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Abstract
Additive manufacturing (AM) is an advanced technique to fabricate physical parts from 3D digital models layer-by-layer 
without geometry limitations. In existing AM processes, extrusion-based AM is popular, in which the material is extruded 
through the nozzle and moves on the platform according to the pre-defined toolpath. The part build orientation in AM has a 
crucial effect on the dimensional accuracy, surface quality, support structure, build time, and cost, etc. The layer thickness 
affects the surface quality and build time of an as-built part. It is preferable to optimize the build orientation and layer thick-
ness simultaneously. This study proposes a build orientation optimization method for extrusion-based AM coupling with 
adaptive slicing. First, an adaptive slicing method using volume deviation rate is developed. Second, the estimation models 
of the relative decision criteria are created. In particular, the estimation model of surface roughness is constructed based on 
a designed benchmark artifact via the actual measurement by a contact surface roughness tester. Third, a set of alternative 
build orientations are generated based on the minimum bounding rectangles of the facet clusters in a manifold mesh model. 
Then, an integrated multi-criteria decision-making model composed of the weighted sum model and grey relational analysis 
is proposed to select an optimal build orientation among the alternatives above. At last, the effectiveness of the proposed 
method is experimentally validated using two case studies. The results show that the proposed method is desirable to simul-
taneously optimize the build orientation and layer thickness of parts in extrusion-based AM.

Keywords  Build orientation optimization · Extrusion-based additive manufacturing · Adaptive slicing · Minimum 
bounding rectangle · Multi-criteria decision-making

1  Introduction

Additive manufacturing (AM) is an advanced freeform fabri-
cation process in which a physical part is manufactured from 
its 3D digital model layer-by-layer without the limitations of 
geometric complexity [1]. AM is also known as rapid proto-
typing and 3D printing. It is extensively adopted throughout 
the aircraft, medical implants, and motor industry because it 

reduces the development time and cost for new productions 
[2]. AM techniques can be divided into seven categories: 
material extrusion, powder bed fusion, vat photopolymeriza-
tion, material jetting, binder jetting, sheet lamination, and 
directed energy deposition [3]. Fused deposition modeling 
(FDM), or fused filament fabrication, is a material extrusion 
process and is the widely applied AM technique. In FDM, 
the thermal melting filament is heated and extruded from the 
nozzle and moves on the fabrication platform according to a 
pre-defined toolpath [4, 5].

The layer-by-layer fabrication process will generate 
a staircase effect (SE) on the surface of AM parts [6]. 
SE adversely results in poor dimensional accuracy and 
surface quality and cannot be eliminated. A proper AM 
process planning contributes to decreasing the influ-
ence of the SE. The process planning for AM mainly 
includes the build orientation determination, support 
creation, model slicing, toolpath generation, and selec-
tion of machine manufacturing parameters [7]. Build 
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orientation determination is the first procedure for AM 
process planning and directly affects the subsequent 
operations. Build orientation is crucial in AM since 
it critically affects the dimensional accuracy, surface 
roughness, support structure, build time, build cost, and 
other properties [8]. Determining an optimal build ori-
entation (OBO) for an AM part is a challenging issue 
and draws the interests of many researchers [8–10]. The 
build orientation determination in AM involves rotating 
the model to the desired orientation regarding certain 
requirements and then manufacturing the rotated model 
along the vertical direction. It is difficult to select a suit-
able OBO manually, considering the relative fabrication 
issues.

Besides the build orientation, model slicing is another 
critical process in AM since the layer thickness impacts 
the surface quality and build time of AM parts [6]. A small 
layer thickness equates to high surface quality and long 
build time. Conversely, a large layer thickness equates to 
a short build time and low surface quality. To tackle this 
trade-off, adaptive slicing is developed in AM, where the 
part is fabricated using variable layer thickness to maintain 
high part accuracy and shorter build time [6, 11–14].

For the problem of build orientation optimization, most 
past studies assumed that the build layer thickness was 
constant because of its simple application [9, 10, 15–31, 
36–40]. Few works considered adopting the variable layer 
thickness while optimizing the build orientation [32–35]. 
Generally, the build orientation and layer thickness have 
a complicated coupling effect on the final fabrication per-
formance of AM parts. It is worth optimizing the build 
orientation and layer thickness simultaneously in practical 
AM applications.

This study proposes a method to address the simulta-
neous optimization problem of the build orientation and 
layer thickness in extrusion-based AM. First, a new adap-
tive slicing algorithm is developed. Second, the relative 
decision criteria for part build orientation are estimated 
by certain models. Then, a set of alternative build ori-
entations (ABOs) is generated based on the minimum 
bounding rectangles of the facet clusters in a manifold 
mesh model. Finally, an integrated multi-criteria decision-
making (MCDM) model consisting of the weighted sum 
model and grey relational analysis is conducted to select 
the best build orientation from the ABOs, simultaneously 
optimizing the criteria above. This study is conducive to 
optimizing a part’s build orientation and layer thickness 
in extrusion-based AM.

This study is organized as follows. The related work is 
introduced in Sect. 2. Section 3 proposes the adaptive slic-
ing algorithm. Section 4 presents the optimization frame 
for build orientation determination. Two complex parts 

are adopted to validate the proposed approach in Sect. 5. 
Section 6 provides the conclusions.

2 � Related work

2.1 � Build orientation optimization methods

The past approaches for build orientation optimization can 
be classified into computation-based methods [9, 10, 15, 
16, 18–30] and evaluation methods [17, 31–33, 36–39]. 
Computation-based methods adopt certain exhaustive 
search methods to obtain one or more OBOs from the 
infinite orientation space regarding one or several deci-
sion criteria. Researchers have performed many exhaustive 
search methods, such as population-based optimization 
methods [9, 10, 15, 16, 18–25] and nonlinear optimiza-
tion methods [26–29]. Masood et al. [9] developed an 
approach to determine the build orientation by minimizing 
the volumetric error encountered in parts during the build-
ing process using a genetic algorithm (GA). Ahn et al. [10] 
optimized the build orientation by minimizing the surface 
roughness by GA.

Given the relative criteria affected by build orientation 
usually are conflicting, applying a multi-objective optimi-
zation (MOO) technique is desirable to obtain the opti-
mal orientation. Pandey et al. [34] determined the opti-
mal build orientations considering the surface roughness 
and build time in FDM with the non-dominated sorting 
genetic algorithm-II (NSGA-II). However, the build time 
was computed by the total layers and a coefficient between 
the supported area and total model area; this was easy 
but inaccurate. Byun and Lee [15] presented a method to 
determine an OBO using GA with a weighted sum model 
(WSM) approach. The average surface roughness and build 
time were considered as the factors in their method. Tyagi 
et al. [16] utilized an evolutionary stickers-based DNA 
algorithm to generate an OBO regarding two parameters: 
volumetric error and build time. This algorithm obtained 
a better efficacy compared with GA. Nezhad et al. [35] 
proposed a build orientation optimization method using 
a multi-objective GA to find a set of Pareto optimal ori-
entations with minimum build time and support volume 
under adaptive slicing in stereo-lithography (SLA). They 
adopted the adaptive slicing method proposed by Dolenc 
and Makela [6]. This method would induce high computa-
tion cost because all members (orientations) in each gen-
eration should be adaptively sliced for further computation 
of the build time and support volume in the optimization 
process.

Phatak and Pande [18] presented a methodology to 
obtain the optimum orientations for CAD models hol-
lowed with desired shell thickness using GA in selective 
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laser sintering (SLS). The optimization criteria were con-
sidered a weighted average of the performance measures, 
such as part height, part quality, and the material used in 
the hollowed model. Brika et al. [19] utilized the WSM 
method to obtain the OBO considering support structure, 
surface roughness, build time, build cost, and mechani-
cal properties in laser powder bed fusion. Mele et al. [20, 
21] studied the orientation optimization approaches via 
evolutionary algorithms to reduce the economic and envi-
ronmental impacts of AM parts. Matos et al. [22] adopted 
a MOO method to simultaneously optimize the volumetric 
error, support area, build time, and surface roughness for 
achieving the OBO by NSGA-II. However, they utilized 
the support area and part height to estimate the amount 
of support and build time, respectively. This was inac-
curate since the support volume was affected by the area 
and height of the support facets, and the support volume 
also influenced the build time. This shortcoming likewise 
appeared in Singhal et al. [26, 34].

