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Abstract
Additive manufacturing (AM) is a disruptive technology with huge potential to replace traditional manufacturing meth-
ods. There is an optimistic perspective to increase the use of AM because several applications were developed, and many 
ongoing projects are active. AM extrusion technology that uses prefabricated filaments is known as FFF (Fused Filament 
Fabrication). By coupling a screw extruder to the printing system, the materials are fed simultaneously with the printing, so 
the technique is known as FGF (Fused Granular Fabrication). Both techniques have slow printing speed that limits their use 
for mass production. To overcome this disadvantage, a single-screw extruder was coupled to an anthropomorphic robotic 
arm, configurating the Robotic Additive Manufacturing, suitable for complex and large-sized 3D objects cases. The most 
important process parameters were set by a suitable experimental campaign, ensuring a regular geometry of the deposited 
layer. One-layer 200 mm long deposited tracks samples was obtained by the combination of process parameters. After the 
dimensional measurement, a regression analysis was performed to describe the relationship between the process param-
eters and the geometry of the layer. The obtained mathematical models were used to set up suitable combination of process 
parameters for slicing and printing a 3D large-sized object in PLA polymer.
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1  Introduction

Additive manufacturing (AM), also popularly known as 
3D printing, is a disruptive manufacturing technology 
with immense potential to replace traditional manufactur-
ing methods. That potential can provide different courses 
in areas, such as supply chain, product development, and 
aggregate services, in product offering [1]. AM has gained 
great popularity in the media and among researchers from 
different fields [2].

ASTM recently adopted the nomenclature ‘additive man-
ufacturing’ to replace the previous term ‘Rapid Prototyping’ 
(RP), which was quite common in industries. The term RP 
was largely used in the context of product development to 

describe technologies that create models and physical pro-
totypes, based on digital modeling [3], i.e., prototypes for 
evaluating the esthetic, the geometry and the functionality 
of parts or components before significant financial invest-
ments in definitive tools for final manufacture and then for 
commercialization of the product [4]. AM has assumed an 
important function in the industrial manufacturing area. It 
is in use for prototyping, for manufacturing of molds [5] 
for casting processes [6] and for manufacturing of parts in 
technological applications [5]. AM allows the customiza-
tion of a wide spectrum of applications in the automotive 
industry, aerospace, engineering, biological systems, and 
food supply chains [2], components for medical surgeries 
[7], components for medical diagnosis [8], and electronic 
components [9].

AM provides technological advances for the industry, 
which allows design freedom in parts and products [5]. 
Companies have adopted the concept of additive manufac-
turing or, at least, have already started projects to use it. 
It is a way to face new challenges in the manufacture of 
new products or prototypes. Hence, there is an optimistic 
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perspective for future growth in the use of this technology 
[6]. It has advantages over other manufacturing technologies 
due to easily creating, modifying, and sharing to manufac-
ture in various locations, according to the convenience of 
the own company[10].

ASTM F2792-12a standard defines AM as a process of 
joining materials to obtain objects from a digital 3D model, 
usually from layer deposition (layer addition), unlike the 
subtractive manufacturing, whose principle is to obtain an 
object from the removal of unwanted material from a block 
of raw material [11]. AM has different technologies in which 
the printed part acquires the desired geometry and proper-
ties in a single or multiple process. In the second case, i.e., 
multi-step AM, the properties consolidate in the later sec-
ondary process [12].

AM based on polymer extrusion are systems with lower 
cost and huge flexibility of use. Thus, these are factors that 
contribute to the increase of its use and popularity, even 
among the non-specialized community [2]. As disadvan-
tages, the parts printed by this method have a very rough 
finish and have structural defects, for example, porosities 
and voids [13] that can compromise the properties of the 
part [14].

The raw material for extrusion-based AM technology is a 
prefabricated polymeric filaments or polymers in granulated 
or powdered form. When using prefabricated filaments, the 
process is known as FFF—Fused Filament Fabrication—
[15]. On the other hand, in case of feeding granulated or 
powdered polymers directly into the extruder feed system 
[16], the process is known as FGF—Fused Granular Fab-
rication—[17] or FPF—Fused Particle Fabrication—[18]. 
Due to the use of an extruder coupled to the printing system, 
the FGF technology has advantages over the FFF because 
FGF allows the manufacturing of printed components using 
a broader range of materials, such as polymeric blends, 
polymeric matrix composites [17], and recycled polymers 
[19], such as polypropylene that is massively in consumer 
products [20]. The FGF AM technology has an industrial 
screw extruder coupled to manipulator that enables the use 
of polymer blends or composites to meet specific proper-
ties or characteristics for parts in technological applications. 
About composites, one of the candidates for application that 
requires high mechanical strength is the carbon fiber rein-
forced polymers (CFRP) [21].

