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Abstract: This paper presents a Ground Structure Method (GSM)-based topology optimization
framework to create optimized 3D infill structures tailored to material extrusion additive
manufacturing. The infill is considered a closed lattice structure and modeled as a pin-jointed truss.
Multiple meshing techniques are investigated to embed the lattice within an arbitrary geometry,
producing a skin-lattice structure that serves as both the Finite Element Analysis (FEA) mesh and
the infill geometry. A size optimization algorithm based on the Method of Moving Asymptotes
(MMA) adjusts strut thicknesses to maximize rigidity. To translate the optimized structure into a
printable form, a rasterization-based slicer is introduced, which directly converts the intersections
between slicing planes and the FEA mesh into 2D bitmaps, with the contour at each layer mapped
to the optimized truss thicknesses. Lastly, an image-to-toolpath process automatically generates
the machine files from bitmaps. The method's generality is demonstrated through numerical
simulations and printed examples for both 2D and 3D cases. Additionally, experiments show an

improvement in stiffness of topology-optimized structures compared to uniform infill structures.

Keywords: Topology Optimization, Finite Element Analysis, Ground Structure Method, Fused
Deposition Modelling, Closed Cell Lattice, Skin-Lattice Structure.



1. Introduction

Additive manufacturing (AM) allows the fabrication of objects of highly complex external and
internal geometries. Among the various AM processes, the most widely adopted is the hot wire
deposition technique, commonly known as Fused Deposition Modeling (FDM) or Fused Filament
Fabrication (FFF) [1, 2]. Slicing software typically creates outer walls that define the object's
contour, providing shape and structural integrity. The internal volume is filled with a porous infill
structure, such as a cellular or lattice configuration, rather than a completely solid volume [3, 4].
These infill designs are generated based on equation-driven patterns with a specific volume
fraction, and several studies have investigated their influence on mechanical strength [5-7].
However, these infills are distributed uniformly throughout the parts and, therefore, are not an

optimal design since not all regions undergo the same mechanical stress during loading [8, 9].

Topology optimization (TO) is a mathematical method to optimize the material distribution within
a specific design volume [10]. Topology-optimized structures are typically characterized by
complex geometric configurations that are challenging to manufacture using conventional
processes. In this context, AM opens the possibility of manufacturing topology-optimized

structures without additional tools, molds, and processes [11].

The current research on TO, which takes advantage of AM, mainly concentrates on two aspects:
one is to design high-performance additively manufactured multi-scale/multi-hierarchical
structures, and the other is to integrate AM design constraints into TO to achieve product design
and manufacturing integration [12, 13]. In recent years, the optimization design of multi-scale or
hierarchical lattice structure has been a widely investigated field in the integration of TO and
includes: (1) Design of hierarchical structure by mapping with density-based TO method [14-21],
(2) concurrent optimization of macrostructure and microstructure [22-32], and (3) design of

hierarchical structure based on strut sizing operation [33-38].

In a density-based hierarchical structure design, the design volume is treated as a continuous
material with a homogenized property. Instead of optimizing each lattice element individually, the
method assumes that the material behaves as a continuum. Thereafter, TO is conducted, and the
optimum density distribution is mapped into the construction of the lattice structure [14, 15].
Panesar et al. presented several strategies to derive the lattice structure from SIMP (solid isotropic

material with penalization) TO results [16]. The relative density mapping (RDM) method proposed



by Alzahrani et al. uses the relative density information from FEA in designing 3D lattice structures
[17]. Aremu et al. presented a voxel-based method of generating lattices comprised of any cell type
that can conform to an arbitrary external geometry [18]. The voxel representation of the structure
considers matrices of ones and zeros to represent the presence and absence of material,
respectively, and the method can also generate functionally graded structures. Xiao et al. propose
a gradient-based approach to optimizing the shape and infill of lattice-skin structures to improve
their efficiency [19]. Here, the lattice was modeled as a pin-jointed truss structure, and a
penalization approach akin to the SIMP method was used for TO of the lattice. Similarly, Wang et
al. proposed a method for generating self-supporting lattice structures within a TO framework [20].
Liu et al. proposed a generative strategy for lattice infill generation using organic strut-based
lattices, where a sphere packing algorithm driven by a Von Mises stress field determined the lattice

distribution density [21].

Another approach to hierarchical structure is the multi-scale concurrent TO of structures, which
bridges both macrostructures and microstructures to obtain higher performance schemes [22]. A
common objective of these works is to improve the manufacturability of topology-optimized parts
using lattice structures to support the solid overhangs [23-25]. Rodrigues et al. proposed a
hierarchical computational procedure for optimizing material distribution and local
microstructures [26]. Coelho et al. extended this work to three-dimensional structures [27]. Wang
et al. [28] present a two-scale concurrent TO approach via homogenization for finding the optimum
topology of macrostructures and their corresponding material microstructures. Furthermore,
various TO methods such as Bidirectional Evolutionary Structural Optimization (BESO) [29-31],
and moving iso-surface threshold method (MIST) [32] are applied for the design of solid lattice

hybrid structures.

The other widely adopted strategy for designing lattice structures is by strut sizing operation using
the ground structure method (GSM). The method starts with a predefined network of potential
truss elements—nodes interconnected by a dense set of struts within the design volume. The
optimal structure is obtained by selecting an optimal substructure from this network. The GSM is
essentially a sizing optimization problem where member cross-sectional areas are the design
variables [33-35]. Based on the GSM, Chen et al. proposed a parametrized modelling and

optimization method for generating non-uniform lattice structures [36]. Ohsaki et al. [37, 38]



presented a method for simultaneously optimizing the geometry and topology of plane and spatial
trusses, considering force density as the design variable. Huang et al. [39] presented a GSM
approach of TO accounting for the manufacturing constraint of uniform cross-section and average
member length. Moreover, a robotic AM framework of the 3D topology-optimized truss structure
is demonstrated. Given the literature on topology optimization and the design freedom afforded by
AM to fabricate complex lattice structures, there is potential to design a structurally optimized

infill of a part whilst maintaining the external form.

