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Is mechanical anisotropy in extrusion-based 3D-printed parts caused by weak inter-filament
bonding, as is widely accepted? This study demonstrates that filament-scale geometric features
may be a more important factor than filament bonding. Specially designed 3D-printed compact
tension specimens were tested normal to, and along, the direction of extruded filaments. Higher
strength and toughness were found in the filament direction. These differences disappeared when
small grooves, comparable to micro-features, were introduced in specimens tested along the
former direction to replicate grooves that naturally occur between filaments/layers. Mechanical
testing and fractography demonstrate that filament-scale geometric stress raisers are critically
important and cause anisotropy in 3D-printed materials.

1. Introduction
Extrusion-based 3D-printing has emerged as a highly valuable tool for design and manufacturing industries in recent years. 3Dprinting enables the manufacture of components with highly intricate geometries that would be extremely complex or impossible to
achieve with traditional manufacturing methods such as milling or injection moulding. Extrusion-based 3D-printing of polymers is
the most affordable form of additive manufacturing and is utilised in a number of biomedical applications, including three-dimensional virtual surgical planning, generation of anatomical models and manufacturing of patient-specific implants (PSIs) [1,2]. Examples of PSIs include orthopaedic plates for reconstructive surgery and prosthetic bone implants. The biopolymer polylactide (PLA)
is one of the most commonly utilised 3D-printing materials. It is a bioabsorbable material, currently employed for bone-repair
fixation devices in the healthcare industry [3,4]. Structural integrity of such parts is crucial for success of medical procedures and the
healing process, and is highly dependent on the filament-scale geometry [5].
In extrusion-based 3D-printing, a filament is fed into a heated extrusion nozzle, which melts and deposits it onto a build plate.
Layers are extruded on top of one another, and each layer is formed of individual extruded filaments; this process repeats until the
geometry is complete. As a result of the layer-by-layer approach, a part manufactured by extrusion-based 3D-printing exhibits anisotropic mechanical behaviour, with higher strength in the layer plane and reduced strength between multiple layers; this is a key
mechanical limitation of 3D-printed parts, as demonstrated in a number of studies [6–14]. A study by Ahn in 2002 [6] highlighted
that anisotropy is direction (and therefore toolpath) dependent.
A vital element of 3D-printing is the dedicated software utilised to convert a CAD model of the part into a toolpath. The software
generates machine control code, which is interpreted by the 3D-printer to manufacture the physical structure. Prior to fabrication, the
software enables the operator to modify parameters to adjust the manufacturing strategy. These include nozzle temperature, travel
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speed of the printhead, infill raster pattern, extruded filament width and layer height. Numerous studies have been undertaken to
provide better understanding of the effect of parameter modifications on the resulting mechanical properties of generated parts and
to improve interfacial bond strength [6–27]. It has been widely demonstrated that mechanical properties can be improved by increasing nozzle temperature [15–19]. However, there are conflicting findings with regards to the impact of layer height and travel
speed of the printhead. A number of studies showed an increase in strength with decreasing layer height [15–18,20–22], but this was
disputed by other studies [6,23,24]. Some works found that decreasing the travel speed of the printhead resulted in increased
strength [25–27], but an opposite trend was established in others [24,28]. There have also been a small number of studies that
analysed the effects of changing extruded-filament width on resulting strength of 3D-printed components [15,20]. Contradictions
within the literature demonstrate the need for more fundamental understanding of factors governing mechanical properties.
It is likely that many of the conflicts between studies are due to the complexity of the 3D-printing process. Most studies investigating the mechanical properties of extrusion-based 3D-printed parts do not isolate the effects of individual parameters due to
the complexity of specimens utilised and limitations of 3D-printing software. Obviously, modification of multiple manufacturing
parameters simultaneously results in overlapping trends; for example, changes in travel speed of the printhead, layer size and nozzle
temperature have a combined influence on the temperature of the extruded filaments. There is a need to reduce the complexity of
such studies by utilising simple specimen geometries comprising the smallest possible feature (individual extruded filaments) and
individual modifications to better characterise the impact of each parameter on resulting properties. In addition to experimental
studies, recent investigations used simulations to develop predictive capabilities and new fundamental understanding of mechanical
properties [29,30].
Several studies have investigated the fundamental fracture mechanics of 3D-printed parts using specimens comprising of a small
number of extruded filaments. Coogan and Kazmer [15] developed a specimen geometry that overcame many of the existing limitations of slicing to allow precise analysis at the scale of individual filaments. Li et al. [31] studied thin specimens with a 1.1 mm wall
thickness to study fracture properties. Although numerous studies sought to investigate the effect of interface-bond formation on the
strength of 3D-printed parts [6,11,15,16,18,19,28], there are no studies to date explicitly analysing the unavoidable impact of
filament-scale geometric stress raisers on interface strength.
