d have to deal with a much longer and
visible seam.
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Using support material is a great enabler for complex
models, however you should use it judiciously.
Orient your parts so as to minimize the amount of
scaffolding needed (see the example), and also so that the
support attaches to surfaces that are not visible. On the red
plate, the support is used to make possible a large overhang
on the bottom surface, but it leaves a lot of visible scarring.
Top tip – a lot of this scarring can be removed by using a hot
air gun on it for a few seconds.
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It goes without saying that your meshes should be in good
shape. If you are using programs oriented towards CAD or
that are solid-aware, it will probably generate a good mesh.
However, it is worth reviewing:
• Solid: avoid surfaces without any thickness
• Watertight: there shouldn’t be any gaps or cracks –
otherwise it will be treated as a hollow shell
• Normals: make sure that surfaces are correctly oriented
facing out – (however a lot of slicers are only counting
odd / even surfaces and don’t care…)
• No self interesctions: this will throw off the odd / even
calculation and lead to strange voids
• Use boolean unions: even if your model looks correct,
make sure to use whatever your software allows for to
make the model into a single solid – otherwise you’ll get
strange (and weak) results, as shown in the picture – the
model on the right is actually composed of several
adjacent solids, and the bond between them when printed
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Good CAD oriented programs should generate good quality
error free meshes – however, if you are using surface
modelers, or working with imported meshes, then you
should use analysis and repair tools before printing. I’ll go
over these in more detail in a bit.
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