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Abstract: The fused filament fabrication (FFF) process deals with the manufacturing of parts by 
adding fused plastic filament in successive layers, following certain fill patterns. For fabrication to 
be successful, different filling parameters must be defined. Given the sequential nature of the FFF 
process, the fabrication of the first layer is considered one of the most critical points for fault detec-
tion. The FFF process takes place in a 3D printer, where the filling patterns are achieved by moving 
the extruder and/or printing table along the X, Y and Z axes. Different models of 3D printers move 
the axes in different ways. The optical profilometry method showed good results when analyzing 
different topographic characteristics, such as roughness and others related to the peaks and valleys 
of a printed surface when moving only the extruder. However, given that the filament deposition 
occurs on the printing table, the most susceptible place for vibroacoustic phenomena during pro-
cess, the present work aims to evaluate, by means of optical profilometry, the surface characteristics 
of a region of a certain part manufactured by moving only the printing table. The results obtained 
demonstrate that the surface characteristics evaluated by optical profilometry are greatly influenced 
by the vibroacoustic phenomena, varying significantly from the values observed when only the 
extruder moves. 

Keywords: Fused Filament Fabrication; Part Evaluation; Optical Profilometry; Surface Characteris-
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1. Introduction 
The fused filament fabrication (FFF) process deals with the manufacturing of parts 

by adding fused plastic filament in successive layers, following certain fill patterns [1]. 
For fabrication to be successful, several printing parameters must be correctly defined [2]. 
The incorrect definition of a certain printing parameter can have a negative effect on the 
quality of the product obtained [3]. The layer thickness parameter defines the dimension 
on the Z axis of each deposited layer, therefore a change in this parameter can compromise 
geometric fidelity. The filling pattern parameter is responsible for the way in which the 
tracks are deposited to fill the interior of the part, with each filling pattern presents a dif-
ferent behavior in terms of strength, stiffness, and stress concentration. The infill density 
printing parameter specifies how much of the internal volume is actually filled, therefore 
a change in this parameter may results in a less than expected resistant and rigid part [4]. 

Given the sequential nature of the FFF process, the fabrication of the first layer is 
considered one of the most critical points for fault detection [3], [5]. If a fault is detected 
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in the first layer, the FFF printing process may be stopped, avoiding unnecessary costs 
due to an incorrect part fabrication. In the work developed by [5], a first layer assessment 
showed that multiple surface failures can be detected in this stage. On the other hand, the 
work developed by [3] showed that with a first layer assessment, faults related to the 
geometry of the FFF printed part can also be detected in this stage. 

The FFF process takes place in a 3D printer, where the filling patterns are achieved 
by moving the extruder and/or printing table along the X, Y and Z axes. Different models 
of 3D printers move the axes in different ways [6]–[9]. The work developed by [7], which 
addresses a review on the impact of different IP on the properties obtained in printed 
parts, points out that in typical 3D printers of FDM process the movement for deposition 
on the X, Y and Z axes is only due to the movement of the extruder. In the work developed 
by [6] and by [8], 3D printers were used in which the movement for deposition on the X 
and Y axes occur solely by the extruder, while the movement for the deposition on the Z 
axis is used only by the printing table. On the other hand, in the work developed by [9] 
the use of a 3D printer in which the movement for the deposition on the X axis is made 
only by the movement of the printing table, while the movement for printing on the Y and 
Z axes occurs only by the movement of the extruder.  

2. Optical profilometry 
A very important characteristic for evaluation of parts is the surface quality. One of 

the most common parameters to assess a part surface quality is the surface roughness 
value. This comes due to its being often used as a production requirement, in which the 
part surface must possess a value between a predetermined range to allow for correct use 
[10]. 

A part’s surface quality can be quantified using a profilometer to map the surface’s 
profile [11]. This can be achieved either by a contact profilometry type technique or by a 
non-contact profilometry type technique. Optical profilometry is a non-contact type of 
profilometry where light is used to achieve profile assessment. The advantages of the op-
tical approach include its ability to generate 2D and 3D topography images, no risk of 
damaging the evaluating part due to its non-contact characteristic, as well as the capability 
of identifying irregularities that contact profilometry can’t [12], [13]. 

The optical profilometry method showed good results when analyzing different 
topographic characteristics, such as roughness and others related to the peaks and valleys 
of a FFF printed surface when moving only the extruder [1]. However, given that the fil-
ament deposition occurs on the printing table, the most susceptible place for vibroacoustic 
phenomena during process, the present work aims to evaluate, by means of optical pro-
filometry, the surface characteristics of a region of a certain FFF printed surface manufac-
tured by moving only the printing table.  

3. Material and Methods 
In order to achieve evaluation of the surface characteristics under movement of only 

the printing table, first layer’s printing tests were performed under different printing con-
ditions. Then, regions on the parts surfaces were only the printing table was moved in the 
printing process were selected for the optical profilometry evaluation.  

