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Abstract
Hybrid Manufacturing combines the advantages of Additive Manufacturing (AM) and Subtractive Manufacturing on a single
machine. Although previous research has provided a good background of the manufacturing parameters, the analysis is often
carried out separately and there is a lack of combined knowledge. The purpose of this research is to examine the influence of the
main manufacturing parameters involved in AM and subtractive processes using different variables. Particularly, the study is
focused on the Material Extrusion process concerning the layer height, fill angle and fill density; as well as two factors related
to machining, including stepover and pass direction. The parameters that were examined include the dimension, hardness,
flatness, weight and roughness. A multifactorial Design of Experiments was proposed with a total of 64 samples. Next, a
statistical analysis was carried out to assess the influence of the different groups on the response variables. Finally, a decision
table presented and facilitated the selection of parameters depending on the desired objectives, leading to a framework that
was applied to a case study for validation. This decision guide could enable designers and engineers to select the best strategy
for a specific application, leading to a more efficient approach for manufacturing.

Keywords Hybrid manufacturing · Material extrusion · Additive manufacturing · Subtractive manufacturing · Machining ·
Statistical analysis

Introduction

Hybrid Manufacturing (HM) consists of the integration of
Additive and Subtractivemanufacturing on a singlemachine.
This idea aims to capitalize on the advantages of both tech-
nologies. In the case of Additive Manufacturing (AM), the
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main benefit is the capability to create complex geometries
with minimal waste of material and reduced manufacturing
times. On the other hand, Subtractive Manufacturing (SM)
improves the quality of the finishing.While other researchers
have experimented with the use of chemical methods such
as the use of acetone to improve the surface finish quality,
NC-machining offers better control [1, 2]. Previous research
has shown that HM allows material costs to be reduced up
to 97%, compared to traditional methods of SM [3]. HM
machines have been developed since the 1990s [4], especially
formetal fabrication. Recentwork has also focused on hybrid
laser metal deposition and considering critical factors such
as processing temperatures, temperature gradients and solid-
ification conditions with regard tomaterial properties such as
lamellar interface cracking [5]. However, the rapid growth of
material extrusionAMtechnologies (usually knownasFDM)
has led to a higher interest of HM methods for plastic com-
ponents. The most common strategy is to create an AM part
with the enough dimensions to be milled later, thus remov-
ing the extra surface material [6] to obtain the final desired
dimensions. According to the literature [7], hybrid manufac-

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s42242-018-0023-0&domain=pdf
http://orcid.org/0000-0003-2736-7905


238 Bio-Design and Manufacturing (2018) 1:237–244

turing has demonstrated an improved efficiency atmicroscale
manufacturing compared to other post-processing methods.

Amongothers, one particular application is the biomedical
devices. This sector has experimented important improve-
ments in the last years due to the scaffolds fabrication by
AM, especially caused by the increase of materials available
for extrusion-based 3D printing. Moreover, the correct con-
trol of certain parameters in the FDMmanufacturing process
may result in high-quality implants [8], but the surface fin-
ishing cannot be deeply controlled as it is inherent to the
layer by layer fabrication. On the other hand, the porosity of
the implant is a factor that directly affects the cell prolifera-
tion [9]. Therefore, the surface finishing is a key parameter
in which hybrid manufacturing may suppose a substantial
improvement for specific applications. A clear example of
this is the hip prosthesis where some areas requires high
porosity (e.g., coming fromAMprocesses) and in other areas,
the good finishing (even at mirror level) is crucial for the cor-
rect functionality.

This work focuses on analyzing different manufacturing
parameters related to material extrusion and machining. The
main objective is to determine the influence of the build and
machining factors to achieve different finishing qualities.