It is hypothesised that filament-scale geometric features have a critical effect on the tensile strength of extrusion-based 3D-printed
parts. The term filament-scale geometric features refers to characteristics at the scale of single extruded filaments; these include the
naturally occurring curvature of the extruded-filaments (demonstrated in the inset schematics in Fig. 1(a) and (b)) and any manually
applied geometric features of similar size. The present study is the first to directly investigate the role of these features on the fracture
of 3D-printed polymers; this was made possible by the development of a novel machine code (G-code) capable of producing a singleextruded filament thickness specimen geometry that allows comparison of specimens that are identical except for the presence or
absence of manually-applied geometric stress raisers (which emulate the filament-scale geometric features of bonded filaments).
Importantly, this allows the effect of geometric features on mechanical properties and performance of 3D-printed parts to be investigated independently from that of the interface between filaments. Additionally, this study is the first to utilise PLA specimens
produced with a single extruded-filament thickness to enable a new level of fundamental understanding of 3D-printed PLA. Results
are analysed with respect to natural mechanical anisotropy that exists in extrusion 3D-printed specimens. Anisotropy in this study is
considered a phenomenon at the global scale of the produced specimen rather than a complex local (filament-scale) anisotropy of the
printed material related to the preferential orientation of polymeric chains. This study develops new fundamental understanding of

Fig. 1. Schematic of 3D-printed hollow boxes and cut specimens. Eight specimens were cut from each box. Inset sections indicate the orientation of
extruded filaments in the filament-direction (F) (a) and interface-direction (INT) (b) specimens. Tensile loads were applied in the filament direction
for F specimens and normal to filaments in INT specimens as indicated in the insets of (a) and (b). INT specimens may fail along the interface
between 3D-printed layers during fracture testing whereas the fracture crack must pass through each filament for F specimens. Dimensions of all
specimens is given in (a) (dashed lines indicate the distance between the grips for tensile testing).
2
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the impact of filament-scale geometric features on interfacial strength, which is widely accepted as critically important but lacks
understanding and consensus in the literature. The results are directly applicable to the manufacture of high-precision parts and other
high-value manufacturing with extrusion-based 3D-printing.
2. Methods and materials
2.1. The 3D-printing process
Specimens for this study were produced using natural polylactide (PLA) (3DXTECH® branded NatureWorks® polylactide 4043D,
Sigma Aldrich) using a RepRap X400 3D-printing system. Single extruded filaments were deposited to form a four-sided hollow box
utilised to generate specimens with two different orientations: filament-direction specimens (denoted F) (with filaments oriented in
the longitudinal direction) and interface-direction (INT) ones (with filaments oriented in the transverse direction) as shown in Fig. 1
(a) and (b), respectively. The manufactured hollow boxes were generated with wall dimensions of 40 mm (H) × 45 mm (W) and a
thickness of 0.6 mm (Fig. 1). A thickness of 0.6 mm was selected as it can be generated with the extrusion of a single extruded
filament and is within the range suggested in ASTM D1708 - 18 micro tensile-testing standard method for polymer testing [32]. A
0.4 mm nozzle was utilised with printhead travel speed of 1000 mm min−1. Nozzle temperature was set at 210 °C and the print
platform was heated to 60 °C. Custom G-code was developed to manufacture this geometry, providing benefits over typical 3Dprinting software by enabling explicit control of:

• printhead speed, ensuring constant speed was maintained across the geometry during extrusion; this was achieved because there
•
•
•

were no directional changes at any point within specimens that were ultimately cut from the hollow box as described in Section
2.2.1.
printhead extrusion rate, ensuring the same volume of material was deposited at all regions across the geometry.
direction, ensuring no variability in filament orientation and a set transition point between layers.
cooling time, ensuring the time between material being extruded on one layer and the next was constant for all positions within
every layer; this reduced thermal variation and was only possible because all filaments were extruded directly above those on
lower layers.

