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Abstract 

Traditional Fused Filament Fabrication methods create a mechanically anisotropic 

structure that is stronger in the deposition plane than across successive layers. A recently 

developed pinning process deposits continuous pins in the structure that are orientated in the 

build direction across multiple layers. Initial studies of this technique have demonstrated the 

ability to increase inter-layer strength and toughness. The current study evaluated various z-

pinning parameters for carbon fiber reinforced polylactic acid (CF-PLA) structures, including 

infill percentage, pin length, and deposition pattern. Each of these was found to affect the ability 

of the z-pin to mechanically bond with the existing lattice structure and had a resulting impact on 

the mechanical strength and toughness. Initial studies showed an increase in ultimate tensile 

strength in the Z-axis of around 3.5x. Upon expanding the pinning settings, further studies 

showed increases of over 35% from the X and Z axis ultimate tensile strength and improved 

mechanically isotropic behavior.  

Introduction 

Fused Filament Fabrication (FFF) is a method of AM in which consecutive layers of 

material are deposited onto each other in one direction, typically parallel to the build platform. 

The 3D printed structures will be built in the Z-Axis (build direction). Traditional FFF methods 

create mechanically anisotropic structures due to their consecutive layer printing. When printing 

layers of material, the strength of the structure is strongest when the beads of material are aligned 

(0⁰) to one another in the load direction (X-Y Plane), as a byproduct, this creates a very 

anisotropic structure. Compared to when the beads of material are normal (90⁰) to each other in 

successive layers, strength falls by 40-85%, but the structure behaves as a quasi-isotropic 

structure [1–3]. 

 When comparing the deposition plane (X/Y) to successive layers in the build direction 

(Z) the anisotropic behavior of the print leads to a drop in strength. This drop in strength can 

range from 25-90%. Looking at Table 1, the drop in ultimate tensile strength between ABS 

materials ranges from 25-79% across both large (BAAM/LSAM) and small (FFF) area additive 

manufacturing platforms [4–10]. The material of choice for this project is the 15% CF-PLA, 
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which when comparing the ultimate tensile strength across the X and Z axis, shows a 34% drop 

in strength[10]. 

Material Platform UTSx UTSz Reduction Reference 

ABS           

ABS FFF 31 MPa 6.6 MPa 79% [4] 

ABS FFF 29 MPa 14 MPa 52% [5] 

ABS FFF 34 MPa 18 MPa 47% [6] 

ABS BAAM* 36 MPa 27 MPa 25% [7] 

ABS LSAM** 22 MPa 11 MPa 50% [8] 

           
5% Jute-ABS FFF 26 MPa 13 MPa 50% [5] 

5% Jute-ABS FFF 24 MPa 8.6 MPa 64% [6] 

13% GF-

ABS/LLDPE^ FFF 39 kg 1.2 kg 97% [9] 

18% GF-

ABS/LLDPE^ FFF 59 kg 11 kg 81% [9] 

20% GF-ABS BAAM* 67 MPa 13 MPa 81% [7] 

20% CF-ABS BAAM* 67 MPa 8.2 MPa 88% [7] 

PLA          
PLA FFF 56 MPa 24 MPa 57% [4] 

PLA FFF 55 MPa 37 MPa 33% [10] 

           
15% CF-PLA FFF 53 MPa 35 MPa 34% [10] 

Table 1: Mechanical Anisotropy of Extrusion-Based Printed Samples [11]  

Researchers have come up with many different proposed solutions to alleviate the drop in 

strength across layers. Initial work on increasing the inter-layer bond strength has focused on 

increasing the inter-diffusion of polymer chains across the interface [12]. To increase the inter-

layer bond strength it is critical to keep the build temperature to at least the glass transition 

temperature of the material [12–14].In order to do this, some researchers investigated adding 

another heat source during the deposition process.  A Montana State University research team 

investigated increasing the interface temperature by introducing a stream of hot air [15]. This 

method was not effective due to the additional air flow effecting the geometry of the build and 

not improving the strength of the material. Alternatively, work done at Arizona State University 

increased the flexural strength by 50% in an ABS (0.03% Carbon Black ABS) by adding a laser-

based pre-deposition method to increase the temperature of the deposition surface [16,17].  Oak 

Ridge National lab also investigated additional heating methods by mounting infrared lamps onto 

the BAAM printing head, where after preheating, the fracture energy of 20% CF-ABS[18] had 

doubled. This research further explores a novel printing approach, called z-pinning, that was first 

presented at SFF in 2017 [19,20].   
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Z-Pinning  