Methods

Manufacturing factors and parameters measured

Although HM can occur within a single machine with Addi-
tive and Subtractive capabilities, this pilot study was carried
out using a BQ Prusa i3 AM machine and a Mazak VTC
300 II CNC milling machine. Although the experiments
may not have fully demonstrated the capabilities of a sin-
gle machine, the fundamental manufacturing process is still
close to identical to those being built from a single system.
The manufacturing factors analyzed in the case of the AM
process were the layer height, fill angle and fill density. The
layer height is a crucial parameter for material extrusion AM
machines as it influences the quality of the external surface
and manufacturing time. For example, a higher layer height
could reduce manufacturing time but may influence the sur-
face quality. The fill angle corresponds to the direction of
the rectilinear internal fill related to the X-axis of the AM
machine. Finally, the fill density is the percentage that rep-
resents the amount of material used for the internal cavity
whereby a 100% value would mean that the AM component
would be completely solid. In the case of the subtractive
process, the factors analyzed were the stepover and pass
direction. The stepover determines the amount of material
that is machined in each lateral pass of the tool during the
machining. This value is set up as a percentage of the tool
diameter. Finally, the pass direction determines the angle of

Table 1 Factors-levels analyzed and parameters measured

Factors Parameters measured

Description Levels

Layer height 0.2 and 0.3 mm Dimensions

Fill angle 90 and 45° Hardness

Fill density 30 and 70% Flatness

Stepover 50 and 60% of the
tool diameter

Weight

Pass direction 90 and 45° Roughness

the tool during the machining related to the X-axis of the
milling machine.

Five factors were analyzed for two different levels fol-
lowing a multifactorial Design of Experiments (DoE) (25

�32 different groups). For each group, two samples were
produced, leading to 64 samples. The samples were cubes of
15mmside and thematerial usedwasPLA (1.75mmfilament
diameter). The printing parameters such as extrusion temper-
ature, speeds,were adjusted for PLA to ensure that the quality
of prints was acceptable. According to the literature [10, 11],
the extrusion temperature for PLA is usually between205 and
220 °C, with deposition speed federate around 60 mm/min
and 50–60 °C for the printing bed. Moreover, the extrusion
multiplier must be close to 1 to avoid porosity [11], which
in this application could result in better surface finishing.
Starting from these recommended values, several 3D print-
ing tests were performed to fit the final parameters until a
good 3D printing quality was achieved. The final manufac-
turing parameters usedwere: 210 °Cof extrusion temperature
(220 °C for the first layer), 2 perimeters, 6 solid layers on the
top and bottom of the samples, rectilinear infill pattern, 40
and 50mm/s of deposition speed (federate) for the perimeters
and infill, respectively, 0.6 mm extrusion width and 1 for the
extrusion multiplier. The 3D printer did not have heated bed,
so that the printing bed temperature was the room tempera-
ture. The response variables include aspects of dimensions,
hardness, flatness, weight and roughness. Table 1 summa-
rizes all the factors and parameters for this analysis.

Experimental procedure

According to the DoE, the manufacturing code for the 64
samples was generated using Slic3r software. Subsequently,
the parts were fabricated and cataloged in a numbered
sequence for analysis. Figure 1 shows the general workflow
followed with the samples. For all the parameters assessed,
three measurements were taken and the mean value was cal-
culated.

Firstly, the XYZ dimensions and hardness (Shore D) were
measured using a digital caliper and a hardness meter. Next,
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Fig. 1 General workflow of the
measurements taken
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a thermal treatment was applied by heating the samples at
63 °C for 5 h and then cooling the samples down for 48 h to
room temperature in a hermetic containerwith silica salt. The
purpose of the thermal treatment is to exceed the glass tran-
sition temperature of the material to modify the crystallinity
of the part and improve the physical properties.

In parallel to the general workflow and with the aim to
assess the impact of the thermal treatment in the mechanical
properties, several flexural samples were produced using the
sameAMmachine anddivided into twodifferent groups.One
of the groupswas thermally treatedwhile the other groupwas
not. Finally, the samples were tested under flexural load in
accordance to the guidelines from ISO 178:2001 standard
(Plastics. Determination of flexural properties).

Once the thermal treatment was applied, the XYZ dimen-
sions were measured once again, as well as for parameters
including flatness, roughness and hardness.