Xu et al. [23] developed a method based on the weighted 
volumetric error to optimize the build orientation for 
mechanical parts with multiple circular holes. Mele et al. 
[24] numerically analyzed five fabrication characteristic 
defects affected by the part geometry and build orientation 
in Multi Jet Fusion process: capillarity, abrasion, staircase 
effect, surface sinking, and thermal bleeding. They adopted 
the WSM to formulate these characteristic defects into a 
single objective for optimizing the build orientation. The GA 
was applied to settle the optimization issue to reduce these 
defects. Mele et al. [25] proposed a novel design strategy for 
the support structure while optimizing the build orientation 
in laser powder bed fusion. Their method aggregated the 
build time, support volume, distortion, surface roughness, 
and support contact points objectives into a fitness function 
and was solved by GA. In addition, they allowed manual 
customization for local-specific function requirements.

Singhal et al. [26] introduced an attempt using the WSM 
to determine an OBO for achieving minimum average sur-
face roughness, minimum build time, and support structure 
in SLA and SLS processes by the trust region method. Paul 
and Anand [27] presented a voxel-based approach to cal-
culate the support volume, which was utilized to obtain an 
OBO by minimizing the support volume while minimizing 
the cylindricity and flatness errors of the part features. The 
computation method of support volume required convert-
ing the input STL (standard tessellation language) model 
into a voxel representation, which induced a high computa-
tion cost. This method was also applied in Chowdhury et al. 
[29]. Das et al. [28] not only considered the cylindricity 
and flatness errors proposed in Paul and Anand [27], but 
the perpendicularity, parallelism, and angularity errors were 
involved in the build orientation optimization. Chowdhury 
et al. [29] proposed a novel two-step optimization approach 

of build orientation to minimize the geometric error result-
ing in AM process. The OBO was determined in the first step 
by the WSM, considering the support volume and accessibil-
ity, build time, cusp error, thin features, and sharp corners. 
In the second step, an artificial neural network was utilized 
to compensate for the geometric error based on the OBO.

Golmohammadi and Khodaygan [30] developed a bi-
objective optimization problem regarding the amount of 
support and surface roughness to obtain an OBO using a 
Zooming-Taguchi method. The support volume was calcu-
lated by summing the volume of the irregular prism formed 
by each downward facet and the build platform. Nonethe-
less, this calculation method is inaccurate for the commonly 
applied nonconvex model since certain prisms will intersect 
the model itself instead of the platform [15]. Similar calcula-
tion methods were also applied in Qie et al. [37, 38].

Generally, the computation-based methods suffer from 
high computation cost while achieving a more accurate 
result. For this, the evaluation methods generate a set of 
meaningful ABOs and then select an optimal one among 
them via specific techniques, for example, the MCDM 
method. Several methods have been developed to generate 
the ABOs, such as shape feature generation [31, 32, 36], 
convex hull detection [33], and facet clustering [39, 40]. 
Cheng et al. [31] utilized the regular shape features of the 
input model to generate the ABOs; for example, the normal 
vector of a planar feature was selected as an ABO. They fur-
ther determined an OBO by evaluating the part accuracy and 
build time one by one. West et al. [32] introduced a method 
to select desirable build orientation, layer thickness, and 
recoating parameters in SLA. In their approach, the ABOs 
were generated by the model’s planar, conical, and cylindri-
cal surfaces. Byun and Lee [33] developed the methodol-
ogy for determining the OBO in different AM processes by 
considering the average surface roughness, build time, and 
part cost with variable layer thickness. They selected the 
vertical directions of the surfaces of the convex hull of the 
input model as the ABOs. The best orientation was obtained 
from the alternatives with the technique for order preference 
by similarity to ideal solution (TOPSIS). But the convex hull 
is not the original model, which induces a precision issue.

Zhang et al. [36] proposed a methodology to optimize 
the build orientation using AM features associated with a 
production knowledge vector and MCDM. The knowledge 
vector includes the surface roughness, part accuracy, support 
volume, build height, tensile strength, build time, build cost, 
and favorableness of AM Feature. The AM features were 
classified into planes, cylinders, cones, and structural units, 
which were simple classifications. Qie et al. [37] studied a 
strategy to select the build orientation from given limited 
candidate orientations using a feedback MCDM model. The 
feedback MCDM model expanded the finite candidate space 
to infinity by quaternion rotation, and the build orientation 
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with the user’s expectation can be obtained from the infi-
nite alternative orientations. However, the rotation axis was 
obtained randomly, which could miss the true OBO.

Since shape recognition is difficult to apply for freeform 
models, Zhang et al. [39] proposed a facet clustering method 
using the k-means clustering algorithm with the Davies-
Bouldin index to generate the ABOs. The facets with similar 
normal vectors were collected into a cluster, and the central 
normal vector in this cluster and its opposite vector served 
as the ABOs of this cluster. This method avoided feature 
recognition and was available for both regular and freeform 
models. Qin et al. [40] improved the stability and ration-
ality of the facet clustering of Zhang et al. [39] using an 
accelerated HDBSCAN* (hierarchical density-based spatial 
clustering of applications with noise*) algorithm rather than 
the k-means clustering algorithm. And the ABOs were cre-
ated similarly to Zhang et al. [39] in little computation time. 
This ABO generation rule may be detrimental to the surface 
quality of some facet clusters, for example, the facet cluster 
on a cylindrical surface.

The generation methods of the ABOs above are efficient 
in practical applications because they can reduce the com-
putation time on meaningless orientations. Nevertheless, it 
risks missing the true OBO since it focuses on finite ABOs 
[37, 40]. To this end, Padhye and Deb [17] performed the 
MOO with evolutionary approaches to generate a set of 
Pareto optimal orientations, considering minimizing the sur-
face roughness and build time in SLS. An OBO was selected 
from the Pareto ABOs by three MCDM methods: aspira-
tion point, marginal utility, and L2 metric. Khodaygan and 
Golmohammadi [38] applied the Kriging method to model 
the build time and the surface roughness objectives in the 
explicit form in terms of build orientation. The NSGA-II was 
implemented to obtain the Pareto ABOs, and the TOPSIS 
was used to select an OBO. Similarly, acquiring the Pareto 
ABOs requires a certain computation cost.

The literature review above suggests that applying 
exhaustive search techniques will obtain more accurate 
results while requiring more calculation costs. Generating 
the ABOs with specific methods induces high efficiency, but 
risks missing the true OBO. Additionally, several estimation 
models of the decision criteria in the literature have accuracy 
issues, affecting the quality of the ultimate results. It is pref-
erable to improve the computation efficiency while obtaining 
more accurate results, especially in the case of variable layer 
thickness. The estimation models concerning criteria should 
be more precise and easy to apply.

2.2 � Adaptive slicing methods

The adaptive slicing process adopts variable thicknesses 
determined by the geometry deviation error of the model 
surface to fabricate the part. Several metrics have been 

presented in the literature to evaluate the geometry deviation 
error. Dolenc and Makela [6] introduced a metric, namely 
cusp height, to evaluate the SE, and the layer thickness of 
each layer should satisfy the cusp height threshold con-
straint. Cusp height is the mostly applied metric to measure 
the deviation error in AM. Kulkarni and Dutta [11] also 
adopted the cusp height to define the thickness, in which 
twelve different equations could represent the maximum 
allowed cusp height at a point of the model. Different from 
the methods of Dolenc and Makela [6, 11], Byun and Lee 
[33] implemented surface roughness as the metric to evalu-
ate the deviation error, and the thickness was determined by 
the allowed surface roughness threshold.

Hayasi and Asiabanpour [12] reported an adaptive slic-
ing method to slice a CAD model at the pre-defined sheets’ 
thickness for the fully dense freeform fabrication process 
through seamless curvature detection. Their approach inves-
tigated all internal and external features to reduce the geom-
etry deviation. Mao et al. [13] developed a metric profile 
to measure the global deviation error using past proposed 
metrics, such as the cusp height, surface roughness, area 
deviation, and volume deviation. They applied the metric 
profile to find the best slicing plan via dynamic program-
ming. Mele and Campana [14] presented a parametric cra-
dle-to-gate life cycle assessment method of the liquid crystal 
display 3D printing via adaptive slicing. The adaptive slic-
ing algorithm first sliced the model with the minimum layer 
height, then collapsed adjacent layers to preserve a certain 
maximum imposed cusp height. Due to the characteristic of 
the machine, the layer height varies on three levels, namely 
25 μm, 50 μm, and 100 μm.

In accordance with the past studies of build orientation 
and adaptive slicing, the main challenge for the simulta-
neous optimization of build orientation and layer thickness 
in extrusion-based AM is obtaining desirable results while 
taking small computation costs. To this end, this study first 
introduces a three-dimensional geometry deviation metric 
to acquire the adaptive slicing results. The estimation mod-
els of the decision criteria are improved for better accuracy. 
Based on the observations of the criteria’s estimation mod-
els, the facet cluster method is revised via the minimum 
bounding rectangle to achieve reasonable and meaningful 
ABOs in little computation time. An MCDM method is 
proposed to select an OBO from the ABOs coupling with 
adaptive slicing results. The details are expressed in the fol-
lowing sections.