2.2. Specimen preparation
2.2.1. Cutting the specimens
Two types of specimen were cut from the 3D-printed hollow boxes: filament-direction (F) specimens, which were mechanically
loaded along the extruded-filament direction, and interface-direction (INT) specimens, which were mechanically loaded normal to
the filament direction (i.e. separating layers). Both types of specimen were cut from identical hollow boxes (Fig. 1), with the only
difference between F and INT specimens being the orientation of the blade during cutting. This was achieved by respective adjustments to the cutting process, with the following stages: (i) all boxes were cut at the corners using razor blades to yield four
identical flat walls; (ii) the four walls were then mounted into a custom-manufactured jig and cut with razor blades to yield two
specimens per wall, as demonstrated in Fig. 1. The dimensions of all specimen types were 40 mm (H) × 15 mm (W) × 0.6 mm (T),
and the distance between grips for tensile testing was 20 mm (Fig. 1). A 12-tonne press was used to ensure even and controlled cutting
pressure across all specimens; a new blade was used for each hollow box. Each box yielded eight specimens, with six specimens used
for mechanical characterisation. In total, thirty-two specimens were prepared, twenty-four specimens in the filament direction
(sixteen of which had grooves introduced manually as described in Section 2.2.2) and eight specimens prepared in the interface
direction.
2.2.2. Specimen notching and manual introduction of grooves
All specimens were additionally cut using a double-edged craft knife blade at the central point of the longest edge, to generate a
3 mm notch as shown in the schematics of the overall specimens to the top left of Fig. 2(a) and (b). It was hypothesised that filamentscale geometric features in INT specimens (grooves between filaments) introduce stress raisers. To test this hypothesis, sixteen F
specimens were scored with a double-edged craft knife (with a blade angle of 22.5°) to introduce a groove feature of similar size to
that of the grooves naturally present between 3D-printed layers (inset schematics in Fig. 2(a)). To apply the score, the blade was
pulled across the specimens with no downward pressure aside from the weight of the knife. To determine the angle of the filamentscale geometric features (manually applied groove and interface bonds), fifteen introduced grooves and fifteen interface bonds were
measured using optical microscopy and ImageJ software; mean values were calculated for both groups. The twenty-four F specimens
were divided into three subgroups of eight specimens each: non-grooved (FNG), single-grooved (FSG) and double-grooved (FDG). FSG
and FDG specimens were scored horizontally with a blade at the central point across the face as demonstrated in Fig. 2(a); the former
had manual grooves introduced across a single face, while FDG specimens had grooves introduced across both faces. Aside from the
3 mm notch, no modification was made to FNG or INT specimens.
2.3. Mechanical characterisation
Tensile testing was carried out using an Instron 5944 testing system with a 2 kN load cell. A strain rate of 0.03 min−1 was used in
3
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Fig. 2. (a) A filament-scale groove feature was manually applied across all extruded filaments in some F specimens to achieve a filament-scale
geometric feature that replicates the naturally occurring groove between 3D-printed filaments in INT specimens (b). (c) The three sets of F specimens were: non-grooved (FNG), single-grooved (FSG) and double-grooved (FDG). (d) INT specimens naturally contained grooves between each
extruded filament.

tests; it was chosen to allow observation of the crack propagation. The tensile testing undertaken was displacement controlled, with a
displacement rate of 0.5 mm−1; no preload was used. As instantaneous fracture was observed in all but one of the specimen types
tested, fracture-resistance curves were not utilised in this study. A Thermosensorik CMT 384 infrared (IR) thermal imaging camera
was utilised to record the fracture progression.
2.4. Fracture-surface characterisation
Analysis of fracture surfaces was undertaken using a Zeiss Primotech optical microscope with a 5x magnification lens and an
Alicona Infinite Focus measurement system to generate digital coordinates of the fracture surfaces. The plots were post-processed
using MountainsMap Premium 7.4 software with amplification set to 20% for all specimens.
3. Results and analysis
This section describes the results of mechanical testing for the four different types of specimens with two main objectives. The first
was to determine the effect of filament orientation on mechanical properties. This was achieved by comparing specimens with
filaments oriented normal to loading (INT) (i.e. the testing direction was transverse to extruded filaments), with those loaded in the
4
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direction of filaments (FNG) (extruded filaments were parallel to the applied force). The second was to determine the effect of stress
raisers, with dimensions similar to those of extruded filaments, on mechanical properties by comparing grooved (FSG and FDG) with
non-grooved (FNG) specimens. The obtained force-displacement curves were analysed, and the fracture surfaces were characterised
with optical microscopy and 3D surface mapping, to understand mechanical properties and fracture mechanisms.
3.1. Mechanical testing
The results of tensile tests demonstrated that the filament-direction non-scored specimens (FNG) (with filaments oriented in the
direction of testing) sustained the greatest force of all specimen-types, with a mean peak force of 333 N (Fig. 3(a)). The INT specimens
(with filaments oriented transversally, normal to the direction of testing) fractured with lower mean peak force of 243 N (Fig. 3(d)).
