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Abstract

The mechanical properties of parts made by fused filament fabrication is highly anisotropic,
with the strength across layers (z-axis) typically measuring ~50% lower than the strength along
the direction of the extruded material (x-axis). A z-pinning method has been developed in which
material is extruded in the z-direction to fill intentionally aligned voids in the x-y print pattern. In
previous studies that involved a sparse rectilinear grid cross-section (35% infill), the z-pinning
approach demonstrated more than a 3.5x increase in strength in the z-direction. The current study
expanded these efforts to evaluate the use of z-pins in a printed sample with a solid cross-section.
Although a solid cross-section is more common in structural components, it is much less forgiving
of instabilities that may occur in the z-pinning approach (such as over-filling). Even though this
study utilized a low pin volume (~43% fill factor), the pinning approach demonstrated a 40%
increase in z-direction strength for solid samples that had similar printing times.
Introduction
Material extrusion (MatEx) printing techniques deposit successive layers of material in the xy plane to create three-dimensional objects. For a simple 0/0 infill pattern, individual layers are
comprised of long beads of continuous material (x-direction) that are a placed adjacent to one
another in the y-direction. Various infill patterns are used to balance mechanical properties in the
x-y plane, the most common of which are a 0/90 or a 45/-45 configuration in which the primary
deposition direction rotates 90 degrees from the previously deposited layer. Regardless of the
infill pattern, the layer-wise deposition results in relatively continuous material in the x-y plane,
but discontinuous material in the z-direction (across layers). Transmitting a tensile load in the zdirection relies on the strength of intermittent bonds between overlapping sections of deposited
beads in successive layers.
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The discontinuous nature of MatEx structures leads to a significant level of mechanical
anisotropy. A number of studies have shown that the tensile strength of parts produced on small
scale printers with common materials, such as acrylonitrile butadiene styrene (ABS) and polylactic
acid (PLA), is reduced by 50% to 80% in the z-direction [1-3]. The addition of reinforcing fibers
to the polymer matrix increases the degree of mechanical anisotropy on both small- and large-scale
platforms [1, 2, 4, 5].
Various approaches have attempted to reduce the mechanical anisotropy of MatEx
components. The majority of efforts improve the interlayer bond strength by controlling the
temperature between layers to encourage molecular diffusion and increased entanglement.
Localized heating of the bond interface during the printing process using forced air [6], laser
irradiation [7, 8], and infrared lamps [9] have each demonstrated improved performance. Postprocessing techniques have also attempted to improve bond strength of MatEx parts by exposing
the component to ionizing radiation [3], microwave energy [10], or elevated temperatures [11].
Other researchers are exploring techniques to print out-of-plane to either align the strong direction
of the structure with the primary load direction [12, 13] or print a secondary structure around the
periphery of the part to reinforce the layered core [13, 14].
The current research investigates the effectiveness of a z-pinning approach for MatEx printing,
which deposits continuous material across layers throughout the bulk of a part by extruding into
intentionally aligned voids. The patent-pending z-pinning approach that was introduced in 2017
[15, 16] is illustrated in Figure 1. As the primary structure (white) is being printed, voids
(diameter, DH) are positioned such that they align in the z-direction. In the example of Figure 1,
the first two layers of the primary structure are printed with voids (a) and (b) remaining. Between
deposition of the second and third layers, the print head is positioned over void (a) and material is
extruded while the print head is stationary, filling void (a). The second void (b) remains unfilled
until layers three and four are printed along with the first two layers of void (c). After layer four
is complete, the print head is held stationary over void (b) and material is extruded to fill the void
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Figure 1. Schematic of the z-pinning process.
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(note that the first two layers of void (c) remain open). After layers five and six are deposited, the
pinning process is repeated to fill void (c), leaving a seam between pins (a) and (c). A similar
seam exists between layers four and five at the interface between pins (b) and (d). Note that the
seam positions are staggered due to the alternating pin positions.