3 � Adaptive slicing

As discussed above, the SE causes the inaccuracy of shape 
and dimension between the original part and AM fabricated 
part, as shown in Fig. 1. The metric, cusp height, is the 
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maximum distance between a facet of a mesh model and 
the actual fabricated part surface [6].

Cusp height δ can be written as

where t is layer thickness, α (in degree) is the surface angle 
between d and n, i.e., � ∈ [0

◦

, 180
◦

] , d = (0, 0, 1)T is the 
build direction along the vertical direction, and n is the unit 
normal vector of a facet. cos(α) can be obtained by

The layer thickness and facet slope have a critical effect 
on cusp height. A thicker layer will produce a worse sur-
face accuracy following Eq. (1). Cusp height can measure 
the deviation error of one facet of the model. Nonetheless, 
cusp height is a 1-dimensional deviation metric. It cannot 
precisely evaluate the inaccuracy of the entire layer since 
it involves a set of facets, and this situation also appears 
in the surface roughness metric.

This study adopts an adaptive slicing approach based on 
a three-dimensional deviation metric, namely volume devi-
ation, to achieve a trade-off between the manufacturing 
accuracy and build time of AM parts. As shown in Fig. 2, 
a manifold mesh is sliced by two slices and will form one 
layer with two slice polygons. The original layer mesh 
comprises the sliced mesh belonging to this layer and 
the upper and lower slice polygons. The virtual printing 
layer mesh is created by an extruded cylinder generated 

(1)� = t ⋅ |cos(�)|

(2)cos(�) =
d ⋅ n

|d| ⋅ |n|

by the upper slice polygon. Due to the mesh shape could 
be inclined, there will be a volume deviation between the 
original and virtual printing layer meshes.

To obtain the volume deviation, the Boolean intersection 
operator of the upper and lower slice polygons is applied, as 
presented in Fig. 3.

The area deviation between the upper and lower slice poly-
gons is given by

where Aupper,i and Alower,i are the areas of the upper and lower 
slice polygons of the ith layer, respectively,Aintersection,i is the 
area of the Boolean intersection polygon between the upper 
and lower slice polygons.

The volume deviation between the original and virtual 
printing layer meshes of the ith layer could be calculated by

(3)Adev,i = Aupper,i + Alower,i − 2Aintersection,i

(4)Vdev,i =
1

2
Adev,it

Fig. 1   SE in AM process

Fig. 2   Different layer meshes of lofting model in AM Fig. 3   Boolean intersection of the upper and lower slice polygons
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The volume produced by the Boolean intersection poly-
gon of the ith layer could be calculated by

Accordingly, the original mesh volume of the ith layer 
could be written as

In Fig.  2, the original layer mesh volume is 
3158.4521mm3, the computed layer mesh volume using 
Eq. (6) is 3168.6679mm3, and the difference is 0.32%. The 
result demonstrates the computation accuracy. The volume 
deviation ratio Vdr is defined as

It can be known that the smaller the Vdr, the high accuracy 
of this layer. Accordingly, the Vdr could be the evaluation met-
ric in adaptive slicing. The proposed adaptive slicing algorithm 
follows the following steps. First, the manifold mesh model is 
sliced into many small thin layers using uniform slicing. Then, 
the small layers are merged based on the Vdr constraint from 
bottom to top, and the merging process is similar to Hayasi and 
Asiabanpour [12, 14]. The merged layer thickness, tm , should 
also satisfy the maximum ( tmax ) and minimum ( tmin ) layer thick-
ness constraints, i.e., tmin ≤ tm ≤ tmax , which is the same as the 
previous work [11–14]. The adaptive slicing results for the loft-
ing and half sphere models are presented in Fig. 4. Notably, 
the first layer is set to the maximum thickness to enhance the 
adhesion between the part and fabrication platform.

4 � Build orientation optimization

The main steps of build orientation optimization for extru-
sion-based AM coupling with adaptive slicing include 
determination of relative decision criteria, generation of 
ABOs, and selecting an OBO from the ABOs. In this study, 
the major relative decision criteria for build orientation 

(5)Vintersection,i = Aintersection,it

(6)Vori,i = Vdev,i + Vintersection,i

(7)Vdr =
Vdev,i

Vori,i

optimization are the support volume, volume deviation, sur-
face roughness, build time, and build cost. The details of the 
three steps are described in the following sections.

4.1 � Relative decision criteria

4.1.1 � Support volume

In FDM, the overhang region of a model requires support struc-
tures to maintain its fabrication stability. The support structure 
needs to be stripped after fabrication; it is time-consuming and 
detrimental to the surface finish of the facets in contact with the 
support structure. The volume of the support structure has a 
crucial effect on the build time and cost. Minimizing the support 
volume is desirable for optimizing the part build orientation.

The ray triangle intersection algorithm [41] is adopted 
to calculate the support volume, and the diagram of support 
volume calculation is presented in Fig. 5. First, the overhang 

Fig. 4   Adaptive slicing results

Fig. 5   Diagram of support volume calculation
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facets of a model should be detected with a critical angle αc (αc 
is 45° in this study). If the angle between the normal vector of 
the overhang facet and the horizontal plane is greater than the 
critical angle, i.e., � ≥ �c + 90

◦ , a support structure should be 
generated below this facet [42, 43]. Then, many small grids 
are created in the printing platform, and the rays are generated 
along the build direction at the center of each grid. The rays 
are further intersected with the overhang facets. The ray could 
be divided into several segments due to the spatial positions 
of the overhang facets, and the heights of these segments can 
be calculated.

Ultimately, the model’s support volume is formulated as

where Agrid is the area of the grid, and Hi,j is the jth segment 
height of the ith ray.

4.1.2 � Volume deviation

The volumetric deviation directly affects the fabricated 
shape and dimensional accuracy. The total volume deviation, 
Vdeviation , of a model under adaptive slicing is formulated as

It is essential to decrease the total volume deviation to 
maintain the shape accuracy of the model when optimizing 
the build orientation.

(8)Vsupport =
∑

i

∑
j
AgridHij

(9)Vdeviation =
∑

i
Vdev,i

4.1.3 � Surface roughness

Surface roughness is a typical indicator to evaluate the 
surface quality of parts and is a nature of existence in AM 
since SE cannot be eliminated. The surface roughness of 
an AM part is mostly affected by the layer thickness, build 
orientation, and support structure. Several approaches have 
been conducted to estimate the surface roughness of AM 
parts [10, 15, 33, 34]. However, these approaches still have 
accuracy and application issues. Inspired by the previous 
work, this study designs a benchmark artifact for the sur-
face roughness test in FDM to obtain an accurate estimation 
model of surface roughness. Figures 6 and 7 show the origi-
nal digital and FDM fabricated models of the benchmark 
artifact, respectively. The fabricated layer thickness and 
material are 0.1 mm and PLA, respectively. The benchmark 
artifact is composed of many platens at an interval of 10°. 
The surface angle α between the normal vector of the platen 
and the vertical direction can be found in Fig. 6. Notably, the 
surface angles of the top and bottom surfaces for each platen 
are complementary to each other.

Each platen is measured three times using a Mahr MarSurf 
PS 10 contact surface roughness tester, and the measurement 
parameters according to ISO 4288 are presented in Table 1. 
The scanning direction of the surface roughness tester is ver-
tical to the slicing plane, as depicted in Fig. 8. The average 
measurement values of different surface angles are presented 
in Table 2. As can be seen, the Ra values of surface angles 

Fig. 6   Benchmark artifact 
model for surface roughness test 
in FDM

Fig. 7   FDM fabricated bench-
mark artifact
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170° and 180° are outside the measurement range of the 
tester due to extreme overhang and support adhesion, and 
their visual roughness is increasingly worse. It is essential to 
decrease the total area of the facets whose surface angles are 
close to 180° as far as possible.

For the facet paralleled to the horizontal plane, i.e., the 
surface angle is 0° or 180°, the infill line direction directly 
affects the measurement accuracy of surface roughness. 
Here, another artifact, a cantilever beam, is designed to 
measure those Ra values, as shown in Fig. 9. Additionally, 
to present the effect of layer thickness on surface rough-
ness, different layer thicknesses are applied to fabricate the 
cantilever beam. The vertical (surface angle is 90°), top (sur-
face angle is 0°), and bottom (surface angle is 180°) surface 
profiles of three fabricated cantilever beams are also shown 
in Fig. 9.

From Fig. 9, with the increment of layer thickness, the 
air gaps appear on the top surface, damaging the surface 
finish. All three bottom surfaces have air gaps and rough 
profiles, which bring about poor surface accuracy. The meas-
urement Ra values of the three surface profiles of the can-
tilever beams with different layer thicknesses are presented 
in Table 3. The scanning direction of the surface roughness 

tester is vertical to the infill line direction for top and bot-
tom surfaces. The Ra values of all three bottom surfaces 
and the top surface with 0.3-mm layer thickness are beyond 
the measurement range of the tester owing to the air gap or 
poor finish.