This anisotropy was seen in several other studies and is widely accepted to be caused by the bond between 3D-printed layers –
regions, which are considered weaker than the bulk polymer material [6–14]. However, with the introduction of a single groove, the
mean peak force reduced from 333 N in the FNG specimens to 273 N in FSG specimens (Fig. 3(b)), demonstrating that filament-scale
geometric features have a critical effect on strength (both specimens were identical except for the presence of the groove). The
introduction of two grooves in the FDG specimen, resulted in an even greater reduction in strength, with a mean peak force of 243 N
(Fig. 3(c)). Importantly, the mean peak force of FDG specimens was the same as INT specimens (both 243 N), which are the most
geometrically similar types of specimens since manual grooves may be considered equivalent to naturally occurring grooves between
filaments of adjacent 3D-printed layers. Typical force-displacement curves for all specimen-types are shown in Fig. 3(e), which clearly
demonstrates that manually applied grooves shifted the behaviour of F specimens to be similar to INT specimens. Naturally occurring
grooves in the INT specimens may be responsible for the anisotropy typically observed. Values of mean peak force and mean
displacement to fracture are shown for all specimen-types in Fig. 4(a) and (b). These results indicate that filament-scale geometric
features cause the interfacial weakness observed in many studies, and that the interface strength may be close to that of bulk material,
providing weaknesses are not introduced by the printing parameters, for example by utilising low nozzle temperatures or insufficient
extrusion rates that result in under-extrusion of filament. This finding may have widespread implications for the interpretation of
results for anisotropy in 3D-printed parts, and underlying causes of anisotropy. The authors of this study are unaware of any prior
studies that have identified this phenomenon.
The FNG specimens exhibited an extended plastic portion of force-displacement curves prior to fracture (Fig. 3(a)). This was the
only specimen type to demonstrate this feature and had a mean displacement to fracture of 0.95 mm (the gauge length was 20 mm in
all tests). The values for FSG, FDG and INT specimens were significantly lower (0.51, 0.45, and 0.46 mm, respectively) and no plastic
portion of the force-displacement curve was observed. These results support the finding above that filament-scale geometric features
(manually-applied grooves for FSG/FDG specimens, and natural grooves between filaments for INT specimens) played a critical role as
stress raisers. The double-grooved specimens had almost identical mean displacement to fracture as INT specimens (0.45 mm and
0.46 mm respectively) (Fig. 4(b)), supporting the argument that filament-scale geometric features may be the underlying cause of
interfacial weakness (as evident in many experimental studies, but not attributed to geometric stress raisers).
To ensure that the findings of this study were not influenced by minor differences in cross-sectional areas of specimen-types, the
area of fracture was measured for all specimens to determine peak stress (as opposed to peak force considered above). Results for
peak stress support observations from force-displacement curves, as can be seen in Fig. 4(c): the FNG specimen had higher mean peak
stress (55.44 MPa) than the INT specimen (49.47 MPa), which was similar to FSG and FDG specimens (48.92 MPa and 49.87 MPa,
respectively). This demonstrates that the introduction of just a single stress raiser (manually-applied groove) caused a reduction in
the mean strength of filament-direction specimens to that of the INT specimens. Toughness was also calculated for each type by
integrating the force-displacement curves of each specimen; the mean for each group was based on the data for six specimens tested
(Fig. 4(d)). The FNG specimens had the greatest mean toughness (230.06 Nmm), significantly higher than that of the FSG, FDG, and INT
specimens (74.31 Nmm, 61.28 Nmm and 60.55 Nmm respectively). The toughness data also supports the findings observed for mean
force and displacement that interfacial weakness is caused by filament-scale geometric features, which concentrate stresses at the
interface, rather than by weak bonding between filaments.
3.2. Infrared studies
Infrared (IR) filming was undertaken for qualitative comparison of thermal changes in specimens during the tensile tests and to
give an indication of the respective temperature distributions at various stages. Analysis is shown in Fig. 3(f) to (g). In the FNG
specimens, loading initially caused the notch to open in the filament direction (Fig. 3(f) A1 to A2). A local increase in temperature at
the notch tip was observed (Fig. 3(f) A3), indicating stress concentration; it gradually progressed along the fracture path (Fig. 3(f) A3
to A4). As the crack in the specimen grew, localised necking occurred with a visible region of increased temperature at the middle
point along the fracture path, observed on both the upper and lower segments of the specimen (Fig. 3(f) A4). As the fracture
approached completion, the changes in temperature demonstrated that force was distributed along the fracture cross-section
(Fig. 3(f) A5). At completion of fracture (Fig. 3(f) A6), higher temperature was localised at the end of the fracture path, evidencing
increased stress concentration on the small number of remaining filaments as they underwent fracture. In support of the analysis of
force-displacement curves above, introduction of manually applied grooves to the filament direction specimens (FSG and FDG) altered
the character of fracture, producing a similar result to that of the INT specimens and significantly different from that observed for the
non-grooved specimens. The FSG, FDG and INT specimens exhibited very small notch opening prior to fracture. They fractured rapidly,
with similar temperature distributions and fracture paths, indicative of fracture resulting from localised high stress concentration.