Despite of the benefits of the extrusion-based AM, the 
FFF and FGF processes have limitations in terms of print-
ing speed since the observed low mass deposition speeds 
limit their use for large-scale production. In this context, 
the use of an industrial extruder coupled to an anthropo-
morphic robot emerges as a solution as it allows a material 
deposition rate in order of 10 to 20 times higher than in 
commercial FFF systems [22]. Hence, a series of advan-
tages appear, such as productivity gains; obtaining larger 

quantities of printed pieces; possibility of improving the 
repeatability of the manufacturing process [23]; improve-
ment in the dimensional tolerance of the part [24]. The use 
of anthropomorphic robots with long reach coupled to the 
printing systems enables the modeling of long-sized parts 
with reduction or elimination of their partitioning, which 
is a factor pointed out as a goal and target for future work 
in modern polymer extrusion AM systems [25] becoming 
future challenges in terms of processing and materials. From 
the processing perspective, increasing the size of the part 
provides critical challenges due to the longer time required 
for manufacturing, the greater probability of warping [26] 
and the formation internal voids [27] in the part. Accord-
ing to Wang et al. (2016), it is necessary to optimize the 
extrusion process to minimize those critical potential prob-
lems. The author proposed extrusion with variable pitch and 
screw geometry with progressive diameter. In addition, Li 
et al. (2002) propose geometry formats for the extrusion 
die section to control the shape of the extruded material, 
thus minimizing the density of internal voids in the printed 
parts. Another problem when printing large-sized parts is 
related to the difficulty to react dimensional accuracy after 
successively deposited layers [28]. The author proposed 
a real-time correction of the piece slicing (re-slicing) for 
more accurate dimensional control. Regarding the materials 
perspective, it is necessary to develop AM using structural 
materials because pure polymers have limited mechanical 
strength for functional printed parts, which imposes difficul-
ties for technological application in different industries [24]. 
Hence, to overcome the materials challenge, it is possible 
to use polymeric matrix composites with reinforcements 
(particles, fiber, including nanomaterials) [29], so achiev-
ing a better balance of mechanical, electrical, and thermal 
properties [24]. Using the finite Element analysis (FEA or 
FEM) method, there is the possibility of predictability of 
the behavior of 3D printed structures polymers [30] which 
allow the possibility of improving the combination of mate-
rials and geometry of the part. The extrusion-based AM-
FGF technology allows the development of those advanced 
blends and composites materials with driven-properties to 
specific engineering requirements [31]. AM with structural 
polymeric matrix composites is object in studies to replace 
metallic parts in market segments, such as aeronautics and 
automobile [32], and naval [33].

In summary, the manufacturing of parts: quicker; with 
better process repeatability; the large-sized pieces; with 
higher mechanical strength; with better dimensional accu-
racy are the main challenges for the future of polymer extru-
sion AM technology.

The objective of this experimental campaign is to syn-
chronize the main parameters of the printing process, verify-
ing the effect of them on the geometry of the printed layer. 
The main parameters of the printing process have been set 



Progress in Additive Manufacturing	

to guarantee the regularity of the deposited layer. The sam-
ples format were single-layer rectilinear tracks (deposited 
on a printing trajectory). The parameters under study are: 
1) Extruder screw rotation speed (wm); 2) Robot translation 
speed (vt); and 3) Nominal layer height (Δzref).

It was possible to obtain samples combining variations 
of wm (20, 30 and 40 rpm), vt (15, 20 and 25 mm/s) and 
Δzref (1.50, 2.00, 2.50 mm), then it was possible to measure 
the average height (hzmean) and average width (wdtmean) of 
the tracks. The subtraction of Δzref by hzmean determined 
the difference between nominal and measured mean layer 
height (Δzdiff). Mathematical regression analysis has been 
performed to describe the correlation between the process 
parameters versus wdtmean, versus Δzdiff, and versus hzmean. 
Hence, generating regression models for combinations of 
process parameters to predict the adequate flow of polymer 
that provide a null (or close to null) difference in Δzdiff, and 
to estimate the height and the width values for the deposited 
layer. Those values were used as input data for the slicing 
software to manufacture a selected larger 3D part.

