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ABSTRACT 
 
The optimization of manufacturing processes has acquired significant importance 
due to its ability to improve operations and reduce costs and material 
consumption. In the manufacturing process of specific structures, such as 
tensegrity structures, there is a high geometric complexity and the presence of 
internal areas without deposited material, reducing material consumption and the 
structure's weight. Optimization methods are used to improve the manufacture of 
structures used in robotic assistance arms to define the piece's orientation and the 
location of the supports in a 3D printing system. The objective function of this 
approach is to minimize the volume needed to build the regions that require 
support, complying with printing restrictions, and ensuring self-support and 
integrity of the structure. For this, an evolutionary optimization algorithm is used 
to determine the optimal orientation of the parts, which leads to a direct reduction 
in the consumption of support material and the final weight of the structure. Also, 
it presents an improvement in the printing quality of the piece. 
 

RESUMEN 
 
La optimización de los procesos de fabricación y manufactura ha adquirido una 
importancia significativa debido a su capacidad para mejorar procesos y reducir 
los costos y el consumo de material. En el proceso de fabricación de ciertas 
estructuras, como las estructuras de tensegridad representa una alta complejidad 
geométrica y una presencia de áreas internas sin material depositado, 
repercutiendo en una reducción en el consumo de material y el peso de la 
estructura. Con el objetivo de mejorar la fabricación de estructuras utilizadas en 
brazos robóticos asistenciales, se recurre a métodos de optimización que permiten 
definir la orientación de la pieza y la ubicación de los soportes en un sistema de 
impresión 3D. La función objetivo de este proceso es minimizar el volumen 
necesario para construir las regiones que requieren soporte, cumpliendo con las 
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1. Introduction 

3D printing systems represent a source of 
opportunities in both academia and industry. Its 
applications span a wide range of fields, from creating 
cutting-edge optical devices [1] to revolutionary 
advances in architecture [2]. In addition, they extend 
to the conception and development of highly 
specialized electronic sensors [3] and the integration of 
these sensors into state-of-the-art robotic devices [4-5]. 
They have even become an essential tool for designing 
and constructing advanced robotic systems [6]. This 
versatility and capacity for continuous innovation 
make 3D printing a cutting-edge technology with high 
potential in various disciplines. 

The constant development of 3D printing systems 
is reflected in a wide range of research and application 
areas. An outstanding example is the characterization 
of printing materials, especially relevant in fields such 
as the manufacture of medical equipment, where 
quality and safety are fundamental [7]. In addition, 
optimizing extruder force control in metal printers has 
been a critical approach to improving the accuracy and 
quality of printed parts [8]. Also, in plastic inkjet 3D 
printers, cooling channel optimization has been a 
critical study area to ensure an efficient and controlled 
printing process [9]. Finally, planning print paths for 
structures with low fill weight has become an essential 
field of research, enabling the creation of lightweight 
and resistant objects with efficient use of material [10]. 
These examples illustrate the dynamic and continuous 
development in which 3D printing systems are 
immersed, driven by the constant search for 
improvements and technological advances. 

Optimization is a crucial field of research that 
encompasses a wide range of aspects throughout the 
3D printing process. It also includes optimizing the 
printing material used [11], accelerating the mass 
production of prototypes [12], developing new 
properties for printing materials [13-14], as well as 
improving structural efficiency in the designs to be 
printed [15]. These are all essential aspects for the 
continuous improvement of 3D printing systems. In 
this work, we explore the optimization of the 
orientation of the printing of parts used to print non-
uniform structures or those that, due to their 
inclination, do not have direct contact with the 
printing surface, making use of the property of self-
support of material that can be observed in Figure 1. 
The main objective is to reduce the material used in 
this process and analyze its impact on printing time.  

Figure 1. Support material at overhang test part. 

 

Source:thingiverse.com/thing:40382 

In this paper, the optimization of the orientation of 
the parts for 3D printing is addressed since this 
parameter is a criterion defined by the user. A 
multivariate optimization technique is used to find the 
optimal orientation. Section 2 describes the 
methodology employed to reduce the use of support 
material through correct orientation in part printing 

restricciones de impresión y garantizando el autosoporte y la integridad de la 
estructura. Para lograr esto, se utiliza un algoritmo de optimización evolutiva para 
determinar la orientación óptima de las piezas, lo que conlleva a una reducción 
directa en el consumo de material de soporte, en el peso final de la estructura, y 
presentando una mejora en la calidad de impresión de la pieza. 
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using multivariable optimization algorithms. Section 3 
presents a gallery of pieces that comprise the case study 
to be analyzed. In section 4, the results obtained by 
applying the orientation optimization methodology to 
this set of parts are presented, analyzed, and validated 
using commercial software. Finally, section 5 
summarizes the conclusions obtained. 

