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Introduction
Why is BAAM Different?
Big Area Additive Manufacturing (BAAM) is a family of machines developed by Cincinnati
Incorporated that’s a type of 3D printing very similar to fused filament fabrication (FFF). FFF is an
additive manufacturing (AM) process that involves creating 3D parts by extruding molten plastic
layer by layer. As the beads of plastic are extruded, they are fused to the previous layer, and then cool
down and harden. The difference between traditional FFF machines and BAAM is that BAAM is big
and fast. BAAM has the ability to print at a rate of up to 80 lbs/hour (36 kg/hr) using raw material in
the form of pellets rather than spools of filament. Table 1 shows the build volume of each of the four
different size BAAM machines. Currently, the smallest size is called a MAAM, for Medium Area
Additive Manufacturing. The Z axis refers to the movement of the extruder, and the W axis refers to
the motion of the table, which combine for the total print height listed below.

Table 1: MAAM & BAAM Workpiece Dimensions
New design limitations exist for BAAM that might not be found in small scale AM. The purpose of this
document is to guide the designer through these rules and restrictions in order to get the best
possible results for your print.

What is the Slicer?
The slicer is the software that is used to generate the GCode that runs a 3D printer. The slicer
software is one of the most important steps in the 3D printing process, and understanding how the
slicer works can greatly increase your chances for success. The basic step-by-step process of 3D
printing is laid out below.

CAD Model

STL File

Slicer

GCode

3D Printed Part

The CAD model is saved as an STL file, which is a file format that describes only the surface
geometry of a 3-dimensional object. An STL file is an approximation of the original shape and is made
up of only triangular planes. STL files contain no scale information, and the units are arbitrary. When
designing a part for 3D printing, it is important to remember that in order to convert the CAD model
to an STL file, it must be a “watertight” solid body. Any holes or disjointed surfaces in the CAD model
will cause problems. After the CAD model is saved as an STL, it is loaded into the slicer software,
where the user determines part location, orientation, and scale, along with several settings used to
run the machine. When the part is sliced, a GCode is generated which tells the machine the toolpath,
speed, etc. to print the part layer by layer from bottom to top.
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Different Line Types
It is important to understand the different types of lines that make up a 3D printed part.
Depending on the application, the designer may want to adjust certain settings for different line
types. Figure 1 shows a CAD model and one corresponding layer from the ORNL Slicer software,
displaying the different line types defined below.






Perimeters: the outermost lines of a part, usually printed first on each layer. Perimeters are
shown in green.
Insets: the next lines in from the perimeter line. The user can set as many insets as they
choose. There are two insets in the image below, shown in red.
Infill: the space between the insets. There are several infill pattern options, including line,
grid, and concentric, which can each be configured for different densities and direction. The
example below shows line infill with 1 inch spacing, shown in grey.
Skins: the top and bottom solid layers of a part. The user can set the number of up-skins and
down-skins.
Seams: the starting/stopping point of each line within the layer. The seam typically isn’t as
smooth as the rest of the part, so it should be put in an insignificant or hidden location on the
part, if possible. The seams are shown in pink below.

Figure 1: 2D view of one layer showing different line types (travel moves shown in light blue)

Choosing the Right Nozzle Size
Choosing the nozzle size is an important step in designing your part. BAAM has the ability to
print with three different nozzle diameters. When the nozzle extrudes the bead of plastic, the tamper
flattens it onto the previous layer and widens the bead to slightly larger than the nozzle diameter.
Although each of the nozzles can vary the bead dimensions depending on the settings being used,
there are specific bead dimensions that are recommended to ensure a good quality print. Table 2
shows the bead width and height that is recommended for each nozzle size. A smaller nozzle
diameter can print finer detail and achieve a smoother looking surface with better layer resolution,
but a larger nozzle can print a part faster with fewer layers.
Nozzle Diameter (in) Bead Width (in) Layer Height (in)
0.20
0.22
0.10
0.30
0.34
0.15
0.40
0.50
0.20
Table 2: Nozzle size and corresponding bead dimensions
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When designing a part, it is important to keep your nozzle size in mind. For example, if you
are planning to use the 0.3-inch nozzle to print a 1.5-inch wide wall, you have the following options
with a bead width of 0.34 inches:
 Redesign the wall 1.70 inches wide and print with five beads
 Redesign the wall 1.36 inches wide and print with four beads
 Print the wall 1.5 inches wide using four beads, with a 0.14-inch wide gap in the center
Additionally, the height of the part should be a multiple of the layer height of the nozzle being used.
Otherwise, the slicer software will simply round to the nearest multiple of the layer height to
determine the number of layers in the part.

Print Time vs. Part Weight
Designers often want to minimize both the amount of material used and the print time. The
choice of nozzle size will affect both of these. The part shown in Figure 2 is a 36x36x36-inch cube
that was sliced using both the 0.2-inch nozzle and the 0.3-inch nozzle. Both had the following
settings: no skins, two perimeters, and 1.5-inch spaced line infill. The results are shown in Table 3.