2 � Materials and methods

2.1 � Materials

2.1.1 � Raw material

The raw material used in the experiment is PLA (polylac-
tic acid) polymer, brand Ingeo Biopolymers, grade 4043D, 
manufactured by NatureWorks. PLA is widely used in 
extrusion-based additive manufacturing, even when in fila-
ment form, due to its good processability. So for starting 
trials using the robotic additive manufacturing system, PLA 
polymer was chosen to generate a knowledge base for future 
experiments.

2.1.2 � Equipment

This experimental campaign explores additive manufactur-
ing technology via fused granular fabrication with robotic 
process automation. The equipment used is a Robotic Addi-
tive Manufacturing System composed by an industrial sin-
gle-screw extruder coupled to an anthropomorphic robotic 
arm (robot with six axes, 88 kg payload, and 2,236 mm of 
horizontal reach). The extruder derives from the “micro 
extruders” product family, and it has a pellet feeding system 
(hopper), three heated zones and a conic deposition nozzle 
(with a Ø 1.75 mm hole).

Beyond the single-screw extruder and the robotic arm, 
the 3D printing system has also a feedstock device (for raw 
material in powder or pellet form) and a large-sized heated 
print bed (1000 × 1000 mm).

That equipment was designed and developed at the 
Additive Manufacturing and Automation Research Center 
(AMARC) of the Department of Mechanical Engineering 
at the Federal University of São Carlos (DEMec/UFSCar), 
in Brazil. The robotic additive manufacturing system is pre-
sented in Fig. 1.

2.2 � Methods and experimental design

The steps adopted as methodology in this experimental work 
are illustrated in Fig. 2.

The process parameters for the polymer extrusion are 
constant (Table 1). Those parameters refer to the dehu-
midification of the polymer, the temperature of the heating 
zones of the extruder, and the temperature of the print bed. 
Extrusion processing was set up based on typical recom-
mendation of the PLA manufacturers. The suggested process 
parameters are: temperature range from 180 to 200 °C, screw 
speed from 20 to 100 rpm and dehumidification during 4 h 
at 80 °C.

The main process parameters have been adjusted to guar-
antee the regularity of the deposited layer. The parameters 
are extruder screw rotation speed (wm), robot translation 
speed (vt), and nominal layer height (Δzref). An experimental 
design combining variations of wm (20, 30, and 40 rpm), vt 
(15, 20, and 25 mm/s) and Δzref (1.50, 2.00, and 2.50 mm) 
were obtained (Table 3). The combinations of test possi-
bilities are 3 × 3 × 3 = 27 different experimental conditions. 
When repeated three times, they totaled eighty-one samples. 
Every sample is a 200 mm long single-layer rectilinear track, 
which can be interpreted as a single layer deposited on a 
printing path.

The extrusion of molten polymers normally promotes a 
significant amount of extensional flow [35], which impacts 
the final properties of polymeric feedstock products. Diver-
gent flow is also observed with the expansion of the flow 
front, into the radial direction, of the extruded polymer at 
the exit of the extrusion die as a bioriented extensional flow 
[35]. This paper deals with the development and synchroni-
zation of printing process parameters. It can be noticed that 
the combination between the robot translation speed and the 
extruder screw rotation speed can increase or decrease the 
expansion of the divergent flow, in the radial direction, and 
the extensional flow, at the exit of the extruder die. This 
means influence on the final diameters of the deposited layer 
in the printing process. Thus, Δzref equal to 2.0 mm has 
been established as an initial reference for process develop-
ment in the printing system used. After cooling, the samples 
height (hz) and the width (wdt) have been measured using a 
Mitutoyo Digimatic CD-8″ ASX caliper (with a resolution 
of 0.01 mm). The measurements were in five regions of the 
sample, equally spaced, generating the average of the values, 
hzmean and wdtmean, respectively. The difference between the 
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Fig. 1   Robotic Additive Manufacturing System. 1 Anthropomorphic robotic arm, 2 feedstock device, 3 Single-screw extruder, 4 Heated print 
bed. Source: [34]
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nominal fillet height (Δzref) and the average height (hzmean) 
was calculated by the Eq. 1.

