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The comparison of the measured cross-sectional areas of printed strands with the expected nominal values yielded a calibration 
factor that varied from 1.01 to 1.33. The average value was 1.18 for all the printing conditions, and it was used in all the 
subsequent extrusions. 

In the second stage of the calibration procedure, the vertical position of the printing head was corrected. For that purpose, a 
single strand was printed with a varying gap height between the nozzle and a stationary substrate, as depicted in Figure 2. The 
printing head was moving along a straight line with a constant velocity V = 15 mm/s, while continuously descending towards the 
substrate. The gap height was set in the G-code to vary from 2.5D, at the beginning of the strand, to 0.6D, at the end of the strand. 
The strand was printed along a total length of 190 mm, resulting in a very small angle between the trajectory of the printing head 
and the substrate, such that the material deposition was close to the steady printing conditions. Subsequently, the printed strand 
was sliced every 10 mm to examine the cross-sections at different positions, thereby different gap heights. Figure 3 shows the 
measured strand heights (normalized by the nozzle diameter) versus the position along the strand, together with the uncorrected 
gap height set in the G-code (also normalized). We notice that the strand height was abnormally low compared to the gap setting. 
Moreover, the strand height varied with a lower slope along the printing direction than what we would expect from the prescribed 
gap height. These observations revealed an error in the parallelism of the X-axis of the machine with the planar substrate. As a 
result, we measured a variable offset of the vertical position (Z-axis) of the printing head along the X-axis. The offset was corrected 
at one reference point by adding a constant correction to the prescribed position of the printing head in the G-code. The reference 
point of the calibration was chosen at the location where the measured strand height H equaled 0.8D because the ratio g/D = 0.8 
corresponded to the middle value of the gap height in our investigations. The value of the offset correction at that reference point 
is given by the difference between the specified gap height and the measured strand height, as shown in Figure 3. Our 
experiments did not require further corrections, as all the subsequent measurements of the strand cross-sections were realized 
at the same reference point. After the calibration, the strands were printed for all the combinations of the gap heights and the 
printing speeds specified in Table 1. To ensure repeatability of the process, three strands were extruded individually for each 
printing condition. 

 

 

 
  

Figure 2. Printing of a strand with a varying gap height for the 
calibration of the vertical position of the printing head. 

Figure 3. Measured normalized strand heights in the 
different cutting planes, and uncorrected normalized 
gap height specified along the printing direction. 
 

2.2. Numerical simulations 

The  CFD model used in this paper is based on the previous work of Comminal et al. [55]. The material deposition was simulated 
with the CFD software ANSYS® Fluent R18.2 [59]. The numerical model simulated the flow of a molten material in the region 
between the nozzle and substrate. For simplicity, we modelled the extrusion nozzle as a cylinder with diameter D (see Figure 4), 
which is slightly different than in the experiment (see Figure 1b). The nozzle was kept stationary while the substrate moved with 
the constant velocity V. In a steady extrusion, the two opposite configurations, where the nozzle moves and the substrate is fixed, 
and vice versa, are equivalent. The vertical gap between the nozzle orifice and the planar substrate was denoted g and can be 
also understood as the layer height. Only half of the physical domain was simulated, as the flow was symmetrical with respect to 
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measured on three independent extrusions with the same printing conditions. We can see that the experimental observations 
are repeatable. 

 

Figure 5. Perspective views of the simulated strand deposition, for a large normalized gap height g/D = 1.2 and a high velocity 
ratio V/U = 1 (left); and a small normalized gap height g/D = 0.6 at a low velocity ratio V/U = 0.5 (right). (For the sake of 

visualization, the simulation domain is mirrored along the symmetry plane.) 

 

 

 

 

 
Figure 6. Simulated and measured cross-sectional shapes of the strand for V/U = 1. The black lines represent the geometry and 

the position of the extrusion nozzle, behind the observation plane. 
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Figure 9. Comparison of the simulated and measured height (top) and width (bottom) of the strand cross-sections. 

 

 
Figure 10. Comparison of the simulated and the measured aspect ratio (top) and compactness (bottom) of the strand cross-

sections. 
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