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ABSTRACT

This paper presents a scalable, open-source method for designing strut-and-node lattice
structures for industrial applications, including uniform and graded lattices. Traditional
computer-aided design tools struggle with lattice structures with high complexity, prompting
the need for alternative approaches. While function representation techniques are commonly
applied to triply periodic minimal surface lattices, their use for strut-and-node lattices has
been limited. The proposed method defines the unit cell geometry using function
representation primitives to model cylindrical struts and spheres, followed by isosurface
triangulation and spatial replication within a voxelized design space. To showcase its practical
application, two case studies are presented in which industrial components are filled with
uniform and graded lattice structures using the newly developed model. The paper includes a
comprehensive analysis of the computational cost of the approach. Furthermore, the study
evaluates the geometric accuracy and quality of the generated lattice, highlighting their
suitability for lightweight design in additive manufacturing. This method eliminates the need
for boundary representations of lattice structure models, leading to more efficient data
handling. The results of this research have broad implications for developing 3D components
optimised for additive manufacturing. The approach targets industrial use, enabling fast,
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efficient design of complex, lightweight geometries.

1. Introduction

Weight is a key parameter in the design of industrial
components, particularly in the aerospace [1,2] and
automotive sectors [3,4], where reducing weight plays
a fundamental role in lowering fuel consumption and
carbon emissions [5,6]. Lightweight, high-strength com-
ponents, such as additively manufactured cellular struc-
tures, enable the development of more efficient
transportation systems [7]. These bio-inspired structures
offer exceptional strength-to-mass ratios, multifunction-
ality, enhanced energy absorption, and efficient material
distribution [8-12]. Due to manufacturing constraints,
cellular structures have not been as widely accepted as
other architectured materials, such as metal foams and
honeycomb structures, over the last few decades. Tra-
ditional production methods are often complex and
costly, diminishing the advantages gained from weight
reduction [13].

However, the development of Additive Manufactur-
ing (AM) in the past years [14] has further accelerated
the investigation of intricate lightweight geometries.

The advent of AM enabled the creation of detailed
designs that were previously impossible using tra-
ditional manufacturing methods [15-20].

Numerous cellular structure types, including foams
(stochastic structures), honeycombs, and lattices (peri-
odic structures), are described in the literature [21-24].
The lattices’ regular unit cell arrangement is a character-
istic of nonstochastic architectures. Both two- and three-
dimensional unit cell arrangements are possible for
Voronoi [25], Triply Periodic Minimal Surface (TPMS)
structures [26-29], and 3D strut-and-node based lattices
[30-32]. This research will focus on strut-and-node-
based lattices for the rest of the discussion.

The design and representation of lattice structures
present considerable challenges despite the structural
advancements provided by additive manufacturing
[33-35]. Conventional Computer-Aided Design (CAD)
tools often struggle with the geometry complexity
typical of lattice geometries, mainly when dealing with
many facets and intricate topologies. This complexity
can lead to inefficiencies in data handling, difficulties
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in mechanical simulations [36], increased computational
costs, and limitations in design flexibility [37]. As a result,
there is a strong and growing effort within the scientific
community to develop alternative modelling method-
ologies - particularly open-source solutions — that can
efficiently represent and manipulate lattice structures
while ensuring compatibility with commercial software.
These initiatives aim to complement existing Al-assisted
tools [38,39] and make advanced lattice design more
accessible and customisable.

Wang et al. [40] and [41] introduce a hybrid geometric
modelling method that directly produces tessellated
models in Standard Triangle Language (STL) format
rather than generating complete solid models. This
approach combines solid Boundary Representation (B-
Rep) modelling [35], which is used to create individual
unit trusses, with facet-based (tessellated) modelling.
Instead of building an entire solid model, the unit
trusses are converted into an STL (triangulated mesh)
format [42,43] and assembled to form the final structure,
eliminating the need for complex Boolean operations.

Azman et al. [44] propose an effective method for
creating and storing lattice structure CAD models
using a skeleton 1D model, improving AM efficiency
and accuracy. However, this article does not describe
how the transition is made from the 3D digital model,
produced from the skeleton approach, to a sliced
model (i.e. Gcode [45]) ready for additive manufacturing.

Chougrani et al. [46] introduce a lightweight triangu-
lation technique, which significantly reduces the
number of triangles needed to represent lattice struc-
tures for additive manufacturing, compared to tra-
ditional methods like  Constrained Delaunay
Triangulation (CDT) [47] and Marching Cubes Method
(MCM) [48]. This new approach is not sensitive to
object orientation and allows for separate control of
accuracy and quality, enhancing the efficiency and feasi-
bility of manufacturing complex lattice structures.
However, this research does not deepen aspects such
as file processing times, a critical aspect in industrial
applications related to Time To Market (TTM) [49].

McMillan et al. [50] present the development of a Pro-
grammatic Lattice Generator (PLG) method, which
reduces processing time by over 60% compared to tra-
ditional CAD software. It offers direct control over STL
file quality and size. It enables the generation of
complex lattice structures independent of designer
proficiency, making it a valuable tool for design optimis-
ation and process integration. However, this research
does not include a step-by-step description of perform-
ing the intersections of all the struts. The obtained STL
file suffers from holes and cracks that must be corrected
in external software such as Meshlab [51].

Function Representation (FRep) [52,53], also known
as implicit function representation, has emerged as a
promising method for modelling complex geometries,
including lattice structures [54]. FRep defines geometric
shapes through continuous real-valued functions. This
approach facilitates the representation of complex
topologies  without requiring explicit boundary
definitions, thereby reducing data complexity and
enhancing computational efficiency.

Tang et al. integrate lattice frame generation, geo-
metric FRep, and voxelization to overcome the limit-
ations of conventional CAD tools, facilitating the
design and simulation of multiscale lattice geometries
[55]. However, after the implicit function modelling,
Tang et al. convert the 3D FRep lattice into a voxel
model specifically to create 2D slice images for direct
use in AM processes like Digital Light Projection (DLP)
or Liquid Crystal Display (LCD) based Stereolithography
(SLA), rather than generating a surface triangulated
mesh file. Indeed, the STL file format is more general-
purpose and adaptable for any AM process. In particular,
it can be used even in the Fused Filament Fabrication
(FFF) process to manufacture customised prototypes.

Fryazinov et al. [56] present a FRep modelling approach
for multiscale, space-variant cellular structures. This meth-
odology enables the procedural generation of complex,
parameterised microstructures, allowing for dynamic
spatial variations and direct rendering or fabrication. A
procedural function-based modelling approach for volu-
metric strut-and-node lattices, which can be directly ren-
dered and fabricated without relying on traditional
polygonal or voxel-based representations, is presented
n [57]. On the one hand, the FRep is widely adopted
in the literature for TPMS unit cells, and efficient and
open-source tools such as MSLattice are available to
the end user [58]. However, even while commercial soft-
ware, such as nTop [59], suggests the implicit function
representation, FRep has not been published in open-
source frameworks targeted to industrial applications
for strut-and-node lattices. Nowadays, there is a lack of
reliable and consolidated methodologies to represent
and handle complex lattice structures in CAD systems.

This study proposes a novel framework called
VOLFREP (VOxelization of Lattice structures and Function
REPresentation) for designing lattice structures using
FRep in conjunction with the voxelization of the design
domain. This approach can efficiently generate complex
lattice configurations by defining the base unit cell geo-
metry as a wireframe model through FRep-based primi-
tives and mathematical operations. Moreover, the
voxelization [60,61] of the design domain speeds up the
unit cell replication, and only active cells are considered
in the lattice design. This approach differs slightly from



the kernel point modelling used by Tang et al. [55],
although the objective is similar: to evaluate whether a
1D wireframe unit cell lies within the design volume to
be filled. The subsequent triangulation and exportation
as STL file of these FRep-defined geometries enables
their practical application in AM processes, ensuring com-
patibility with standard fabrication workflows.

