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Abstract. Lattice structures are receiving a renewed interest in many areas such
as biomedical and industrial fields, due to the capabilities of additive manufac-
turing technologies which allow for the fabrication of very complex shapes. Cur-
rently, several methods and tools are described in the scientific literature and
some commercial software are introducing dedicated packages to reduce designer
efforts for lattice structure design and optimization. However, by using commer-
cial CAD/CAM tools in the fabrication of components filled by lattice structure,
several critical issues remain and need to be taken into consideration. This work
aims atmanufacturing variable-density lattice structures via fused depositionmod-
eling deriving the density map from a grayscale or color image. In the proposed
approach, the shell-based lattice model is not achieved by CAD tools, but only
during the CAM process, while the lattice relative density is computed by edit-
ing the G-code, modifying the extrusion flow according to the local grayscale
of a volumetric CAD model, defined from an image. The main advantages are
related to the absence of a graded lattice geometric model and the consistency of
the toolpath. The method is tested on various images and patterns, and can find
applications in artworks, embedded information on components, and functional
3D printed parts, such as the replication of the density map of a bone derived from
a DICOM grayscale image.

Keywords: Additive manufacturing · Graded lattices · Heterogeneous objects ·
Fused deposition modeling

1 Introduction

Bridging the gap between geometric model complexity and manufacturing constraints
is one of the main challenges to fully exploit the additive manufacturing technologies
capabilities. Even if virtual geometric models suitable for powder bed fusion additive
manufacturing technologies can be obtained, ensuring a good compromise among design
speed, model complexity, and technologies, due to the manufacturing constraints, other
technologies such asmaterial extrusion (MEX) shows difficulties inmanaging themodel
complexity related to lattice structures and much more when dealing with shell-based
lattice structures with variable thickness and/or variable density infill. Computer-aided
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design (CAD) software tools are now increasing the capabilities of realizing these types
of geometric models, but designer expertise is typically required [1, 2]. In addition,
the resulting polygonized surface file can be extremely huge in size, compromising the
data exchange between designer and manufacturer in the 3D printing workflow. Indeed,
computer-aided manufacturing (CAM) software firstly provide the division of the object
in layers, parallel to the printing direction, and then generate the printing toolpath for each
layer, computing themachineCNCprogramming language, i.e., theG-code file. Usually,
this process is automatically made by several slicing software, but in complex shapes,
the CAM of lattice structures, especially based on thin walls, can generate inconsistent
toolpaths, unable to reproduce the CAD model.

This work aims at manufacturing variable-density lattice structures via fused depo-
sition modeling (FDM) deriving the density map from a grayscale image. As mentioned,
using commercial CAD/CAM tools this result is difficult or even unobtainable. To over-
come this limit, the shell-based lattice structure is not achieved by CAD tools, but only
during the CAM process, adopting different infill strategies, while the graded relative
density is obtained by editing the G-code, modifying the extrusion flow according to
the local grayscale, defined in a volumetric geometric model. The main advantages are
related to the absence of the lattice geometric model and the consistency of the toolpath,
overcoming the previously highlighted limitations. The two main proposals are to avoid
geometric model manipulation and inconsistency in the toolpath. Thus, the objective is
to interact between CAD and CAM processes, to take advantage of both.

2 Background

Standard workflow in AM starts from a CAD model and finishes with a 3D printed
physical object of the CAD model. In between there are various phases involving CAD
modeling, polygonization of theCADmodel, slicing operations, and toolpath generation,
resulting in a CNC file usually called G-code file [3, 4]. Several approaches for the
geometric modeling of lattices, based on different representation schemes, are available
in the literature [5–7]. Among these, some approaches present advantages and have
been employed more frequently than others. This is the case of direct polygonal mesh
modeling and implicit (or function-based) modeling approaches. An example of the first
one is given by Savio et al. [8]; as described it is possible to model beam and shell-like
structures using low-polymeshes and if needed use a subdivision algorithm to smooth the
wholemesh. In thismannerminimal surfaces lattices can be also generated by successive
approximations and the approach can be extended to graded lattices [9]. On the other
hand, implicit modeling represents a flexible solution for 3D modeling, especially for
lattice structures [10]. Several studies have shown the potentiality of implicit modeling
for generating relative density graded, cell size graded and multi-morphology lattices
[11–13]. From an AM point of view, the principal drawback of this approach consists
in the conversion, that is needed at some point of the AM workflow, from the function
representation into an auxiliary B-rep, such as a mesh (e.g. isosurface polygonization),
for subsequent slicing operations. To avoid the auxiliary polygonized representation,
the main solutions are the conversion into a stack of raster images, representing each
layer in the Z direction, at the machine resolution (which is an acceptable input for some
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AM technologies) or directly calculating the machine toolpath from the implicit model
[10, 14, 15]. For this reason, some authors investigated the possibility of modeling the
machine toolpath directly by using geometric entities different from meshes, such as
points and curves, especially in the case of MEX technologies [5].