Thus, this paper proposes a method for generating a topology-optimized infill structure. The infill
structures are considered closed lattice structures, and in this work, the terms “infill structure” and
“lattice structure” are used interchangeably. The lattice is modeled as a pin-jointed truss structure,
and the GSM of parametrization and optimization for truss structures is used. Unlike density-based
methods, where the strut sizes of the lattice are mapped to the results of TO, GSM optimizes the
strut sizes directly; thus, mapping is not needed. Moreover, in density-based methods, the
optimized lattice structure is optimal only when the structure consists of periodically patterned
microstructures of infinitesimal size, i.e., a continuum solid with embedded microstructures. So,
the GSM approach becomes appropriate when individual element sizes are comparable to the
length scale of the global structure, such as when using an infill of a lower infill percentage or

large-scale lattice structures.

While shell-lattice or skin-lattice structures have been widely studied using density-based and
implicit topology optimization methods, these methods fundamentally differ from the GSM. In
contrast to these continuum-based approaches, the Ground Structure Method (GSM) operates
directly on discrete strut elements. Although the GSM has been widely applied in 2D structural
optimization, its extension to 3D domains has been limited due to the presence of geometric
artifacts, specifically weak, floating struts along the domain boundaries [24, 38-40]. These floating
struts introduce unconstrained degrees of freedom, resulting in singular stiffness matrices and

numerical failure.

Existing 3D GSM implementations, such as the GRAND3 framework [40], use a subtractive
geometric filtering approach to handle arbitrary shapes. In this method. a dense 3d ground structure
is “cropped” to fit the domain. Any members intersecting the boundary or hole are deleted. This

subtractive process fundamentally alters the original geometry of the structure. Furthermore, recent



3D GSM advancements [24, 39] primarily generate open-frame spatial lattices that lack a

functional exterior surface.

In contrast, the proposed method introduces a coupled shell-lattice framework. Rather than treating
the 3D design domain as a passive filter, we use a “net-skin” coupling method. This approach
inherently connects all exterior and potentially loose lattice struts to the shell, effectively
"anchoring" the ground structure instead of cropping it. This eliminates the possibility of
boundary-related instabilities during optimization and gives a GSM framework that maintains

strict geometric similarity to the original design domain.

In addition, the conversion from an optimized structure to printable files presents a significant
challenge for 3D lattices. Most existing lattice-optimization workflows for FDM require exporting
an intermediate geometry file before toolpath generation, a step that is often unreliable for complex
lattice structures [18]. The proposed method departs from this convention by rasterizing the
optimized GSM lattice directly into per-layer 2D bitmaps and extracting FDM-ready extruder
paths from these bitmaps. This creates a more reliable and direct pathway from structural

optimization to fabrication.

The remainder of this paper is organized as follows: Section 2 details the proposed methodology,
including mesh generation, topology optimization, rasterization, and extruder path generation.
Section 3 presents the computational studies and experimental validation. Finally, Section 4

concludes the paper with a discussion of potential future research directions.
2. Methodology

The objective is to create topology-optimized infill, taking into consideration the manufacturing
constraints of FDM AM. The method retains the outer shape of the object while maintaining
dimensional accuracy, and can be applied to complex 2D and 3D geometries. The implementation
is fully carried out in Python due to its ease of automation and integration of topology optimization

(TO) workflows with machine file generation.

The first step is the construction of the part in stereolithography (STL) format, referred to as the
design STL or domain in this work. The second step is to generate the FEA mesh by embedding
the interior of the design STL file with a lattice structure that forms the shape of the infill and is

also used for finite element analysis (FEA). A parametric description of the mesh is generated



based on vertex positions and edges, and the boundary conditions are applied. The third step is to
solve for the optimized size of the struts of the mesh using the results of FEA by the method of
moving asymptotes (MMA). In the fourth step, slicing planes are generated, and the intersection
between the planes and the FEA mesh is identified. The intersections are converted to 2D bitmaps
where the intersections are drawn as wide lines, the width corresponding to the optimized strut
thickness. The fifth step is generating extruder paths from the 2D bitmaps, which involves contour
extraction, smoothing, ordering, hole identification, and calculating offset paths. Finally, machine
files are created from the extruder paths. The overall workflow for topology-optimized 3D infill

generation is shown in Figure 1.
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Fig. 1. Topology optimized 3D infill generation workflow.



2.1. Meshing

Finite element analysis (FEA) is based on the decomposition of a continuum into a finite number
of discrete elements called a mesh, the solution being an approximation of the exact solution [41].
In this work, the mesh serves a dual purpose: it is used in the FEA stage during TO, and it is also
used to define the lattice shape, with the edges of the FEA mesh serving as struts of the lattice

structure.
2.1.1. 2D Meshing

For arbitrary shapes, it is desirable that the lattice structure conforms to the outer boundary.
Moreover, the structural properties of the structures depend on the unit cell and the meshing
techniques used. For 2D mesh generation, three different techniques were evaluated: (i) the lattice
is swept to fit the domain; (ii) by using meshing schemes of FEA software; and (iii) by using the

domain to trim a tessellated lattice structure, as seen in Figure 2.

(@) (b) (c) (d)

Fig. 2. 2D mesh generation methods: a) domain, b) swept, ¢) meshed, d) trimmed.

In a swept lattice structure, the unit cell aligns with the boundaries of the domain. Such conformal
lattice structures are stronger and stiffer per unit mass than uniform lattice structures [18, 42, 43].
However, the construction of such structures is limited by the simple patterning operations in
commercial geometric modeling packages. Complex domains take manual construction, which is

not always feasible due to the large number of struts in a typical lattice structure.

Figure 2(c) shows a lattice generated by meshing schemes available in FEA software. The field of
FEA is well established, and sophisticated meshing algorithms are used to discretize a domain
before analysis [44]. However, a limitation in this method is that the structure will be distorted,

and there is limited control over the shape of the unit cell [18].



Trimming the tessellated lattice with the domain is a preferable approach if control over the unit
cell is to be retained. In this method, a lattice structure is generated to fully encompass the domain,
and a Boolean intersection operation is performed to retain only the portion of the lattice that lies
within the domain boundary. Following the trimming process, Delaunay triangulation is used to

convert any non-triangular faces (n-gons) into triangles.