5
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Fig. 3. (a)–(d) Force-displacement curves of FNG, FSG, FDG, and INT specimens indicating the mean peak force. Six specimens were tested for each
specimen-type. (e) One example of each of the four specimen-types. (f) – (i) Stages of testing infrared (IR) images for FNG (f), FSG (g), FDG (h) and INT
(i) specimens. The region of necking in (f) A4-A6 is shown in close-up in Fig. 8(e).
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Fig. 4. Mean values of peak force (a) and mean displacement to fracture (b) of 3D-printed specimens. (c) Mean peak stress calculated using areas
measured with optical microscopy. (d) Mean toughness of specimens. Error bars indicate the range for six specimens.

This provides further evidence that the grooves (naturally present in INT specimens and manually applied in FSG and FDG specimens)
acted as stress raisers, reducing the strength of the specimens.
3.3. Applicability to other 3D-printers
To ensure that the observed trends are characteristic of the extrusion-based 3D-printing process rather than unique to an individual 3D-printer, the FNG, FSG, and FDG specimens were produced from hollow-box specimens manufactured with an alternative
3D-printer (Ultimaker 2 instead of RepRap X400). Four specimens of each type were prepared, stored and tested in an identical
manner to RepRap X400 specimens. The same trends were found for specimens made with both printers. The FNG specimens demonstrated the greatest mean peak force (384 N), while the introduction of a single manually-applied groove (FSG) significantly
reduced mean peak force (336 N), which was further reduced by the addition of a second groove (FDG) to 317 N. Specimens produced
with RepRap X400 demonstrated 86.7% (FNG), 81.3% (FSG) and 76.9% (FDG) of the mean peak force achieved for respective specimens manufactured with Ultimaker 2. The relative reductions in mean peak force by the addition of grooves were 18.0% and 12.5%
(single groove) as well as 27.0% and 17.4% (double groove) for the RepRap and Ultimaker systems, respectively. Statistical analysis
was undertaken to compare FNG specimens with FSG specimens, and FNG specimens with FDG specimens for each 3D-printing system
independently. In all instances the p value was less than 0.005, giving good statistical evidence that findings were consistent and
reliable across the two different 3D-printing systems. As with the original 3D-printer, a single groove was sufficient to cause a stress
raiser capable of significantly reducing the strength of the specimen. Ultimaker specimens also confirmed another observed trend: the
extended plastic portion of force-displacement curves was prevented by the presence of grooves. These findings demonstrate that
filament-scale features are an inherent characteristic of extrusion-based 3D-printing, and that all parts manufactured using this
method are susceptible to interfacial weakness caused by the stress-raising geometric arrangement of individual filaments.
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Fig. 5. (a) Mean values for fifteen manual groove angles and fifteen interface bond angles. Error bars indicate the range of measurements. (b)
Example of manual groove angle measurement for filament-direction grooved specimens. (c) Example of interface bond angle measurement for
interface direction specimens.

3.4. Parameters of manually applied grooves
Optical microscopy and ImageJ software were utilised to measure the angle of the manually applied groove utilised in FSG and FDG
specimens as well as the naturally occurring bond angle of the INT specimens (Fig. 5(a) - (c)). In each instance, fifteen measurements
were performed, and the mean value was calculated. The manually applied grooves (Fig. 5(b)) were found to have a mean angle of
37.9°; the respective parameter for the naturally occurring bond angles of INT specimens (Fig. 5(c)) was 49.1°. The results demonstrate that on average the manually applied grooves in FSG/DG specimens had a slightly more acute angle than the naturally
occurring angle at the interface between filaments in INT specimens, although the ranges of angles measured do overlap for the
manual and natural grooves (Fig. 5(a)). It should be noted that the grooves were not expected to be identical and can be considered to
be similar, given the ranges measured. The relative similarity of the two groove types supports the validity of the main findings that
filament-scale geometric features have an impact of reducing part strength and that it is likely that such features are a major cause of
anisotropy in 3D-printed parts.