The Z-pinning process was developed to increase z-axis strength and reduce mechanical 

anisotropy. The Z-pinning process in composite AM manufacturing aims to achieve similar goals 

to the Z-pinning processes already being used in the traditional composites manufacturing 

industry to eliminate delamination and improve through-thickness properties [21,22]. The z-

pinning process for FFF relies on using the same material throughout the build. The current 

process uses intentionally created aligned gaps over successive layers (see Fig. 1) to create a 

void where the pin is dropped through multiple layers. The pinning process starts by dropping in 

the pins through a set amount (set using the pin parameters) of layers (Fig. 1a). The next two 

steps of the process (Fig. 1b and 1c) show the pin being deposited across multiple layers. As the 

pins are deposited on top of one another, a “seam line” is created between the two consecutive 

pins. This seam line is a potential source of a failure. It is important to note that the pins are 

staggered as to avoid creating a seamline, which can lead to defects in the print (Fig. 1d). Next, 

after laying down another set of layers, the nozzle will be positioned over the already deposited 

pin (Fig. 1e and 1f) and stack the pins on top of one another. The z-pinning method’s 

effectiveness is determined by how well the pins mechanically interlock with the surrounding 

layered structure[23] and how well the materials bond to one another. This is determined by the 

various pin parameters that determine the overall shape and size of the pin. 

 

Figure 1: The z-pinning process[11] 

 The pin parameters are the pin width, pin length, deposition pattern (seam offset), and the 

infill percentage. The pins themselves are designed as a prismatic pin with a square cross section 

with a length that spans a specific number of layers. The pin width defines how wide the pin is, 

ranging from 1.5mm to 3mm. Pin length determines how many layers the pin will be deposited 

across, either 8, 12, or 20 layers. The deposition pattern of the pin affects where the seams will 

line up with one another. This is otherwise known as the seam offset. The seam offset is set at 
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half of the pin length of the pin. This means that the pins will have a staggered seam pattern so to 

not create an obvious fracture line (See Fig. 2). The final pin parameter is the infill percentage. 

The infill percentage is defined as the amount of material that is deposited into the pin gap 

compared to the theoretical volume of the gap itself. how much material is deposited into the 

void. The current infill percentages being tested are 80%, 100%, and finally an “overflow” at 

120%. The ability to “overflow” the pin gap is due to the nature of the rectilinear grid structure 

part, meaning that the material is laid down in alternating X/Y deposition paths (See Fig. 3). 

 

Figure 2: Pin Parameters [4] 

 

 

 

 

Figure 3: Rectilinear Grid [11] 
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Initial studies in z-pinning showed promising results in both improving the z-axis 

ultimate tensile strength (UTSz) and leading towards quasi-isotropic data in some of the data sets. 

The pin parameters used for the first round of research consisted of a pin length of 4-8, meaning 

the pins were 8 layers long and staggered at 4 layers. While the pin width was held at 3W, which 

sets the width to be 1.5mm. The infill percentages varied from 80%, 100%, 120% with additional 

data sets at a solid infill (standard rectilinear grid) and 0% infill (no pins in the voids). 

Figure 4 shows the relationship between the ultimate tensile strength of the X-axis 

(UTSx) and Z-axis (UTSz) [11]. The pin parameter that showed the greatest ultimate tensile 

strength was the solid sample set.  The solid sample showed a 33% degree of anisotropy between 

the X and Z axis. Looking at the pinned samples, from 0%-120% samples increased in strength 

and decreased in anisotropy. The 120% infill samples showed an average UTSz over 3.5x greater 

than the 0% infills samples (See Fig 4). Additionally, the 120% samples showed the lowest 

anisotropy. Additionally, the goals of the next phase of research is to systematically investigate 

what effects different pin parameters have on the mechanical strength and isotropy of printed 

parts.  

 

Figure 4: Ultimate Tensile Strength of CF-PLA [11] 

  

Experimental Methods 

The printed samples were walls measuring 12.7cm x 1.27cm x 12.7cm (Fig. 5) Printed 

using a MakerGear M2 Desktop printer. The material used was 1.75mm diameter CarbonX from 

3DXTech. The CarbonX material is a carbon fiber reinforced PLA (CF-PLA) [24] containing a 

15% weight carbon fiber reinforced PLA (CF-PLA) [25]. Printing took place at a nozzle 

temperature of 225⁰C and a bed temperature of 65⁰C. This slight increase over the recommended 
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temperatures of 220⁰C (extruder) and 60⁰C (bed) was selected for the additional benefits of 

increased bonding to the print bed. The software used to generate the g-code was Matlab and was 

programmed to create a rectilinear grid of alternating X and Y axis deposition paths. The 

rectilinear grid has a 35% infill pattern with preset voids to insert the pins. The rectilinear grid 

was deposited with a bead dimension of 0.53 mm wide 0.30mm thick. To create the 35% infill, 

the beads were spaced apart by 1.87 mm (Fig. 3). 