2.1.2. 3D Meshing

(b)

Fig. 3. Unit cell used for lattice structure (a) the nodes are displayed in red; the elements/struts are

displayed in blue; (b) the STL representation of the unit cell.

For 3D mesh generation, the trimming technique is evaluated. The shape of the unit cell is crucial,
as it determines the mechanical properties of the lattice structure and compliance with FDM-
specific constraints. To generate a self-supporting infill structure, the angle between the struts and
the printing direction must be larger than the overhang threshold, 45 degrees [18]. Moreover, since
the infill is generated by slicing explicitly defined geometry, faces parallel to the printing direction
are not printed, as they are not intersected by the slicing planes. The unit cell used in this study is
a body-centered cubic and face-centered cubic (BCC and FCC) unit cell with the top and bottom
planes removed, as shown in Figure 3. The unit cell was selected based on previous studies, which
exhibited high stiffness, buckling resistance, and are less anisotropic compared to other lattice
topologies [45-48]. Additionally, this unit cell gives a consistent infill structure, similar in shape

to the cubic infill in standard slicers, that the top layers can attach to and bridge across.

The unit cells are guaranteed to be manufacturable by applying a minimum strut size constraint
(amin) of 0.4 mm during the optimization stage, which is the minimum extrusion width of the FDM
3D printer used. There is no strict limitation on the unit-cell size. However, small cells may cause

adjacent stiff regions to merge during rasterization, effectively forming solid areas rather than



discrete closed-shell structures. Conversely, large unit cells may result in sparse infill, which may

be insufficient to support the upper layers.

Manufacturability is strictly enforced by the choice of lattice geometry and strut dimensions,
without explicitly including additional AM constraints. While this reduces computational overhead
at the optimization level and allows a highly customizable and versatile range of unit-cell
geometries to be used, it introduces certain limitations. The formulation is based on classical linear-
elastic compliance minimization, which assumes ideal material behavior and perfect bonding
between layers. In reality, FDM parts are inherently anisotropic and exhibit non-linear mechanical

response or defects that the linear model does not account for.

Moreover, no explicit global AM constraints are integrated into the optimizer. These include
geometric constraints, such as layer-wise connectivity and large-scale overhangs, as well as
physical constraints like residual thermal stress. The absence of geometric constraints means that
if the optimized infill geometry varies drastically between consecutive layers, large-scale
overhangs or isolated "islands" may arise that exceed the self-supporting capabilities of the printer.
Thus, while the unit cell geometry remains the most significant parameter to ensure
manufacturability, the actual structural performance remains sensitive to design domain geometry,

specific printer settings, and material properties.

In a conventional open cell lattice structure, the edges of the unit cells are thin tubular struts.
However, in FDM, these struts are translated as small, isolated regions in each sliced layer, which
are more prone to defects such as layer spacing, material gaps, material bulges, and stringing [11].
Instead of tubular struts, this work uses a thin-walled or closed-cell structure approach where the
faces of the lattice are filled with material. Such structures are substantially stiffer and more
manufacturable by FDM than open-cell structures, as the extruder follows longer, continuous paths
with fewer retractions, resulting in fewer defects [49-52]. So, the faces are retained in the STL

representation of the lattice, and material is deposited on the 2D slice of the faces.



(a)

Fig. 4. (a) Design STL model, (b) FEA shell (green) generated by offsetting the design STL model, (c)
Lattice structure generated within the bounding box of the design STL model, (d) FEA mesh (yellow)

generated after trimming and coupling between the FEA shell and the lattice structure.

The starting point is the geometry that defines the design domain, and a lattice structure that fully
encompasses the domain. The design domain and lattice structure are represented using STL files,
as they are widely used in commercial modeling packages. The design STL model is offset by a
distance depending on the number of walls and extrusion width, so that no material overlaps
between the walls and infill [53, 54]. The offset model is referred to as the FEA shell. The internal
volume of the domain is initially populated with a lattice structure by a Boolean intersection or

trimming operation.

The advantage of the trimming method is that it applies to both simple and complicated cells and
domains. However, an artifact of such a trimmed structure is the emergence of weak, unconnected
structural features at the trimmed boundaries, which can cause unconstrained rigid body motion

and numerical instabilities in the analysis [18].

To resolve these instabilities, a coupling process is performed following the initial trimming.
Rather than treating the FEA shell and trimmed lattice as separate entities, a self-intersection
algorithm is applied to the combined geometries. This operation creates a coincident vertex at
every location where an internal lattice strut terminates at the shell boundary. Merging these
coincident vertices anchors the previously floating elements to the exterior skin, resulting in a
unified mesh. As a result, the shell will also contribute to the overall structure and subsequently

the TO of the infill. The steps of mesh generation are shown in Figure 4.
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Figure 5. (a) design domain, (b) uniform lattice mapped to the design domain, (c) hybrid-conformal after

Boolean intersection with design domain, and (d) side view of the resulting hybrid-conformal structure.

The trimming and coupling-based approach of lattice construction also allows the realization of a
hybrid-conformal structure. This can be achieved by mapping the bounding box of the uniform
lattice to the top and bottom surfaces of the design domain. Since the mapped lattice may extend
outside the domain boundaries, trimming is applied to remove excess. An example of such a
hybrid-conformal lattice structure is shown in Figure 5. In the present work, conformality of the
lattice is not attempted, and the scope is limited to a uniform lattice. Nevertheless, topology
optimization of a hybrid-conformal lattice has the potential to achieve improved mechanical
performance, as struts better aligned with the applied loads can improve load transfer and promote

stretching-dominated behavior.

Although the lattice is represented as a closed-cell structure in the geometric model, it is treated as
a pin-jointed truss during optimization, where the edges of the triangular faces are used as struts.
This approximation neglects the bending and shear stiffness contributions of the thin-walled faces
of the closed-cell lattice. Previous studies have shown that printed closed-cell lattice structures of
the unit cell used in this work (BCC and FCC with the top and bottom faces removed) exhibit
higher plateau and densification stresses than open-cell or pin-jointed counterparts [49,50]. As a
result, the pin-jointed optimized structures represent a lower-bound estimate of stiffness and

stability.



