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Abstract 
Porous structures are widely utilized as functional components in multiple industries due to their 
excellent comprehensive properties. Compared with traditional production processes, 3D printing 
additive manufacturing exhibits a dominant advantage in flexibility and low expense for fabricating 
porous structures. However, the complicated geometric morphologies that are constituted by thin-walled 
elements decrease the mechanical performance of structures due to manufacturing issues. For this reason, 
a co-optimization method is proposed for designing and manufacturing graded-density porous structures. 
Manufacturing constraints related to the filling path are incorporated in the structural optimization. The 
material layout is optimized by graded-density Voronoi elements mapped by Young’s modulus. Finally, 
the structure is filled by an evenly continuous path without any intersection based on Voronoi skeletons. 
This research provides a novel idea to enhance the stiffness and promote the integration of material-
structure-performance for additive manufacturing porous structures. 
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1. Introduction 
Porous structures are an important class of engineering solids, possessing superior comprehensive 
properties such as high stress-to-weight ratio [1] and the ability to cushion [2] and insulation [3]. This 
kind of structure is increasingly utilized as functional components in multiple industries [4]. Compared 
with traditional equal-material and subtractive manufacturing processes, 3D printing additive 
manufacturing exhibits significant flexibility for fabricating elaborate structures [5, 6]. Because of its 
low cost and ease of implementation, this technology has been widely used in the fabrication of porous 
structures [7]. 

Generally, porous structures can be divided into homogenious and heterogeneous according to the wall 
thickness [8]. Their difference is that the wall thickness of the homogenous porous structure is uniform, 
whereas that of the latter varies from each other. The homogeneous porous structure is the most widely 
utilized filling pattern because of its simplicity, which can be implemented by crosswise weaved paths 
in open-source software, such as Ultimaker Cura and Slic3r. Concerning the structural optimization, the 
regular geometry characteristic of homogenious porous structure limits the variable-density of materials. 
By contrast, the latter exhibits significant flexibility in optimizing the material layout. The typical theory 
to optimize the heterogeneous porous structure is the homogenization method [9]. The fundamental idea 
is to discretize the design domain into coarse meshes. Optimum wall thickness is calculated by 
translating topology optimization into a size optimization issue. 

The complicated geometric characteristics decrease the printability of porous structures. Cross-section 
of porous structures is formed by thin walls. When the wall thickness is not an integer multiple of the 
path width, uneven filling occur [10, 11]. Additionally, the discontinuity of paths incurs virtual transition 
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lines and deposition defects at path start, which decreases the automation level and fiber integrity in 
continuous filament fabrication [12]. The porous structure consists of periodic grids formed by crossed 
paths. Consequently, a protuberance is incurred by material overlapping at intersections [13, 14]. The 
protuberance also hinders the subsequent nozzle movement and thus produces a shear force between the 
nozzle and the deposited material, even resulting in failure of the printing process [15]. 

A co-optimization method is developed to improve the structural stiffness and printability to 
manufacture graded-density porous structures. The fabrication process of 3D printing is considered by 
assigning wall thickness as a constant. The material layout is optimized by constructing graded Voronoi 
polygons according to the mechanical condition. Finally, a globally continuous path is proposed to fill 
porous structures. 

2. Methodology 

2.1. Manufacturing constraints 
The manufacturing constraints of the filling path are cooperated according to the technical characteristics 
of 3D printing. To achieve path continuity and eliminate the uneven filling caused by the disparity of 
the printing area and path width, the wall thickness 𝑡𝑡 of porous elements is specified as the double integer 
multiple of path width 𝑑𝑑.  

2.2. Structural optimization 
There is no regular form for Voronoi polygons. Since the Voronoi converge to a hexagon with the 
refinement of seed points [16], the hexagon is employed to approximately calculate the mechanical 
model of porous elements. The Gibson-Ashby model [17] is introduced to calculate the relationship 
between the elemental density and Young’s modulus, which can be expressed by 
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 (1) 

where 𝐸𝐸  stands for Young’s modulus of porous elements; the empirical constants 𝑐𝑐  and 𝑛𝑛 are both 
tentatively taken as 1 in this study; 𝜌𝜌𝑖𝑖𝑖𝑖 denotes the filling density and area; 𝑤𝑤 and 𝑠𝑠 represent the porous 
element and solid element, respectively; 𝑟𝑟𝑖𝑖𝑖𝑖 replicate the distance between seed points. 