The limitations of traditional CAD tools in handling
lattice structures are addressed, and a robust framework
for designing and fabricating optimised lattice com-
ponents is provided. Compared to existing literature con-
tributions, a comprehensive and accurate cost breakdown
analysis is included in the manuscript to demonstrate the
tool’s efficiency in industrial applications. The proposed
method streamlines the design process and opens new
avenues for developing lightweight, high-performance
structures tailored to various industrial applications.

Thus, to summarise, the proposed framework aims to:

e Design uniform and grade lattices with cylindrical
struts through wireframe models converted to 3D
components through FRep;

¢ Include the FRep of spheres placed at the lattice joints
for safe Boolean intersections and to avoid structure
stress concentration;

e Use voxelization to speed up the unit cell replication;

e Provide a usable 3D digital model in STL file format to
be compatible with all the AM processes;

e Be computationally efficient to deal with complex
topologies typical of industrial applications;

e Provide a precise and comprehensive breakdown of
the cost analysis to demonstrate the efficiency of
the proposed methodology.

The structure of the paper is as follows: Section 2 briefly
presents the VOLFREP framework and the methodology
applied to design and tesselate strut-and-node lattice
structures. Section 3 presents an industrial case study
where the VOLFREP framework is used to obtain the 3D
digital model of a lattice structure. Section 4 discusses
the results obtained in this research, and Section 5 ends
the paper with conclusions and prospects for future work.

2. Materials and methods

This section details the main steps of the proposed
VOLFREP framework, which has been coded in
MATLAB 2024b [62] environment to test it. Further
implementation in other programming languages,
such as C++ or Python, is possible, as well as in macros
for commercial CAD packages. This tool is used to
design lightweight strut-and-node-based lattices, as is
shown in the graphic flowchart of VOLFREP (Figure 1).
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2.1. Design domain voxelization

The first task of the VOLFREP framework is to compute
the design volume, which the lattice structure will fill.
The design domain is imported as an STL file and con-
verted to a logical 3D matrix thanks to the voxelization.
Voxel-based modelling outperforms standard 3D model-
ling methods in managing big datasets, keeping fine fea-
tures inside 3D models, and accelerating geometric
operations and manipulations such as rotations and
Boolean operations [63]. Compared to more complex
discretization techniques, voxelization seldom fails
because of its simple unit cell structure.

To determine whether or not the 3D model occupies a
single unit cell (voxel), the voxelization technique superim-
poses a 3D grid onto the 3D model. Each voxel is given a
binary value to contribute to the population of a 3D
logical matrix: 1 if the unit cell is inside the 3D model and
zero otherwise. The user should set the hexahedral cells’
voxel resolution for discretization. This value should be
consistent with the unit cell dimension of the lattice struc-
ture the designer wants (as visible in Figure 1). In particular,
at the end of the voxelization, each hexahedral element will
be replaced by a strut-and-node lattice unit cell.

After setting the voxel grid, the approach initialises a
logical matrix with all null values. The algorithm automati-
cally carries out ray tracing [64] in the three primary direc-
tions (x, y, and z). The outcomes from each direction are
combined to determine which logical matrix components
should be activated. In this research, the Mesh Voxelization
algorithm by Adam has been implemented [65]; thus, in
Appendix A.1, in the STL2Voxel function, the VOXELISE
function by Adma is called. For additional information
about the voxel method implemented in this research,
please refer to [60].

The percentage of active cells can be remarkably low
for highly complex geometries, typical of industrial
applications, that deviate significantly from a parallele-
piped-shaped domain. By deactivating many hexahedral
elements, the replication of the unit lattice cell is accel-
erated, as inactive voxels within the computational
domain are disregarded.

Furthermore, thanks to the voxel-to-unit-cell associ-
ation of the lattice, the design domain can be efficiently
and quickly trimmed, as described in the study by
Azman et al. in Section 4.4 (Case 1) [44].

2.2. Wireframe unit cell model

The framework described in this research can design and
tesselate the strut-and-node lattices employing a limited
unit cell portfolio, which will be enlarged in the future.
Nowadays, the available unit cells are:
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Figure 1. Graphic flowchart of the VOLFREP framework; the user’s inputs are in yellow.

- Box: 8 vertices, 12 struts;

- Face Centred Cubic, FCC: 14 vertices, 36 struts;
- Body Centred Cubic, BCC: 9 vertices, 20 struts;
- Octet: 14 vertices, 36 struts;

- Octahedron: 6 vertices, 12 struts;

- Cube Vertex Centroid, CVC: 9 vertices, 8 struts.

Other shapes can be implemented similarly. The
Maxwell criterion is a fundamental principle used to
determine the mechanical behaviour of lattice struc-
tures, particularly in distinguishing between stretch-
dominated and bending-dominated configurations

[66]. Among the previous bullet list, the VOLFREP frame-
work is capable of handling three stretch-dominated
structures (FCC, Octahedron, and Octet) and three
bending-dominated structures (Box, BCC, and CVC); the
reader can refer to [67] for further information about
the deformation mechanism of a cellular solid. The
unit cell library currently implemented is visible in
Figure 2.

A specific function, which pseudocode is visible in
Appendix A.2, is designed to generate the node and con-
nection matrices, respectively N and M, for the selected
unit cell type:
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K
N

Figure 2. Unit cell library: (a) Box, (b) FCC, (c) BCC, (d) Octet, (e) Octahedron and (f) CVC.

e The nodes matrix N is an nx3, where each row rep-
resents the (x, y, z) coordinates of a vertex in the
unit cell. Each node is calculated based on the unit
strut length L;

e The connectivity matrix M is an mx2 matrix, where
each row represents an edge between two nodes.
Each row contains two indices referring to rows in N.

2.3. Unit cell function representation

In the following step, the VOLFREP framework converts
the 1D unit cell model into a 3D implicit model using
the FRep approach. In this research, only struts with cir-
cular cross sections are modelled; however, the frame-
work can be easily adapted to other section shapes.
The implementation of this function is visible as pseudo-
code in Appendix A.3.

Given the strut section dimension in terms of cylin-
der radius, a dedicated function uses as inputs the
matrices N and M. For each connection in M, the func-
tion returns the FRep to describe a solid cylinder
(including the top and bottom caps). This strut,
defined by its centerline starting at A (xa, ya, za) and
ending at B (xz, yg, zg) with a radius r, according to
Figure 3, is composed by:

« the lateral surface, which is defined as a geometric
entity where all the points are within a distance
from the centerline;

¢ the top and bottom caps, which are defined as planes
perpendicular to the centerline at points A and B.

The dedicated MATLAB/OCTAVE function first defines
the direction vector of the cylinder axis (Equation 1):

a=g,wmmd=wm@,@
= (Xg —Xa, Y8 — YA, 25 — Zp) (M

Then, the code computes a projection function t(x, y, z)
to project each point onto the axis, as in Equation 2.
(X — xa)dx + (y — ya)dy + (z — za)d,

tx, y, 2) = &1+l (2)

The function fixes t to lay between 0 and 1, thus inside
the cylinder: tfeq = max (0, min(t, 1)).

Therefore, the closest point on the cylinder axis will
be defined as in Equation 3.