Since the optimization objective is compliance minimization, which prioritizes the identification
of optimal load paths, rather than absolute stiffness prediction, the pin-jointed representation yields
reliable topology layouts that are qualitatively consistent with more computationally expensive
shell-based models. Overall, this modeling choice provides a conservative approximation that

simplifies the optimization and avoids overestimating structural performance.

Lastly, a parametric description of the mesh is generated based on the node coordinates and
connections. The boundary conditions are applied at the nodes, designating some nodes as having

fixed displacements and others as having prescribed loads.
2.2. Finite Element Analysis

The infill lattice structure generated in our method is modeled as a pin-jointed truss structure.
Consequently, the finite element analysis (FEA) method, which is commonly used in truss
structure analysis, is applicable [55]. FEA uses the stiffness of each element to determine the forces
set up in a truss member by calculating the displacement of the nodes. Based on the principle that
the sum of forces applied by all the elements connected to a node must equal the forces applied

externally to the node, a set of linear algebraic equations is assembled in a matrix form:

Ki1 Kz - Kip] /W fi
K1 Ky o Koy Uz | _ f2

: : . : : : (1)
Knl an Knn Un fn

u and fare the deflections and forces at the i, node, respectively. The K coefficient array is called
the global stiffness matrix. The i-j component is the contribution of j; displacement on the i

forces.

Fig. 6. Components of nodal force. The nodes are displayed in red; the elements/struts are displayed in

blue.



To construct the matrix equation that describes the entire truss system, the relationship between
forces and displacement at each end of an individual element must be established. In this case, the
element is a 3D truss element. For a truss element in 3D space, as shown in Figure 6, connected to

nodes 7 and j, the nodal force components are given by the equation:

£ r (2 CeCy  CuCp —CE —CiCy —CyGy]
Xl ul
fyi C,Cx  C2 CyC,  —CyC  —CE —CyCy| [
fa | AE| CCy C,C, €} —C,C —C,Cp —CZ || w
fij |7 L| =C2  —CC, —CiC, C? C.C, GG, [ W T ©)
fvi —C,C, —C2 —C,C, CC C: G, \:},} /
fzj —-C,C, —C,C, —C} C,Cr C,C, cZz |
where,
_N X _ YTV _zi—z
Cx - L ) Cy - L ) CZ - L . (3)

Here, A, E, and L represent the element-wise area, modulus of elasticity, and length, respectively.

Fig. 7. Element/strut contributions to total nodal force.

Now, considering a node connected by multiple truss elements, as shown in Figure 7. Each element
meeting at a node will contribute a force that is dictated by both of that element's nodes.
Maintaining static equilibrium, the sum of all the forces contributed by the elements at a given

node must equal the forces that are applied externally to the node, so that

fiext — z fielem — Z kfjlemuj = (Z kfjlem)uj = Kj;u;.

elem elem elem (4)
In the assembly process, the element stiffness matrix of each matrix is added to the appropriate
position in the overall, or "global" stiffness matrix that relates all the truss displacements and

forces. The equation of the system is derived and solved for the nodal displacements.



2.3. Topology Optimization

The objective of TO in this context is to determine the cross-sectional area of the member or struts
in a 3D truss so that the stiffness is maximized. Stiffness is quantified using the compliance C of

the truss, which is defined as,

C = urKu.
6))

In a nested formulation, compliance is a convex function of the design variable, the cross-sectional
area of the members. In a truss where compliance has been minimized for a given amount of
material, all bars will have the same stress, thus making efficient use of available materials [56].

The optimization problem may be written as the following nested formulation:

min C(a)
a
K@u = F,
P
( )Sf s.t. leaj SVmax; (6)
Jj
aminsajsamax; ] = 1,...,n.

Where a is the vector of design variables (cross-sectional areas of the bars), /; is the length of the -
th bar, Vi 1s the maximum allowed volume of the truss, and ami» and ama. are the lower and upper

bounds on the design variables, respectively.

We solve the problem numerically by generating a sequence of explicit, convex approximations
using the Method of Moving Asymptotes (MMA) approximation [57, 58]. As inputs, the following
information is needed: the coordinates of the nodes, their connections, boundary conditions, the
forces applied, Young’s modulus £, lower and upper bounds of the design variable, aui» and @max,
and the maximum allowed volume of the truss, V... Moreover, the initial design variable a, the

values of the lower asymptotes, and the dual variable 4 must be initialized.

At each iteration, the FEA is performed to calculate the nodal displacements using the current
design variable a. The global stiffness matrix K is assembled, and the equilibrium equation Ku =

F is solved. This is the most computationally intensive part of the algorithm.

The objective function, defined as the derivative of compliance with respect to the design variable

(known as the sensitivity), is computed as,



5C 6K
- =—-Uu —Uu.
Saj 60.]

(7

These sensitivities guide the optimization process. To avoid numerical instabilities, a small positive

offset is added to the sensitivities so that they remain positive. The MMA approximation of the

compliance at the current design variable a is formulated by calculating go and 9, computed as,

2 6C oC
qo = (@ — L) 5—%»% =C- ,- 5—aj(aj — Ly;).

®)

Where L; represents the lower asymptotes at iteration k. Then, the dual problem is solved

iteratively by the bisection method to find the optimal value of the dual variable A.

objective function is calculated as,

q X
(P(/D =T _AVmax + za,f_—ollkjﬁ‘liljaj.
j J

Where a; are the trial values of the design variable, computed as,

9o

2

aj :Lk]+

Once the optimal dual variable 4 is found, the design variables are updated as,

. do
a}leW = Cllp(ij + ﬁ,amax).
]

The lower asymptotes Ly are also updated for the next iteration,

L = L + p(af®” — Ly).

The dual

©)

(10)

(11)

(12)

The process is repeated until convergence is achieved, i.e., when the change in the design variables

between iterations falls below a user-specified tolerance.



2.4. Infill Extruder Path Generation

The generation of machine files for manufacturing objects with topology infill is carried out in two

parts: generating the outer shell and generating topology-optimized infill.