3.5. Fracture-surface morphology
Analysis of the fracture surfaces (Fig. 6) was used to gain further understanding of failure of the 3D-printed biopolymer. The
direction of extruded filaments can be distinguished by the presence of the curved external surface (normal to the fracture surface) at
the top and bottom of Fig. 6(a) - (c) distinguishing the F specimens with filaments aligned along the longitudinal axis. In contrast, the
INT specimen (Fig. 6(d)) has smooth edges due to the orientation of the extruded filaments along the direction of fracture (transverse
to the direction of deposited filaments). Manually-applied grooves were even and consistent, as can be seen in Fig. 6(b) and (c).
Apparently, stress raisers in FSG, FDG, and INT specimens resulted in much coarser texture of fracture surface (Fig. 6(b) - (d))
compared to that of the FNG specimens, with a much smoother surface (Fig. 6(a)). This indicates that although the propagating crack
has crossed multiple bond points of filaments along the fracture path, no apparent delamination was initiated. This suggests that the
material in the bond regions have comparable fracture toughness to that of the bulk filament and supports the observation that
interfacial weakness is a product of the filament-scale geometric features present in the interfacial region, rather than a property of
bonding. To enable more detailed analysis of failure, a specimen of each type was scanned along the entire fracture surface using the
Alicona Infinite Focus measurement system. The obtained three-dimensional plots of fracture surface were studied in full, and representative middle regions were extracted from each of the plots (Fig. 7). Shear lips were found along both edges of the FNG fracture
surface (Fig. 7(a)), with material necking locally to form peaks. This resulted in the characteristic extended plastic deformation seen
in force-displacement curves for the FNG specimens (Fig. 3(a)). The consistency and symmetry of the features are more apparent when
analysed in the cross-sectional profile (Fig. 8(c)). Shear lips were only observed toward the edges of extruded filaments. However,
they were not observed in the FSG fracture surface (Fig. 7(b)), although one edge of this specimen (without the groove) was the same
as in the FNG specimens; this indicates that the introduction of the manually-applied groove was sufficient to prevent necking in the
FSG specimens (in contrast to FNG ones). The opposing fracture surfaces of FNG specimens (see schematic in Fig. 8(b)) showed that
shear lips formed along both edges and on both opposite fracture surfaces. As a result, the FNG specimens exhibited far greater
plasticity than all other specimen-types, which had no apparent necking or shear lips (Fig. 7). Surface roughness (Sa) was measured
for the regions defined in Fig. 7 and for the entire extracted plot. Values are indicated on the figure but do not indicate any consistent
trends. The results of increased plasticity in the FNG specimens are shown in Fig. 8(e). The specimen exhibited a curved discoloured
region indicating the presence of localised necking and crazing that was supported by the IR analysis (the same region exhibited
increased temperature during fracture (Fig. 3(f) A4)). This confirms that the introduction of grooves in the FSG and FDG specimens
prevented formation of characteristics typical of fracture in FNG specimens. Instead, their fracture characteristics were similar to that
8
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Fig. 6. Optical microscopy of FNG (a), FSG (b), FDG (c), and INT (d) specimens. Filament-scale geometric features include a curved external surface
normal to fracture in F specimens (a-b), manually-applied grooves in FSG and FDG (b-c) and naturally-occurring grooves in INT (d).

exhibited by the INT specimens (Fig. 7(b) to (d)). Fractography showed that the filament direction-specimens (FNG) had smoother
fracture surface than other specimens (Fig. 6(a)).
Introduction of grooves to the filament direction specimens (FSG and FDG) altered their fracture characteristics, resulting in
resemblance to the INT specimens (Fig. 6(b)-(d) and Fig. 7(b)-(d)), indicating that filament-scale groove features have a crucial
influence on fracture. The importance of these findings is discussed in the next section.
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Fig. 7. Extracts of fracture surface plots scanned using the Alicona Infinte Focus system for FNG (a), FSG (b), FDG (c), and INT (d) specimens. Surface
roughness (Sa) is given for the inset region and entire surface of each specimen.