Px,y,2) = A+ tfyed - d (3)

In the following step, the distance function dist(x, y, z) is
computed as in Equation 4:

dist(x,y,2) = (x = P>+ (y = P> + (z— P,)?  (4)

Thus, the implicit function for the lateral surface of each
cylinder can be defined as in Equation 5:

dist’(x,y,2) —r* =0 (5)

Moving to the end caps, placed at point A and B, their
implicit functions can be defined as in Equation 6:

d-(r—A)=0andd:(r—B) =0 wherer
=Xy 2 (6)
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fsphere

Figure 3. Visual representation of a cylindrical strut (in red) with radius r that connects the points A and B; an additional sphere (in

blue) with radius rhere is placed at each vertex.

As the last step, by combining the lateral and the end
caps, the function representation for the k-th cylindrical
strut f, can be described as in Equation 7:

foyi, (x,y, 2) = max(dist® — r*, max(—d - (r— A), —d - (r— B)))
=0
7

Moreover, for each unit cell vertex J contained in matrix
N, the code computes the implicit function of a sphere
with radius rphere. The mathematical definition of the
sphere radius is visible in Equation 8 as a function of
the slenderness ratio (slend =r/L) of the strut.

Fsphere =+ (14 slend) (8)

The j-th sphere is centred on the vertex J(x;, y;,z;) with
radius rgppere and its implicit function is described in
Equation 9.

fspherej(X:y:z) = (X_XJ)2 + (y—YJ)2 + (Z_ZJ)Z - rszphere

=0 9)

The framework adds spheres to the joints to avoid non-
manifold entities and provide safe structures to avoid
stress concentration, which has not been addressed in
[55]. Moreover, the sphere radius should be slightly
larger than the cylindrical entities to create a smooth
joint and provide safe Boolean operations [40].

Lastly, the overall implicit representation of the unit
cell, initialised as a large value, is updated iteratively
by taking the pointwise minimum. The overall FRep of
the unit cell can be obtained by iterating to the k-th
cylinder and the j-th sphere and combining them with

the min operator, as in Equation 10:
feen(X, ¥, 2) = min( fsphere,-(xr Y, 2), fcylk(X: Y, 2) (10)

Through the isosurface MATLAB function, it is possible to
define the locus of the points lying on the external
surface of the unit cell. The external surfaces are
detected by imposing a zero value on the implicit func-
tion fy(x, y,z) = 0. The MATLAB function returns a
structure where vertices and triangular facets lie on
the FRep, which can be directly used to write an STL file.

The isosurface function requires the definition of a
grid because this command operates on volumetric
scalar data — precisely, a 3D scalar field where each
point in space has an associated value. The aforemen-
tioned grid is defined along the three main directions
in the interval [—rsphere, L + rsphere] to capture the entire
unit cell.

It was decided to develop FRep of the single cell
rather than the entire structure to maintain the precision
of the isosurface command definition. Choosing an
appropriate resolution for the lattice structure would
have significantly increased computational time,
especially for large design domains. On the other
hand, modelling the single cell allows for selecting an
optimal resolution applied to a much narrower spatial
range, thereby speeding up the modelling operations.
The mesh resolution can be expressed as proportional
to the slenderness ratio of the unit cell: res = ¢ - slend.

The grid resolution plays a crucial role in determin-
ing the level of detail and accuracy for the geometric
representation of the lattice structure. Specifically, it
affects the density of the beam subdivision,
directly impacting how finely the beams and spheres



are represented in the 3D space. Thus, a sensitivity
study has been conducted to select the optimal
value of & for an accurate geometry description
without penalising the computational effort to create
the mesh.

The sensitivity study on the grid resolution con-
sidered a lattice with 2x2x2 BCC unit cells, with
L =10 and r = 1 to account for the joints in the evalu-
ation, too. The benchmark geometry was generated in
SolidWorks 2025 Premium [68], a CAD software that
employs a BRep, and the STL file was subsequently
exported at the highest possible resolution. The com-
parison was performed with the same 2x2 x 2 lattice
modelled using the FRep described above at progress-
ively higher resolutions and then converted to STL. The
two 3D models were then imported into Cloud
Compare (Version 2.13.2) [69], where the average dis-
tance between the two meshes, the Root Mean
Square (RMS) value, and the standard deviation were
calculated. Figure 4 collects the results of the afore-
mentioned sensitivity study.

According to Figure 4, a mesh resolution of 30 points
(e = 3) in each x, y, and z direction is a reasonable choice
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because the RMS and standard deviation values stabilise
and remain constant as the mesh resolution increases
while the computational time is acceptable. Thus, a pro-
portional factor € = 3 has been used in this research and
can be set as a typical value to be refined with further
iterations.

2.4. Unit cell replication and triangulation check

The next step of VOLFREP performs the replication of a
single unit cell across a structured lattice domain by
translating and assembling multiple instances of the
base unit cell. First, the translation offset variable is
defined to specify the spacing between adjacent unit
cells in the three spatial directions. Each cell is spaced
with a distance equal to the strut length L in the x, y,
and z directions when the framework handles uniform
lattice structures.

Then, a triple nested loop iterates over the voxel grid
dimensions, determined by the aforementioned voxeli-
zation process of the design domain. Before placing a
unit cell at a given position (i, j, k), the code checks the
corresponding value in the 3D logical matrix coming

1 T T T T T
09 | I Normalized Time to Create Mesh
‘ I Mean Distance Deviation
08| [ std Deviation
g I Roor Mean Square
o
E 07 B
c
o
E 06 r
5
o
£ 05
o
o
E 04 r
N
o L
g 0.3
S
202t
0.1F
0
1.5 3 3.8 5 6.5 7.8

Mesh Resolution ()

Figure 4. Sensitivity study of the mesh resolution for the FRep sampling; the mesh resolution is plotted against the normalised com-
putational time required to evaluate the isosurface of the 2 x 2 x 2 BCC lattice structure.
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from the voxel model. The unit cell is replicated if the
voxel at that location is active.

A translation offset is computed for each active voxel
to position the unit cell within the lattice. The original
vertices of the unit cell are translated by this offset and
appended to the list of vertices, which stores the com-
plete lattice structure.

Since each replicated unit cell introduces new ver-
tices, the connectivity matrix of the faces is updated
accordingly. A specific variable tracks the cumulative
number of vertices added, ensuring correct indexing
for each new set of faces. The adjusted faces are then
appended to the complete facet list.

This approach enables the efficient construction of a
periodic lattice structure by systematically replicating
the base unit cell while maintaining correct geometric
and topological relationships between the elements.
Furthermore, unit cell replication is avoided in the corre-
spondence of deactivated voxels inside the design
domain bounding box but outside the design domain
itself. On the one hand, replication only occurs when
an active voxel is present, indicating that the region
under consideration is a part of the design domain. To
mention an example, taking the digital model of a 3D
finite wing with a 1-meter span, 1-meter chord, and a
NACA 2412 airfoil, Figure 5 represent a wing cross-
section. Using a BCC unit cell with L=20and r=2, a
51 x 7 x50 3D logical matrix is computed.

By filtering just the active voxels, which for the con-
sidered example covers 72.3% of the bounding box
volume, the design of the overall lattice structure has a
halved computational cost.

The reported simple example demonstrates that
the voxelization of the design domain is an additional
but fundamental step implemented in the VOLFREP
framework, making the lattice structure modelling more
efficient.

Once the unit cells are replicated, the overall triangu-
lation is checked to avoid non-manifold edges, vertices,
facet repetitions, and self-intersection through the use
of the GIBBON open-source toolbox for MATLAB [70].