First, the design STL model is used to construct the part's outer shell. Commercial slicer software
(e.g., Ultimaker Cura and Prusa Slicer) is well-established and can provide error-free shell G-code,
so the task of generating shell, top, and bottom surfaces, as well as supports, can be easily
implemented by slicers without extra programming. The shell G-code is generated with zero

percent infill, resulting in a hollow internal volume.

The infill layers are generated separately using two STL files: the FEA STL model, which is the
trimmed lattice structure, including the shell, the same model used for FEA analysis, and the FEA
shell STL model, which is the shell of the FEA STL model only. The G-code for the infill layers is
inserted at the corresponding layer heights within the G-code for the shell.

2.4.1. Generating Infill via Rasterization

(a) (b)
Fig. 8. (a) A geometry cut by a cutting plane and (b) the sliced geometry from the cutting plane.

The FEA mesh defines the shape of the topology-optimized infill. First, the scanning line/plane
algorithm searches for triangles of the FEA mesh STL file intersecting the slicing plane. For a valid
intersecting triangle, the line segment created by the intersection of the triangle with the plane is
calculated using triangle-plane intersection [59-61]. The resulting line segments from all
intersecting triangles collectively define the cross-section or slice at that layer, as shown in Figure

8.



(a) (b) (c)

Fig. 9. (a) Geometry showing the struts with topology optimized strut thickness, (b) the sliced geometry

overlaid with the corresponding strut thickness, (c) bitmap generated by rasterization.

Unlike the design STL model, the FEA mesh is not a closed, watertight model and has zero volume.
As a result, extruder paths for infill cannot be directly produced from the slice. Instead, a
rasterization approach is used to define the topology-optimized infill at each layer. In this
approach, the line segments obtained from the triangle-plane intersections are rasterized onto a 2D
bitmap where black pixels represent the presence of materials, and white pixels represent void
regions. It is important to note that for each line segment generated by the triangle-plane
intersection, only two edges of the triangle will contribute vertices to the line segment. These two
edges are associated with two members and their thicknesses from the parametric definition of the
mesh. The thickness obtained after TO is used to define the thickness of the rasterized line created
from the intersections. Since each line is assigned two distinct thickness values corresponding to
the two edges, it is subdivided into segments with constant Euclidean distance to interpolate the
thickness between endpoints. Lastly, a rounded “cap” is added on the endpoints of each line. The
rasterization process is shown in Figure 9. The method can be easily modified to generate a
conventional open-cell lattice by simply rasterizing circles at the points of intersection, rather than

rasterizing lines in between.



(a) (b) (c)

Fig. 10. (a) Femur geometry cut by cutting plane, (b) the sliced geometry from the cutting plane, (c)

Bitmap generated by rasterization of sliced geometry.

(a) (b) ()

Fig. 11. (a) Contour extraction from bitmap using the marching squares algorithm, (b) contour extracted,

(c) contour after the Ramer-Douglas-Peucker algorithm.
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Fig. 12. (a) Contour extracted from bitmap, (b) Offset paths generated inside contour, (c) Contour
following offset paths.



Since the shell is also included in the FEA mesh, and the line is rasterized along the middle of the
intersection line, the rasterization will also generate materials along the perimeter that extend
outside the FEA mesh. To prevent the infill from interfering with the shell when being printed, all
the pixels outside the contour of the shell are set as white pixels, so that material is not deposited
in those regions. For 3D cases, the contour is obtained by slicing the shell STL, whereas for 2D
cases, the contour is obtained by identifying the edges in the STL file that are not shared by more

than one triangle.
2.4.2. Generating Extruder Paths from Bitmap

The output of rasterization is a bitmap that defines the layer-wise presence of material, as shown
in Figure 10. For some AM processes that use raster slices (e.g., Stereolithography), the bitmaps
are directly suited for writing the machine files required. However, to make it suitable for FDM,
the bitmap must be translated into paths the extruder can follow. A possible route for FDM
manufacturing is to convert the bitmap to an STL file, slice the geometry, and generate the G-code.
However, the number of facets required to define the object makes this computationally intensive-
slicing software cannot always cope with the high-poly STL file, and it is difficult to achieve highly
refined details. So, in this case, the extruder paths and the subsequent G-code are generated directly

from the bitmaps.

To convert the bitmap to extruder paths, the contours are traced from the bitmap using the
Marching Squares Algorithm, which is a 2D computer graphics algorithm that generates contours
from a scalar field or binary image (e.g., a bitmap) [62]. However, due to the discrete nature of
bitmaps, the contours generated by the marching square algorithm are dense and jagged. Thus,
contour extraction is followed by the line simplification method- Ramer-Douglas-Peucker (RDP)
algorithm, which is used to simplify and smooth the polygon. As shown in Figure 12, RDP reduces

the number of vertices while preserving sharp corners.

Unlike conventional infill patterns, which consist of individual extruded filaments [63], topology-
optimized infill may be thick solid areas. In this case, the inner regions of solid areas are filled
with material by generating contour-filling paths, as shown in Figure 12. Thus, the segments
produced from contour extraction must be organized into closed, ordered polygons, and the interior
polygons — polygons fully contained inside other polygons — are identified. This is required

because subsequent processes require the computation of offset polygons, such as to compensate



for the extrusion width, generate multiple perimeters, and set the direction of the offset [64]. The

Shapely library was used, which can generate a clean and self-intersection-free offset of complex

polygons.

2.4.3. G-code Generation

The proposed method focuses on the direct G-code generation of the topology-optimized infill;
however, it does not function as a fully standalone slicer, and a conventional slicer is used to
generate the outer walls and the top and bottom surfaces, as shown in Figure 13. The complex
computation associated with these features is best delegated to well-established slicer software,

allowing the method to focus on infill generation, which is the primary contribution of this work.

Figure 13. Visualization of the G-code and combining process: (a) topology-optimized infill toolpaths
generated by the proposed method, (b) shell toolpaths (outer walls and top/bottom surfaces) generated using

PrusaSlicer, and (c) combined G-code showing the combined shell and topology-optimized infill toolpath.