To create lattice-based functional objects, it is possible to operate on several levels
of complexity, and properties related for instance to geometry, material, or process
characteristics. The geometric characteristic can be tuned by operating on the unit cell
shape, the unit cell size, or the unit cell relative density. The material characteristic can
be tuned by modifying the material microstructure or by using more than one material,
thus changing the composition over the volume. At last, the process can influence the
final object by tuning the manufacturing parameters, for instance, temperature or speed,
which influence several characteristics such as actual flow rate, the accuracy of the part,
adhesion among layers, and anisotropy.

Above all other geometric characteristics, the relative density can be considered
the primary design variable for AM lattices [13]. Since one of the main objectives is
the determination of structure-property relationships to control the functionality of a
component, the physical properties of lattices are influenced mainly by their relative
density, which is reflected in the well-known scaling laws of Gibson and Ashby [16].
Relative density is also equivalent to solid volume fraction, which represents the solid
volume of the lattice with respect to the overall volume of the space it occupies.

Several software tools have been developed to allow precise control of the lattice
modeling and the AM process for specific applications from bioprinting to ceramics, or
to translate vector graphics into toolpath and to post-process G-code [4, 8, 9, 13]. Among
all the software tools, a similar idea to the one proposed in this work was described by
Moetazedian et al. [17]. The work is based on the concept of avoiding CAD modeling,
subsequent slicing, and using continuous deposition paths with varying extrusion width
as opposed to fragmented ones with constant extrusion width, to improve the quality
of manufactured parts by eradicating voids and defects. To demonstrate the approach
in [17], the same research team developed and published a free open-source software
called FullControl GCodeDesigner [4]. In this tool, the user defines every segment of the
toolpath along with all printing parameters, which may be related to geometric and non-
geometric factors, at all points along the toolpath. Similarly, Silkworm [18] is an open
project released as a plugin in Grasshopper/Rhinoceros (McNeel & Associates, USA)
capable to translate non-solid geometry, i.e., surfaces, curves, and points and further,
into G-code for 3d printing purposes. A tool acting directly on the G-code file by post-
processing operations is Velocity Painting [19]. It’s a free open-source script written
in perl language that, when given an image file and a G-code file, post-processes the
G-code to change print speeds according to the intensity of the image pixels, projecting
the image onto the skin of the physical model. This tool was used in [17] to generate
graded patterns.

Suggested by the weaknesses and the advantages of approaches and software for
lattice modeling and manufacturing found in the literature, the proposed method tries to
catch the best of both worlds with an ‘in between’ solution: CAD modeling operations
are used for theB-repmacro-shape design, CAMsoftware are used for the infillmodeling
allowing an easy lattice design, directly on theG-code, and aCADvolumetric approaches
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are used for the G-code editing. In this way, high complex graded lattice geometric
modeling is bypassed avoiding intricate implicit or B-rep representation.

3 Modeling Method

The proposed method consists of several steps, as Fig. 1 depicts. Firstly, a bulk object is
geometrically modeled by a commercial CAD tool. After that, the 3D model is used for
two operations: the CNC file (G-code) computation and the discrete volumetric model
definition, i.e., a virtual model in which each voxel has a scalar value. On one side,
the bulk object is sliced using an open-source CAM software, such as Slic3r, in which,
together with process parameters, the infill pattern and density are also defined. Among
the infill patterns, gyroid infill or other 3D shell-based shapes are chosen. Infill density,
on the other hand, defines the relative density of the pattern and directly influences the
unit cell size of the chosen pattern. By controlling these two parameters the shell-based
lattice can be computed, in the CAM software directly in the toolpath. As a result, the file
containing the CNC programming language for additive manufacturing (G-code file) is
generated. On the other side, a volumetric map of scalar values is modeled, which is used
to drive the ‘thicknesses’ of the shell lattice. In this work, the map comes from the colors
of a 2D image, which are firstly extracted from the grayscale version of the image and
then ‘projected’ into the volumetric array. This process is accomplished in Grasshopper,
a Rhinoceros (McNeel & Associates) plugin. The third step consists in modifying the
extrusion parameter ‘E’ of the infill path in the G-code file. The ‘E’ values are computed
as a function of the volumetric map. A script has been developed in Python language to
realize this set of operations. The developed script parses the G-code file, finds the ‘E’
values of the infill, which represents the amount of extruded material along the toolpath,
calculates the new ‘E’ values based on the image color data, replace the new ‘E’ values,
and finally reassembles the modified G-code file. Finally, the part can be manufactured
using a desktop FDM 3D printer with a direct drive configuration to reduce the delay
[17]. The calculation of the new ‘E’ values is based on a trilinear interpolation among the
color values stored in the volumetric model, considering the centroid coordinates of the
voxels and the actual ‘E’ values ‘stored’ at each starting point of the segmented toolpath.
To summarize, the following steps are implemented to obtain an image embedded in the
part infill:

1. CAD modeling: model the bulk object.
2. CAM computation: generate toolpath and the G-code file.
3. Volumetric modeling: the implementation converts a grayscale image into a voxel-

based volumetric model (each voxel has a relative density value in the range 0–1
derived from the projected image).