The next important step was to machine the samples.
Autodesk Fusion 360 Computer Aided Machining (CAM)
software was used to generate sets of toolpaths having differ-
ent combinations of stepovers and pass directions according
to the DoE. A parallel operation was defined in the software,
with a 0.6 mm stepdown (a 14.6 mm theoretical height).
A 5 mm flat endmill tool was used. For the experiments,
a specially built clamp was designed, built and installed
to securely fasten the samples in the milling machine. The
machining speeds and cooling systemwere adjusted in accor-
dance with the machining guidelines. The surface speed of
the tool was set in 5.445 m/min and the feed per tooth was
set to 0.075 mm/tooth. Compressed air was applied to cool

the machining process to ensure that plastic components
do not become overheated, therefore semi-melted. After the
machining, the roughness, flatness and hardness were sys-
tematically recorded. For consistency, the roughness level
was measured in two perpendicular directions, and the Z-
height was also recorded.

Statistical analysis

Once all the measurements were taken, a statistical analysis
was applied to assess the influence of the manufacturing fac-
tors in the parameters used. Three different analyses were
carried out. The first one was accomplished taking into
account the three factors of the AM process (layer height, fill
angle and fill density). The second analysis was carried out
taking into account the two factors of the machining process
(stepover and pass direction) and the measurements after the
machining. For both analyses, the procedure followedwas the
depicted in Fig. 2. However, as the number of factors was not
equal (3 factors for AM and 2 factors for SM), a 2-way and
n-way ANOVA were applied, respectively. These analyses
could be useful to select the best combinations of manufac-
turing factors for AM and SM, but this work will focus on
the hybrid manufacturing process. A third statistical analysis
was developed using the five factors studied (layer height, fill
angle and fill density for AM; and stepover and pass direc-
tion for SM) and the parameters measured after machining.
For each parameter, the data were organized according to the
32 different groups of the DoE. For each group, an initial
analysis was carried out to assess whether the data followed
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Fig. 2 Statistical analysis workflow

a normal distribution. If the data did not follow a normal
distribution, a Kruskal–Wallis test would then be applied to
determine if any group would be significantly different to
the rest (99% significance level). If this occurs, then a multi-
comparison test would be applied to identify the groups that
show a significant difference (95% significance level). If the
data show a normal distribution, then a one-way ANOVA is
applied to assess if there is any group that shows a signif-
icant difference (95% significance level). Likewise, a final
multi-comparison test was applied to identify which groups
were significantly different. Figure 2 summarizes the statis-
tical workflow.

Results

Thermal treatment

From the thermal treatment and flexural tests carried out, the
results showed that the treated samples obtained an elastic
flexural modulus 2.5% higher than the non-treated samples,
which meant no significant differences were present. It was
observed that there was a clear increase of the hardness
(Fig. 3) and a significant distortion on the XYZ dimensions.
Since the thermal treatment is more effective on the surface
rather than in the interior areas of the samples, this increased
the hardness of the samples. This improvement on the surface
is probably due to the increase of degree of crystallization of
PLA. However, after the machining, the hardness decreased
slightly as the most external layers were removed.
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Fig. 3 Graph of the hardness of the 64 samples before the treatment
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Fig. 4 Graph of the flatness defect of the 64 samples before and after
the machining

Comparison before and after themachining

The machining process also enabled an improvement of fin-
ishing parameters such as flatness and roughness. Figure 4
shows the flatness measured before and after the machining
for each one of the samples. Figure 5 shows the roughness
measured before and after the machining for each sample.
Both results show that the machining process improved the
flatness and roughness qualities.

Results of the statistical analysis

According to the statistical analysis, significant differences
were found for the roughness and Z dimension. In the case
of roughness, groups 29 and 12 were statistically different.
In the case of the Z dimension, group 29 was significantly
different from groups 1, 2, 4, 5, 6, 10 12, 14, 15, 18, 19
and 20. On the other hand, it was also observed that the
statistical analysis could not find significant differences in

123



Bio-Design and Manufacturing (2018) 1:237–244 241

0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30
32
34

1 8 15 22 29 36 43 50 57 64

R
ou

gh
ne

ss
 (µ

m
)

Sample number

Roughness (µm)
Before the machining
After the machining (direction 1)
After the machining (direction 2)

Fig. 5 Graph of the roughness of the 64 samples before and after the
machining

some cases due to the low number of samples. When the
number of samples is low, the multi-comparison test requires
significant differences to reject the null hypothesis and thus
conclude that those groups are different. For this reason, a
subsequent analysis was developed to create a decision table.