In summary, the proposed framework generates only the topology-optimized infill toolpaths by
direct G-code generation from rasterized FEA slices, whereas all shell-related features, including
outer walls, top and bottom surfaces, are generated entirely by a commercial slicer (PrusaSlicer).
To combine the two toolpaths, the program reads the shell G-code generated by the slicer and
inserts the topology-optimized infill G-code at the corresponding Z-height. The infill is appended
after the shell toolpaths of each layer, effectively a “infill after wall” mode of printing, which is

the default in most Slicers.



Since the coordinates of the extruder paths are defined by the position of the pixels in the bitmap,
the resultant paths are multiplied by a scaling factor to convert to millimeter units. The scaling

factor depends on the size of the bitmap image and the actual measurements of the object.

layer height

. S

extrusion width

Fig. 14. Extrusion profile.

In FDM 3D printing, each extruded line is associated with an extrusion value, E, which is the
amount of material pushed through the extruder. The value is calculated based on the Euclidean
distance between the previous and new points, as well as the extrusion profile of the deposited
material. In this case, the extrusion profile is assumed to be capsule-shaped [65, 66], as shown in

Figure 14.

Using a conventional slicer in conjunction with the proposed infill generation method introduces
some practical constraints. For proper alignment, the spatial position of the design STL on the
build plate must match that of all the STL files associated with infill. Moreover, the printing
parameters, such as layer height, extrusion width, must be consistent with the slicer settings. The
inserted G-code also inherits the motion parameters (acceleration, jerk) from the slicer. which
cannot be specifically optimized for the infill. Additionally, due to differences between the 3D
surface offsets used in FEA mesh generation and those calculated by the slicer to create the walls,
the interface between the shell and infill is not always parallel, which can result in small overlaps

or gaps between the toolpaths.
3. Results and Discussion

The method has been tested for both 2D and 3D cases. It was implemented using Python and run
on a PC with an AMD Ryzen 7 5700X 8-Core Processor, NVIDIA GeForce RTX 3060, and 16 GB
of RAM. The computing time for the TO stage ranges from 5 to 10 seconds for 2D cases with
approximately 3,000 nodes, and from 30 to 50 seconds for 3D cases with approximately 12,000



nodes. Generally, the computing time for the g-code generation stage—which includes slicing,

rasterization, processing, and g-code generation—is 5 to 10 seconds per layer. The objects shown

in this study were printed using an Any Cubic Kobra 3D printer at an extruder temperature of 205

°C, a velocity of 60 mm/s, a layer height of 0.2 mm, and with white PLA material supplied by

SUNLU. In general, the topology-optimized parts take 30-40% longer to print than their uniform

infill counterparts. The tests are conducted on a universal testing machine (UTM) set to provide a

constant linear displacement of 2 mm/min, and the displacement continues until the specimen fails.

3.1. Computational Experiments

3.1.1. Uniform 2D Beam
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Fig. 15. Boundary conditions and initial lattice configurations (left), displacement for the initial structure

(middle), and topology-optimized lattice structures (right) with strut thickness indicated in red. (a) MBB

beam with bottom corner nodes fixed and force applied to the middle top node; (b) top-loaded cantilever

beam with force applied to the top right node; and (c) center-loaded cantilever beam with force applied to

the middle right node.

The method is tested for both 2D and 3D design domains. The first 2D example is a beam with a

regular domain that has dimensions of 60x200mm and is composed of 6x20-unit cells. For all

cases, the applied force is F = 100 N. The unit cell is a cross-braced square element, where the

diagonal members are connected at the point of intersection. Previous literature has mentioned the



advantages of such structures [67]. Different boundary and loading conditions, and the
corresponding topology-optimized structure are given in Figure 15. The minimum allowable strut

thickness (amin) is 0.4 mm, and the target volume fraction is 0.4.

Figure 16 shows the compliance and the volume fraction throughout the optimization process. The
optimization process is stable, where the compliance decreases sharply in the first 10 iterations
and converges to the final solution after 250 iterations. For the MBB beam (case a), top-loaded
cantilever (case b), and center load cantilever (case c), initial peak displacements were calculated
at 0.122 mm, 2.14 mm, and 2.09 mm, respectively. Post-optimization, these values were reduced
to 0.04 mm, 0.71 mm, and 0.68 mm. The resultant optimized structure satisfies the target volume

fraction and is consistent with the results from previous studies [8, 20].
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Fig. 16. (a) Compliance vs. iteration, and (b) Volume vs. iteration.



3.1.2. Triangular Mounting Bracket

R 18 mm R6 mm

100 mm

(a) (b)
Figure 17. (a) dimensions and (b) boundary and loading conditions of the triangular mounting bracket.

The second 2D example is a free-form object — a triangular mounting bracket of thickness 10 mm.
The boundary, loading conditions, and dimensions are given in Figure 17. For this object, all the
nodes at the two holes at the bottom are fixed in both axes, and a vertical force F' = (0, 0, 100) N
is applied to all the nodes at the hole at the top. The minimum allowable strut thickness (@min) is

0.4 mm, and the target volume fraction is 0.4.



Fig. 18. Initial lattice configurations (left), the displacement for the initial structure (middle), and topology-
optimized lattice structures (right) with strut thickness indicated in red. Lattice generated with the methods:

(a) meshed, (b) swept, and (c) trimmed.

In this case, three different meshing techniques are used: meshed, swept, and trimmed. The meshed
lattice structure was generated using meshing of ANSYS by the tetrahedron patch conforming
method. The swept structure is created by first generating quad unit cells along the outer edges,
then filling the inner volume with similarly sized quad unit cells. The trimmed lattice was created
by generating a 20x20 lattice structure, consisting of cross-braced square unit cells, and trimming
it by a Boolean intersection operation. All mesh generation is followed by Delaunay triangulation.
It should be noted that the optimized structure obtained through GSM-based optimization depends
on the underlying ground structure. The meshes, their deformation, and the corresponding
topology-optimized lattice structures are shown in Figure 18. Despite symmetric loading
conditions, since symmetry was not enforced during the ANSYS mesh generation, the resulting

optimized structure also exhibits asymmetry. Exploiting symmetry in the ground structure may



improve performance, but this was not considered in the present study. For the swept (case a),
trimmed (case b), and meshed (case c), initial peak displacements were calculated at 0.281 mm,
0.162 mm, and 0.388 mm, respectively. Post-optimization, these values were reduced to 0.079
mm, 0.046 mm, and 0.110 mm. The resultant optimized structure satisfies the target volume

fraction.