2.5. Graded lattice modelling

The VOLFREP framework is also capable of handling
graded lattice infills. In particular, after the cell replication
described in Section 2.4, a grading function scales the
vertices’ positions along a direction g = v/v defined by
the user. The overall grading implementation is visible
as pseudocode in Appendix A.4. Then, for each vertex
p;» a specific MATLAB function evaluates how far the
point lies along the grading direction using Equation 11.

Si=Pi-9 amn

Let spmin and spax be the minimum and maximum values
of s; over all vertices. The normalised position of each
vertex along the g direction is 5; (Equation 12).

Si =
Smax — Smin

Si — Smin

(12)

A scale factor A; = f(5) is assigned to each vertex based
on its normalised position. Different kinds of grading
functions have been included to test the compatibility
with VOLFREP:

o scalar grading: f(5;) = const;

o linear grading: f(5;) = Amin + Si(Amax — Amin);

 polynomial grading: f(5;) = Amin + (Amax — Amin)Si%;

Si

In <AmGX>A
« exponential grading: f(§) = Apip -e \Amin/

However, the aforementioned list is not exhaustive;
the user can implement whatever geometrical grading
with simple modifications on the MATLAB code.

Thus, the new vertices positions of the graded lattice
can be assessed using Equation 13.

graded

p; =pi+ A —1)g-s) (13)

A visual representation of graded lattices, whose gov-
erning equations were proposed in the previous bullet
list, is visible in Figure 6.

Airfoil Section with 51x7 Grid
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Figure 5. Graphical representation of active (green) and deactivated (red) voxels; only the active hexahedral cells will be considered

for the unit cell replication to construct the lattice structure.
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Figure 6. Graphical comparison of a parallelepiped filled with CVC unit cell using a grading function along the x direction: (a) linear
grading, (b) scalar grading, (c) polynomial grading and (d) exponential grading.

2.6. Boolean intersection with the triangulated
design domain

In the final step of the proposed framework, visible in
the flowchart of Figure 1, the watertight lattice structure
generated via the VOLFREP framework is exported as a
binary STL. Compared to Tang et al. [55], where the
voxel-based model is generated to create 2D sliced
images for DLP, STL files ensure high compatibility
with all AM technologies.

Certain struts of the filling lattice will cross the
borders of the component the user wishes to fill with cel-
lular structures through the voxel-based unit cell
replication.

Thus, a Boolean intersect operation is necessary to
trim the final lattice to match the final component’s
shape. The MATLAB code of VOLFREP has been linked
with a Python environment to use the trimesh module
(Version 4.6.9) [71], which is widely used by companies
such as NVIDIA [72] and Cura Ultimaker [73]. This
module efficiently implements mesh Boolean operations
and is necessary to compute the last step of the pro-
posed framework.

The Boolean operation may be obtained by a math-
ematical operation if the FRep of the design domain is
available. However, the design domain of real-wise
industrial components often shows very complex geo-
metries, causing difficulties in converting into a FRep
rather than simple shapes that analytical functions can
describe.

Thus, the authors decided to complete the domain
and lattice intersection task with an open-source

toolbox that manages triangular Boolean mesh oper-

ations well.

The trimesh Python module supports robust mesh

operations on triangular surface representations. Specifi-
cally, the binary STL file representing the design domain

(e.g. a solid volume) intersects with the binary STL file of

the VOLFREP-derived lattice structure. The trimesh.boo-
lean.intersection() function is used to compute the geo-

metric intersection between the two meshes,

effectively trimming the lattice structure to fit precisely
within the design domain. This operation returns a

new watertight mesh that retains only the portions of

the lattice structure enclosed by the design volume.

The reader can refer to [71] for additional implemen-

tation details and documentation for further insight into
algorithmic handling, robustness, and numerical pre-
cision of Boolean operations.

The Boolean operation implementation and the main

MATLAB code are visible in Appendix A5 as
pseudocode.

Figure 7 shows an example of a simple 3D model

filled with a uniform CVC lattice. The final geometry is
obtained through a mesh intersection between a shell

model of the component with a uniform thickness and

the CVC lattice structure.

2.7. VOLFREP computational analysis

The VOLFREP framework has been assessed, considering
usability and computational efficiency, and compared to
McMillan MATLAB code [50], the BRep modelling



10 A.BACCIAGLIA ET AL.

Figure 7. (a) The voxel-based lattice structure model intersects the digital model of the design domain (b); in (c) the trimmed lattice
structure and in (d) the final model with the shell and the filling lattice structure.

through Solidworks 2025 Premium, a commercial CAD
software package, a Constructive Solid Geometry (CSG)
tool called LSWM [74], and the Blender addon Volume
Lattice by SineWave based on parametric design [75].
The Solidworks modelling approach followed the
Bastos report [76] that exploits the welding workbench
to quickly and easily model the struts of the lattices
and the STL binary file saved using ‘fine’ mesh settings.

The BRep approach has no unit cell library limitation
and can be adapted to any unit cell. On the one hand,
the Volume Lattice addon has a wide strut-and-node
and TMPS unit cell portfolio; on the other hand, the
McMillan codes have a restricted cell portfolio. Thus,
for the scope of this comparison, only the Box, CVC
(called BCC in McMillan tool) and FCC unit cells are con-
sidered. Lastly, the LSWM tool has just the Box unit cell
implemented, but it has been taken under consideration
in this comparison because it can be seen as an auto-
matic tool that efficiently performs the Boolean oper-
ations typical of the CSG tools.

A lattice structure with 10 X 10 X 10 unit cell repetitions
in the three principal directions is considered. The unit cell
is made up of cylindrical struts with 10 mm in length and
1 mmiin radius. The simulations were run on a workstation
with 96 GB of RAM and an Intel i9-14900F at 2.00 GHz CPU.

The results are collected in Table 1. In the McMillan tool, a
‘Cross-section order’ of 30 is chosen to obtain a section as
close as possible to a circle. In the Volume Lattice
approach, mid-quality settings are used to obtain the
STL binary file of the computed lattices. The Volume
Lattice computational time is obtained by summing the
preview and the surface meshing timings.

It is necessary to report that the FCC unit cell model-
ling has failed using the McMillan codes for unknown
reasons. From the collected data, it is possible to say

Table 1. A comparison of three different approaches used to
create a 10x 10x 10 uniform lattice structure with three
different unit cells; the data include the computational time
required to obtain a binary STL file of the lattice structure and
the file dimension.

Box Fcc® Ve
Modelling Time File Time File Time File
approach [s] [MB] [s] [MB] [s] [MB]
McMillan [50] 56,33 28,63 Failed Failed 204 43,44
VOLFREP 22,08 55,17 41,43 146,74 12,35 101,41
BRep 712 33,02 657 121,32 414 61,75
CSG [74] 52,81 141,237 N.A. N.A. N.A. N.A.
Volume 93,12 67,26 440,36 191,21 303,31 142,42
Lattice [75]

(*): in the McMillan tool, the CVC unit cell is called BCC; (%): in Volume Lattice,
the FCC is not available, but ‘Beam’ is quite similar with the same n. of
struts; N.A.: Not Available.



that the VOLFREP framework can efficiently model the
lattice structures with a mean 97% time reduction com-
pared to manual BRep modelling in commercial CAD
software packages. Moreover, it has a convenient com-
putational cost with respect to the McMillan approach
for the simplest Box cell (60% reduction), but the com-
putational fork increases by far when using struts in
oblique directions, as in CVC. Here, the time saving
reaches a value close to 90%. Then, if VOLFREP is com-
pared with the CSG approach, it can be seen from
Table 1 that the former is 67% faster than the CSG
method, with a resulting STL file 60% lighter in terms
of occupied memory. Due to the low computational per-
formance of the CSG tool and minimal unit cell library,
no other test will be involved in the following.