The pinning pattern can be extended throughout the bulk of the printed component in all
directions. In the example of Figure 1, the standard pin length (LP) is four layers and pins are
extruded into alternating holes every two layers. The labeling convention for this type of
configuration is a “4-2 pin”. The theoretical volume of the void can be calculated from the void
diameter (DH) and length (LP). The extruded volume of the corresponding pin to fill the void can
range from a small percentage of this theoretical volume to well over 100%, depending on the
surrounding structure. In an earlier study [17], sparse rectilinear structures were investigated that
had an open architecture, allowing fill factors (pin volume / void volume) to reach 120%. The
ultimate tensile strength in the x-direction (UTSX) and z-direction (UTSZ) are compared in Figure
2 for carbon fiber reinforced PLA (CF-PLA) structures evaluated during that study. The solid
structure was a dense rectilinear grid pattern with no pins, which demonstrated an expected
anisotropy of ~33%. The sparse rectilinear grid sample spaced the adjacent beads to create an
open architecture with a 35% infill. The sparse structure without pins was much weaker than the
solid structure (80-90% drop) and it demonstrated an even higher degree of mechanical anisotropy
(~63%). When 8-4 pins were added to the sparse structure, the UTSZ more than tripled and the
mechanical anisotropy was cut in half.
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Figure 2. Average ultimate tensile strength of CF-PLA printed samples.
The current study extends the z-pinning technique to more conventional solid structures that
have a 45/-45 infill pattern [18]. Placing z-pins into a solid structure is much more difficult due to
the lack of interstitial space for the pin to expand into. Due to the layered nature of a MatEx
structure, the internal walls of the voids are inherently rough (scalloped – see Figure 1), so the pin
can still partially mechanically interlock with the surrounding structure. However, since the solid
structure is less forgiving of print variations, it is difficult to achieve fill factors that approach
100%.
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Experimental Methods
The material used for this study was a 15% carbon fiber reinforced PLA (CF-PLA) purchased
as CarbonX from 3DXTech. Samples were produced on a MakerGear M2 desktop printer with a
print temperature of 245ºC. The individual tensile samples were harvested from a single vertical
wall, measuring 127 mm (x) x 12.7 mm (y) x 127 mm (z). The dimensions of the tensile sample
are shown in Figure 3 as they are waterjet cut from the printed vertical wall. The samples were
dried in an oven at 50ºC for at least 8 hours and stored in a desiccant chamber prior to tensile
testing on an MTS servo-hydraulic test system (110 kN load cell, strain rate of 3 mm/min).
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Figure 3. Tensile sample dimensions (left) in mm waterjet cut from printed wall (right).
A conventional solid sample with 45/-45 infill pattern was printed as an initial control
reference. As shown in Figure 4, the print time for the solid sample included only sum of the times
to print the individual layers (No Pin, No Pause). When pins were added on every fourth layer (84 Pins), it consumed an additional 55 seconds each time, increasing the print time of that particular
layer by more than 50%. Since the strength of the interlayer bond has been attributed to
maintaining a high interfacial temperature [19-21], the additional time during every fourth layer
could significantly cool the interface and weaken the structure. Therefore, a more appropriate
control sample was also printed without pins that included a pause on every forth layer to match
the print time of the pinned samples (No Pin w/ Pause). In practice, this could be representative
of a much larger part that would naturally have longer layer times.
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Figure 4. Print time comparison among solid samples.
Two pinning configurations were considered for this study. Both sample sets utilized three
rows of 8-4 pins across the thickness of the sample with a fill factor of 43%. The pinning
configuration within the x-y plane was varied among the two sample sets as shown in Figure 5.
For this figure, consider that the “Kth” pin in the “A” location would be deposited after layer (Kn)
while the Kth pin in the “B” locations would be deposited after layer (Kn+m), where pins of length
(n) are inserted every other (m) layers. For the example of the 4-2 pins (n=4, m=2) in Figure 1,
pin (b) would be the first “A” pin (K=1) deposited after layer 4, and pin (c) would be the first “B”
pin (K=1) deposited after layer 6. When (n/2 = m), the seams between “A” pins are located on the
same layer as the mid-point of the “B” pins. Figure 5 shows a “Standard” pinning configuration
where the “A” pins are located on alternating rows of the x-y plane. If a fracture occurred across
a given x-y plane, the Standard configuration involving only three rows of pins would be unevenly
balanced. The “Staggered” configuration alternates the pin locations along a given row, providing
more balance across a 3 row structure.