Regardless of the shape of the object and the meshing techniques used, the method can generate

topology-optimized lattice structures that conform to the exterior of the object.

3.1.3. Uniform 3D Beam

Fig. 19. Boundary conditions and initial lattice configurations (left), the displacement for the initial
structure (middle), and topology-optimized lattice structures (right) with strut thickness indicated in red. (a)
Messerschmitt-Bélkow-Blohm (MBB) beam (b) Cantilever beam with force applied to the top right edge
(c) Cantilever beam with force applied to the middle and bottom right edge.

Similarly, the method is tested for 3D cases with regular and freeform shapes. The first 3D example

is a beam with a regular domain that has dimensions of 40x160x40 mm and is composed of



5%20x5-unit cells. The minimum allowable strut thickness (amix) is 0.4 mm, and the target volume
fraction is 0.4. Different boundary and loading conditions, and the corresponding topology-
optimized structure are given in Figure 19. For the MBB beam (case a), top-loaded cantilever (case
b), and middle and bottom loaded cantilever (case c), initial peak displacements were calculated
at 0.087 mm, 0.960 mm, and 0.462 mm, respectively. Post-optimization, these values were reduced
to 0.03 mm, 0.24 mm, and 0.115 mm. The resultant optimized structure satisfies the target volume

fraction and is consistent with the results from previous studies [8, 20].

Figure 20 presents the rasterization results at different layers for the Messerschmitt—Bolkow—
Blohm (MBB) beam shown in Figure 19(a). The results show that the infill is adaptively tailored

to the stress distribution at each layer.
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Fig. 20. An MBB beam with internal lattice structure and the cutting planes at layer 801, 1069, and 1336
out of 1601 are shown. The contours are shown at the left, and the corresponding rasterized bitmap for the

topology-optimized infill is shown at the right for layer (b) 801, (c) 1069, and (d) 1336.



3.1.4. Human Femur

(a) (b)

Fig. 21. (a) The forces applied to the femur model, (b) the internal lattice structure, and (c) the

exaggerated displacement for the initial structure.
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Fig. 22. The result of the topology optimization of the lattice structure viewed from different angles.

The second 3D example is a freeform object — the bottom section of a human femur model, the
Distal Epiphysis. The model has overall dimensions of 60x100%x60 mm, and the size of the initial
lattice structure from which the design volume is trimmed is 12 x 20 % 12 unit cells, as shown in
Figure 21. All the nodes at the bottom surface are fixed, and a vertical upward force and a
downward force are applied on the top surface. The minimum allowable strut thickness (amin) 1s
0.4 mm, and the target volume fraction is 0.4. The resultant optimized structure satisfies the target
volume fraction and is shown in Figure 22. Figure 23 shows the rasterized 2D bitmap at various

layers. The method can generate infill in complex contours, as seen in layer 1055, where there are



convex contours, and is also applicable to layers with multiple isolated patches in the cross-section,

as seen in layer 1215.

(b)

(d)

Fig. 23. A beam with internal lattice structure and the cutting planes at layer 575, 1055, and 1215 out of
1307 are shown. The contours are shown at the left, and the corresponding rasterized bitmap for the

topology-optimized infill is shown at the right for layer (b) 1215, (c) 1055, and (d) 575.

Fig. 24. 3D-printed human femur model with an exposed section to show the topology-optimized infill.



Fig. 25. 3D-printed human femur model with a topology-optimized infill structure only.

The femur model, with 1307 layers, was also printed using the parameters discussed previously.
As shown in Figure 24, our method can successfully generate a printable optimized infill structure
of the femur model. Moreover, as seen in Figure 25, the femur was also printed with the topology-
optimized infill only, without the exterior shell. In this case, both the infill lattice structure and the
shell are considered in the optimization. However, the edges common to the FEA shell are not

incorporated in the rasterization.
3.2. Experimental Validation and Discussion
3.2.1. Triangular Mounting Bracket

The first case study is a triangular mounting plate, where lattice structures were generated using
three different meshing techniques: swept, meshed, and trimmed. The structures were fabricated
based on the TO results presented in Section 3.1.2. The topology-optimized structures are
generated using a volume fraction of 0.4, using strut dimensions a@mi» = 0.4 mm and a@mex = 10 mm.
For comparison, each topology-optimized part was evaluated against the same structure with
uniform infill, with the weight of all the parts maintained at approximately 56 g (£2%) by
controlling the line thickness (ami» and anax values). The printed triangular brackets are shown in

Figure 26, and the UTM setup is shown in Figure 27.
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Fig. 26. Printed mounting brackets using mesh generation methods: a) swept, b) meshed, c) trimmed.
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Fig. 27. Mounting bracket UTM testing setup.
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Fig. 28. Load-displacement curve for experimental validation of the mounting plate.

As seen in the results from Figure 28, across all meshing strategies—meshed, swept, and
trimmed—the topology-optimized structures demonstrate higher maximum load capacity and
greater overall stiffness than their uniform counterparts. The swept topology optimized structure
shows the highest peak load and maintains load over a larger displacement. This is consistent with
previous studies that state that swept lattice structures show better mechanical properties due to

alignment of struts towards the principal stress directions [68-70].
3.2.2. Messerschmitt-Bolkow-Blohm Beam

In the second example, the method is evaluated on a 3D Messerschmitt-Bolkow-Blohm (MBB)
beam, where the bottom two edges are fixed, and a vertical force is applied at the top center. The
beam has dimensions of 40x160x40 mm and is composed of 5%20x5-unit cells. The topology-
optimized structures are generated using a volume fraction of 0.4, using strut dimensions amin =
0.4 mm and amax = 10 mm. The topology-optimized truss is shown in Figure 19(a). In this case,
the beam was sliced along the three principal planes, and the planes and the corresponding layers
at various midplanes are shown in Figure 29. It is seen that each cutting plane captures the TO

differently. The slices along the XY cutting plane give larger infill areas compared to others.