Lastly, the comparison with the Volume Lattice addon
for Blender reveals that it is outperformed by VOLFREP
for all the tested cells (87% mean reduction in compu-
tational time and 23% mean file size reduction).
However, it represents a valid alternative for the lattice
design if a user prefers a Graphical User Interface (GUI),
an extensive unit cell library, and the possibility of
having a rapid preview of the lattice structure before
its actual modelling. On the other hand, Volume
Lattice has lower computational efficiency and is less
intuitive in the unit cell dimension settings.

The resulting CVC 10x10x 10 lattice, saved as a
binary STL file, is imported in Meshlab v2023.12 and ana-
lysed in terms of mesh quality, an important character-
istic not only for Finite Element Analyses (FEA) but also
for AM. The mesh quality comparison is reported in
Table 2, and the metrics used are [77]:

(1) Area vs Maximum side ratio: the average ratio
between the area of each triangle and the length
of its longest edge. The ratio indicates how ‘fat’ or
‘thin’ the triangles are. A higher ratio may indicate
more evenly shaped triangles, while a smaller ratio
indicates longer, thinner triangles;

(2) Area standard deviation: the size of each triangle; a
higher standard deviation suggests that the mesh

Table 2. A comparison of the mesh quality of the three
approaches used to create a 10 x 10 X 10 uniform CVC lattice
structure; McMillan’s mesh has been repaired in Meshlab to
close all the holes before evaluating the mesh quality.

Mesh quality metric
(u: average value;

o standard deviation) VOLFREP  BRep  McMillan  Volume Lattice
Area/Max Side 0,513 0,114 0,037 0,350
Area/Max Side o 0,127 0,187 0,031 0,159
Area o 0,026 0,174 0,122 0,159
Inradius/Cirmuradius 0,800 0,188 0,060 0,563
Inradius/Cirmuradius o 0,141 0,304 0,049 0,231

VIRTUAL AND PHYSICAL PROTOTYPING . 1

has triangles of significantly different sizes,

indicating non-uniform resolution. Thus, for a con-

sistent mesh, the area standard deviation should
be low;

(3) Inradius vs circumradius ratio: the relationship
between the inradius (the radius of the largest
circle that can fit inside the triangle) and the circum-
radius (the radius of the circle passing through all
three vertices of the triangle). This ratio is used to
evaluate the shape quality of the triangles:

o A value close to one indicates that the triangle is
nearly equilateral, ideal for numerical simulations
and additive manufacturing;

o A value significantly lower than one suggests that
the triangle is more elongated or skewed.

Additional analysis can be conducted by modelling a
parallelepiped lattice structure with an increasing
number of cell replications for the complete unit cell
library implemented in VOLFREP. The results are col-
lected in Figure 8. As expected, the computational cost
for replicating the entire unit cell library increases expo-
nentially when the number of unit cells grows. Thus, the
prearranged voxelization step to deactivate some voxels
is fundamental to lower the overall computations of
VOLFREP.

Once the VOLFREP framework has been widely
described, the following section shows its application
in an industrial case study.

3. Results

3.1. Uniform lattice modelling: GE bracket case
study

The VOLFREP framework is validated through a case
study that uses the 3D digital model of the GE bracket
[78], a well-known benchmark in the aerospace industry.

The topology, converted into a binary STL file, has a
bounding box of 178,54 x62,50x 108,31 mm and is
visible in Figure 9.

The original geometry is converted into a
shell body with a constant thickness of 3 mm with
Solidworks software. The VOLFREP framework is
used to fill the inner volume with a uniform lattice
structure, being available the binary STL file of the
external shell.

The case study involves the creation of a uniform
strut-and-node unit cell, where each cylindrical strut
has a length of 10 mm and a radius of 1 mm.

The design domain voxelization results in an 18 X 7 X
11 logical matrix where just 44,6% of the voxels are
active. The final lattice structure counts 618 unit cells
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Figure 8. Computational time required to model and export an STL binary file representing a parallelepiped lattice structure; the

analysis is performed for each unit cell at the disposal of VOLFREP.

before the trim phase occurs to fit the corresponding
inner volume through the Boolean intersection perfectly.

The GE bracket has been filled with all six available
unit cell topologies to demonstrate the overall capabili-
ties of the VOLFREP framework. The cylindrical struts
have a length of 10 mm and a radius of T mm. As men-
tioned in Section 2, a resolution of 30 points along the
three principal directions is used for the isosurface evalu-
ation. In the following, the unit cell is replicated as
described in Section 2.4, and the close vertices are
merged. The GIBBON toolbox checks the final

a) | ]

C) ' Q

triangulated mesh to avoid non-manifolds and self-inter-
sections. Figure 10 shows the uniform lattice structure
overlapped with the bracket design domain for the
CVC case.

Once the lattice binary STL file is calculated, the
Boolean intersection with the design domain model
is processed to trim the resulting lattice structure.
As a last step, it is possible to compute a unique
binary STL file that merges the shell digital model
and the trimmed lattice structure through a union
Boolean operation.

A

d)

Figure 9. GE bracket case study: (a) frontal, (b) lateral, (c) top and perspective view.
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Figure 10. Top view of the GE bracket case study overlapped with the uniform lattice structure of CVC unit cells.

On the one hand, Table 3 collects the computational
time required to obtain the final triangular mesh file of
the external shell and the trimmed infill lattice structure
for the entire unit cell library of VOLFREP. On the other
hand, Figure 11 shows a breakdown of computational
costs for the specific case study for each operation in
the VOLFREP framework.

Figure 11(a) shows the computational cost spread to
all the main steps of the VOLFREP framework, while
Figure 11(b) shows how the costs would change if the
voxelization step is not applied. Indeed, the cell replica-
tion would be highly demanding in covering the entire
design domain bounding box compared to a smaller
subdomain of active voxels.

However, when the number of unit cells in the mod-
elled lattice increases, the cell replication execution time
becomes paramount. On the other hand, STL2Voxel and
Boolean intersection operations have a minor impact on
the total computational time. Indeed, Figure 12(a) shows
the computational time required for the three more
demanding operations implemented in the framework
using the GE bracket as a benchmark model, filled with
CVC unit cells with decreasing dimensions, thus increas-
ing number of unit cells.

Once the more demanding operation has been
detected for an increasing number of lattice unit cells,
an additional computational study focused on finding
the maximum viable model size. In particular, a cubic
domain filled with a CVC lattice structure with an increas-
ing number of cell replications along the three axes has

been selected. The computational time required for the
cell replication has been recorded for each test, as
visible in Figure 12(b). The trend follows a cubic poly-
nomial function with R? = 0.999. It is possible to access
the maximum number of cells the VOLFREP can handle,
assuming that, as a temporal threshold in industrial appli-
cations, cell replication has a maximum computational
time of 1 h. By extrapolating the data in Figure 12(b),
17,576 unit cells can be safely modelled in 1 h. Assuming
a unit cell length of 10 mm, the VOLFREP framework
could cover a design domain of 17,576,000 mm? which
can be considered a satisfactory result.