 

2. Method  

This section presents the proposed methodology to 
directly calculate the amount of support material 
needed in the 3D printing process. This calculation is 
based on the 45-degree self-support angle rule for 
material deposition manufacturing. The application of 
this calculation is versatile and can be performed on 
any object, depending on its orientation. The 
optimization method is described below, which will be 
applied to calculate the optimal support volume. This 
volume is defined as the multivariable objective 
function. 

2.1 Problem definition  

Initially, the triangles at the bottom are identified 
according to the selected orientation of the piece. These 
triangles are critical as they represent surface sections 
requiring support during printing. For this, the normal 
vector of each face of the model is calculated based on 
its triangular representation. This normal vector is 
obtained by the cross-product operation between two 
vectors corresponding to the sides of each triangle 
being analyzed. This vector is a criterion for 
determining whether a specific region needs support 
during printing. The angle between the normal vector 
and the z-axis is measured using the point product 
operation between these two vectors, as described in 
Equation 1. In this equation, v_1.and v_2. represent 
the unit vectors corresponding to sides 1 and 2 of the 
triangle, respectively, while v_z symbolizes the unit 
vector of the z-axis. 

𝜃𝜃 = 𝑐𝑐𝑐𝑐𝑐𝑐−1((𝑣𝑣1 ∙ 𝑣𝑣2) × 𝑣𝑣𝑧𝑧)         (1) 

Considering the angle of inclination inherent in the 
self-support process in 3D printing, a selection of faces 
that present a calculated angle concerning the z-axis 
less than 45 degrees is carried out since these are the 
ones that require reinforcement by adding additional 
material. Once these faces that need support have been 
identified, the volume needed to support this specific 
area is calculated. This calculation process is divided 
into two stages: In the first stage, the total volume of 
the region below the analyzed triangle is calculated. In 
the second stage, the volume of the triangular regions 
at the bottom of the analyzed triangle is determined, 
which can act as a support for printing. The final 
estimate of the material required to maintain this 
triangle is obtained by subtracting the volume 
calculated in the first stage from the volume 
determined in the second stage. Figure 2 shows a final 
prism on which the calculation will be performed for 
one of the faces of a part. The representation in green 
corresponds to the first stage and in blue to the second. 
Importantly, these stages are repeated cyclically for 
each area that requires support. 

Figure 2. Visualization of the required support volume 
estimation (a) Part analyzed, (b) Selection of faces to be 

supported, (c) Support volume calculation. 

(a)                             (b)                            (c)     

Source: Own. 

In the first stage, we calculate the volume of a prism 
generated by projecting the triangle of the face on the 
xy plane. Initially, Equation 2 is used, in which 𝐴𝐴𝑥𝑥𝑥𝑥   
represents the area of the evaluated triangle projected 
onto the xy plane. This area is obtained by the point 
product operation between two triangle vectors, 
excluding their components on the z-axis. 
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Furthermore, in this equation, ℎ� denotes the average 
value of the components on the z-axis of the triangle's 
vertices. This value represents the uninclined prism 
that has the same volume. It is worth mentioning that 
this calculation can be applied to any triangle in space, 
and its definition will be used later in the calculation 
of the volume of the second stage. 

   𝑉𝑉𝐴𝐴   𝑖𝑖 =  𝐴𝐴𝑥𝑥𝑥𝑥        𝑖𝑖  ∙  ℎ�   𝑖𝑖                         (2) 

Finally, these two volumes will be calculated for all 
the faces identified as needing support. The support 
volume for each region will be determined as the 
difference between the volume of the first and second 
stages, as indicated in Equation 5. This sum represents 
the total volume that needs to be covered with support 
material and is therefore defined in this paper as the 
objective function of the optimization process. 