Track uniformity was analyzed through the ratio between 
the average height (hzmean) and average width (wdtmean), cal-
culated by the Eq. 2.

 
After obtaining data correlating the process parameters 

(wm, vt, e Δzref) versus Δzdiff, versus hzmean, and versus 
wdtmean, a regression analysis was performed to describe 
the interaction between the variables through a mathematical 
regression model. Because the process parameters (wm, vt, e 
Δzref) simultaneously impacts the response in Δzdiff, hzmean, 
and wdtmean, a multiple regression analysis was adopted. The 
layer geometry values calculated by the mathematical mod-
els were used as input data for slicing and then manufactur-
ing a selected large-sized 3D part.

(1)Δzdiff = Δzref − hzmean

(2)U =
hzmean

wdtmean
× 100

3 � Results and discussion

3.1 � Uniformity of the deposited layer and stability 
of the extrusion process

Using the process parameters for polymer extrusion 
(Table 1) and applying the combinations of parameters for 
the printing process (Table 2), samples were obtained in 
the form of 200 mm long single-layer rectilinear track, in 
a single layer deposited on a printing path. An example of 
sample can be found on Fig. 3.

The Robotic Additive Manufacturing system used could 
produce extruded polymer flow without interruption in all 
tests, which demonstrates that the polymer transformation 
process parameters (Table 1), together with the screw rota-
tion parameter—wm—(Table 2) generated sufficient shear 
rate to melt the PLA polymer and so generate continuous 
extrusion. After cooling, the samples height (hz) and the 
width (wdt) were measured using a Mitutoyo Digimatic 
CD-8″ ASX caliper (with a resolution of 0.01 mm). The 
measurements were taken in five regions of the sample, 
equally spaced, generating the average of the values, hzmean 
and wdtmean, respectively. The difference between the nomi-
nal fillet height (Δzref) and the average height (hzmean) was 
calculated by the Eq. 1, resulting in Δzdiff. The track uni-
formity (U) was calculated by Eq. 2. The uniformity of the 
deposited layer was evaluated through the ratio between 
hmean and wdtmean (Eq. 3). The results are presented on Fig. 4.

The smaller the difference between the magnitude height 
and width, in the same experimental condition, the more 

Definition of 
extrusion 

parameters 

Definition of 
3D printing 
parameters

Track 
printing

Measurement 
of the tracks

Regression 
Analysis

Mathematical 
regression 

models

Case Study: 
Printing of a Large-

sized 3D object

Fig. 2   Flowchart of the steps of the experiment methodology

Table 1   Process parameters for the polymer extrusion

a RT Room Temperature

Factor Value Unit

Dehumidification–Temperature 80 °C
Dehumidification–Time 4 H
Extruder–Temperature Zone 1 (T1) 175 °C
Extruder–Temperature Zone 2 (T2) 180 °C
Extruder–Temperature Zone 3/Nozzle (T3) 190 °C
Print Bed—Temperature (Thb) RTa °C

Table 2   Experimental design for the printing process parameters and 
samples

Factor Symbol Unit Value

Extruder screw rotation speed wm rpm 20/25/30
Robot translation speed vt mm/s 15/20/25
Nominal layer height Δzref mm 2
Track sample length – mm 200
Quantity of layers – un 1
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uniform the layer is, so the cross section of the extruded 
track is more like a circle. The greater the difference between 
height and width, the cross section of the extruded track 
resembles an ellipse. Li et al. (2002) proposed a theoretical 

model to analyze the effect of void density in the deposited 
printing layers. The ideal condition to minimize the density 
of voids during printing is the deposition of an extruded 
layer with a cross section closer to an ellipse [27], as repre-
sented in Fig. 5. According to Magnoni et al. (2017), more 
uniform extruded layers, with a cross section resembling a 
circle, i.e., like cylindrical tracks simply deposited on the 
printing bed, are harmful from the point of view of part 
manufacturing.