Figure 2: 36” Cube in the ORNL Slicer
Nozzle Size
0.2”
0.3”
Layer Height
0.10”
0.15”
Number of layers
360
240
Print time
9 ½ hours
6 hours
Part weight
373 lbs
567 lbs
Table 3: Comparison between 0.2-inch and 0.3-inch nozzles
This test shows that there is a tradeoff between print time and part weight. Using a smaller
nozzle diameter will use less material, but it will also usually cause an increase in print time because
there are more layers and more toolpath movements required.

Single Bead Walls
Creating a single bead wall is often desired, but there are only certain instances when this is
possible to achieve. This is because all perimeter and inset lines must be printed as a closed loop path
in which the line starts and stops at the same point. The first tool path shown in Figure 3 is an open
loop path, and would not be possible to print with the BAAM. The closed loop path shown below it is
possible because it starts and stops in the same location.
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Figure 3: An open loop tool path and a closed loop tool path
Figure 4 illustrates a common issue that people initially run into when designing for additive
manufacturing. The first picture shows a top view of a CAD model, with each section labeled with its
corresponding thickness. This part was sliced using the settings for the 0.4-inch diameter nozzle with
a 0.5-inch bead width. The second picture shows one layer of the part in the ORNL Slicer software.
Notice how each section of the part is filled in with the proper number of perimeter/inset lines, but
the 0.5-inch wide section in the middle is missing. This is because each perimeter/inset line must be
printed in a closed loop path. Since this section is not possible to print as a part of the other closed
loop paths within the layer, that section is not given a toolpath by the slicer software, even though it
is the same width as the bead settings. This is why walls should always be designed as a minimum of
two beads wide.

Figure 4: Top view of sample part with single-bead wall design drawback
The only way to work around this software limitation and achieve a single bead wall is to
design a solid part, and slice it as a single perimeter without any insets or infill. The cylinder shown
in Figure 5 was designed and sliced this way. Notice how the toolpath shown in the 3D view on the
right does not show any start/stop seams. That is because when a part is designed in this way, it can
be printed in spiralize mode. In spiralize mode, the part is printed in one continuous tool path, and
the nozzle is never lifted off the part. This eliminates the start/stop seams that are typically found on
every layer, which leads to a better looking part. Spiralize mode can only be used when there is one
part printed at a time, and that part does not split into different sections or “islands” within any one
layer.
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Figure 5: A solid cylinder (left) sliced with one perimeter bead (right) in spiralize mode

Overhang, Bridging, & Support
One of the biggest limitations to BAAM 3D printing is that the BAAM cannot print the same
overhang angles or bridge as large of a gap as most small-scale 3D printers. Small-scale 3D printing
can avoid overhang and bridging issues with the use of support material. With BAAM, support
material is not a great option for a few reasons. Support material is difficult to break away from the
part because there is a lot of surface contact between the support structure and the part itself.
Removing the support can damage the part unless there is a post-machining process. Dissolvable
support material is not an option because the BAAM can only print in one material at a time. Using a
lot of extra material for support also increases costs and print time. The designer often needs to get
creative with how the part is designed and oriented on the print bed to avoid the need for support.

Overhang Angles

Figure 6: Overhang angle
The amount of overhang possible in any print will depend on the design of the part, material,
bead size, and layer time. However, a general rule of thumb is that the BAAM cannot print overhang
angles greater than 45 degrees from horizontal. When the angle is less than 45 degrees, the bead of
material won’t make as much contact with the layer below it, which often causes the material to fall
off or sag, ruining the part. Figure 7 shows a part that was built at a constant 50-degree angle on the
right and a gradually increasing overhang angle on the left. Once the beads got to a point where they
were not being deposited with enough surface contact on the previous layer, they began to droop,
ruining the print.
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Figure 7: Failed print due to unacceptable overhang

Bridging Gaps
Just like overhang angle, the width of the gap that the BAAM is able to bridge is largely
dependent on material, bead size, and layer time. In general, the BAAM is not as good as small-scale
printers at bridging gaps. The amount of time it takes for the bead of plastic to cool down in the
BAAM is significantly larger than in smaller printers. Because of this, large gaps will often sag from
the molten plastic staying hot for too long, similar to the part shown in Figure 8.

Figure 8: Drooping caused by a large gap
To avoid this issue, it is recommended to build up to gaps at least at a 45-degree angle, as shown in
Figure 9. Another strategy for avoiding drooping beads is to eliminate the gap or hole in the CAD
model, and then cut out the hole from the part after it is printed.

Figure 9: Designing for gaps
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Strength in the Z-direction
Just like any other 3D printing process, the strength of a BAAM printed part will depend on
the print orientation. The bond between each layer is not going to be as strong as the bond between
beads within the same layer, or along one single bead of plastic. In other words, the most likely mode
of failure will be splitting between two layers.