At the end of the process implemented in VOLFREP, the
obtained STL file can be imported into any pre-processing
software, such as the slicers for the FFF technology. The 3D
model is converted to obtain the machine-readable file
(i.e. Gecode [45]) that contains the manufacturing settings
chosen by the designer. As a proof of concept, the GE
bracket filled with uniform CVC lattice is manufactured
with FFF technology using PLA material. Figure 13 shows
the prototype with a shell cutaway to observe the inner
lattice infill modelled through the VOLFREP framework.

3.2. Fabrication, mechanical simulation and
geometric accuracy

The proposed VOLFREP approach is used to model a
uniform 3x2x 1 lattice structure using the CVC unit
cell (L =20, r =2). Watertight models produced by
the proposed geometric modelling method can be

Table 3. Computational time required to obtain the final STL binary file for the proposed case study.

Unit cell topology Box BCC FCC Octet Octahedron cvC
Time [s] 231 335 363 422 277 248
File [MB] 44,16 104,71 117,50 150,57 97,02 78,52




14 A.BACCIAGLIA ET AL.

o o o
BN » [oe]

Time (seconds)

o
[N

o o o
RN » (o]

Time (seconds)

o
[N

Figure 11. Computation of the relative cost breakdown for the GE bracket case study; each execution time is normalised by the
maximum execution time. (a) The complete VOLFREP framework is analysed; (b) the computational cost changes if the voxelization
process is deleted and the entire design domain is used for cell replication.

easily transformed into STEP files that are helpful for
Finite Element Analysis.

A numerical tensile test with a fixed external load has
been performed on the sample depicted in Figure 14 to
verify the structural efficiency of a PETG-fabricated
lattice sample.

The results demonstrate a limited displacement mag-
nitude under a 200N tensile load, proving that VOLFREP
can model structurally sound components. In the future,
tensile tests on manufactured samples will be performed
to validate the accuracy of the FEA model for the fabri-
cated lattice sample.

The same sample has been manufactured and 3D
scanned using a Creality Cr-Scan 01 [79]. This scanner
uses structured light, and its level of accuracy has been
evaluated in previous studies [80]. To assess the geo-
metric accuracy of the manufactured PETG component,
the sample has been scanned and compared to the 3D
digital model coming from the VOLFREP framework
using CloudCompare. The superimposition of both STL
meshes is visible in Figure 15(a), while Figure 15(b)
shows a histogram that represents a statistical distri-
bution of the distance errors between corresponding
points of both geometries.
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Figure 12. (a) Computational time analysis of STL2Voxel, cell replication and Boolean intersection operations as the number of CVC
cells increases; (b) cell replication time saturation study as the number of CVC cells increases.

The results demonstrate that the manufactured com-
ponent is slightly upscaled compared to the 3D digital
STL of the VOLFREP approach, as visible by the statistical
peak of Figure 15(b) shifted towards the right (positive dis-
tances, points lying above/outside the reference surface).

However, this discrepancy is limited and around the
accuracy of the 3D scanner, as previous studies on the
Reverse Engineering (RE) equipment have demon-
strated. Thus, it is possible to state that the VOLFREP

framework can model 3D lattice structures with high
manufacturing fidelity.

3.3. Graded Iattice modelling: piston rod case
study

The capability of modelling graded lattices is shown
through a second case study that uses the 3D digital
model of a piston rod.
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Figure 13. GE bracket manufactured with the FFF technology in PLA material; a shell cutaway brings to light the lattice structure infill

using the CVC unit cell.

The topology, converted into a binary STL file, has a
bounding box of 121 x28x 11.6 mm and is visible in
Figure 16.

The original geometry is converted into a shell body
with a constant thickness of 1 mm with Solidworks soft-
ware. The VOLFREP framework is used to fill the inner
volume with a graded lattice structure, being available
the binary STL file of the external shell.

The case study involves the creation of a linearly
graded strut-and-node unit cell, where the base
unit cell has a cylindrical strut with a length of 2 mm
and a radius of 0.2 mm. In this specific case study,
the following options are selected for the grading
function:

* Apin=1;

* Amax = 2;

e Grading direction: [1,0,0] (along the main axis of the
piston rod).

Taking as reference the top view shown in Figure 15(a),
the graded lattice described by the aforementioned par-
ameters will result in a doubled strut length along the x
direction on the right extreme of the rod.

The design domain voxelization results in a 26 x 14 x
6 logical matrix where just 39.7% of the voxels are active.
The final lattice structure counts 867 unit cells before the
trim phase occurs to fit the corresponding inner volume
through the Boolean intersection.

The piston rod topology has been filled with all six
available unit cell topologies to demonstrate the
overall capabilities of the VOLFREP framework. For
example, Figure 17 shows the graded lattice structure
overlapped with the bracket design domain for the
CVC case.

Table 4 collects the computational time required to
obtain the final triangular mesh file of the external
shell and the trimmed infill lattice structure for the
entire unit cell library of VOLFREP.

URES (mm)

1,378e+00

. 1,240e +00

- 1,102e+00

. 9,645e-01
. 8267e-01

6,889¢-01

_ 5,511e-01
_ 4,134e-01
2,756e-01

1,378e-01

1,000e-30

Figure 14. The simulation result (displacement magnitude) of the FEA model for tensile test samples under 200 N load along the x-

axis.
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Figure 15. STL mesh comparison between the digital model obtained in VOLFREP and the manufactured part in PETG material; (a) a
visual comparison in CloudCompare with a colour map showing the relative distances and (b) the statistical distribution of the dis-

tance errors between corresponding points of both geometries.

4. Discussion

The proposed VOLFREP approach demonstrates signifi-
cant improvements in the design of lattice structures
compared to the traditional BRep method. A reduction
in computational time of nearly 90% is observed while
maintaining high geometrical accuracy, as indicated by
the low RSM error of 0.15 mm. This level of accuracy
aligns with the precision of many AM technologies,
ensuring the method'’s applicability in practical manu-
facturing workflows.

As demonstrated by its high inradius/circumradius
ratio and low standard deviations for area and area/
max side, VOLPREP produces the most consistent and

uniform triangles with a reasonably high quality
throughout the STL mesh (Table 2). It will likely
produce the best 3D printing outcomes, with smoother
surfaces and higher accuracy.

With a low inradius/circumradius ratio (indicating dis-
torted triangles) and higher standard deviations in area
and area/max side, the BRep approach exhibits the
highest variability throughout the mesh. This result
suggests that the mesh may contain irregular and
poorly shaped triangles, potentially resulting in printing
errors and poor print quality. After the post-processing
correction to close holes, McMillan’s tool still has some
issues with distorted triangles, as evidenced by the
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Figure 17. Top view of the piston rod case study overlapped with the linearly graded lattice structure of CVC unit cells after the

boolean intersection phase.

poor inradius/circumradius ratios. However, the low
standard deviation indicates that the distortion is con-
sistent throughout the mesh. It may be an excellent
balance of quality and consistency, though not as
high-grade as VOLPREP.

Comparing Volume Lattice addon with VOLFREP, the
results show that the triangles are moderately well-
shaped, closer to equilateral than in BRep or McMillan,
and more consistent through all the mesh, though still
slightly elongated compared to VOLPREP. Regarding
the triangle’s area, Volume Lattice suggests a moderate
variation in triangle size, worse than VOLFREP. Lastly,
Volume Lattice shows a strong result for the inradius/
circumradius metric, second only to VOLPREP. This
result indicates that the mesh triangles are relatively
regular and round, suitable for printability, and have
moderate consistency in triangle regularity, such as
VOLFREP.