Tables 2 and 3 show that the surface angle with the mini-
mum surface roughness is 90°, which belongs to the vertical 
surface.

The past studies suggest that the surface roughness has a 
nonlinear relationship with the surface angle and varies in 
different angle intervals [10, 34]. To present such relation-
ship, the previous estimation models have been validated 
and revised based on the measured Ra values. The model of 
Pandey et al. [34] shows the effectiveness in several angle 
intervals in accordance with the validation. However, they 

Table 1   Measurement 
parameters of the contact 
surface roughness tester

Parameter Value

Sampling length 0.8 mm
Evaluation length 4 mm
Traversing length 4.8 mm
Traversing speed 0.5 mm/s

Fig. 8   Surface roughness meas-
urement with a contact surface 
roughness tester

Table 2   Measurement values of surface roughness (Ra) for the 
benchmark artifact

No. Surface 
angle (°)

Ra (μm) No Surface 
angle (°)

Ra (μm)

1 0 10.885 11 100 7.183
2 10 20.706 12 110 7.105
3 20 19.757 13 120 7.787
4 30 17.361 14 130 9.232
5 40 15.201 15 140 10.668
6 50 13.945 16 150 12.436
7 60 12.319 17 160 21.988
8 70 10.093 18 170 –
9 80 7.875 19 180 –
10 90 6.893 – – –
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adopted the build angle β (shown in Fig. 1) between the ver-
tical direction and facet tangent as the input parameter. Build 
angle is defined well when 0◦

< 𝛽 < 90
◦ , i.e., � = 90

◦

− � . 
However, when � ≥ 90

◦ , it is difficult to define. Especially, 
when surface angle � = 90

◦ , β could be 0° and 180°; when 
� = 0

◦ or � = 180
◦ , β is 90°, but the facet with � = 180

◦ 
requires support while the facet with � = 0

◦ requires not. 
Consequently, the surface angle α is more desirable for cal-
culating the surface roughness. The estimation models in 
Ahn et al. [10, 15, 33] also utilized surface angle as the 
input parameter.

Pandey et al. [34] explicitly gave the calculation equa-
tions when � ≤ 90

◦ . Such equations have been revised 
using the surface angle α, as presented in Eq. (10). When 
90

◦

< 𝛼 < 𝛼c + 90
◦ , this surface is parallel to the upper sur-

face of the platen; the surface angle of that upper surface is 
180°-α. Their Ra values could be considered the same due 
to the parallel relationship. Accordingly, the intervals [20°, 
90°] and (90°, αc + 90°) could be merged. For a facet that 
requires support, i.e., �c + 90

◦

≤ � , a weight value is con-
sidered due to support adhesion. Notably, when � ≥ 170

◦ , 

the model of Ahn et al. [10] is adopted since the tester 
cannot successfully measure the corresponding Ra values. 
Here, assuming that the measured Ra value for � = 180

◦ 
is 50 μm in 0.1-mm thickness and the measured Ra value 
for � = 170

◦ is obtained by linear interpolation. Ultimately, 
the surface roughness for a facet fi, can be estimated by

where Ra0 and Ra20 are the Ra values when �i=0
◦ and 

�i= 20
◦ , respectively, � = 0.2 is a dimensionless adjustment 

parameter for supported facets [34], and ϕ is the surface 
profile angle [10]. Here, it is set as 5°. The value 70.82 is 
the mean value for the confidence interval [69.28, 72.36] 
proposed in Pandey et al. [34]. The simulated and measured 
Ra values for the surface angles are shown in Fig. 10.

As shown in Fig.  10, the two lines maintain similar 
trends. In the interval (0°, 20°), the simulation Ra values are 
obtained by linear interpolation using the Ra values of Ra0 
and Ra20 , and the simulated values are less than the meas-
ured values. The interpolation purpose is to keep the con-
tinuity and avoid sudden changes at the critical angle, i.e., 
� = 0

◦ . In the interval [20°, 90°], most measured values are 
greater than the simulated values, while the measured and 

(10)

Ra
i
=

⎧⎪⎪⎪⎨⎪⎪⎪⎩

117.6t, 𝛼
i
=0

◦

1

20
(90Ra20 − 70Ra0 + (90 − 𝛼

i
) ⋅ (Ra0 − Ra

20)), 0
◦

< 𝛼
i
< 20

◦

70.82
t

cos(90
◦

−𝛼
i
)
, 20

◦

≤ 𝛼
i
< 𝛼c + 90

◦

70.82(1 + 𝜎)
t

cos(𝛼
i
−90

◦

)
, 𝛼c + 90

◦

≤ 𝛼
i
< 170

◦

1000t

2

���
cos(𝛼

i
−𝜙)

cos(𝜙)

���, 170
◦

≤ 𝛼
i
≤ 180

◦

Fig. 9   Vertical, top, and bottom 
surface profiles of the cantilever 
beams fabricated by FDM

Table 3   Measurement values (μm) of surface roughness (Ra) for the 
cantilever beams with different layer thicknesses

Surface angle (°) 0.1 mm 0.2 mm 0.3 mm

0 10.885 22.070 –
90 7.086 14.948 23.386
180 – – –
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simulated values are very close in the interval (90°, αc + 90°). 
The revised equation basically unifies the two intervals. In 
the interval [αc + 90°, 170°), it seems that the Ra value does 
not require weighting when � ≤ 150

◦ . This phenomenon 
is because the surfaces with such angles are self-support, 
which means the support structure does not adhere to that 
surfaces, although such surface angles are more than the 
threshold. The angle that meets the self-support requirement 
can be called the self-support angle and varies for different 
materials. If the fabrication material’s self-support angle is 
already known, then the critical overhang angle αc can be 
set as the same as it. This study assigns the αc to be 45°, a 
commonly used critical angle in AM.

Then, the average surface roughness of a fabricated part 
in AM is written as

where Ai is the area of facet fi.
Equation (11) assumes that the layer thickness is constant. 

However, the surface roughness is simultaneously affected 
by the surface angle and layer thickness; it is unsuitable for 
variable layer thickness. As shown in Fig. 11, a triangu-
lar facet could be sliced into several sub-polygons by vari-
able layer thickness in four cases. The facet’s vertices are 

(11)Raasr =

∑
i RaiAi∑
i Ai

Fig. 10   Distribution of surface 
roughness for surface angle

Fig. 11   Facet sub-polygons sliced by variable layer thickness
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arranged in counter-clockwise (CCW) order, and the maxi-
mum, middle, and minimum values of vertex coordinates 
(z coordinates) along the build direction can be obtained. 
Based on the spatial position relationship of the z coordi-
nates of the slicing planes and three vertices, the sub-pol-
ygons of a facet could be classified into the triangle, quad-
rangle, and pentagon.

In Fig. 11a, the facet fi intersecting with the jth slicing 
plane, the z coordinate zi,mid of middle z vertex Vi,2 is less than 
the height Zj of the jth slicing plane. Thus, the minimum z 
vertex Vi,1 and the two intersections, Pj,1 and Pj,2 , between fi 
and the jth slicing plane form a triangle with area Ai,1 and 
layer thickness tj , while Pj,1 , Pj,2 , Vi,2 , and maximum z ver-
tex Vi,3 form a quadrangle with area Ai,2 and layer thickness 
tj+1 . In Fig. 11b, the z coordinate of a new slicing plane sat-
isfies zi,min < Zj < Zj+1 < zi,mid , the four intersections Pj,1 , 
Pj,2 , Pj+1,2 , and Pj+1,1 form a new quadrangle, and Pj+1,1 , 
Pj+1,2 , Vi,2 , and Vi,3 form a quadrangle which is the same 
as Fig. 11a. This case finally produces three sub-polygons, 
i.e., one triangle and two quadrangles. In Fig. 11c, the z 
coordinates of the slicing planes and the triangle satisfy 
zi,min < Zj < zi,mid < Zj+1 < zi,max . Thereby, the four inter-
sections Pj,1 , Pj,2 , Pj+1,1 , Pj+1,2 , and Vi,2 form a pentagon, and 
Pj+1,1 , Pj+1,2 , and Vi,3 form a triangle. This case produces one 
pentagon and two triangles. In Fig. 11d, this case considers 
a critical situation where the slicing plane’s z coordinate is 
equal to the middle z vertex, i.e., Zj+1==zi,mid , and the intersec-
tion Pj+1,2 and Vi,2 are located at the same position; hence, the 
pentagon degenerates into a quadrangle. This critical situation 
will also appear in Vi,1 and Vi,3 , and other slicing planes. For 
example, if Zj==zi,mid in Fig. 11a, then the second sub-polygon 
will degenerate from a quadrangle into a triangle. The case in 
Fig. 11d generates two triangles and two quadrangles.