𝑉𝑉𝐵𝐵   𝑖𝑖 = ∑ 𝐴𝐴𝑥𝑥𝑥𝑥        𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   𝑖𝑖  ∙  ℎ�∗   𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑜𝑜𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖=1               (3) 

Finally, these two volumes will be calculated for all 
the faces identified as needing support. The support 
volume for each region will be determined as the 
difference between the volume of the first and second 
stages, as indicated in Equation 5. This sum represents 
the total volume that needs to be covered with support 
material and is therefore defined in this paper as the 
objective function of the optimization process 

𝑉𝑉𝑖𝑖𝑛𝑛𝑠𝑠𝑠𝑠𝑜𝑜𝑖𝑖𝑖𝑖 = ∑ 𝑉𝑉𝐴𝐴   𝑖𝑖 − 𝑉𝑉𝐵𝐵   𝑖𝑖
𝑖𝑖𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑜𝑜𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖=1                   (4) 

2.2 Optimization strategy 

Initially, the triangles at the bottom are identified 
according to the selected orientation of the piece. These 
triangles are critical as they represent surface sections 
requiring support during printing. For this, the normal 
vector of each face of the model is calculated based on 
its triangular representation. This normal vector is 
obtained by the cross-product operation between two 
vectors corresponding to the sides of each triangle 
being analyzed. This vector is a criterion for 

determining whether a specific region needs support 
during printing. The angle between the normal vector 
and the z-axis is measured using the point product 
operation between these two vectors, as described in 
Equation 1. In this equation, 𝑣𝑣1.and 𝑣𝑣2.represent the 
unit vectors corresponding to sides 1 and 2 of the 
triangle, respectively, while 𝑣𝑣𝑧𝑧 symbolizes the unit 
vector of the z-axis. 

To reduce the material deposited in the 3D printing 
process, it is proposed to minimize the support volume 
of the parts, which is directly related to the deposited 
support material. To structure the problem, the three 
angles of rotation, roll (𝜑𝜑), pitch (𝜃𝜃) and yaw (𝜓𝜓), also 
called navigation angles or Tait-Bryan angles, are 
defined as decision variables. To describe the 
orientation of the part in space, a rotation matrix 
called the 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 matrix is used, which is defined in (5). 
In this matrix, 𝑅𝑅𝑧𝑧, 𝑅𝑅𝑥𝑥, and 𝑅𝑅𝑥𝑥 are the rotations around 
the 𝑧𝑧, 𝑦𝑦, and 𝑥𝑥 axes, respectively. This matrix is 
applied to each vertice that constitutes the piece, and 
through different combinations of these rotations, all 
possible orientations of the solid object can be 
achieved. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑧𝑧,𝜑𝜑 𝑅𝑅𝑥𝑥,𝜃𝜃 𝑅𝑅𝑥𝑥,𝜓𝜓   (5) 

Mathematically, the part orientation optimization 
process is defined by Equation 6. In this equation, 𝑥𝑥 
represents the vector formed by the Tait-Bryan angles 
of the rotation matrix 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, while the objective 
function is previously expressed in Equation 5. It 
should be noted that the search space, denoted as 𝑆𝑆, is 
defined for each decision variable in an interval ranging 
from 0 to 2π.  

𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓(𝑥𝑥)  𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑥𝑥 = {𝜑𝜑,𝜃𝜃,𝜓𝜓} ∈ 𝑆𝑆 ⊆ ℝ3               (6) 

As presented in the first section, several 
multivariate optimization algorithms can be applied to 
the problem. Given the applications and results 
obtained, the evolutionary operation algorithm is 
selected to evaluate the current case. The evolutionary 
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operation method, also known as EVOP, was proposed 
by George Box as a statistical method for process 
improvement [16]. Their focus lies in adjusting the 
process or experiment in a direction that leads to 
improvements within a given workspace. This 
technique is suitable to be applied in simple problems 
with two or three decision variables and when seeking 
to minimize computational requirements regarding 
calculations and costs. 

Figure 3. Process of search of evolutionary operation 
method for (a) two decision variables (b) three decision 

variables. 

 

 

 

 

 

(a)                                                 (b)  

Source: own. 

 

Algorithm 1. Evolutionary operation pseudocode. 

 

This method uses a set of points equal to (2N+1), 
where N represents the number of decision variables. 
Of these points, 2N corresponds to the corners of a 
hypercube. The function values at the (2N+1) points 
are evaluated, and the best point is identified. If, 
during any iteration, the current point cannot be 
improved, the size of the hypercube is reduced. To 
carry out this task, Algorithm 1 shows the pseudocode 
used for the programming of the evolutionary 
operation algorithm. In the case of this particular 
study, the parameters set are a tolerance (ɛ) of 1×10-4 
and a size reduction vector (Δ) defined as [1,1,1] for 
the decision variables [φ, θ, ψ]. 