Figure 4 demonstrates that the lower the nominal height 
(Δzref), there is a greater tendency for the deposited layer 
to obtain a cross section more like an elliptical section. 
The tests conducted with Δzref = 1.50 mm showed bet-
ter results since the cross section of the deposited layers 
more closely resembled ellipses. The tests conducted with 
Δzref = 2.50 mm had worse results because the cross section 
of the deposited fillets was more like circles. As extremes, 
experimental condition 09 (wm = 40  rpm; vt = 25 mm/s; 

Fig. 3   Single-layer rectilinear 
track used as sample on this 
experimental work. a Repre-
sentation of the layer deposi-
tion process; b Example of the 
obtained tracks

(a) (b)

Fig. 4   Uniformity of the deposited layers for PLA Polymer

Fig. 5   Ideal cross section that minimizes the density of voids in the 
manufacture of printed parts according to the model proposed by Li 
et al. (2002); ‘a’ is half the width and 'b' half the height of the depos-
ited filament. Source: [26]
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Δzref = 1.50 mm), provided the best appearance with tracks 
with a non-uniform cross-Sect. (9.25%), therefore ellipti-
cal, while the experimental condition 25 (wm = 20 rpm; 
vt = 25 mm/s; and Δzref = 2.50 mm) presented the worst 
appearance with very uniform fillets (90.87%), therefore, 
cylindrical. Therefore, experimental condition 25 is not 
satisfactory from a manufacturing point of view, as the 
cross section resembling circles is an undesirable condition 
according to the observations of Magnoni et al. (2017).

3.2 � The printing process and characteristics 
of the tracks

Figures 6, 7, 8 present the results of Δzdiff, hmean e wdtmean, 
respectively.

The obtained standard deviations of height and width 
were low, which demonstrated good stability of the print-
ing system. None of the experimental conditions under 
study presented null Δzdiff. Figure 6 demonstrates that in 

Fig. 6   Individual plot of the difference between nominal and real heights (Δzdiff. The circles, squares and triangles represent the average values, 
and the bars represent the standard deviation

Fig. 7   Individual plot of the 
average height value (hzmean). 
The circles, squares and 
triangles represent the average 
values, and the bars represent 
the standard deviation
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all process combinations evaluated, the average track height 
(hzmean) was below the corresponding nominal height 
(Δzref). The conditions with the process parameter Δzref 
equal to 1.5 mm were those that resulted in Δzdiff closer 
to zero, i.e., with lower experimental error between nomi-
nal and real heights. The smallest height errors found occur 
in process conditions 01 to 09 (Δzref adjusted to 1.5 mm). 
The experimental conditions 02 (wm = 30 rpm; vt = 15 mm/s 
e Δzref = 1.50  mm), 03 (wm = 40  rpm; vt = 15  mm/s e 
Δzref = 1.50 mm), and 05 (wm = 30  rpm; vt = 20 mm/s e 
Δzref = 1.50 mm) presented the lowest Δzdiff values.

The results suggest that to obtain Δzdiff with lower experi-
mental error, it is necessary to combine faster extruder screw 
rotation (wm), slower robot translation speed (vt), and smaller 
nominal layer height (Δzref). Reducing vt would represent a 
decrease in the productivity of the printing process, oppos-
ing the objectives of this work. That was a non-feasible 

intervention. To operate with higher wm, it is necessary to have 
attention to the thermal stability of the polymer and the torque 
capacity of the extruder servomotor. In the first case, the rota-
tion limit and the temperature generated in the extrusion pro-
cess must not cause degradation in the polymer. The motor of 
the industrial extruder used did not demonstrated enough torque 
capacity to operate above 40 rpm during PLA processing due 
to decoupling between the gear motor and the extruder servo-
motor, which made it impossible to explore data in experimen-
tal conditions with higher extruder screw rotations. Thus, the 
only process variable that would allow exploring null (or closest 
to null) Δzdiff values is Δzref. Hence, combination of process 
parameters with Δzref smaller than 1.5 mm for pure PLA poly-
mer sounds better option for exploration. Close to zero (null) 
values of Δzdiff is desirable from the manufacturing point of 
view to obtain good dimensional accuracy of the printed parts. 
In this concept, the tests with Δzref equal to 1.50 mm were more 
appropriate.