Figure 12 presents the facet sub-polygons of the half sphere 
model using the adaptive slicing result in Fig. 4. Figure 12a 
shows all sub-polygons of each facet, and Fig. 12b depicts all 
sub-polygons belonging to each layer. Due to the layer thick-
ness change, the surface roughness of different sub-polygons 
of one facet differs.

Consequently, the average surface roughness of an FDM 
fabricated model under adaptive slicing can be given by

where Raij and Aij are the Ra value and area of the jth sub-
polygon of facet fi, respectively.

Desirable build orientation is conducive to optimizing the 
fabricated surface roughness of a part in FDM.

4.1.4 � Build time

Build time is a crucial criterion in FDM and directly 
affects the final build cost of a part. Build orientation has 
an essential effect on build time since it will influence 
the support volume and the number of total layers. It is 
difficult to estimate an accurate build time because the 
FDM technology involves many process parameters. Gen-
erally, the build time for an FDM part includes the sum 
of idle time and fabrication time of each layer, which can 
be expressed as

where Tidle is the idle time between two adjacent layers, nlayer 
is the number of layers, and Tlayer,i is the fabrication time of 
the ith layer.

The idle time includes the move time of the printing plat-
form to a new z height and the traveling time of the nozzle 
from the end point of the last layer to the start point of the 
new layer. The number of layers is simple to calculate for 
uniform slicing, where layer thickness is constant. However, 
the number of layers in adaptive slicing is calculated based 
on the deviation error rate threshold. Basically, for an FDM 
part, the fabrication time of each layer is composed of the 
fabrication time of outer contour ( Toutcontour,i ), inner con-
tour ( Tincontour,i ), infill ( Tinfill,i ), support ( Tsupport,i ), and the 
traveling time between the former four kinds of paths of this 
layer, which could be written as

(12)Raasras =

∑
i

∑
j RaijAij∑
i Ai

(13)Tbuild = Tidle ⋅ nlayer +

nlayer∑
i=1

Tlayer,i

(14)
Tlayer,i = Toutcontour,i + Tincontour,i + Tinfill,i + Tsupport,i + Ttraveling,i

Fig. 12   Facet sub-polygons 
with adaptive slicing for half 
sphere model
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The fabrication time of each layer is affected by the toolpath 
(as shown in Fig. 13) and process parameters, such as noz-
zle moving speed and infill density. To obtain a more accurate 
result, each layer should be calculated. Ttraveling,i is hard to esti-
mate, and the nozzle moves quickly during traveling; therefore, 
Ttraveling,i is merged into the idle time of each layer. Figure 13a 
presents the toolpath of a normal layer. Due to the width of 
the extruded material, the toolpath’s outer contour has a small 
offset from the original contour, and the inner contour also has 
an offset from the outer contour. In FDM, the infill is usually 
not total 100%, and most models can be fabricated with 10–20% 
infill. This infill density is enough to maintain the fabrication 
stability. Moreover, too high infill density will increase the build 
time and material usage. But for the layer in which the involved 
facets are parallel to the horizontal plane, such as top and bot-
tom horizontal surfaces, this layer must be completely filled to 
maintain the geometry integrity, which will form a solid layer, 
as shown in Fig. 13b. Normally, there are several solid layers 
for top and bottom horizontal surfaces to decrease the influence 
of bridging and improve surface finish. Similarly, the support 
structure is also printed with a certain density or path interval, 
i.e., hatch distance ( Hs ), which can be seen in Fig. 13a.

Applying an offset algorithm to calculate the outer con-
tour perimeter is cumbersome; here, an approximate method 
is adopted to obtain the perimeters of outer and inner con-
tours. This offset is very small (usually half of the extrusion 
width); consequently, the perimeter of the outer contour 
could be given by

where Loricontour,i is the perimeter of the original contour of 
the slice polygon of the ith layer. Thus, the fabrication time 
of the outer contour could be calculated by

(15)Loutcontour,i = 0.95Loricontour,i

where voc is the scanning speed of the outer contour.
For the inner contour, there will be several contours, simi-

lar to the outer contour; the perimeter of the jth inner contour 
could be given by

The total perimeter of the inner contour is the sum of the 
perimeters for nincnt inner contours, expressed as

Notably, there will be no inner contour or a specified 
number of inner contours cannot be obtained in a given layer 
since the area of the slice polygon is not enough to accom-
modate that. For this, it is essential to confirm the actual 
number of inner contours, and it can be conducted by

where He is the extrusion width of the nozzle, and Alayer,i 
is the original area of slice polygon of the ith layer. The 
fabrication time of the inner contour could be calculated by

where vic is the scanning speed of the inner contour.
For the infill, it should also confirm whether there is 

infill for a given layer. There will be infill only when the 
actual number of inner contours of this layer satisfies the 
pre-defined number. Accordingly, the area for an infill could 
be expressed as

(16)Toutcontour,i = Loutcontour,i∕voc

(17)L
j

incontour,i
= 0.9jLoutcontour,i

(18)Lincontour,i =
∑nincnt

j=1
L
j

incontour,i

(19)

L
j

incontour,i
=

�
0.9jLoutcontour,i, if Alayer,i − Loutcontour,iHe(1 +

∑j

k=1
0.9k) > 0

0, else

(20)Tincontour,i = Lincontour,i∕vic

Fig. 13   Layered toolpaths in extrusion-based AM
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Many infill styles, such as the Zig Zag and Grid styles, have 
been applied in FDM. The infill style in Fig. 13 is a typical Zig 
Zag type and is a popular application in FDM. For simplified 
calculation, the Zig Zag style is selected in this study. Based 
on whether the layer is solid or not, the fabrication time of the 
infill could be given as

where vf is the scanning speed of the infill, and Dinfill is the 
infill density.

Indeed, Eq. (22) can also be applied to the Grid style. The 
fabrication time of the support could be calculated by

where vs is the scanning speed of the supports, and nray,i is 
the number of support rays existing in the ith layer.

Apparently, it is crucial to minimize the total build time in 
build orientation optimization.

4.1.5 � Build cost

Estimating an accurate build cost for an FDM part is difficult 
because the build cost is affected by the build time, support 
volume, material properties, and process parameters. The build 
cost usually comprises material usage, energy consumption, 
and pre-processing and post-processing costs. The pre-pro-
cessing and post-processing costs are hard to quantify and 
thus are not considered. Accordingly, the build cost could be 
calculated by

where Pmaterial is unit material price, and Dmaterial is the mate-
rial density, Vmaterial is the volume of material usage, and 
Penergy is the unit energy price. Vmaterial could be calculated 
by summing the volume of material used for manufacturing 
the part itself and the support of each layer, expressed as

where Vpart,i and Vsupport,i are the volume of material usage of 
the part itself and the support for the ith layer, respectively. 
Vpart,i could be calculated by

(21)Ainfill,i =

�
Alayer,i − Loutcontour,iHe(1 +

∑nincnt
j=1

0.9j), if Alayer,i − Loutcontour,iHe(1 +
∑nincnt

j=1
0.9j) > 0

0, else

(22)Tinfill,i =

⎧
⎪⎨⎪⎩

Ainfill,i

vfHe

, solid layer
Ainfill,iDinfill

vfHe

, normal layer

(23)Tsupport,i =
nray,iAgrid

vsHs

(24)Cbuild = PmaterialDmaterialVmaterial + PenergyTbuild

(25)Vmaterial =

nlayer∑
i=1

(
Vpart,i + Vsupport,i

)

where ti is the layer thickness of the ith layer. And Vsupport,i 
could be written as

4.2 � Generation of ABOs

As discussed in related work, there are two meanings to 
obtaining the ABOs. Applying the exhaustive search method 
will obtain a more accurate result. However, for the situation 
with adaptive slicing, the computation cost of the exhaustive 
search method is not desirable for practical application. Con-
sequently, the method proposed in Qin et al. [40] is improved 
to generate certain meaningful ABOs. The method adopted 
the HDBSCAN* algorithm to produce facet clusters from 
the mesh model based on the normal vectors of the facets. 
Further, the unitized central vector of all normal vectors of 
the facets in a cluster and its opposite vector were calculated. 
For an obtained unitized central vector or its opposite vector 
(nx, ny, nz), the part model was rotated around X-axis at an 
angle of ϴx (in degree) and Y-axis (in degree) at an angle of 
ϴy, respectively, which ultimately makes this vector verti-
cally upward, and forms one ABO for the model. The two 
rotation angles, ϴx and ϴy, can be calculated by the follow-
ing equations:

This ABO will make the facets in the corresponding 
cluster become or close to top horizontal facets. Nonethe-
less, in accordance with the study of surface roughness in 
Sect. 4.1.3, the surface roughness of the top horizontal sur-
face is not the smallest, while that of the vertical surface 
is the smallest. Additionally, the vertical surface does not 
generate volume deviation and does not require support. 
More preferably, the ABO obtained above is rotated into 
an orientation in which the unitized central vector of the 
corresponding facet cluster changes from along the build 

(26)

Vpart,i =

{
ti(He(Loutcontour,i + Lincontour,i) + Ainfill,i), solid layer

ti(He(Loutcontour,i + Lincontour,i) + DinfillAinfill,i), normal layer

(27)Vsupport,i =
tinray,iAgridHe

Hs

(28)

�x =

⎧
⎪⎨⎪⎩

0, if ny = 0 and nz = 0

arctan(ny∕nz), if nz ≥ 0

180 + arctan(ny∕nz), else
, else

(29)�y = − arctan(
nx√

ny2 + nz2
)
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direction to perpendicular to the build direction. That is, 
another rotation is essential to obtain the meaningful ABO 
for extrusion-based AM. However, there will be infinite ori-
entations for that rotation since it only requires rotating the 
vector from (0,0,1)T to parallel to a horizontal plane, that is, 
make nz = 0 . To settle this issue, the minimum bounding 
rectangle (MBR) algorithm for a set of 2-dimensional points 
is applied and explained in detail below.

As shown in Fig. 14, the test mesh model generates many 
facet clusters. In Fig. 14b, the facets with the same color 
represent one facet cluster. The resulting facet clusters are 
sorted based on the total area of the facets in a cluster. The 
MBR has the minimum area of the bounding box for a set 
of points, and it is conducive to approximating the geometry 
representation of the facet cluster with a few points. This 
property makes the MBR available for the second rotation 
of the facet cluster to generate the final ABO.

Figure 15 illustrates the generation process of the ABOs 
via the MBR of a facet cluster. Taking the facet cluster with 
red color in Fig. 14b as an example, its unitized central vec-
tor is (0, − 1,0)T. This facet cluster is first rotated to paral-
lel to the horizontal plane, as shown in Fig. 15a. Then, all 
vertices of the facets in this cluster are projected on the XOY 
plane, and the MBR of these projection vertices is created. 
Figure 15a depicts the MBR and its four vertices, where the 
MBR is translated to the maximum z height of the vertices 
among the facet cluster. And the project of the MBR on the 
XOY plane can be seen in Fig. 15b. To obtain the angles for 
the second rotation, the edge of the MBR is selected as the 
rotation reference. The model requires to be rotated to make 
that edge along the build direction via the Eqs. (28) and 29. 
Because there are the long and short edges for the MBR, 
the two edges are both selected; that is, one facet cluster 
ultimately generates two ABOs. Here, the first vertex, P1, 
of the MBR is selected as the start of the edge, and the two 
edges can be represented by ��������⃗P1P2 and ��������⃗P1P4 , respectively. 
The generated first and second ABOs for the facet cluster are 
presented in Fig. 15c, d, respectively. As shown in Fig. 15c, 

the edge ��������⃗P1P2
 is now along the build direction, and the edge 

��������⃗P1P4 in Fig. 15d is likewise along the build direction. A 
vector can express the final ABO with four rotation angles.

4.3 � Decision‑making for optimal build orientation

Determining an OBO from the ABOs obtained above is 
essential in practice, and it is a typical MCDM problem. 
This study adopts the integration of the WSM and grey 
relational analysis (GRA) [44] to obtain the final OBO. The 
WSM is a simple and commonly used method in MCDM; 
however, it only maps the comprehensive performance of 
the alternative. The GRA reveals the trend relationship 
between the alternative and the aspired goal and is suit-
able for the MCDM with complicated interrelationships 
between the criteria [45]. This characteristic makes the 
GRA desirable for this study since the involved relative 
decision criteria have complex interrelationships, such as 
the support volume affecting the build time and cost. Con-
sequently, the WSM and GRA are integrated to obtain a 
preferable result.

The process of the WSM can be summarized as follows:

1.	 Normalize the values of the decision criteria, since the 
unit and order of magnitude of the criteria are different:

where ri,j and xi,j are the normalized and original values of 
the jth criterion of the ith alternative, respectively.

2.	 Adjust the normalized value following the property of 
the criterion:

(30)
ri,j =

xi,j�∑m

i=1
x2
i,j

, i = 1, 2,⋯ ,m;j = 1, 2,⋯ , n

(31)ui,j =

{
1 − ri,j, if ri,j is a cost criterion

ri,j, if ri,j is a benefit criterion

Fig. 14   Facet clusters of test 
mesh model
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3.	 Assign the weight to each criterion:

where wj is the weight of the jth criterion owing to dif-
ferent preferences for the criterion, and 

∑n

j=1
wj = 1.

4.	 Calculate the summary value of the criteria of each 
ABO:

The alternative with the highest Si value is the final 
option for the WSM.

The main steps of the GRA are described as follows:

1.	 Same with step 1 of the WSM
2.	 Same with step 3 of the WSM, the only difference is that 

the normalized value does not require to adjust in GRA.
3.	 Determine the positive ideal ( A+ ) and negative ideal 

( A− ) solutions:

(32)vi,j = wjui,j

(33)Si =

n∑
j=1

wjvi,j

w h e r e  v+
j
= max

{
v1,j, v2,j,⋯ , vm,j

}
 a n d  v

−
j
= min{

v1,j, v2,j,⋯ , v
m,j

}
 if the jth criterion is a benefit criterion; 

v+
j
= min

{
v1,j, v2,j,⋯ , vm,j

}
 and v−

j
= max

{
v1,j, v2,j,⋯ , vm,j

}
 

if the jth criterion is a cost criterion.

4.	 Calculate the grey relational coefficients:

The grey relational coefficient between the ith alternative 
and the positive ideal solution referring to the jth criterion, 
v+
j
 , is given as

where Δ+
i,j
=
|||vi,j − v+

j

||| , Δ
+
min

=min{Δ+
i,j
} , Δ+

max
=max{Δ+

i,j
} , 

� ∈ [0, 1] is the distinguish coefficient, usually, �=0.5.

(34)A+ =
(
v+
1
, v+

2
,⋯ , v+

n

)

(35)A− =
(
v−
1
, v−

2
,⋯ , v−

n

)

(36)�+
i,j
=

Δ+
min

+ �Δ+
max

Δ+
i,j
+ �Δ+

max

Fig. 15   Illustration of the gen-
eration of ABOs via the MBR 
for a facet cluster
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Similarly, the grey relational coefficient between the ith 
alternative and the negative ideal solution refers to the jth 
criterion, v−

j
 , is given as

where Δ−
i,j
=
|||vi,j − v−

j

||| , Δ−
min

=min{Δ−
i,j
} , Δ−

max
=max{Δ−

i,j
}.

5.	 Calculate the grey relational grades:

The grey relational grade between the ith alternative and 
the positive ideal solution is written as

Similarly, the grey relational grade between the ith alter-
native and the negative ideal solution is written as

6.	 Calculate the relative grey relational grade:

7.	 Rank the alternatives by the value of Ci, and the alterna-
tive with the highest value of Ci is selected.

The Si and Ci have the same positive effect on the deci-
sion-making; accordingly, the WSM and GRA are integrated 
to select an OBO for the ABOs, expressed as

(37)�−
i,j
=

Δ−
min

+ �Δ−
max

Δ−
i,j
+ �Δ−

max

(38)G+
i
=

1

n

∑n

j=1
�+
i,j

(39)G−
i
=

1

n

∑n

j=1
�−
i,j

(40)Ci =
G+

i

G+
i
+ G−

i

(41)WG = �S�
i
+ (1 − �)C�

i

where S�
i
= Si

�∑m

i=1
Si , C�

i
= Ci

�∑m

i=1
Ci , and ρ ( 0 ≤ � ≤ 1 ) 

is a coefficient to adjust the relative importance of the WSM 
and GRA. Here, ρ is set as 0.5, which means the importance 
of the WSM and GRA are the same. The greater WG is, the 
better alternative will be.

5 � Case studies and discussion

The proposed method is developed in MATLAB R2021a and 
runs on a 16 GB AMD Ryzen 5 3600 3.6 GHz processing 
unit. Two complex parts, namely jet bracket and fan duct, are 
applied to validate the proposed method; the detailed infor-
mation of which is presented in Table 4. The manifold mesh 
models of the test parts with original orientation are shown 
in Fig. 16. The corresponding facet clusters of the two parts 
are presented in Fig. 17. The relative process parameters of 
the extrusion-based AM technology are presented in Table 5.