Solid isotropic material with penalization algorithm (SIMP) [18] is introduced to calculate the relative 
optimum Young’s modulus 𝐸𝐸𝑖𝑖𝑖𝑖𝑤𝑤 𝐸𝐸𝑠𝑠⁄ , which is expressed by the density 𝑥𝑥𝑖𝑖𝑖𝑖.  

Assuming that the smallest distance between seed points is 𝑟𝑟𝑚𝑚𝑖𝑖𝑛𝑛, then the 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 in SIMP is limited to 

 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑐𝑐 �
𝑡𝑡

𝑟𝑟𝑚𝑚𝑖𝑖𝑛𝑛
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𝑛𝑛

 (2) 

𝑟𝑟𝑚𝑚𝑖𝑖𝑛𝑛 is taken as 2.5𝑡𝑡 in this study. The structural optimization is transformed to calculate the distance 
𝑟𝑟𝑖𝑖𝑖𝑖 of seed points 

 𝑟𝑟𝑖𝑖𝑖𝑖 =
𝑡𝑡

𝑐𝑐�𝑥𝑥𝑖𝑖𝑖𝑖�
1 𝑛𝑛⁄  (3) 

The graded Poisson-disk sampling method is introduced to generate variable-density seed points, aiming 
to construct the graded Voronoi elements according to 𝑥𝑥𝑖𝑖𝑖𝑖.As shown in Figure 1(a), high-density seed 
points 𝑧𝑧𝑖𝑖𝑖𝑖 are uniformly placed in the design domain 𝑅𝑅𝑜𝑜, which is obtained by offsetting the original 
design domain 𝑅𝑅 inwards the shell thickness ℎ. Starting from an unvisited point 𝑧𝑧𝑖𝑖𝑖𝑖 with the smallest 𝑟𝑟𝑖𝑖𝑖𝑖, 
𝑧𝑧𝑖𝑖𝑖𝑖 is reserved in a new matrix, and other points inside the circle are removed. This step is repeated until 
removing all the seed points. Voronoi skeletons inside 𝑅𝑅𝑜𝑜  are constructed by an open-source code 
VoronoiLimit [19], as shown in Figure 1(b).  
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Figure 1: Graded Voronoi elements: (a) graded Poisson-disk sampling method; (b) result. 

2.3. Filling ratio 
Structural boundary and Voronoi polygons are offset inward ℎ − 𝑡𝑡 2⁄  and 𝑡𝑡/2 to generate the printing 
area. The filling ratio 𝑤𝑤0 of porous structures relates to the density of seed points, which is determined 
by the relative Young’s modulus 𝑥𝑥𝑖𝑖𝑖𝑖. Therefore, 𝑥𝑥𝑖𝑖𝑖𝑖 in the SIMP algorithm needs to be recalculated to 
adjust the material layout. The dichotomy idea is introduced to adjust the 𝑓𝑓(𝑘𝑘) of the SIMP 

 𝑓𝑓(𝑘𝑘) =
𝑣𝑣𝑣𝑣𝑣𝑣1 + 𝑣𝑣𝑣𝑣𝑣𝑣2

2
   �

𝑤𝑤0
(𝑘𝑘) < 𝑤𝑤0, 𝑣𝑣𝑣𝑣𝑣𝑣1 = 𝑓𝑓(𝑘𝑘−1)

𝑤𝑤0
(𝑘𝑘) > 𝑤𝑤0, 𝑣𝑣𝑣𝑣𝑣𝑣2 = 𝑓𝑓(𝑘𝑘−1)

 (4) 

where (𝑘𝑘) stands for the number of iterations; 𝑣𝑣𝑣𝑣𝑣𝑣1  and 𝑣𝑣𝑣𝑣𝑣𝑣2  express the minimum and maximum 
values of the interval, which are initially taken as 0 and 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚, respectively. The iteration ends when 
�𝑤𝑤0

(𝑘𝑘) −𝑤𝑤0� 𝑤𝑤0� ≤ 𝜀𝜀. 𝜀𝜀 is a tolerance taken as 0.03. 