A key advantage of VOLFREP is its voxelization-
based approach, which has two fundamental

advantages. The former is the link between the unit
cells and the voxels, accelerating lattice design. The
latter is the speed-up of the unit cell replication: only
active voxels are considered, thus limiting the compu-
tational costs (see Figure 11(a)), similar to what is done
in [55] with kernel points. To illustrate the method’s
effectiveness, an inner lattice structure with the CVC
unit cell was constructed in 248 s (Table 3) using the
voxel-based modelling in the GE bracket case study
instead of 284 s without the voxelization procedure.
Indeed, even though a further step in the VOLFREP is
added, a significant decrease in time spent in the cell
replication stage (3,04 s vs 1540 s) justifies this
design choice. This gain can be magnified in the case
of more complex geometries.

Additionally, VOLFREP outperforms McMillan's
approach by producing lattices that do not need
post-processing in external software (i.e. hole filling)
while supporting a broader range of unit cell
topologies.

Table 4. Computational time required to obtain the final STL binary file for the piston rod case study.

Unit cell topology Box BCC FCC Octet Octahedron cvc
Time [s] 164 220 252 281 162 149
File [MB] 17,11 41,16 46,19 48,24 37,30 29,68




As the last comparison, VOLFREP shows high compu-
tational efficiency compared to the Volume Lattice
addon for Blender, even if it lacks a GUI and the possi-
bility of having a rapid 3D preview of the lattice before
the actual 3D modelling. In particular, an 87% reduction
in computational time for a set of unit cells and a 23%
reduction in file size have been demonstrated. For
example, considering the GE bracket case study as a
valuable example in the industrial field, the Volume
Lattice has computed the CVC uniform lattice with
mid-geometric accuracy and r =1, L =10 in 27.6 min
with an increased computational time of 91% compared
to VOLFREP.

The FCC and Octet structures exhibited the highest
computational demands among the tested unit cells.
This result was expected due to their complex topology,
characterised by more struts per unit cell. Despite this,
the method remains effective across different lattice
configurations. An increase in the computational cost
that follows a polynomial cubic law as the number of
lattice cells grows has been observed.

An operational cost breakdown of the VOLFREP frame-
work highlights Boolean intersection, cell replication and
voxelization as the most computationally expensive pro-
cesses. While the importance of the voxelization process
has been widely discussed earlier, the Boolean intersec-
tion of two meshes is required to trim the filling lattice
structure. As mentioned, the FRep of the design domain
is available only for trivial shapes. Conversely, industrial
components are far from trivial geometries, thus limiting
the applicability of this approach. For this reason, the
more robust mesh Boolean intersection using the
trimesh module has been adopted. However, optimising
these steps could enhance the framework’s performance,
particularly for complex lattice structures. Additional
simulations reveal that the cell replication phase
becomes predominant in the case of a lattice structure
with a large number of unit cells. In particular, a cubic poly-
nomial behaviour fits the collected data well; by extrapo-
lating them, it is possible to estimate the maximum viable
model size, which can be modelled in one hour (a realistic
time threshold in industrial applications).

The VOLFREP generated a small uniform sample suit-
able for FEA and fabrication. Numerical tensile testing
confirmed its structural robustness under a significant
tensile load. Moreover, a comparison between a 3D-
scanned PETG-printed sample and the digital model
showed minimal geometric deviation within the scan-
ner’s accuracy range. These results confirm that
VOLFREP ensures both mechanical soundness and high
manufacturing fidelity.

As a last result, Section 3.3 provides an industrial case
study where grade lattices are implemented. The results
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confirm that the CVC, Octahedron and Box unit cells are
the lightest from the computational point of view, while
the Octet has the highest impact on the required com-
putational resources.

The results confirm that the VOLFREP approach sig-
nificantly accelerates lattice generation while maintain-
ing  manufacturability and  accuracy.  These
improvements make it a viable alternative to traditional
BRep techniques in designing industrial components.
Moreover, the VOLFREP methodology can be easily inte-
grated with existing CAD exploiting libraries already
available in the literature.

4.1. VOLFREP pros and cons analysis

The above-discussed results can be summarised in a
bullet list containing the main advantages of the
VOLFREP approach:

e The hybrid Voxel-based FRep modelling is adaptable
to any unit cell topology;

» High geometry fidelity is achieved when compared to
the traditional BRep approach;

e Low computation cost compared to other approaches
available in the literature to obtain a ready-to-be-
manufactured component;

e High mesh quality of the resulting STL binary file
yields the best results in 3D printing, ensuring
smoother surfaces and better accuracy. Compared
to voxel-based 2D images typical of DLP or LCD-
based SLA technologies, the STL file guarantees
high compatibility with all AM processes.

e The isosurface evaluation is at the unit cell level and
not to the entire design domain to avoid using a
very fine mesh to capture all the structure geometry.
An additional sphere is modelled on the lattice
structure joints to guarantee a safe Boolean oper-
ation and to avoid stress concentrations in the
structure;

e The association of active voxels and the unit cell rep-
etition is fruitful in avoiding losing computational
power in the unit cell repetition outside the design
domain;

e Graded lattice structures can be easily implemented
through MATLAB handle functions that reveal high
design flexibility;

e The mesh Boolean intersection between the design
domain and the inner lattice is flexible to any
domain shape;

However, the VOLFREP framework is limited to only
six unit cell topologies for lattice structures. In the
future, the possibility of orienting the lattice cell
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pattern will be investigated with further research since,
up to now, the cells have been replicated only along
the three principal directions.

In future studies, the lattice structure modelled
through the VOLFREP framework will be used for
achieving the structural performance (i.e. stiffness,
strength and modal analysis) using mechanical tests
to validate that the VOLFREP models are not only com-
putationally efficient but also structurally sound.

Nonetheless, this research provides a benchmark to
the scientific community of the computational costs of
designing ready-to-be-manufactured complex indus-
trial components filled with strut-an-node lattice struc-
tures. This aspect was previously missing in the
literature, where FRep had already been widely dis-
cussed without a detailed computational cost analysis.

5. Conclusions

This paper presents VOLFREP, a new hybrid voxel-based
and Function Representation technique for modelling
uniform and graded strut-and-node lattice systems.
VOLFREP outperforms standard Boundary Representation
approaches regarding computational efficiency, lowering
modelling time by roughly 90% while maintaining good
geometric accuracy (RMS error of 0.15 mm).

The framework’s voxelization method is critical for
improving lattice generation, minimising superfluous
calculations, and facilitating fast unit cell replication.
Indeed, this operation could be highly demanding for
a massive number of lattice cells. The voxel-based
implementation results in a 13% reduction in design
time for the proposed GE bracket case study, compared
to an approach without voxelization, demonstrating
VOLFREP’s benefits in industrial applications.

The study also examines the computational resource
demands of the available unit cells (Box, BCC, FCC,
Octet, Octahedron, and CVC), with FCC and Octet
ones requiring the most processing time due to their
complicated topology. Compared to previous
approaches in the literature, VOLFREP provides fully
manufacturable lattice structures without the need
for further post-processing while offering a broad
unit cell portfolio.

In contrast, BRep produces distorted triangles with
high variability, compromising print quality and requir-
ing extensive corrections. McMillan’s method offers
better consistency but still suffers from distortion and
limited accuracy. The Volume Lattice addon performs
moderately in mesh quality but incurs a 91% longer
computation time and generates files 23% larger than
VOLFREP. VOLFREP stands out by combining excellent
STL mesh quality (low standard deviations and near-

equilateral triangle shape), minimal
cost, and high manufacturability.