5.1 � Case study 1

Figure 18 presents the twelve ABOs of the jet bracket 
using the generation method in Sect.  4.2. The corre-
sponding rotation angles for the twelve ABOs are listed 
in Table 6.

The estimated criterion values of the ABOs for the 
jet bracket are listed in Table 7. To obtain an OBO from 
the ABOs, the weights of each criterion should be first 
assigned. Given the fuzziness of human judgment, this 
study adopts the fuzzy analytical hierarchy process [46] 
to obtain the weight vector for the five criteria. For the jet 
bracket, the importance of the volume deviation and sur-
face quality is considered to be more crucial than other 
criteria, and the resulting weight vector can be achieved 

Table 4   Geometric information 
of the test parts

Part Length (X)/mm Width (Y)/mm Height (Z)/mm Volume/mm3 Area/mm2

Jet bracket 84.58 51.74 31.23 10,312.39 7175.79
Fan duct 65.39 39.54 31.26 5537.27 7462.77

Fig. 16   Manifold mesh models 
of the test parts
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as W1 = (0.1843, 0.2581, 0.2581, 0.1843, 0.1152)T . Sub-
sequently, the MCDM values, i.e., WG values, of the 
twelve ABOs can be obtained as presented in Table  7, 
and the rankings of the twelve ABOs are likewise listed 
in Table 7. As can be seen, the ultimate OBO for the jet 
bracket is ABO 6, and its rotation angle vector is (0.0000°, 
0.0000°, − 90.0000°, 2.0794°)T.

To further demonstrate the effectiveness of the proposed 
method, the criterion values applying uniform and adaptive 
slicing in the original orientation of the jet bracket are com-
pared with ABO 6, which can be seen in Table 8. In Table 8, 
Origin 1–3 represent the results of the uniform slicing with 
minimum and maximum allowable thicknesses, and adaptive 
slicing in the original orientation of the jet bracket, respec-
tively. Based on the slicing results, the proposed MCDM 
method is applied to evaluate them, and the resulting WG 
values and their rankings are likewise listed in Table 8. As 
can be seen, ABO 6 is still the optimal one, which demon-
strates the effectiveness of the proposed method.

The supports of the jet bracket in different orientations 
are presented in Fig. 19 to verify the estimation values in 
Tables 7 and 8. It can be seen that the supports of ABO 

1 and ABO 12 are more than that of the original orienta-
tion and ABO 6. The slicing results for the Origin 1–3 and 
ABOs in Fig. 19 are depicted in Fig. 20. The application of 
adaptive slicing can effectively decrease the total build time 
and cost. The layer thicknesses will vary with the change 
of build orientation. The physical fabrications of the jet 
bracket for the Origin 1–3 and OBO are shown in Fig. 21. 
The actual support structure layouts of the fabrication parts 
are similar to that in Fig. 19. The result supposes that the 
OBO considering adaptive slicing obtained by the proposed 
method is desirable for practical application in extrusion-
based AM.

5.2 � Case study 2

To further present the effectiveness of the proposed method, 
the fan duct case considers more potential ABOs. Figure 22 
depicts the sixteen ABOs of the fan duct, and the corre-
sponding rotation angles of the sixteen ABOs are listed in 
Table 9.

The estimated criterion values of the ABOs of the fan 
duct are listed in Table 10. In the MCDM model, differ-
ent weights for the decision criteria will induce various 
optimal alternatives. Therefore, another weight vector 
W2 = (0.2422, 0.2121, 0.1819, 0.2665, 0.0973)T is achieved 
to reveal the influence of weights on the obtained OBO. 
Table 11 lists the WG values and corresponding rankings 
of the sixteen ABOs using the weight vectors, W1 and W2. 
In Table 11, WG 1 and WG 2 represent the WG values for 
the cases of W1 and W2, respectively. In the case of W1, the 
OBO for the fan duct is ABO 6, and its rotation angle vec-
tor is (231.4675°, 2.6093°, 90.0000°, 10.8305°)T. For the 
weight vector W2, since the weights of support volume and 
build time are more crucial than others, the OBO for the 
fan duct becomes ABO 12, and its rotation angle vector is 
(221.9946°, 0.3437°, − 90.0000°, 0.0000°)T.

Similarly, the two OBOs obtained are compared with the 
result of the fan duct in the original orientation, which is 
listed in Table 12. Here, the criterion values of the original 
orientation are added to the decision matrix of the sixteen 

Fig. 17   Facet clusters of the 
test parts

Table 5   Process parameters 
used for the criterion estimation 
models

Parameter Value

tmin 0.1 mm
tmax 0.3 mm
Tidle 1 s
nincnt 2
voc 25 mm/s
vic 45 mm/s
vf 60 mm/s
vs 50 mm/s
He 0.4 mm
Hs 2 mm
Dinfill 15%
Dmaterial 1.24 g/cm3

Pmaterial 0.15 CNY/g
Penergy 0.3228 CNY/kW·h
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ABOs above. The WG values of the three orientations in 
the cases of W1 and W2, are both calculated and listed in 
Table 12, and the two OBOs are better than the original 

orientation. Notably, owing to the participation of the origi-
nal orientation, ABO 12 is now the OBO for the two cases 
of W1 and W2. This is because the support volume and build 
time in ABO 12 are the least among the sixteen ABOs. This 
result demonstrates that the proposed MCDM method effec-
tively produces an optimal alternative while the input data 
changes.

To demonstrate the estimated criterion value, the sup-
ports of the fan duct in different orientations are pre-
sented in Fig. 23. It can be seen that the support of ABO 
12 is the least. Figure 24 depicts the adaptive slicing 
results for the orientations in Fig. 23. The relative physi-
cal fabrications in the original orientation and the two 
OBOs obtained are shown in Fig. 25. As can be seen, 
the actual support structure layouts for the fan duct are 
similar with that in Fig. 23. The results in Tables 11 and 
12, and Figs. 23, 24 and 25 demonstrate that the proposed 
method effectively obtains a preferable build orientation 
and layer thickness distribution for the fabrication in 
extrusion-based AM.

Fig. 18   ABOs of the jet bracket

Table 6   Rotation angles of different ABOs for the jet bracket

ABO Initial rotation angles/° Second rotation angles/°

X-axis Y-axis X-axis Y-axis

ABO 1 85.9812 –90.0000 90.0000 73.2366
ABO 2 85.9812 –90.0000  − 90.0000 16.7634
ABO 3 265.9554 90.0000 90.0000 16.7891
ABO 4 265.9554 90.0000 –90.0000 73.2109
ABO 5 0.0000 0.0000 90.0000 87.9206
ABO 6 0.0000 0.0000 –90.0000 2.0794
ABO 7 200.4114 0.0000 90.0000 90.0000
ABO 8 200.4114 0.0000 –90.0000 0.0000
ABO 9 180.0000 0.0000 90.0000 1.8320
ABO 10 180.0000 0.0000 –90.0000 88.1680
ABO 11 0.0000 –30.3855 90.0000 0.0000
ABO 12 0.0000 –30.3855 –90.0000 90.0000
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Table 7   Estimated criterion 
values and quantitative 
comparison in different ABOs 
of the jet bracket

ABO Vsupport/mm3
Vdeviation/mm3

Raasras/μm Tbuild/s Cbuild/CNY WG Ranking

ABO 1 10,608.6824 205.9596 17.3247 4179.3296 2.1222 0.08532 6
ABO 2 17,387.7142 230.2292 17.5909 5268.1377 2.2332 0.07802 11
ABO 3 17,387.7148 230.2292 17.5909 5268.1377 2.2332 0.07802 10
ABO 4 10,608.6824 205.9596 17.3247 4179.3296 2.1222 0.08532 7
ABO 5 14,677.6870 189.4946 16.4659 4672.9962 2.1091 0.08472 9
ABO 6 7998.5731 199.9611 17.2062 3869.0728 1.8918 0.08839 1
ABO 7 13,515.2276 191.7252 17.1092 4332.7745 2.0348 0.08533 5
ABO 8 10,418.6986 212.6597 16.5829 4089.5906 2.0064 0.08608 4
ABO 9 8021.2758 200.2985 17.2985 3847.2528 1.8908 0.08832 2
ABO 10 14,563.4495 190.1819 16.5664 4626.4991 2.0996 0.08474 8
ABO 11 8077.1223 205.1817 18.0726 3716.6362 1.8809 0.08753 3
ABO 12 38,896.6146 223.4037 13.2345 6755.0965 3.2217 0.06822 12

Table 8   Estimated criterion 
values and quantitative 
comparison of the Origin 1–3 
and OBO for the jet bracket

Orientation Vsupport/mm3
Vdeviation/mm3

Raasras/μm Tbuild/s Cbuild/CNY WG Ranking

Origin 1 8190.3846 163.3969 18.4169 5177.6426 1.9342 0.2616 2
Origin 2 8190.3846 482.7874 40.3187 1814.5810 1.7232 0.2059 4
Origin 3 8190.3846 224.8033 24.1287 3525.0065 1.8715 0.2583 3
ABO 6 7998.5731 199.9611 17.2062 3869.0728 1.8918 0.2742 1