The following sections will detail how the printing process and surface analysis pro-
cesses were conducted. 

3.1. Printing Process 
The print tests were conducted on a Graber i3 model cartesian 3D printer, 

manufactured by GTMax3D®. This printer model includes a MK2B Dual Power PCB 
printing bed in contact with a thermistor type temperature sensor model NTC, which is 
located directly in contact with a 200 x 200 x 3 mm glass surface. This model of 3D printer 
conducts printing in the X axis by moving the extruder and in the Y axis by moving the 
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printing table. Figure 1 shows how the Graber i3 achieves the printing movement, 
depending on the necessity of the fill pattern.  

 
Figure 1. Graber i3 movement for printing. (a) Y axis movement, (b) X axis movement, X-Y axis’s 
movement. 

The Graber i3 also contains a Hotend Allmetal GTMax 3D model extruder, which has 
a nozzle diameter of 0.4 mm. This printer model, according to the manufacturer, is capable 
of achieve a printing resolution of ±0.05 mm in X-Y and Z axis. The PLA filament utilized 
in the tests were manufactured by 3D Fila®. The print tests were controlled and 
supervised via a computer running the Repetier-Host® software. The connection between 
the computer and the 3D printer was made via a USB connection. 

The printing conditions parametrization was conducted in the Slic3r® software, 
running as part of the Repetier-Host® software. In regard to the different printing 
conditions, three were established in reference to [1]. A regular printing (RP) condition, in 
which a regular printing surface was obtained, and two irregular printing conditions, 
irregular printing 1 (IP1) and irregular printing 2 (IP2), achieved by means of altering the 
value of  the Z offset post processing parameter in the slicing step to 0.1 mm and -0.1 mm, 
respectively, in which the printing surfaces would show distinct defects. 

 
Figure 2. Monolayer part digital model [1]. 

The digital model of the monolayer part was obtained by means of modelling in the 
SketchUp® software and was the same utilized by [1]. Figure 2 shows the monolayer part 
model adopted for the printing tests after it has been sliced with regular printing condition 
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post processing parameters. The sliced model presents two distinct infill patterns, the 
external and the internal infill patterns. The external infill pattern, commonly referred to 
as number of shells/contours/perimeters, consists of three contour lines, visually 
identified on Figure 2, that outline the four sides of the printed part. On the other hand, 
the internal infill pattern presents the fabrication of thirty raster lines, fabricated with a 
raster angle of 45º.  

3.2. Profilometry Setup 
The profilometry process was conducted using the same methodology and 

equipment used by [1]. To carry out the measurements of roughness and topography of 
the printed parts, the Veeco non-contact optical profilometer, model Wyko NT100, was 
used. This device has a vertical resolution (z axis) of 1 angstrom and horizontal (x and y 
axis) of 1 to 2.5 micron in all magnifications and uses white light interferometry for high 
resolution three-dimensional surface measurements. The equipment is capable of 
measuring nanometric roughness and topographic measurements of up to 1 mm in height 
(z axis).  

The Vertical Scanning Interferometry (VSI) measurement mode was applied, as the 
roughness and topography are in the micrometric order. A 2.5x magnification was used 
for all samples, considering a 0.5x multiplier lens and a 5x objective lens, generating 
images of 2.47 x 1.88 mm². From the images obtained in the process, it was possible to 
determine several measures of roughness. 

3.3. Surface Analysis 
A region on the part was selected where printing was conducted with only the 

printing table movement. As it can be seen on the part presented on Figure 3, the left side 
of the external infill pattern has lines parallel to the Y axis, therefore the region identified 
as Region-Table “Reg-T” was selected for the optical profilometry surface analysis. The 
region identified on Figure 3 as Region-Extruder “Reg-E” presents the region utilized by 
[1], where the upper side of the external infill pattern has lines parallel to the X axis. 
 

 
Figure 3. Surface analysis region. 

Surface analysis was performed using vision software version 4.20 to open and 
interact with the profiler images. Before doing any analysis, a mask was applied to all 
images to improve contrast and exclude peripheral points. The Histogram function in the 
Vision Mask Editor performed the masks, where the histogram of the point height was 
"cut" before the first and after the last height group, trying to avoid deleting valid points. 
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The following parameters were then measured: width of the pathway (considered from 
the point of depression where the profile starts an upward curve and ends at the analog 
point on the other side of the wave); Ra, Rq and Rt profile, all measured in the same line 
used to measure the width of the track in the image. 