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Figure 5. Comparison of pin spacing patterns in the x-y plane.
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Results and Discussion
The ultimate tensile strength in the z-direction of the printed samples are shown Figure 6. The
conventional solid sample that was printed without pauses is clearly the best performing structure,
with a UTSZ of 33 MPa. When the same structure was printed with a 55 second pause on every
fourth layer, the strength dropped to a baseline value of 12 MPa (64% reduction). The addition of
z-pins to the structure improved the UTSZ by roughly 40% regardless of the pinning configuration
used (Standard = 17 MPa, Staggered = 16 MPa). Although the strength of the pinned structure did
not approach the solid sample printed without pausing, this represents a significant improvement
in strength when compared to parts that may be cooling down considerably between successive
layers (e.g. a large part with a naturally long layer time).
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Figure 6. Average ultimate tensile strength of solid printed samples (CF-PLA).
The fracture surfaces of the tensile samples are shown in Figure 7. It is apparent that the
unpinned sample had a very clean fracture surface, with the crack front progressing unobstructed
across the layer-to-layer interface (note: the two unpinned sample sets looked very similar). In
contrast, the two pinned samples resulted in very tortuous fracture surfaces as the crack front
deflected around the solid pins to find the weaker interfaces at the seams. The pin locations for
the latter two samples are highlighted in Figure 8, along with a schematic of the observed crack
front progression in the z-direction. It appears that the crack front crossed the pin locations at the
seams between pins rather than fracturing the pin or pulling it out of the structure. Close inspection
of Figure 8a shows a “string” of material originating from the red pin locations and stretching out
in a line (left-to-right) toward the next pin location. This is an artifact of a non-optimized pinning
process, where the extruded pin has slightly overfilled the hole and excess material has been
dragged along the surface to the next pin location. A similar pattern can be seen in the lower row
of blue pins in Figure 8a, but this time apparently originating on the right-most pin and being
dragged to the left.
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Figure 7. Representative fracture surfaces of tensile samples (CF-PLA).
A “stair-stepping” effect was observed at the fracture surface, but it is not readily apparent in
the photographs in Figures 8a and 8c. The seams in the Standard pin configuration remained
constant within a given row. Near bottom of the sample in Figure 8a, each of pins colored blue
have a seam at the same layer height, which is 4 layers below the seam locations of the middle row
of pins colored red. Observing the fractured sample from the side (schematically illustrated in
Figure 8b) showed that the crack front distinctly shifted across the width of the sample to cross at
the new seam location. As the crack progressed to the third row (blue pins), the fracture surface
shifted up a similar amount to cross the seams of the two pins on the left, but actually shifted back
down to the original layer height to cross the lower seam of the pin in the back right (dashed line
in Figure 8b). A similar stair-stepping effect was observed in the Staggered sample in Figure 8c.
In this configuration, the seam locations are at the same height for pins that are diagonally
positioned. So rather than progressing across rows, the stair-step path progressed diagonally across
the sample, continuing to gain height when moving from left-to-right (positive x-direction) in
Figures 8c and 8d. The color-coded sections in Figure 8d illustrate the height of the fracture
surface that is aligned with the seam of a given pin. These fracture patterns indicate that the
weakest location under the current printing conditions is the seam between adjacent pins, which
could result from under-filling of voids. Future work will investigate alternate configurations and
optimize print conditions.
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Figure 8. Fracture surface analysis relative to pin position.
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Conclusions and Future Work
The z-pinning approach has been demonstrated for MatEx samples with a solid cross section.
The strength of solid samples without pins was found to be very sensitive to the layer time; less
than a one minute delay on every fourth layer caused the UTSZ to decrease by more than 60%.
The addition of z-pins to the structure was able to increase the z-strength by ~40% regardless of
the pinning configuration used. Inspection of the fracture surface of pinned samples revealed that
the crack front navigated to the seams between adjacent pins, indicating that defects may be present
due to incomplete filling of the void intended for the pin. Because solid samples do not have an
open architecture, the placement and extrusion of pins is less forgiving than sparse structures and
additional optimization of the printing process and pin geometry is required.
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