Fig. 19   Supports of the jet 
bracket in different orientations
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Fig. 20   Slicing results of the jet 
bracket in different orientations

Fig. 21   Physical fabrications 
of the jet bracket in different 
orientations
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Fig. 22   ABOs of the fan duct
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Table 9   Rotation angles of the ABOs for the fan duct

ABO Initial rotation angles/° Second rotation angles/°

x-axis y-axis x-axis y-axis

ABO 1 −48.0002 −0.0001 90.0000 0.0000
ABO 2 −48.0002 −0.0001 −90.0000 90.0000
ABO 3 180.0000 0.0000 90.0000 0.0000
ABO 4 180.0000 0.0000 0.0000 90.0000
ABO 5 231.4675 −2.6093 90.0000 79.1695
ABO 6 231.4675 −2.6093 −90.0000 10.8305
ABO 7 51.2523 −3.1258 90.0000 85.4946
ABO 8 51.2523 −3.1258 −90.0000 4.5054
ABO 9 0.0000 0.0000 90.0000 0.0000
ABO 10 0.0000 0.0000 −90.0000 90.0000
ABO 11 221.9946 0.3437 90.0000 90.0000
ABO 12 221.9946 0.3437 −90.0000 0.0000
ABO 13 42.0147 −1.1045 90.0000 90.0000
ABO 14 42.0147 −1.1045 −90.0000 0.0000
ABO 15 132.0000 0.0000 90.0000 0.0000
ABO 16 132.0000 0.0000 −90.0000 90.0000

Table 10   Estimated criterion 
values in different ABOs of the 
fan duct

ABO Vsupport/mm3
Vdeviation/mm3

Raasras/μm Tbuild/s Cbuild/CNY

ABO 1 29,635.6160 230.4025 14.6892 6212.3849 2.4514
ABO 2 19,016.5770 163.5134 15.1945 4298.4515 1.9291
ABO 3 24,850.1420 216.6035 13.3290 6108.7133 2.3302
ABO 4 18,436.2982 163.5133 15.1943 4261.1513 1.9041
ABO 5 18,025.1641 174.3551 14.1143 4695.4224 1.9561
ABO 6 7657.9897 150.5813 12.1570 4110.8990 1.5655
ABO 7 19,634.5365 170.5825 14.8482 4506.6738 1.9854
ABO 8 12,035.9833 153.0342 13.3599 4014.0838 1.7235
ABO 9 21,792.3883 216.7814 12.2636 5888.8233 2.1929
ABO 10 18,683.4469 163.5133 15.1943 4276.6213 1.9147
ABO 11 19,084.9811 163.8555 15.1839 4302.6886 1.9295
ABO 12 2540.8511 170.2605 16.1427 3162.8993 1.2504
ABO 13 18,457.0822 164.5171 15.1447 4274.7914 1.9050
ABO 14 9496.7155 152.0134 12.8671 3770.4728 1.5671
ABO 15 7391.1834 234.6839 18.0396 4050.1847 1.4407
ABO 16 18,524.0462 163.5133 15.1939 4266.1013 1.9079

Table 11   Quantitative comparison in different ABOs of the fan duct 
with different weight vectors

ABO WG 1 Ranking WG 2 Ranking

ABO 1 0.05080 16 0.05141 16
ABO 2 0.06241 9 0.06238 10
ABO 3 0.05479 15 0.05490 15
ABO 4 0.06271 5 0.06268 5
ABO 5 0.06211 11 0.06196 12
ABO 6 0.07008 1 0.06910 2
ABO 7 0.06155 12 0.06155 13
ABO 8 0.06746 4 0.06685 4
ABO 9 0.05739 14 0.05716 14
ABO 10 0.06258 8 0.06255 9
ABO 11 0.06237 10 0.06234 11
ABO 12 0.07007 2 0.07048 1
ABO 13 0.06265 7 0.06263 8
ABO 14 0.06945 3 0.06870 3
ABO 15 0.06089 13 0.06268 6
ABO 16 0.06267 6 0.06264 7
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Table 12   Estimated criterion 
values and quantitative 
comparison of the fan duct in 
the original orientation and two 
OBOs

Orientation Vsupport/mm3
Vdeviation/mm3

Raasras/μm Tbuild/s Cbuild/CNY WG

W1 W2

Origin 6029.6049 151.2986 18.5356 3807.5499 1.4606 0.0623 0.0629
ABO 6 7657.9897 150.5813 12.1570 4110.8990 1.5655 0.0655 0.0646
ABO 12 2540.8511 170.2605 16.1427 3162.8993 1.2504 0.0657 0.0660

Fig. 23   Supports of the fan duct in different orientations
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5.3 � Discussion

The facet clustering method of Qin et al. [40] can gener-
ate a set of facet clusters and its unitized central normal 
vectors with high efficiency. The MBR algorithm is also 
fast by using vectorized calculation. The time to obtain the 
final ABOs within 100 facet clusters is about 1 s; even for 
1000 facet clusters, it only requires about 4 s. The adap-
tive slicing process for an ABO requires a few seconds. 
In the realistic implementation of extrusion-based AM, 
this characteristic of the proposed method makes it desir-
able for practical applications in the case of simultane-
ous optimization of build orientation and layer thickness. 

And the physical experiments of the jet bracket and fan 
duct demonstrate the effectiveness. Although the proposed 
method still risks missing the true OBO compared with 
the computation-based methods. It is preferable since 
applying adaptive slicing for all alternatives of each itera-
tion in the computation-based optimization process is 
time-consuming.

The infill style affects the calculation results of build 
time and cost. The Zig Zag style is selected for the case 
studies due to its convenient computation. The calculation 
equations are likewise suitable for the Grid style. But this 
calculation technique is not available for other complex 
infill styles, such as the Honeycomb and Gyroid styles. 

Fig. 24   Adaptive slicing results of the fan duct in different orientations

Fig. 25   Physical fabrications of 
the fan duct in different orienta-
tions
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Applying the complex style’s original generation rules will 
help obtain accurate calculation results. In addition, the 
intersection lines between the infill lines and the contour 
are ignored for simplified computation. A correction fac-
tor for considering the intersection lines is conducive to 
making the results more accurate and can be obtained by 
certain physical experiments.

The weights of the decision criteria have a crucial 
effect on the ultimate decision choice in the proposed 
MCDM method. The case study of the fan duct discusses 
the results in the two cases of different weight vectors, 
which suggests that the input data and weights are sig-
nificant for the final optimal alternative. Assigning suit-
able weights to the corresponding criteria is worth paying 
more attention to, as the decision criteria are usually con-
flicting and interrelated. Certain experiments may help 
find the inherent correlation between the decision criteria 
and the as-built part.

In addition, this study considers all the surfaces of the 
part are of the same importance. However, in some cases, 
for example, the assembly surfaces of a model require more 
manufacturing precision to improve product performance. 
Consequently, assigning different weights to different sur-
face features of the part is desirable for the specific require-
ments in the optimization process. Similar work can be 
found in Xu et al. [23, 25, 27, 28].

6 � Conclusions

This study proposes a part build orientation optimization 
method in extrusion-based additive manufacturing coupling 
with adaptive slicing. The proposed approach first develops 
an adaptive slicing method using volume deviation rate. Sec-
ond, the relative decision criteria, namely support volume, 
volume deviation, surface roughness, build time, and build 
cost, are considered, and their values are estimated via certain 
models. Especially, a benchmark artifact for the estimation 
of surface roughness is designed, and the actual fabrication 
and measurement using a contact surface roughness tester for 
the artifact are done to produce an accurate estimation model. 
Afterward, a set of ABOs defined by four rotation angles is 
generated based on the MBRs of the facet clusters in a mani-
fold mesh model. Last, an integrated MCDM model com-
posed of the WSM and GRA is proposed to achieve an OBO 
among the ABOs. Two complex parts are utilized to validate 
the effectiveness of the proposed approach with quantitative 
comparisons and physical fabrications. The case studies indi-
cate that the proposed method is conducive to simultaneously 
optimizing the build orientation and layer thickness for com-
plex parts in extrusion-based AM.

As the present study only considers the fabrication 
in extrusion-based AM, future work will aim at other 

AM processes, such as SLA and selective laser melt-
ing. Nowadays, multi-part fabrication is fashionable for 
the application of AM, which means a group of parts is 
built simultaneously. As a result, the proposed method 
could be improved to determine the build orientations 
of multiple parts simultaneously. Additionally, machine 
learning can also be applied to estimate the values of 
decision criteria.
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