 

Figure 5: Print Sample with Dimensions 

During the printing process 4 walls were printed for each pin parameter. This is necessary 

because each wall will yield three tensile samples (for a total of 6 samples), which allows us to 

have enough samples for a standard deviation, per ASTM D638 [26] . The walls are then milled 

to less than 9mm in thickness, which allows the samples to fit inside of the grips of the tensile 

tester. After milling, the walls were waterjet cut into 3 tensile test specimens per wall. Two of the 

walls were cut in with perpendicular to the build path (Z-samples), while the other two walls are 

cut parallel to the build path (X-samples) (Fig. 6). The sample geometry was a modified Type 4 

tensile specimen per ASTM D638 (Fig. 7) [26]. The tensile test specimens were a modified 

geometry due to the need for a sufficient number of pins across the gage area. If there are not 

enough pins across the gage area, then the pins will have an insufficient effect on the material 

properties of the samples. Before testing the samples are dried in an oven for at least 8 hours at 

50⁰C. Mechanical testing is conducted using an MTS servo-hydraulic tensile tester equipped with 

a 110kn load cell with a strain rate of 3 mm/min. 

1
2
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Fig 6: Orientation of Tensile Samples [11] 

 

Fig 7: Modified Type 4 Tensile Sample, dimensions in mm [11] 

 This stage of the z-pinning involved expanding the pin parameter set to discover if any 

alterations to the pins would give them an advantage in ultimate tensile strength. Additionally, if 

any of the new pin parameters would lead to a more isotropic data set. The first set of pin 

parameters that were expanded upon were more 80% infill pins, this is the focus for this study. 

The set of parameters that were first identified were the 3W (1.5mm) pin width, and the pin 

lengths of 4-8 and 6-12. After the 3W set, 4W (2mm) and 6W (3mm) were also printed and 

tested. Both of those samples were printed at the 6-12 pin length.  

 

Results and Discussions 

Tensile data will be analyzed in using two methods. First, the strength ratio, which is a 

percent change between the between the ultimate tensile data of the 0% infill sample (See Fig. 4) 

and the ultimate tensile strength of the selected sample (See Eq. 1). The strength ratio will allow 

a direct comparison between how the z-pinning process (and the different parameters) will affect 
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a unpinned print, specifically with a pin width of 3W[11]. The other metric is a calculation of the 

anisotropy ratio. The anisotropic ratio is the ratio of UTSz to UTSx for a given sample. This ratio 

will demonstrate how the different pin parameters effect the individual tensile strengths and how 

they relate to one another. 

(
𝑈𝑇𝑆0% − 𝑈𝑇𝑆80%

𝑈𝑇𝑆0%
) 𝑥 100 

Equation 1: Strength Ratio Comparison 

 Tensile tests results shown in Figure 8 for all 80% pin widths. The tensile sample with a 

pin width of 3W, and a pin length of 4-8 demonstrated a 53.4% decrease in strength when 

comparing UTSx to UTSz. The final tensile sample at 3W had a pin length of 6-12. The pin length 

corresponded to a 63.7% decrease in strength (Fig. 8). The final two sample sets at 80% were a 

4W/6-12 and a 6W/4-8. The 4W/6-12 sample was chosen as the “middle ground” in the 

parameter matrix (Fig 8), which would in theory yield a combination of the best tensile strength 

and easiest print process. Looking at Figure 8, the 4W/6-12 sample demonstrated a 52.4% 

decrease in Ultimate tensile strength, the second lowest. The 6W/4-8 sample was chosen due to 

the difficulties involved with printing 6W sample sets, it also demonstrated a 48% decrease in 

strength, the lowest of all the tensile specimens. 