4. Discussion
4.1. Filament-scale stress raisers
This study is the first to identify and demonstrate the critical importance of the filament-scale geometric features on mechanical
performance of 3D-printed polymeric parts. In addition to identifying the relevance of naturally occurring stress raisers in interface
direction, the study showed that introducing manually applied stress raisers had the effect of reducing filament-direction strength in
such a way that filament-direction performance becomes very similar to interface direction performance. In other words, the mechanical anisotropy of such parts observed in many studies is a result of these geometrical features, rather than of weak interfaces
between filaments. No other studies to date have demonstrated the extent, to which these geometric features influence the mechanical performance. The trends observed in mechanical testing (Section 3.1) demonstrated that the presence of grooves (FSG, FDG
and INT specimens) generated stress concentration that reduced strength significantly. A number of studies showed that parts
comprised of multiple extruded filaments have internal pores (sometimes described as air gaps) [14,16,22,27,33–35] in regions
where multiple filaments are bonded together but have not fundamentally demonstrated the impact of these on mechanical performance by isolating the features as was achieved in this study. Pores formed in the process of bonding of internal filaments resulted
in internal filament-scale grooves similar to those considered in this study. As this study demonstrated, an individual groove can
drastically weaken parts, it is expected that multi-filament geometries, exhibiting both internal and external grooves, would encounter the same reduced mechanical performance due to stress raisers. Developing software capable of generating toolpath strategies that reduce the incidence of filament-scale grooves would improve the strength of 3D-printed parts. Alternatively, software that
optimises filament orientations to minimise the impact of filament-scale stress raisers would also improve part strength.
4.2. Bond strength
The introduction of two manually applied grooves in the FDG specimens was meant to replicate the filament-scale geometric
features that naturally occur in INT specimens (demonstrated in Fig. 2(a)-(b)). The force-displacement results (Fig. 4(a)-(b)) and
fracture-surface analysis (Fig. 6(c)-(d) and Fig. 7(c)-(d)) demonstrated that these two specimen types had very similar fracture
characteristics. This is strong evidence that the material in the fracture regions of both FDG and INT specimens was similar, suggesting
that material bond formation at the interface was of comparable quality to the bulk extruded-filament material and therefore not
responsible for the observed weaknesses. The manual addition of grooves eliminated anisotropy, which is widely reported for 3D10
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Fig. 8. (a) Schematic of fractured FNG specimens indicating location of side view (b) and side view (c). (b) Schematic of fracture surface profile for
FNG specimens demonstrating shear lips necking on both fracture surfaces. (c) Experimentally scanned profile of shear lips based on Alicona data. (d)
Fractured specimen with inset figure (e) demonstrating location of observed necking and crazing resulting from fracture of FNG specimens.

printed specimens. It is still important to consider bond strength because bond formation is influenced by many factors (including
printing temperature, material and print duration of each layer) and some combinations of such parameters may hinder this process.
Understanding the role of filament-scale geometric features in fracture is key for control and optimisation of the printing process.
Improvement of bond strength is an active research area, but some of the apparent bond weakness reported in the literature may be
incorrectly attributed to issues with insufficient bond strength when in fact this can be a symptom of geometric stress raisers as
opposed to poor inter-filament bonding. Several works on theoretical bond formation [36,37] found complete bond healing over very
short time periods, supporting the theory that bond strengths are very similar to that achievable in extruded filaments.
4.3. Shear lips
The FNG specimens were the only specimen type to demonstrate shear-lip necking at the fracture surface (Fig. 7(a)). Shear lips
formed along free surfaces (Fig. 8(c)) and resulted in improved specimen toughness (Fig. 3(a)). This understanding is important as it
provides a possibility to improve toughness by optimisation of the printing strategy. This can be achieved with two methods: (i)
loading in the direction of extruded filaments (to avoid filament-scale stress raisers), or (ii) development of a new deposition strategy
capable of extruding filaments in an arrangement enhancing these characteristics. The latter, for example, is possible with the use of
more complex geometrical toolpath strategies or more sophisticated machine control. This is the topic of our ongoing research and
future publications. New understanding and continued studies can help to overcome these challenges by informing new printing
strategies.
4.4. Applicability to medical and other high-value manufacturing fields
Extrusion-based 3D-printing provides numerous benefits to medical-device manufacturing; parts can be rapidly generated and
modified to meet patient-specific requirements. Interfacial weakness that causes anisotropy is a major hindrance to mechanical
performance. This study is the first to show that mechanical properties and performance are dependent on filament-scale geometric
features. Thus, the novel findings in this study indicate that further investigation can help to develop new print path strategies that
can overcome these issues and enable more advanced and highly intricate medical devices with enhanced mechanical properties.
Improvements of toughness and fracture toughness by control of filament-scale features is extremely important for medical implants,
11
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Fig. 9. Mean fracture areas calculated using measurements with digital calipers (a) and microscopy measurements (b) (Error bars indicate the
range.).

where failures may have life-threatening consequences and require medical interventions. Similarly, as this study demonstrates,
inclusion of just a single groove (or defect) is sufficient to cause a significant reduction in part strength. This suggests that a single
incidence of damage to a part manufactured with extrusion-based 3D-printing could have the impact of reducing strength by causing
stress concentration.
