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Abstract
Fused Deposition Model is one of the main Additive Manufacturing processes. Nevertheless it has some limiting features.
One of them is the surface quality of the product.
For this technique, a specimen has been proposed through the modification of two important manufacturing parameters:
the feed rate and the extrusion temperature. This allows analyzing the impact of such parameters, both individually and
jointly, in the quality of the generated surface. The material selected for this specimen has been Polylactic Acid (PLA).
The theoretical surface roughness has been determined as a function of the two studied process parameters. The deduced
equations can be used to calculate the quality of the manufactured parts.
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1. Introduction
Additive manufacturing techniques (AM) have undergone a major expansion in recent years to meet AM
equipment in very broad areas, including some that are away from purely industrial ones. This means that in many cases
these techniques are not studied as it would be desirable, especially when they are used for producing prototypes with
well defined requirements [1, 2].
These requirements seek to develop products of high quality, at lowest cost, in the shortest time as possible.
Notwithstanding, there are some aspects or conditions in Additive Manufacturing that may affect the quality of the
manufactured parts [3 - 6]. In this regard, in addition to technology, device and material, it is considered that other
conditions can affect the results.
Therefore, it is necessary a study on different manufacturing parameters and their influence on the final
characteristics of the parts produced, inasmuch as these directly affect the results [7].
In this case, Fused Deposition Modelling (FDM) has been selected as a widely used and low cost technique. FDM is an
established rapid prototyping (RP) technology emerged as a possible product realization from conceptual or digital models
aimed to shorten time to market, a strong factor in competitiveness. It produces complex shapes directly from computer
data, with little use of resources, without geometry limitation and part-speciﬁc tooling [8].
A limiting aspect of FDM is the surface quality of produced parts and their geometric deviations [9, 10]. Notice
that scarce published works have studied the impact caused for different parameters in the final quality of the obtained
product using this technique. Thus, there is the need for further research concerning this issue, since this technique is not
currently intended only for prototyping, but it is used increasingly to obtain final pieces [3]. However, the surface quality
or roughness has been studied mainly by the direction of the deposited filaments or position and orientation of the
workpiece on the platform [4, 9-13].
In the current work the aim has been to determine the influence of some manufacturing parameters in terms of
surface quality. The evaluated or studied parameters are extrusion temperature, being the most important parameter in
this technology [7, 14-17]; and the nozzle speed, since it determines the manufacturing rate or productivity. Although this
last parameter is considered to be of great importance, it is barely mentioned in this type of process [15].
Definitely, this work aims to predict the surface roughness of Fused Deposition Modelling prototypes depending
on the used temperature and speed. The results are unique to the used equipment and material. However, the influence of
these parameters on the results is expected to be maintained. However, more investigation is required performing similar
studies for other materials and similar machines.
2. Experimental Procedure
Manufacturing specimens to study the influence of the above parameters in results are proposed. Since there is
no standard specimens until today in these technologies, a simple geometry was chosen: a cube of 30 mm edge. The flat
walls allow to analyze more easily the roughness of these surfaces. This geometry could also facilitate analyze
dimensional deviations in future studies.
The production of various cubes is proposed, keeping all manufacturing parameters constant (Table 1 shows the
most important ones) except for the above mentioned, the extrusion temperature and the nozzle or manufacturing speed.
Thus, the speed intervals recommended by the machine manufacturer (3D Systems) are used, and the minimum extrusion
temperature, 5 degrees above the melting point of the selected material. The values of these intervals are shown in Table
2 and the combination of all of them has been used for the manufacturing samples, obtaining 30 test probes. These
specimens were printed directly on the surface of the platform, without using glue or adhesive tape. Greater adherence is
checked at higher temperatures.
The main limitation found is the impact of environmental temperature during manufacturing. A not closed
machine is used, so that the ambient temperature is not constant, heat dissipation varies and the produced parts will be
affected as will be mentioned later.
Once parts have been manufactured, a preliminary analysis of the surface quality has been carried out and the
typical errors or defects of this technology have been characterized by stereomicroscopy (SOM). Subsequently, with the
use of a profilometer, it has been proceeded to obtain 3 roughness measurements per side, regardless of the base resting
directly on the building platform. Thus, 12 Ra measurements have been obtained in the laterals faces and other 3 have
been obtained in the upper base.