Figure 7 and 6c demonstrates that, at the same robot 
translation speed, the increase in extruder rotation repre-
sented an increase in the average height and width of the 
deposited track, due to the greater amount of extruded 
polymer available for deposition in the printing process. 
In all tested process combinations, an increase in the aver-
age height was noted with the increase in extruder screw 

Fig. 8   Individual plot of the 
average width value (wdtmean). 
The circles, squares and 
triangles represent the average 
values, and the bars represent 
the standard deviation

Table 3   PLA Polymer: Results of Multiple variable regression analy-
sis: p-values

p-values

Factor Δzdiff hzmean wdtmean

Intersection 2.57 × 10−2 2.57 × 10−2 6.60 × 10−14

wm 8.76 × 10−3 8.76 × 10−3 2.17 × 10−10

vt 4.24 × 10−1 4.24 × 10−1 1.56 × 10−12

Δzref 6.07 × 10−15 2.08 × 10−5 8.50 × 10−4

wm.vt 8.91 × 10−3 8.91 × 10−3 1.40 × 10−16

wm. Δzref 4,73 × 10−1 4.73 × 10−1 9.75 × 10−3

vt. Δzref 2.07 × 10−2 2.07 × 10−2 1.94 × 10−2

wm
2 5.61 × 10−1 5.61 × 10−1 1.00 × 10−1

vt
2 8.82 × 10−1 8.82 × 10−1 2.45 × 10−12

Standard devia-
tion [mm]

 + 0.04  + 0.04  + 0.12

R2
adj [%] 97.32 95.19 98.12

Table 4   3D Printing process parameters for used slicing strategy

a Δzdiff is the height of the first printing layer. From the second layer 
onwards, the layers heights used are Δzref

Data for the printing process
(imputed in regression math-
ematical models)

Data for the slicing procedure
(output of the regression model then 
imputed for slicing procedure)

wm 
[rpm]

vt 
[mm/s]

Δzref 
[mm]

Δzdiff a 
[mm]

hz [mm] wdt [mm]

40 15 1.50 0.15 ± 0.06 1.35 ± 0.06 4.95 ± 0.14
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rotation. However, it is not possible to state that at rotations 
even higher than those tested, there would be a balance in 
the average height according to the nominal height, despite 
the results obtained suggest this behavior.

Regarding the average width of the tracks (Fig. 6c), it has 
noted a similar behavior in which increasing the extruder 
rotation provided an increase of the width of the track. The 
track width is a consequence of the selected process param-
eters. In other words, you can define combinations of process 
parameters that achieve a desired printed layer height, then 
the width is a consequence. The height and width values are 
data for the part slicing strategy.

3.3 � Regression analysis

Regression analysis with multiple variables has been performed 
to correlate the relation of the process parameters wm, vt and 
Δzref with the results–responses in Δzdiff, hzmean and wdtmean 
of the printed tracks. The results of the analyses demonstrated 
how the process parameters and how the interactions between 
the parameters are influenced the responses. The main results of 
the regression analysis (p-value and estimated standard devia-
tion) are in Table 3, while the estimated regression models for 
the Δzdiff, hzmean and wdtmean responses, expressed by Eqs. 3, 4 
and 5, respectively. The adequacy of the regression models is 
demonstrated by the high coefficients of determination (R2

adj): 
97.32%, 95.19%, and 98.12%, respectively. 

(3)

Δzdiff = (−0,5371) +
(

−0, 0189 × �m
)

+
(

0,0137 × vt
)

+
(

0,6833 × Δzref
)

+ [0,0004 ×
(

�m × vt
)

]

+
[

0,0010 ×
(

�m × Δzref
)]

+
[

−0,0065 ×
(

vt × Δzref
)]

+
(

0,0001 × �2
m

)

+ (−0,0001 × �2
t )

 
The obtained mathematical regression models are use-

ful to select suitable combination of process parameters. 
Equation 3 calculates combinations of process parameters 
that guarantee a null (or close to null) height difference 
(Δzdiff), i.e., combinations between the extruder screw rota-
tion speed and the robot translation speed which provide 
appropriated polymer throughput for the layer height set in 
the robot motion control. For example, to achieve the high-
est productivity by elevating the levels of extruder screw 
rotation speed and robot translation speed, Eq. 3 provides 
the suitable value of nominal layer height. After setting up 
the process with Eq. 3, both Eqs. 4 and 5 estimate the track 
height and width values, respectively, which are useful as 
input data in slicing software’s for manufacturing objects 
or complex 3D parts.