 

3. Case study 

Figure 4 presents a collection of eight parts to which 
the part orientation optimization algorithm will be 
applied. The purpose is to evaluate the target function 
and the chosen optimization strategy. These pieces 
were selected from those available under Creative 
Commons license and feature a variety of surfaces and 
textures. The objective is to evaluate how the 
orientation calculation behaves and its corresponding 
optimization in these cases. 

Measurements and calculations are made using the 
dimensions provided by the designer for the parts, 
which may result in variations in the calculated 
volumes. Therefore, both volumes are presented in the 
initial and optimal configuration for an accurate 
comparison. The programming and execution of the 
algorithms were carried out using MATLAB 2022 
software with a student license on a computer equipped 
with Intel® Core™ i7-4790 CPU @ 3.60GHz and 24GB 
RAM. 

 

 

 

Procedure Evolutionary operation 

 Input: f(x); x0; Δ; ɛ; N. 

Output: xmin 

1. x� ← x0 

2.  if ||Δ|| < ɛ then 

3.      xmin ← x� 

4.      exit 

5. else 

6.      create 2N points by adding and 
subtracting Δi/2 

              from each variable at 
point x� 

7.      calculate f(x) in the (2N+1) 
points 

8.      x� ← point with the lowest function 
value 

9.      if x� = x0 then 

10.           Δi ← Δi / 2 

11.           goto 2 

12.      else 

13.           x0 ← x� 

14.           goto 2 
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4. Results and discussion 

This section will present the results of executing the 
part orientation optimization algorithm for the 
abovementioned models. Table 1 shows the optimal 
part orientation values, the initial estimated support 
volume, and the optimal final volume. The optimal 
orientation values correspond to the Tait-Bryan angles 
defined in the objective function. Similar optimal 
orientations were found for the pieces "Measuring cup", 
"3D benchy" and "Simple bunny", which were studied 
by past optimization techniques [17]. In terms of 
calculated support volume, an average reduction of 

62% was achieved for the parts evaluated. This results 
in lower material consumption during the printing 
process. However, it is essential to note that, due to 
the geometric complexity, relatively high consumption 
of support material in several possible orientations is 
still necessary, like for the "4 bladed Propeller" part. 
However, it can be guaranteed at least a reduction of 
31%. 

Subsequently, in Figure 5, the eight pieces are 
presented in their optimal orientations, and a 
visualization of the support material required for each 
of them is represented in green. It is important to note 

Figure 4. Piece designs used for optimization (a) Measuring cup, (b) 4 bladed Propeller, (c) Din M8, (d) 
Tensegrity cubes, (e) German Shepherd, (f) Hard hat, (g) 3D benchy, (h) Simple bunny. 

  

 

 

(a) (b) (c) (d) 

 

 

 

 

(e) (f) (g) (h) 
 

Source: Own. 

Table 1. Orientations and volumes obtained for the parts. 

Pieces φ [rad] θ [rad] ψ [rad] Initial volume [mm3] Final volume [mm3] 
Measuring cup 4.9812 0.7854 0.2946 2.300x104 5.128x103 

4 bladed Propeller 1.7120 0.6227 2.3626 1.620x102 1.113x102 
Din M8 5.2054 5.5948 5.1227 2.062x103 1.512x102 

Tensegrity cubes 1.1830 5.0706 0.9526 1.851x104 7.697x103 
German Shepherd 3.9203 6.2729 0.6686 9.314x106 4.614x106 

Hard hat 0.9156 2.9618 1.4619 1.873x106 2.664x105 
3D benchy 5.9326 0.7561 0.6157 8.307x103 5.178x103 

Simple bunny 5.8785 0.0246 5.6941 8.218x103 2.907x103 

Source: own. 
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that for selected geometries, these orientations differ 
from those predetermined by the designers and are 
mostly not aligned parallel to one of the faces of the 
model. In these results, particularly evident in the 
solids "Measuring cup", "Din M8" and "3D benchy", 
there is a predominant tendency to tilt the model at 
an angle of 45 degrees with respect to the xy plane. 
This is due to the rule taken into account in the 
programming that allows this inclination, which allows 
self-support in some areas of the models. 