4.5. Measurement of cross-sectional area – applicability to research and industry
In this study, prior to undertaking the testing program, cross-sectional areas of specimens were assessed using two methods of
measurement: digital calipers and optical microscopy. A Zeiss Primotech optical microscope with a 5x magnification lens was utilised
in conjunction with ImageJ software for optical microscopy measurement. Caliper-based measurements were found to be misleading
as they systematically overestimate the area, depending on orientation of the extruded filaments and the presence of filament-scale
geometric features. Importantly, such nominal areas are used in many publications [38,39,40]. Digital calipers are unable to distinguish features such as curvature of extruded filaments, whereas microscopy enables these features to be observed, resulting in the
actual area to be measured. As demonstrated in Fig. 9, the calculated areas vary depending on the measurement method used.
Analysis of the two different approaches to calculating fracture surface area shows that there is a significant difference between
calculations based on measurements with digital calipers and optical microscopy for all specimen-types considered here. In the FNG
specimens, mean surface area was calculated to be 6.83 mm2 when utilising digital calipers and 6.01 mm2 when using microscopy, a
difference of 0.82 mm2 (12%). The difference in the FSG mean surface area for the two methods is greater than that for the FNG
specimens, yielding 7.01 mm2 using digital calipers and 5.59 mm2 using microscopy. For the FDG specimens mean surface area was
calculated at 7.01 mm2 using digital calipers and a significantly lower 4.88 mm2 using microscopy, demonstrating a large difference
of 30.4%. The same trend was observed for the INT specimens, with a difference of 27.2%. This demonstrates the importance of
microscopic measurement, when comparing specimens with different extruded filament orientations or filament-scale geometric
features since traditional measurements with digital calipers may provide incorrect results or misleading trends. Optical microscopy
was utilised in this study.
5. Conclusions
This study found that grooves occurring naturally between extruded filaments play a critical role as stress raisers and reduce the
strength of 3D-printed polymer parts. Specimens that were mechanically loaded in the direction of extruded filaments (F) (longitudinal specimens) were stronger than those loaded normal to this direction (INT) (transverse specimens) (for which delamination of
weak filament-bonds is widely accepted as the dominant cause of failure). However, the introduction of manually applied grooves to
specimens loaded in the filament direction (to emulate the filament-scale geometric features occurring between bonded filaments)
drastically reduced their strength, weakening the specimens to the extent of elimination of anisotropy and making them indistinguishable from specimens loaded normal to the filament direction. Manually-applied grooves also drastically reduced the mechanical toughness of specimens loaded in the filament direction by up to 73%, rendering their displacement characteristics near
identical to those of specimens loaded normal to the filament direction. Previous studies attempted to show that inadequate bond
formation in extrusion-based 3D-printing results in bond weakness, proposing this as the biggest factor causing the reduction in
material properties at the interface region [6,14–26,28,29]. This study provides comprehensive evidence that filament-scale geometric features may play a more important role than inter-filament bonding, providing suitable 3D-printing conditions and parameters are utilised. Findings were corroborated on a second 3D-printer (from a different manufacturer) demonstrating broad applicability to the extrusion 3D-printing field. The results indicate that, for the manufacturing conditions used in this study, bond
formation at the interface between filaments is not responsible for interfacial and inter-layer weakness: bonds demonstrated mechanical characteristics similar to the bulk extruded-filament material. However, it is important to note that interfacial weakness may
be introduced by suboptimal manufacturing conditions such as low extrusion temperatures. The interface region was predominantly
12
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weakened due to the presence of filament-scale geometric grooves, acting as stress raisers and reducing the force required to cause
fracture.
These findings are important for understanding and optimising print-toolpath strategies, since they directly control the resulting
filament-scale geometric features in extrusion-based 3D-printing. Thus, there is a need for development of 3D-printing strategies
based on the new understanding acquired here in order to minimise detrimental effects of filament-scale geometric stress raisers.
Overcoming this weakness can vastly improve the mechanical performance capabilities of parts manufactured by extrusion-based 3Dprinting, crucial for modern biomedical applications. Additionally, the new understanding will aid interpretation of results in historic
and future studies of anisotropic strength in 3D-printed parts.
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Glossary of acronyms
F: filament direction
FDG: filament double-grooved (specimen type)
FNG: filament non-grooved (specimen type)
FSG: filament single-grooved (specimen type)
H: height
INT: interface direction (specimen type)
IR: infrared
PLA: polylactide
PSIs: patient-specific implants
T: thickness
W: width
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