This study fills a scientific gap in the literature by estab-
lishing a baseline for the computational cost of the design
and conversion to STL binary format file for ready-to-man-
ufactured lattice structures. Previously, FRep techniques
were frequently discussed but lacked specific performance
evaluations. The VOLFREP framework provides a scalable,
adaptable, and computationally efficient method for
creating lightweight, high-performance industrial com-
ponents, notably for additive manufacturing.

A computational cost breakdown analysis shows that
the Boolean intersection is one of the most computation-
ally expensive phases. Future enhancements will improve
the Boolean operations to increase efficiency, focusing on
grading unit cells and lattice orientation control.

computational
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Appendix
A.1. STL to Graded Voxel Conversion

Inputs:

- STL_file: Path to STL surface mesh

- voxel_size: Desired voxel resolution (edge length)

- grading_direction: Unit vector defining direction of grading

- grading_function: Scalar field function (A(s)) along grading
direction or scalar value

Outputs:

- VoxelGrid: 3D logical array indicating voxel occupancy

- Nx, Ny, Nz: Number of voxels along x, y, z

- origin: Lower-bound corner of the STL bounding box

- bbox: Bounding box of the STL geometry (min/max corners)

Procedure:

Load STL mesh and extract vertex coordinates;

Compute bounding box of the STL;

Set the origin of the bounding box dimensions

Compute number of voxels in each direction Nx, Ny, and Nz;
Voxelize the STL using the Adam’s function [65]:

uhwN =

VoxelGrid « VOXELISE(Nx, Ny, Nz, STL_file, ray_direc-
tions = 'xyz’);

6. Generate voxel centre coordinates:

For each voxel index (i, j, k), compute centre position (x,
Y, 2);

7. Project all voxel centres onto the grading direction:
s_i « dot(center_i, grading_direction)

8. Normalise scalar projections using minimum and maximum
values;
9. Evaluate local scale factor:

If grading_function is scalar:
i« 1

Else:
MA_i « grading_function(5_i)

10. Compute scaled voxel centres:

center_i_scaled « center_i+(\_i - 1) - (s_i
grading_direction)

11. Mask out voxels outside original bounding box after
scaling:
For each voxel:
If center_i_scaled ¢ bbox:
VoxelGrid(i, j, k) < 0

12. Remove isolated voxels:
For each voxel:

If voxel is active and all 26 neighbours are inactive:
Set voxel to inactive
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Return:

- VoxelGrid (logical 3D array)
- Nx, Ny, Nz

- origin

- bbox

A.2. Single Unit Cell Wireframe Generation

Inputs:

- Length of the unit cell edge

- Lattice type (‘Box’, ‘BCC’, 'FCC’, ‘Octet’, ‘Octahedron’, ‘CVC’)
- origin: Lower corner coordinate of the unit cell

Outputs:

- N: Unique node coordinates of the unit cell

- M: Connectivity matrix (list of node index pairs forming beam
elements)

Procedure:

1. Set unit cell size

2. Based on type, define node coordinates (nodes) using

origin and unit cell geometry

Remove duplicate nodes to get N

4. Initialise M and, based on unit cell type, loop over all
node pairs (n, m) to define beam connections and save
inM

w

Return:
- List of unique node coordinates
- Beam element connectivity matrix

A.3. Solid Cylinder Implicit Function

Inputs:

- Starting point of the cylinder axis
- Ending point of the cylinder axis
- Radius of the cylinder

Output:
- cylinderlmplicit(x, y, z): Function evaluating the implicit solid
cylinder field at any 3D point

Procedure:

Compute the axis direction vector and normalise it;
Define projection of any point P= (x, y, z) onto the axis;
Clamp the projection to cylinder height

Compute the closest point on the axis:

Compute squared radial distance from axis:

Define the implicit function for lateral surface:

Define implicit function for the bottom cap:

Define implicit function for the top cap:

Combine all to define the solid cylinder:

OO NOU A WN =

cylinderlmplicit(x, y, z) < max(lateral_surface(x, y, z), max
(bottom_cap(x, y, z), top_cap(x, Y, 2)))

Return:

- cylinderlmplicit: A scalar field function, < 0 inside the solid
cylinder, > 0 outside, = 0 on the boundary

A.4 Graded lattice scaling

Inputs:

- type of grading (none, scalar or function-based)

- gradingDirection

- gradingFunction: Scalar or function handle defining the
grading profile

- fv_full: Structure containing vertices and faces of the lattice
mesh

- bbox: Target bounding box (min/max corners) of the domain
to be filled

Output:

- fv_full: Modified mesh structure with transformed vertex
coordinates

Procedure:
1. If type_grading = ‘scalar”

Multiply each vertex by a scalar vector: fv_full.vertices
« fv_full.vertices .* gradingFunction
Else if type_grading = ‘functi”

a. Project each vertex onto the grading direction: s < dot(-
vertex, gradingDirection)

b. Normalise the projections: § < (s — s_min) / (s_max —
s_min)

c. Evaluate local scale factor: A « gradingFunction(s)

d. Compute scaled position along the grading direction:
fv_full.vertices « fv_full.vertices + + A\ — 1) * (s *
gradingDirection)

Else if type_grading =‘nothin”:
Leave the vertices unchanged.

2. Rescale the graded lattice to fit inside the target bounding
box:

Compute bounding box of the transformed lattice

Compute lattice size and target size:

Compute non-uniform scale factors:

Translate the lattice to origin:

Apply non-uniform scaling:

Translate to target bounding box:

-0 2N T o

Return:

- fv_full: The graded and spatially aligned lattice mesh, ready
for Boolean operations or export

A.5 Main code

1. Input lattice parameters (strut length, strut radius, unit cell
type, grading type and direction)

2. Call gradingDefinition(type_grading) to obtain a function
handle for the grading

3. Load the STL file of the inner design domain



11.

12.

. Voxelize the STI domain by calling STL to Graded Voxel

Conversion
Compute the number of unit cells for replication
Set the resolution for the implicit function modelling
Generate the unit cell wireframe model by calling Single
Unit Cell Wireframe Generation
Subdivide beam bounding box for implicit evaluation and
generate 3D meshgrid of evaluation points
For each vertex in the unit cell:
Define implicit function for a sphere ¢_sphere(x, y, z)
Update the overall unit cell field: combinedVolume «
min(combinedVolume, ¢_sphere)

. For each edge in the unit cell:

Let A « vertices(i) and B « vertices(j)

Define implicit function for solid cylinder between A and B
by calling Solid Cylinder Implicit Function

Update the field: combinedVolume < min(combinedVo-
lume, ¢_cylinder)

Define isosurface level (e.g. 0)and extract the isosurface
from the implicit field

Initialise fv_full, the combined mesh of the entire lattice
structure (vertices and faces) with an empty structure

_\
w

—_

—_
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Loop through the 3D grid of unit cells. For each (x, y, z) in
[0, numCells.x—1] x [0, numCells.y—1] x [0, numCells.z—1]:
Check if the voxel is active

Compute spatial offset for this cell

Translate unit cell vertices

Append new vertices to fv_full.vertices

Shift face indices and append

Update face index offset

Validate triangulation with GIBBON toolbox:

Extract triangle definitions from fv_full.faces

Keep only valid triangles (those with 3 unique vertices)
Apply lattice grading by calling Graded lattice scaling to
rescale the lattice mesh based on the defined spatial
grading strategy

Export the parallelepiped design domain as a graded
lattice to STL file, excluded the inactive voxels

Compute Boolean intersection between the STL file of
graded lattice and design volume using trimesh Python
library; this ensures that only the portion of the lattice
inside the design domain is preserved.

Compute Boolean union between the STL file of inter-
sected lattice and shell design domain.
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