2.4. Path optimization 

The printing area and Voronoi polygons are offset inwards at an interval of 𝑑𝑑 to generate discontinuous 
parallel paths. If the shortest distance between two adjacent paths is 𝑑𝑑, then the paths can be connected 
by adding a road, as shown in Figure 2. The connectable relationship of all the paths is counted in 
an adjacent matrix 𝐴𝐴, whose element is expressed by 

 𝑎𝑎𝑖𝑖𝑖𝑖 = 𝑎𝑎𝑖𝑖𝑖𝑖 = �
1, paths are connectable

0, otherwise
 (5) 

Starting from an arbitrary discontinuous path, other paths are connected to the current path one by one 
by introducing the depth-first search algorithm. To avoid the defects incurred by the road layer upon 
layer, their locations are randomly selected. 

  

Figure 2: Path connection 
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3. Results and discussion 
The MBB beam (160×40 mm) is employed to compare the path filling quality and mechanical 

performance of structures constructed by the co-optimization and the homegenization method[20]. The 
parameters are set as: 𝑤𝑤0=0.35; 𝑑𝑑=0.4 mm; ℎ=0.8 mm; 𝑡𝑡=0.8 mm. It should be noted that the 
comparison is conducted within a certain limit since the result is affected by parameters. The size of the 
periodic mesh in homegenization method is 5×5 mm, and the filling ratio of elements is limited to (0, 
0.8]. The filling path is generated by an open-source software Cura, which consists of continuous 
contour parallel and gap-filling paths. 

3.1. Path filling quality 

Figure 3 shows the filling paths and printing results of various structures fabricated by polylactic 
acid with 10 mm thickness. Corresponding physical quantities of paths for one layer are listed in Table 
1. Since the structure optimized by the homogenization method is composed of thin walls with 
changeable thickness, it is difficult to identify the connectable relationship. Consequently, the path is 
not globally continuous. And there are many intersections existing in the path. Furthermore, gap-filling 
paths incurred serious overfilling areas while decreasing underfilling areas, as reported in Table 1. By 
contrast, the co-optimization method offers a new way for solving these issues. 

 

Figure 3: Filling paths and printing results: (a) homogenization method; (b) co-optimization method.  

Table 1: Physical quantities of filling paths of various structures. 

Factor Path number Intersection Under-fill (%) Over-fill (%) 
homogenization 14 42 4.9 18.4 
co-optimization 1 0 1.20 1.28 

3.1. Mechanical performance 

Finite element analysis (FEA) in-plane is employed to calculate the displacement of load points of 
various structures without considering the filling path. Smaller displacement indicates higher stiffness. 
It can be seen from Table 2 that their structural stiffnesses are similar. To further compare the mechanical 
performance, specimens shown in Figure 3 are tested by an electromechanical universal machine by 
applying a 1 mm/min displacement load, as shown in Figure 4. The structural stiffness is expressed by 
a mean slope when the displacement load is applied to 0.5, 1.0, and 1.5 mm. Deficiency of the critical 
mechanical component decreases the mechanical performance of structures optimized by the 
homogenization method. Consequently, structural stiffness and strength of porous structures constructed 
by the proposed method is better than that of its counterpart, as reported in Table 2 
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Table 2: Mechanical performance of various porous structures. 

Factor Load dispalcement Stiffness (N/mm) Strength (N) 
homogenization 4.51 225 569 
co-optimization 4.50 272 1052 

 

 

Figure 4: Mechanical test of various porous structures.  

4. Conclusion 

Material layout and printing quality significantly affect the mechanical performance of 
porous structures. A co-optimization method is proposed to design the porous strusture and 
ffilling path. The wall thickness of porous elements is specified as a constant according to the 
path width. The density of Voronoi elements is adaptively adjusted by the optimum Young’s 
modulus under the manufacturing constraints. A customized filling path is developed to 
fabricate the optimized structure with high quality. The results indicate that the printing defects 
caused by the issue of the integer multiple of the path width, intersection, and discontinuity are 
adequately avoided.  Specimens generated by the novel method exhibit the highest structural 
stiffness and strength due to the improvement in printing quality. 
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