4. Results and Discussion 
The results obtained from the profilometry process on the “REG-T” are displayed on 

Table 1. It can be seen that the RP has a slightly lower surface roughness than IP1 and a 
dramatically lower roughness than IP2 for all the three studied parameters. The difference 
between the IP1 and RP conditions range from 5.82µm for Ra to 28.23µm for Rt, with an 
average difference of around 17µm, suggesting that the experimental procedure indeed 
affected surface quality in regions where only the printing table is moved for printing. 
The small difference between Ra values could be due to either its nature, in the sense that 
a singular small, but deep, depression is enough to greatly influence the final result, or 
the limited number of samples tested. In the case of IP2, the discrepancy is such, in average 
173,22µm higher than RP, that even a quick visual inspection would be enough to reject 
the part in a production line, so, as much as the loss in quality can be quantified by the 
use of optical profilometer, the analysis would not really be needed for most applications. 

In general, the roughness results seem to agree with each other in terms of scale and 
ranking of the conditions. The considerable difference between the IP1 and the other print-
ing conditions could be an effect of more frequent inter-track debonding caused by the 
somewhat looser filament deposition of this condition. Track widths seem consistent with 
what was to be expected i.e. for a constant material feed rate, and thus constant material 
volume, track width is inversely proportional to the extruder relative height to the bed.  

Table 1. Profile analysis data. 

Condition Track width (mm) Ra (µm) Rq (µm) Rt (µm) 
IP1 0.7486 22.52 28.82 129.31 
RP 0.7166 16.70 20.79 101.08 
IP2 0.5828 84.07 110.36 463.80 

 The results obtained from the profilometry process on the “REG-E”, which are more 
in-depth described by [1], are displayed on Table 2.  

A comparison analysis between the roughness values displayed on Table 1 and Table 
2 reveals that the differences originated from the movement of the extruder or the printing 
table are more preeminent depending on the printing condition. 

Figure 4 shows the surface analysis comparison between “REG-T” and “REG-E” for 
the Ra, Rq and Rt obtained under RP printing condition. It is possible to observe that the 
Ra and Rq values are very close in the two regions. On the other hand, the Rt value shows 
a significant rougher surface in the “REG-T” region when compared to the “REG-E” re-
gion. This results evidence that the more preeminent vibroacoustic phenomena originated 
from the table movement transcribe to an overall rougher surface. 

Table 2. [1] profile analysis data. 

Condition Track width (mm) Ra (µm) Rq (µm) Rt (µm) 
IP1 0.7515 19.3 21.91 71.28 
RP 0.7128 17.82 20.12 64.76 
IP2 0.5772 101.33 121.54 467.68 

In regarding for the Ra, Rq and Rt values obtained under IP1 printing condition, the 
Figure 5 shows the surface analysis between “REG-T” and “REG-E”. It is possible to ob-
serve that, varying from what was seen for the RP printing condition, the IP1 comparison 
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results show more preeminent differences for the Ra, Rq and Rt roughness values between 
the “REG-T” and “REG-E” regions. This results evidence that the more preeminent vi-
broacoustic phenomena originated from the table movement transcribe to an overall 
rougher surface, and that differently to what was perceived for the RP results, the more 
preeminent vibroacoustic phenomena effects are perceived for all Ra, Rq and Rt values. 

 
Figure 4. RP surface analysis comparison. 

Lastly, for the Ra, Rq and Rt values obtained under IP2 printing condition, the Figure 
6 shows the surface analysis between “REG-T” and “REG-E”. It is possible to observe that, 
varying from what was seen for the RP and IP1 printing condition, the IP2 comparison 
results show more preeminent differences for the Ra and Rq roughness values between 
the “REG-T” and “REG-E” regions. This results evidence that the more preeminent vi-
broacoustic phenomena originated from the table movement transcribe to an overall 
rougher surface, and that differently to what was perceived for the RP and IP1 results, the 
more preeminent vibroacoustic phenomena effects are perceived for the Ra and Rq values. 

 
Figure 5. IP1 surface analysis comparison. 

The variation in the track width, for each printing condition, seen on Table 1 and 
Table 2 can be attributed to the printing resolution of ±0.05 mm achievable by the Graber 
i3 printer. 
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Figure 6. IP2 surface analysis comparison. 

5. Conclusion 
The optical profilometry of the surfaces of the monolayer parts printed in PLA al-

lowed the evaluation of surface roughness caused by the selection of different post pro-
cessing parameters in the printing parametrization of the FFF process on a region of the 
part obtained under only table movement. Through analysis of the obtained roughness 
values, it was possible to observe that the selection of certain post processing parameters 
influences the surface parameters of the obtained parts. 

Finally, it is concluded that the more preeminent vibroacoustic phenomena origi-
nated from the printing table movement resulted in more rougher surfaces. And that this 
effect may be perceived differently depending on the printing condition. With certain 
printing conditions only varying in Rt value, while other only on Ra and Rq values. More-
over, it is emphasized that the approach performed in this work is initial and additional 
studies are necessary in order to validate the proposed method under different slicing and 
printing conditions. 
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