 

Figure 8: Ultimate Tensile Strength of 80% Infill Samples 
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 Table 2 compared the anisotropy ratios of tensile samples according to their pin width 

and length. The anisotropy ratio is the UTSz divided by UTSx. For the 3W pin widths, the 4-8 

sample had an anisotropy ratio of 0.47. While the 3W/6-12 pin length had an anisotropy ratio of 

0.36, the lowest of the tensile samples. The 4W/6-12 sample yielded the second highest at 0.48, 

which combined with the second lowest drop in UTS (Fig 8), validated the testing choice. The 

6W/4-8 sample showed the highest anisotropy ratio at 0.52, but only achieved this by decreasing 

the UTSx when compared to an unpinned 3W sample (Table 3). 

 

Table 2: Anisotropic Ratio of Ultimate Tensile Strength 

The last analysis method used was the strength ratio, described in Equation 1. The 

strength ratio compared the ultimate tensile strength of the pinned samples, to an unpinned block 

at 3W pin width, these results are shown in Table 3. The first samples at a 3W/3-8 showed a 

46% increase in UTSz and an increase of 85% for UTSx (Table 3). The 6-12 pin length sample 

for 3W only increased the UTSx by 29% and UTSz by 27%. The last two sample sets shown in 

Table 3 were the 4W/6-12 sample and 6W/4-8. The strength ratio of the 4W/6-12 sample, 

demonstrated only a 11% increase in the UTSx, but improved the UTSz by 44% (Table 3). When 

comparing the strength ratios of the 6W/4-8 to the unpinned  sample at 3W the UTSx decreased 

by 5.4%. While UTSz increased by 33.6% (Table 3). 

Table 3: Strength Ratio of Ultimate Tensile Strength 

Defects 

Throughout the experiment one of the discoveries was how each pin parameter can affect 

the printing process of the wall. For a successful pin creation, the nozzle must deposit the 

material into the pin void (See Fig. 2b) without coming into major contact with the side walls 

early. If the pins contact the walls to early, voids will be created (See Fig. 9) [27]. These voids 

lead to two major sources of error. First, the voids lead to obvious fracture defects that effect the 

behavior of the sample during the testing process. Additionally, the voids cause the material to 

pile up before they fall the full length of the pin cavity. This will cause “overflow” errors. 

Overflow errors result in excess material building up on the printing surface of the build, which 

then runs into the nozzle during the printing process. Once a significant number of layers has 

been deposited, the build will sometimes times “step” and fall over. 

Additionally, analysis of where the defects occurred highlighted how time consuming and 

difficult printing at a width of 6W was. Going forward, the scope of 6W testing will be reduced 

to focus more on pin parameters that are more practical to investigate.  

80% Infill Z/X 3W 4W 6W 

4-8 5.4/11.6 = 0.47  3.9/7.5 = 0.52 

6-12 3.7/10.2 = 0.36 4.2/8.8 = 0.48  

10-20    

Strength Ratio  3W 4-8 3W 6-12 4W 6-12 6W 4-8 

UTSx 46% 29% 11% -5.4% 

UTSy 85% 27% 44% 33.6% 
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Fig 9: Voids in Pin Printing[27]  

 

Conclusions and Future Work 

Research into z-pinning is still on going, the initial round of research conducted 

established that the z-pinning method is effective. Prior work [11] concluded that introducing 

pins into a 35% infill structure was able to increase the toughness and ultimate tensile strength in 

the z-axis by over 3.5x. Upon expanding the scope of the research to explore a wider range of pin 

parameters, the effect of the change in pin parameters can be seen directly through the strength 

ratios of each tensile sample set. The 3W/4-8 tensile sample demonstrated the greatest increase 

in tensile strength in both axis by 45% when compared to the unpinned sample (See Fig. 4). 

While pin lengths of 6-12 at both the 3W and 4W pin width only showed modest increases in 

ultimate tensile strength, 26-29% (3W) and 11-44% (4W). The 6W pin width with a 6-12 pin 

length proved to be the least advantageous, with a decrease in UTSx by 5.4%, with the second 

lowest increase in UTSz of 33.6%. Looking at the anisotropy ratios (Table 1), the performance 

of the 6W/4-8/80% sample showed that while the UTSx decreased, the increased UTS in the Z-

axis yielded the best anistropic ratio of 0.52. It is important to note that while the 6W tensile 

sample led to the best anisotropic ratio, it only achieved this by reducing its UTSx. As more pin 

parameters are investigated, this drop in strength, and how it affects the anisotropic ratio will be 

taken into consideration. Further expansion of the pin parameters into the 100% infill range is 

planned, to identify the best isotropic ratio and mechanical performance. Additionally, more tests 

to round out the 80% infill pattern are being conducted, particularly in the 10-20 pin length.  
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