(4)

hzmean = 0,5371 +
(

0,0189 × �m
)

+
(

−0,0137 × vt
)

+
(

0,3167 × Δzref
)

+ [−0,0004 ×
(

�m × vt
)

]

+
[

−0,0010 ×
(

�m × Δzref
)]

+
[

0,0065 ×
(

vt × Δzref
)]

+
(

−0,0001 × �2
m

)

+ (0,0001 × �2
t )

(5)

wdtmean = 6,1517 +
(

0,1459 × �m
)

+
(

−0,4085 × vt
)

+
(

−0,6814 × Δzref
)

+ [−0,0041 ×
(

�m × vt
)

]

+
[

−0,0103 ×
(

�m × Δzref
)]

+
[

0,0185 ×
(

vt × Δzref
)]

+
(

0,0005 × �2
m

)

+
(

0,0092 × �2
t

)

Fig. 9   a 3D Model.STL of a 
larger-sized part; (b1, b2 and b3) 
Representation of the material 
deposition way layer by layer. 
Source: The authors
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4 � Case study

As a case study, a large-sized piece of home decor & gar-
dening has been realized using the considered setup running 
with the process parameters found in Sect. 3.3 (Eqs. 3, 4 and 
5). The selected parameters are in Table 4. The inputted data 
for the printing process (Table 4) was chosen to generate null 
or close to null Δzdiff, considering the quicker as possible 
way to manufacture the part of the case study.

Ultimaker Cura 5.5.0 software, which functions as a 
CAD/CAM software, generated the printing trajectory, i.e., 
the motion instructions for the robot (Fig. 7).

The printing system was able to produce the vase (Fig. 8) 
in about 3.40 h, with a mass of 1402 g in PLA polymer. With 
that 3D printing strategy, the system had a deposition flow 
rate of about 333 cm3/h (Fig. 9). The quantity of printed 
layers is 296 layers. The measured dimensions of the vase 
in comparison to the nominal dimensions are:

•	 heightreal 403 ± 1 [mm] vs. nominal 400  mm. 
Result: + 0.65% difference.

•	 widthreal 198 ± 1 [mm] vs. nominal 200 mm. Result: 
−1.10% difference.

•	 wall thickness: real 5.20 ± 0.25 [mm] vs. nominal 
4.95 mm. Result: + 5.05% difference.

 The case study demonstrated the effectiveness of the 
approach presented in this paper, which is composed by an 
experimental campaign designed to find a suitable range of 
process parameters to guarantee a regular shape of deposited 
tracks for each layer (Fig. 10). 

5 � Conclusions

The main objective of this study, to develop an adequate 
range of process parameters that would guarantee a regular 
deposition of layers for 3D printing of parts in a robotic addi-
tive manufacturing system, was achieved. The combinations 

 (b1 b() 2)

(a)

(c)

Fig. 10   a Final example of a large-sized object obtained with the described setup: a vase made in PLA polymer, natural color; (b1 and b2) dem-
onstration of the vase height; and c demonstration of the vase width. Source: The authors
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of process parameters generated samples whose geometry 
was measured and, after multiple regression analysis, gener-
ated mathematical models to predict the geometry (height, 
width) of the layer deposited in the 3D printing process for 
PLA. The successful in the case study demonstrated the 
effectiveness of the approach presented in this paper.

The novelty of this proposal aims to present the use of a 
robot to assist the extrusion-based additive manufacturing. 
The use of an industrial extruder coupled to an anthropomor-
phic robot emerges as a solution because it allows quicker 
material deposition rate than in commercial extrusion-based 
additive manufacturing systems. Main contribution fits into 
the development of suitable range of process parameter for 
3D printing of pieces, especially for the large-sized ones, 
using the robotic additive manufacturing system developed 
by the authors.

During the trials, the motor of the micro-extruder had 
limited torque capacity. This behavior had impeded to 
explore a broader range of extruder screw rotation in higher 
speed. The authors are improving the Robotic Additive Man-
ufacturing System by replacing the motor for a higher torque 
capacity one to make feasible work with higher viscosity 
polymers and/or in higher screw rotation.

The main objectives of this work were achieved and, con-
sidering the results obtained, it is suggested for future work:

•	 Explore a range of process combinations that consider 
extruder screw rotations above 40 rpm and robot transac-
tion speeds above 25 mm/s, with the aim of promoting 
productivity gains, that is, layer deposition rates even 
higher than those obtained in this work;

•	 Expand the use of the proposed methodology to a wider 
range of materials, such as

o	 Polymers: ABS, PA, PC, PET-g, OS, and TPU;
o	 Polymeric blends: ABS/PC, ABS/PLA and PC/PET-

g;
o	 Composite materials, including biocomposites, 

nanocomposites, and plant fibers reinforcement.
o	 Note: The effectiveness of using the methodology 

of this work was applied to the ABS polymer in a 
previous study [36].
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