Validation of decision table

To create a decision table to select the best manufacturing
factors, the graphs from themulti-comparison testswere inte-

grated in order to enable a preselection of the best groups of
each parameter. For example, for hardness (Fig. 6), groups
4, 15 and 21 were selected in that order since they were
the groups with the highest hardness results. This procedure
was applied for each parameter measured, cumulating in a
table that allows the selection of the best 1–3 groups for each
parameter. Table 2 shows this table that has been filtered to
show the best 2 possible groups of each parameter. Note that
the ideal group should minimize the roughness, flatness and
weight and maximize the hardness and the accuracy on the
Z dimension (compared with the theoretical value, which is
14.4 mm).

According to the decision table, thinner layers can lead
to more hardness and accuracy. However, the lowest weight
is achieved with high values of layer height. As expected,
the lightest samples are also obtained with the lowest val-
ues of fill density. In terms of flatness, the best values were
achieved with high values of fill density (a stiffer structure
leads to a better flatness even after the machining). Regard-
ing the roughness, there is not a clear influence of only one
parameter, but it is clear that the parameters of group 29
achieve the best results in both directions.

Although this decision table allows users to select the best
groups for each parameter, in some cases the objective may
not be limited to just one parameter but several. For such
cases, the procedure would require ranking the groups for
each parameter according to the average value of the samples.
This process is explained in the following case study.

Fig. 6 Multi-comparison graph
for hardness and the selection of
the best groups
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Table 2 Decision table filtered with the best 2 groups for each parameter measured

Parameter measured Best
groups

Ranking Layer height
(mm)

Fill angle (°) Fill density
(%)

Stepover
(% Ø)

Pass direction
(°)

Roughness (direction 1) 29 1 0.3 45 70 50 90

2 2 0.2 90 30 60 90

Roughness (direction 2) 29 1 0.3 45 70 50 90

3 2 0.2 90 30 50 45

Flatness 23 1 0.3 90 70 50 45

31 2 0.3 45 70 50 45

Hardness 4 1 0.2 90 30 60 45

15 1 0.2 45 70 50 45

16 2 0.2 45 70 60 45

Z Dimension (accuracy
to 14.4 mm)

13 1 0.2 45 70 50 90

9 2 0.2 45 30 50 90

25 2 0.3 45 30 50 90

Weight 20 1 0.3 90 30 60 45

19 2 0.3 90 30 50 45

Fig. 7 Final desired geometry
for the camera model

Case study

The case study utilized the design of a camera housing in
which the external profile (Fig. 7) would be produced using
vacuum casting. A silicone mold would be manufactured,
which it also implies the production of the model of the cam-
era. To obtain this model, hybrid manufacturing will be used
to take advantage of AM processes to achieve a high fidelity
prototype combined with good finishing qualities of machin-
ing.

In this case, the objective was to obtain a low roughness,
low flatness defect and low weight yet having high hardness
and high accuracy on the Z dimension. Since Table 2 is not
enough to take a decision among all the preselected groups, a
ranking sequence was determined for each parameter. To do
so, only the best two groups were filtered for each parame-
ter. Subsequently, the rankings were calculated depending on
the average value of each parameter. Finally, the sum of the
ranking for each parameter measured was calculated so that
the one with the lowest value will be the best one taking into
account all the parameters. As the roughness was measured
in two different directions, the average rank of bothwas used.

Table 3 shows the details of this procedure. According to this,
the best groups were groups 9 and 13. Finally, the manufac-
turing factors of group 9were selected (Table 2, 0.2mm layer
height, 45° fill angle, 30% fill density, 50% stepover and 90°
pass direction).