Figure 10: Strength reduction in Z-direction
According to Sabic’s data sheet for their ABS resin containing 20% carbon fiber, the tensile
stress in the XZ orientation, shown in Figure 11, is 57 MPa. The tensile stress in the ZX orientation is
14 MPa. Because of this strength reduction in the z-direction, it is important to design your 3D
printed part in a way that it will not see too much load in line with the layers, as this could cause
layers to split and ruin the part.

Figure 11: Test specimens for tensile testing of 3D printed panels (copied from Sabic material data
sheet)

Layer Time
Maximum Layer Time
It is very important to pay attention to layer time when preparing a print. In order to achieve
good layer-to-layer adhesion, the previous layer needs to still be hot when the next layer is
deposited. If a layer takes too long to print, the previous layer will have cooled down too much, which
will cause the beads to not adhere to it as well. This can cause the part to split at that layer. The
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maximum layer time typically depends on the part geometry. Several beads of plastic next to each
other will retain heat much better than a one or two bead wall. So in general, the thicker the part, the
longer the layer time can be. This is also dependent on the type of material that is being used. For
example, ABS can print layers over 15 minutes long and still achieve good layer-to-layer bonding. On
the other hand, PPS and other high temperature materials should not have a layer time over about 3
minutes.

Minimum Layer Time
A minimum layer time should also be kept in order to achieve a successful print. If the
previous layer does not have a sufficient amount of time to cool down before the next layer is
deposited, the material will not be stiff enough to support the next layer. This will lead to more
sagging/drooping of the beads, causing dimensional inaccuracy and often print failure. A rule of
thumb for carbon fiber reinforced ABS is to have a minimum of 1 minute layer time, but this will vary
depending on part geometry. The two simplest ways to increase layer time are to slow down the
print speed or to print more parts at one time.

Design for Machining

Figure 12: BAAM printed part with smooth machined surface
Rather than print to final dimensions, the goal with BAAM is to print to a slightly oversized
near net shape as fast as possible. Then, the part can be machined to get to final dimension and
within tolerance requirements. For best results, it is recommended to oversize the part design by a
half a bead width and then machine off the added stock, as illustrated in Figure 13 below. This way,
the final surface of the part will be in the center of the beads, and won’t have any of the gaps or voids
that are sometimes seen between beads.
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Small gap between beads

Figure 13: Front view of a machined BAAM part. Outer wall shown in green, inner wall shown in red

Print Orientation and Layer Resolution
Print orientation will play a large role in the final surface finish of a BAAM part. Printing a
part in a vertical orientation rather than horizontal will yield the layer resolution with the best
surface quality. Figure 14 shows two parts that were printed in different orientations. Notice how the
surface quality is much better in the vertically oriented part. This part will be easier to oversize by a
predictable amount (half a bead width) and then machine to final dimension without any voids in the
final outer surface.

Figure 14: Horizontal print orientation (left) vs. vertical print orientation (right)

Shrinkage and Warpage
As with any FFF 3D printing process, A BAAM part might shrink and warp as it cools down.
The amount of warpage is highly dependent on the material’s coefficient of thermal expansion (CTE).
Reinforcing the base resin with carbon fiber or glass fiber decreases the CTE of the material and
leads to less shrinkage, and therefore less warpage, as the part cools down. Heating the build plate
also helps reduce the amount of warpage because it helps keep the first few layers hot for a longer
period of time. Allowing the part to completely cool down on the print bed before removal can help
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reduce the chance of warpage. If a part is removed from the BAAM immediately after it is printed, it
runs a higher risk of warping because of the sudden drop in temperature. Additionally, thin wall
sections will cool down quicker than thick sections, and thus are more likely to warp.

Figure 15: Carbon fiber reinforcement lowers the CTE of ABS plastic, causing less warpage
It is also important to keep in mind that the CTE of the final part depends on the orientation
in which it was printed. As the material is extruded through the nozzle, the carbon/glass fibers tend
to align with the print direction. This alignment leads to a relatively low CTE in the XY plane and a
much higher CTE in the Z direction. For example, Techmer’s 50% carbon fiber reinforced PPS has a
CTE of 4 μm/m parallel to the flow, and 67 μm/m perpendicular to the flow. Knowing that a part will
shrink more in the Z direction may help determine how it will be designed and oriented on the print
bed.

Figure 16: CTE differs parallel and perpendicular to flow

Conclusion
Additive manufacturing technology is constantly changing and improving, and the number of
applications in which BAAM can be utilized seemingly increases every day. It is imperative for the
designer to understand the capabilities and the limitations of both the BAAM and the slicer software
in order to get the most out of this technology. Scaling up from a desktop sized FFF machine with a
layer height as small as 0.0004 inches to BAAM with a layer height of up to 0.20 inches affects the
temperature profile of the extruded bead of plastic. Since the plastic retains heat longer, it abides by
different rules and limitations regarding overhang, bridging, layer time, etc. The lessons described in
these guidelines should help with understanding these new design constraints so that parts can be
designed and printed successfully every time.
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