In order to evaluate both the performance of the 
programmed function and the optimization algorithm, 
the execution times and the number of iterations 
required to obtain the optimal orientation in each 
execution have been measured. These metrics are 
detailed in Table 2, together with the number of faces 
that make up the model. It should be noted that a 
mesh reorganization was performed in some cases with 
many faces. As expected, models with fewer faces 

tended to have shorter calculation times. However, 
geometry also influenced the calculation time since this 
increased in the presence of hollow regions or holes 
within the model, as observed in the cases of 
"Tensegrity cubes", "3D benchy" and "Simple bunny". 
Compared to previous studies, the calculation time has 
been increased due to the greater complexity and 
accuracy of the target function used to estimate the 
support volume, verified on the commercial  

Once the optimal orientations are obtained, they 
are exported to the PrusaSlicer printing software to 
validate the minimization of support material in the 
printing process. In Figure 6 are presented in green the 
regions in which the deposited support material for 
three models in their optimal orientations found. As 
can be observed, these results present similar regions 
to those presented in Figure 5, corroborating the 
correct calculation of the support material and 
evaluating the applicability of self-support in printing. 

Figure 6. Visualization of support material for parts in optimal orientations by PrusaSlicer (a) German 
Shepherd, (b) Hard hat, (c) Simple bunny. 

(a)  (b)  (c)  

Source: own. 

Table 2. Computational information of algorithm executions. 

Pieces Number of faces Number of iterations Execution time [s] 
Measuring cup 490 31 39.1384 

4 bladed Propeller 512 33 92.4081 
Din M8 534 38 41.0938 

Tensegrity cubes 676 69 392.2985 
German Shepherd 834 39 195.9186 

Hard hat 1094 38 226.8086 
3D benchy 1576 42 551.5912 

Simple bunny 1656 27 269.9786 

Source: Own. 

revista
Comentario en el texto
esta figura 6 va despues de la figura 5
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The PrusaSlicer software also allows for determining 
the length and mass used as support material and 
providing information on the time required for its 
deposition. 

Comparing the amount of support material with the 
values obtained for the initial orientations, which 
correspond to the orientations provided in Figure 6, an 
average reduction of 41% is observed in the amount of 
material used in the mass and length of the parts 
analyzed. It should be noted that this reduction was 
lower in the case of the piece "Tensegrity cubes" (7%) 
and significantly higher in the piece "Din M8" (85%). 
In addition, t the printing time of the support material 
was reduced on average by 26% in the selected models. 
This value is lower than those presented above in mass 
and volume since the printing time depends on the 
number of layers used in the printing process, and 
tilting the part can increase the number of layers 
required. For certain parts, such as "Tensegrity cubes" 
and "3D benchy", the supporting material's printing 
time is longer than its initial orientation. However, in 

all models, an effective reduction of the material used 
is achieved. 

 

5. Conclusions  

An algorithm has been developed to optimize the 
part's orientation intended for printing by material 
deposition. This algorithm allows a previous stage of 
adjustment in the arrangement of the part, which leads 
to a significant reduction in the amount of support 
material needed during manufacturing, which 
translates into a decrease in production costs. The 
methodology presented can accurately calculate the 
volume required to support parts with highly complex 
geometries in any conceivable orientation. Through the 
use of an operational evolution algorithm, the optimal 
configuration for printing is selected. 

This methodology considers the self-support 
capacity that can be achieved in material deposition 
printing, which is a design parameter and can be 

Figure 5. Optimal results for pieces (a) Measuring cup, (b) 4 bladed Propeller, (c) Din M8, (d) Tensegrity cubes, 
(e) German Shepherd, (f) Hard hat, (g) 3D benchy, (h) Simple bunny.  

 

 

 

 

(a) (b) (c) (d) 

 

 

 

 

(e) (f) (g) (h) 

Source: Own. 
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chosen by the user. It is important to note that this 
process can be applied to parts of any geometry. The 
support volume was minimized between 31% and 92% 
for the solids presented. This was confirmed using the 
PrusaSlicer software, where minimizing the support 
material in a range varying between 8% and 85% was 
possible. At all times, a significant reduction in 
material usage is guaranteed. 

It is recommended to use optimization strategies in 
the preprocessing phase of 3D printing to determine 
the optimal orientation of the parts when it is not 
possible to do so visually. This brings benefits such as 
cost reduction and efficient use of the material. A 
multi-objective optimization, including printing time, 
can be considered since the support material and 
printing time metrics are dependent. STL models are 
employed due to their wide adoption and continued use 
in additive manufacturing processes. However, for 
future work, the possibility of implementing new 
formats such as .obj or .fbx is contemplated, which are 
gaining popularity in their use. In addition, in the 
future, the implementation of parallel programming 
will be considered to accelerate the calculation of the 
volume estimate. 
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