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Abstract 
 
This study investigates the geometrical limitations of 3D printing continuous stainless steel fibre reinforced polymer composites. The 
printing study was carried out using a 316L stainless steel fibre (SSF) bundle with an approximate diameter of 0.15 mm. This bundle 
is composed of 90 fibres with a 14 𝜇𝑚 diameter. This fibre bundle was firstly coated with polylactic acid (PLA), in order to produce 
the polymer coated continuous stainless steel filament, with diameters tailored in the range of 0.5 to 0.9 mm. These filaments were 
then used to print composite parts using the material extrusion (MEX) technique. To evaluate the geometry limitations of the printed 
polymer-SSF composites a series of prints were carried out through which print filament cornering and turning, a selection of angles 
and semi-circle radii were investigated. This investigation included printed part angles between 5 to 90°, along with semi-circles, with 
radii diameters between 2 and 20 mm, resulting in a series of 'teardrop’ shaped geometries. 
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1. Introduction   

One of the most widely used 3D printing techniques is material 
extrusion (MEX) [1], [2]. Polymer composites are fabricated 
through the addition of fibres (short or continuous), 
alternatively powder particles, beads, and pellets [1], [3]–[6]. 
Reinforcing fibres available for MEX printed composite 
reinforcing fibres include glass, metal, carbon, and basalt [7]–[9]. 
The most commonly used thermoplastic feedstocks include 
Polylactic acid (PLA), Polycarbonate (PC), Polyamide (PA or 
nylon), and Acrylonitrile butadiene styrene (ABS) [1], [2], [4]–[6], 
[10]. 

The addition of particle and fibre reinforcing can substantially 
enhance the mechanical properties of 3D printed polymers. For 
example, PLA reinforced with continuous carbon fibre (PLA-CCF) 
was investigated by Li et al. [11]. The continuous carbon fibre 
bundle used contains up to a maximum of 1000 individual fibres. 
The resulting composite had a fibre volume fraction (𝑉𝑓 ) of 34%, 
along with a tensile strength of up to 91 MPa. Nylon reinforced 
with continuous fibres of Kevlar, glass, and carbon, supplied by 
Markforged. The interlaminar shear strength was evaluated for 
Nylon-Kevlar, Nylon-glass, and Nylon-CF, with resultant 
strengths of 14.3, 21.0 and 31.9 MPa, respectively. Fibre content 
plays an important role in determining the properties of MEX 
composite filaments, with, for example, tensile strength 
generally increasing with increasing fibre content [1]. A 
difficulty, however, is that composite filaments, with high fibre 
content, can be very difficult to print, arising from issues with 
nozzle clogging, in addition to the excessive viscosity of the 
melted composite filament [10], [12]–[17]. 

In a previous study by the current authors filaments of 
continuous stainless steel fibre bundles within a polylactic acid 
(PLA) polymer were fabricated using a laboratory scale extrusion 
system [18]. By systematically controlling the 3D printing 

conditions, along with the use of a novel polymer pressure vent 
within the printer nozzle, 3D printed composites with fibre 
volume fractions between 4 and 30% were achieved. Good 
impregnation and adhesion of the PLA matrix into the stainless 
steel fibre were found based on an x-ray micro Computed 
Tomography (µCT) analysis, with the porosity of the resulting 
composites being in the range of 2 to 21%. The interlaminar 
shear strength (𝜏𝐼𝐿𝑆𝑆) of the PLA-SSF with a volume fraction of 
30% is found to be 28.5 MPa (±2.0), which is six times that of PLA 
only parts. Both the interlaminar shear strength and tensile 
strength properties of the composites were found to increase 
significantly as the stainless steel volume fraction (𝑉𝑓) increased 
from 6 to 30%. The PLA-SSF composites exhibited tensile 
strengths of up to 249.8 MPa (±13.5), along with tensile modulus 
values of 14.3 GPa (±1.2). In the literature, the tensile strengths 
obtained with the highest stainless steel 𝑉𝑓 in this study, are 
approximately four times higher than those reported for other 
printed metal fibre reinforced composites.  

The objective of the current study is to evaluate the geometry 
limitations in the printing of continuous polymer-SSF parts. The 
study was carried out by varying the print geometries with part 
angles, between 5 to 90°, and semi-circles, with radii ranging 
from 2 to 20 mm.  

2. Materials and methods      

2.1. Materials and processing parameters 
A continuous 316L stainless steel fibre (SSF) bundle was 

obtained from NV Bekaert SA (Belgium)[19]. The fabrication of a 
PLA - SSF filament was carried out from this steel fibre using a 
3devo, laboratory-scale filament maker [20]. This was modified, 
to facilitate the introduction of the fibre into the molten polymer 
during filament extrusion as described previously [18]. The 
resulting PLA-SSF filaments were then used for the 3D printing 
of composite parts using a modified Anycubic i3 Mega polymer 
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extrusion printer as described previously [18]. To evaluate the 
continuous polymer-SSF materials' printability and geometrical 
limitations throughout cornering and turning, a selection of 
angles and semi-circle radii were investigated. The combination 
of angles, between 5 to 90°, and semi-circles, with radii ranging 
from 2 to 20mm, results in a series of 'teardrop’ shaped 
geometries, as shown in Fig. 1. 