Machine
model

Material

Room
temperature

Density

Layer
thickness

Nozzle
diameter

Fans

Extrusion
speed

Cubex

PLA 1.7 mm

≈ 298 K

16 %

0.25 mm

0,5 mm

50%

15 mm/s

Table 1.Constant parameters
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Melting temperature (K)

Nozzle speed (mm/s)

458

20

473

22,5

488

25

503

27,5

518

30

533

-

Table 2. Variable parameters: selected values to study
More than necessary measures were done per side in order to reduce some possible system errors. The similarity
between these faces have been checked.
Besides the influence of the studied parameters as variables, with the results it should be suggested the optimum
production parameters. It will be check whether these parameters match those specified by the machine manufacturer and
the chosen material.
3. Results and discussion
First of all, it has been analyzed the increase in the manufacturing temperature and speed impact in microgeometrical surface of the specimens, as seen in some images included in Fig. 1.
The footage clearly shows that the increase in temperature causes a minor distinction between deposited
filaments generating a more compact or fused surface.
However, the speed does not affect equally in final result. While at low temperature, the speed increase
apparently worsens the surface finish obtained, or at least causes the appearance of many defects, at higher temperatures
(above than 480 K), the surface quality is improved with an increase in speed. This can be explained because increasing
temperature causes more fluid filament and the nozzle must move more quickly for depositing no more than the amount
required at each point. Another conjecture might be that maintaining the printhead or nozzle at elevated temperatures
longer near to the deposited yarn, favors fluidity and therefore the free expansion of the material. This also causes the
material degradation.
This behavior has been observed on all sides, although highest speed repercussion has been shown in the upper
base than in the lateral ones. This is because the wires are laid next to each other and there is less heat dissipation.
When it has been analyzed the surface quality in terms of Ra, the similarity of results were found in lateral faces as it has
been expected. The regression planes defining the Ra value according to the parameters used are shown in Fig. 2.
In this graph, the trend of the measures of roughness in terms of Ra is represented obtained according to the
different used speeds and temperatures, resulting functions R = f (T, S). The figure includes the regression planes
corresponding to the four side faces and the upper base of the cube.
The equation that defines the 4 regression planes corresponding to the cube laterals approximately coincides with
(1). Equation (2) corresponds to the cube upper base.

𝑅 (𝑇, 𝑆) = 𝑥 2,83 ∗ 𝑦 −0,39 ∗ 10−4,65

(1)

𝑅 (𝑇, 𝑆) = 𝑥 2,58 ∗ 𝑦 −1,05 ∗ 10−3,38

(2)

Fig. 1. The increased temperature (left to right) and speed (up and down) impact in the quality apparent surface
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Fig. 2. Plot of Ra trends as function of variable temperature and extrusion speed (log-log planes)
These equations predict a flat surface roughness either parallel or perpendicular to the direction of the head or
nozzle displacement or speed. Although they do not predict the surface quality of any orientation, they provide a
preliminary idea of the influence of the used parameters in the roughness results. Thus, it appears that for an increase in
temperature highest roughness values are obtained, as shown in Fig. 3. Nevertheless, with increased speed, a decrease in
Ra is shown, Fig. 4.

Fig. 3. Ra evolution as the temperature is increased.

Fig. 4. Ra evolution as nozzle speed is increased
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This means that an increase of temperature causes the worst surface quality, however, an increase in speed can
help to improve it. This is otherwise expected.
A hypothesis is set out to stay that less time near the area of material deposition favors heat dissipation and the
material is degraded to a lesser extension. This provides better results of Ra. However, there must be a maximum speed
above which the accumulation of defects would increase again causing deviations on the surface. Therefore, a proposed
future work could be a study of higher amplitude of forward speed range with the possible modification in extrusion
speed, which in this case was kept constant. This will may give better roughness results and improve the speed rate and
therefore productivity, which is among the most important issues in the industry.
4. Conclusions
It have been developed a methodology to study the influence of certain variables in FDM process. With this
methodology it has been proposed a model that allows to know the attainable rugosity in advance depending upon these
process variables.
Thus, according to the object restrictions, the most appropriate parameters should be selected.
At product development stage, this model is useful to comply with design speciﬁcations. Moreover, in process
planning it can be applied to increase the manufacturing speed as a good manufacturing strategy. Thus, even better results
in surface quality can be obtained.
The predictive model must be checked in other machines and materials, since the process parameters, the
machine and the material properties are very different. Therefore, the influence of the parameters in manufactured pieces
by FDM is confirmed, but the graphs and equations obtained in other materials and possibly other machines will be not
maintained. However, it predicts that trend will be similar.
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