Once the manufacturing parameters were selected, the
CADgeometry of the camerawas prepared by adding 0.6mm
extra thickness to the surface (except the bottom) to be later
machined. A total of nine layers and perimeters were estab-
lished for the top and surface features of the part to guarantee
that there would be at least 1.8 mm of solid thickness before
machining. Apart from this, a 10 mm cube was included at
the side of the model to use the center of the top face as
the work offset for machining. In addition, three holes were
added to the bottom. The part was produced usingAM taking
a total of 5 h and then secured onto the machine bed (Fig. 8).

Autodesk Fusion 360 was used to generate the machin-
ing code and the work offset was defined at the center of the
top face of the cube. Four operations were created: a con-
tour operation with a 16 mm flat endmill tool to machine
the bottom contour, a horizontal operation with a 6 mm flat
endmill tool to machine the top horizontal faces and a con-
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Table 3 Final ranking of the best 2 groups of each parameter

Group Ranking Final ranking

Roughness Flatness Hardness Z Dimension (accuracy
compared to 14.4 mm)

Weight

Dir. 1 Dir. 2

9 6 5 3 12 2 3 25.5

13 5 4 5 6 1 9 25.5

3 4 2 6 10 4 5 28

23 10 8 1 5 5 8 28

25 2 6 8 13 3 4 32

31 11 10 2 3 6 11 32.5

2 3 3 13 4 9 6 35

29 1 1 7 9 11 10 38

15 9 7 9 2 8 12 39

4 7 13 11 1 13 7 42

19 8 9 12 8 12 2 42.5

16 13 11 4 7 7 13 43

20 12 12 10 11 10 1 44

Fig. 8 3D printed camera

Fig. 9 Camera during the
machining (left) and part
obtained (right)

tour and parallel operations with a 6 mm ball endmill tool
to machine the final surface. The surface speed and feed
per tooth were defined by increasing three times the values
depicted in Sect. 2.2. Moreover, these values were multiplied
by the tool diameter ratio compared to the 5 mm tool used
in the samples to avoid excessive heating of the PLA mate-
rial during machining. Compressed air was used for cooling
the part and the overall process of machining took 20 min to
complete (Fig. 9).

The part obtained showed high finishing qualities,
although it was observed that in some areas, the filaments of
the solid top layer were ripped out instead of machined. This
may be due to bad adhesion between the interior filaments
of the first solid layer and the filaments of the perimeters and
fill structure. In Fig. 10, it can be observed that this was only
limited to some perimeter areas of the top layers.
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Fig. 10 Defects caused potentially by a poor adhesion between fila-
ments

Conclusions

The influence of layer height, fill angle, fill density, stepover
and pass direction on finishing parameters such as dimen-
sions, hardness, flatness, weight and roughness, was ana-
lyzed. According to statistical analysis, significant differ-
ences were found for roughness and Z dimension. For other
parameters, no significant differences were found. From the
graphs of the multi-comparison tests, a selection of the best
groups for each parameter was carried out and shown in
Table 2 that allows for the selection of the best manufactur-
ing factors depending on the parameter that a user wishes
to achieve. According to these results, thinner layers can
lead to more hardness and accuracy, while high values of
layer height result in reduced weight. The lightest samples
are also obtained with the lowest values of fill density, while
the highest fill densities achieve better flatness (stiffer struc-
ture). Regarding the roughness, there is not a clear influence
of only one parameter, but group 29 achieves the best results
in both directions.

If the application requires the optimization of several
parameters, then the procedure using the decision tablewould
require sorting of the groups with the average values of the
samples. The total ranking score is also calculated so that the
lowest value will be the best manufacturing strategy for the
specific application. A comparison of the samples showed
that machining improved the finishing parameters such as

roughness and flatness defect. The process of thermal treat-
ment also enhances the hardness of the parts. Regarding the
elastic flexural modulus, the thermal treatment achieves sim-
ilar results to non-treated samples, with a slight improvement
of 2.5%. Although the findings of this work is limited to a
small number of samples and with a base study to validate
the claims, it extends existing knowledge by providing a clear
correlation of the AM and SM parameters in a single deci-
sion table. This decision guide could enable designers and
engineers to select the best strategy for a specific applica-
tion, leading to a more efficient approach for manufacturing.
It is hoped that future work will extend other HM parame-
ters to be included as well as to ascertain the findings using
different production materials.
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