 

 
Figure 1. PLA-SSF 3D printed teardrop geometries  
 

2.2. Composite characterisation 
After printing the PLA-SSF teardrop composites (Figure 1), 

their dimensions, internal structure and morphology were 
examined. This evaluation was carried out by µCT scanning 
software VG studios, digital callipers and Dinolight microscope 
combined with a lighting box. The as-printed teardrop 
measurements are recorded and compared to the design 
dimensions. Measurements collection points are repeated on 
each sample by mapping and coding each geometry position. 

Complementing the teardrop print study, an adaptation of the 
curve bend stiffness test standard ISO 14125, is used to 
determine the stiffness of the stainless steel reinforced 
composite as illustrated in Figure 2 [21]. The study investigated 
radii from 2 to 20 mm, with a minimum of five samples tested 
from each radius of 2, 3, 4, 5, 10, 15 and 20 mm. Along with 
testing the PLA-SSF semi-circles radii, neat PLA, Markforged 
Onex (Nylon – short carbon fibre) and Onex reinforced with 
continuous carbon fibre (Onex-cCF) were also printed with the 
same dimensions for comparison stiffness performance.  

 

 
Figure 2: Curvature stiffness testing (CST), with a photograph of the PLA-
SSF semi-circle test samples with radii as indicated (Top) and schematic 
of the test apparatus (Bottom) 

 
 
 

The composite volume fraction and porosity are examined and 
evaluated using an X-ray µCT scanner, using ImageJ to cross-
reference scanning electron microscope (SEM) and microscope 
cross-sections. The PLA-SSF tensile and ILSS samples resulted in 
a volume fraction of 30 𝑉𝑓%. Where the teardrop and semi-

circles in the range of 20-25 𝑉𝑓%, this variation is due to the 

excess polymer surrounding the SSF and measurement position 
in the structure. All components result in a porosity of 
approximately 2%. 

The PLA-SSF teardrop internal structure, morphology and 
dimensions are investigated by µCT scanning software VG 
studios, digital callipers and Dinolight microscope combined 
with a lighting box. The as-printed teardrop measurements are 
recorded and compared to the design dimensions. 
Measurements collection points are repeated on each sample by 
mapping and coding each position. 

3. Results and discussion 

The objective of this study is to evaluate the geometry 
limitations in the printing of continuous polymer-SSF parts. It 
was demonstrated that despite variations in the investigated 
angle and radii the printed teardrop samples with angles and 
radii greater than 30° and 5 mm respectively, exhibited print 
geometries which were close fit to those targeted. Overall the fit 
was in the range of 74-93% of the designed geometries, this was 
in contrast with the prints for the smallest angle and radii, for 
which the fit was reduced to 50%, as illustrated in Fig. 3. 

 

 
The width dimensions were found to increase at the end of a 

turn or radii, which was evaluated based on μCT scans which 
facilitated the measurement of the degree of distortion. The 
travel direction of the printer head moves in an anti-clockwise 
direction, as the printer head initiates the turning the SSF stays 
in the desired position however as it comes towards the end of 
the turn there it was observed to give rise to a higher level of 
distortion. In the case of the teardrop shapes printed at smaller 
angles (<5°) and radii (<4 mm); a significantly higher level of 
geometric distortion was observed. A further issue was the 
presence of fibre stringing in a number of the print geometries 
with lower radii semi-circles (Figure 4). This is likely to be 
associated with the slow solidification of the polymer as the 
print head changes direction, as a result, the SSF moves out of 
the targeted print track position. Controlling the speed at which 
the printer head travels around corners was found to be 
successful in successfully reducing the level of stringing for the 
smaller radii print structures. 

 
 

Figure 3: Teardrop geometry inner length dimensional comparison. 
 



  

4. Conclusion 

This study investigates the geometrical limitations of 3D 
printing continuous 316L stainless steel fibre reinforced PLA 
polymer composites. Curve bend stiffness results in an increase 
in stiffness as the radii decrease in all materials tested.  

 

 
 

 Figure 4: Teardrop with a radius of 4 mm and an angle of 20° illustrating   
the presence of significant levels of stringing. 

 
The PLA-SSF showed the most significant stiffness increase at 
radii below 5 mm. 

Teardrop-shaped components combine an angle and semi-
circle dimensionally evaluated, showing repeatability in sample 
sets. As expected, the internal radii and acuteness of the angles 
degrade at smaller angles and radii. Across all samples, the effect 
of print height was found not to significantly influence the part 
geometry.  

A statistical analysis has been conducted to evaluate the 
repeatability of the 3D printed composite samples with radii in 
the range from 2 to 20 mm, along with print angles between 5 
to 90°. Geometric dimensions estimated based on marginal 
means analysis indicate a decrease in dimensional accuracy as 
both the print radii and angle are reduced in size. An 
approximately linear increase in curvature bending stiffness 
with a reduction in the print radii was observed. 
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