Additionally, the infill pattern differs due to the use of an unsymmetric unit cell. Slicing along the
YZ and XZ planes produces infill patterns that alternate between triangles and hexagons, whereas
slicing along the XY plane results in patterns alternating between squares and rectangles. The
cross-sections of the beam printed about the XY axis are shown in Figure 30, demonstrating that

the infill is adaptively tailored to the stress distribution at each layer.

The topology-optimized structures are generated using a volume fraction of 40%, using strut
dimensions ami» = 0.4 mm and a@mex = 10 mm. For comparison, each topology-optimized part was
evaluated against the same structure with uniform infill, with the weight of all the parts maintained
at approximately 105 g (£2%) by controlling the line thickness (@min and amax values). The UTM

setup is shown in Figure 31.
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Fig. 29. Lattice structure and various cutting planes about the three principal axes. The output of

rasterization at midplanes about the (b) YZ axis, (¢) XY axis, and (d) XZ axis.



Fig. 30. Cross-section of topology-optimized MBB beam sliced about the XY plane.

Fig. 31. UTM setup.
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Fig. 32. Load-displacement curve for experimental validation of MBB beam printed along the different

principal planes.

As seen in the results from Figure 32, in all the test cases, the topology optimized design
consistently outperforms the uniform infill design, exhibiting up to 20 percent higher stiffness,
with the maximum gain being achieved during the slicing direction along the XY plane scenario,
which is a common characteristic of 3D-printed parts — more stiffness of the part with the
alignment of the filament in the principal stress direction [71]. Moreover, this printing orientation
experienced the most benefit from TO. The part printed with the slicing direction along the ZY
plane shows the lowest rigidity. Notably, this configuration also shows the smallest performance
difference between the optimized and uniform infill designs. while the topology-optimized beam
shows a stiffer initial response due to a steeper force—displacement curve, the maximum force at
failure is nearly the same as that of the uniform infill beam. This shows that co-optimizing the

geometry and the print orientation is necessary to take full advantage of our method.

While the numerical simulation of the MBB beam in section 3.1.3(a) predicted a nearly 300%
increase in rigidity, the experimental results yielded, at most, a 20% increase. As previously
discussed, this performance gap is primarily a consequence of the idealized assumptions inherent

to linear-elastic compliance minimization, which assumes ideal material behavior and perfect



inter-layer bonding, rather than accounting for the stochastic and anisotropic nature of FDM
printing. Despite the performance gap, the method successfully improved structural performance
across all test cases, demonstrating that it can provide mechanical advantages even when

constrained by the practical limitations of fused deposition modeling.

Considering the failure modes, it is seen that increasing the stiffness of the beam through TO also
increases the brittleness. With the material of the topologized optimized structure concentrated
along primary load paths, any failure of an element drastically decreases the load-carrying ability.
In contrast, the uniform infill beams begin to plateau at a steady state loading condition. The beam
steadily deforms, maintaining the load before failing or reaching a stage where the deforming
materials stack on each other to form an almost solid structure. This suggests that while TO is
superior for stiffness-critical applications, uniform infill may be preferable for energy absorption

requirements.

It is important to note that the shells were also included in these tests, which contribute to the
structural rigidity of the printed part. Printing only the infill gave manufacturing defects and made
it difficult to mount and apply loads to the specimen. Otherwise, the relative increase in rigidity

due to TO would have been greater.

A limitation of the current experimental study is the use of a single specimen per configuration.
So, the results do not account for print-to-print variability or stochastic defects such as localized
poor layer adhesion and filament diameter fluctuations. While the results demonstrate performance
trends, they lack the statistical characterization to define absolute mean performance or standard

deviation.
4. Conclusion

In this paper, we present a novel method for producing a topology-optimized infill structure that
conforms to any arbitrary 2D and 3D geometry. The method uses the ground-structure approach
for optimization, in which the closed-cell shell-lattice infill is modelled as a pin-jointed truss. This
modeling approach effectively captures primary load paths and material distribution. While this
simplification does not account for the higher bending and shear stiffness inherent in closed-cell
lattices, the experimental results indicate that the comparative performance trends remain

representative of the design objectives.



A rasterization process is used to represent the topology-optimized infill at each layer from which
the machine files were directly created, without generating an intermediate STL file. Multiple mesh
generation types were examined for 2D cases, while the trimming method for lattice generation

was examined for the 3D case.

The process was experimentally evaluated on both 2D and 3D examples. In the 2D case, the test
specimen was a non-uniform mounting plate, with its mesh generated using three different
techniques: trimmed, swept, and FEA-based meshing. For the 3D case, an MBB beam was
considered, sliced about the 3 principal planes. These tests confirmed a performance increase of
the topology-optimized structures. Topology-optimized infill structures consistently outperformed
their uniform-infill counterparts, showing higher stiffness and maximum loading capacity while
maintaining the same weight. For 2D cases, the results showed the effect of meshing techniques,
with the swept mesh structure demonstrating the best performance. For the 3D case, an orientation-
dependent behavior was presented, with optimized structures showing the most benefit when the
filament is aligned with the principal stress paths. Failure modes also differed—while uniform
infill deformed gradually, optimized structures exhibited more brittle behavior. All experimental
results were obtained using a single specimen for each configuration. So, the conclusion should be
interpreted as demonstrating performance trends rather than statistically characterized
improvements. The extension of this method to a wider range of geometries, materials, and printing

systems will be explored in future work.

The current program uses an individual node-based boundary condition assignment interface,
which 1s well-suited for small- to medium-scale models. For large-scale problems (more than
12,000 nodes), we found that semi-automating the boundary condition assignment would improve
scalability. Implementing a graphical interface is a straightforward extension of the existing
workflow, allowing us to handle models with a more detailed design domain and a denser lattice

structure without requiring fundamental changes to the core GSM and rasterization algorithms.
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