4. G-code editing: modify the extrude material based on the volumetric model density
map.

5. Manufacturing.
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Fig. 1. Flowchart with the macro phases of the proposed method.

3.1 G-code Computation

The G-code is computed by the Slic3r 1.30 software, using the process parameters
summarized in Table 1. As infill pattern, the gyroid (sheet-based) was selected due to
its quasi-isotropic mechanical behavior [20]. The infill constant density was selected
to allow a unitary relative density after the G-code editing process and was established
by empirical experiments based on the other process parameters (layer thickness, infill
speed, nozzle diameter, extrusion temperature).

Table 1. Constant process parameters

Layer
thickness

Infill
pattern

Infill
speed

Nozzle
diameter

Filament diameter Bed
temperature

Extrusion
temperature

mm - mm/s mm mm °C °C

0.2 Gyroid 25 0.4 1.75 55 215

3.2 Volumetric Modeling

The volumetric model is constructed starting from a single (2D) image. The RGB image
is converted into a vector of normalized grayscale values in the range 0–1 that can be
interpreted as a relative density map. This vector is obtained by sampling the image with
a regular 2D grid of points (sampling array). The number of sampling points nX and nY
in the 2D grid can correspond to the image resolution, so in the x direction, nX is the
image resolution width and in the y direction, nY is the image resolution height. nX and
nY are also the number of voxels in x and y directions. The voxel size (vS) is then set,
for instance, based on the bounding box of the B-rep CAD model (Fig. 2). The number
of voxels in the z direction, nZ, is calculated according to the volumetric model height.
The volumetric representation is obtained by repeating the normalized grayscale vector
nZ times (Fig. 3). Finally, the volumetric model is aligned with the B-rep CAD model.
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Fig. 2. The grayscale values visualized as points sampled from the color image in the top left,
and a particular of the grid with voxel parameters reported (vS = vSx = vSy).

Fig. 3. 3D array visualization with nZ= 4. Single projection a) on first layer and b) on last layer;
multiple projections c) 2 mid-layers and d) completely filled array (repeated nZ times).

3.3 Editing G-code

A G-code file contains the instructions as a list of lines that are read sequentially by a
CNC or an FDM machine. Most of the lines in a G-code are motion instructions and
are expressed by the following syntax: G1 X# Y# Z# E# F#. “X, Y, and Z” identify the
cartesian coordinates of the next point to reach. “E” is the extrusion parameter; it defines
the amount of filament to be fed into the extruder, moving between two consecutive
points of the toolpath.

By simple consideration, it is possible to demonstrate that, for each i-th position of
the toolpath in the infill portion:

�Ee,i = �Es,i · ρe,i

ρs
(1)
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where ΔEe,i is the amount of material needed (i.e. the value of E to substitute in the
G-code during the editing phase at the i-th point of the toolpath) ΔEs,i is the amount
of material calculated during the slicing process, ρs is the infill density adopted in the
slicing process and ρe,i is the required relative density at the i-th point obtained by a
trilinear interpolation of the volumetric model. Furthermore, in ΔEe,i computation it is
necessary to consider the minimum relative density ρemin allowing for a consistent part,
taking into account the layer thickness. Again, this value was empirically estimated by
experiments and as first attempt calculated to obtain an extrusion width Ew equal to the
layer thickness.

To simplify the G-code editing, to avoid the calculation �Es,i, relative E coordinates
instead of the absolute coordinates in the G-code are used. To edit the G-code a python
script was implemented. Here is the pseudocode:

read the G-code lines 
for each line: 
 if available, extract X, Y, Z, E 
 if line is infill: 

calculate ρe,i from the volumetric model by a trilinear interpola-
tion on the X, Y, Z coordinates 

if ρe,i < ρemin: 
   ρe,i = ρemin 

compute new_E by eq. 1 
substitute new_E in the G-code line 

write the_G-code 

4 Case Studies and Discussion

In the following section, two case studies are presented. Starting from a 2D image, it is
projected into a volumetric array; thus, we can realize a 2.5D volumetric ‘pattern’ by
repeating the same image along the Z-axis or using two or more images. In this sense,
the extension to 3D is relatively simple, for instance by volumetric modeling approaches
it is possible to blend different images along, for instance, the z direction. Alternatively,
the volumetric model can be derived from a stack of medical images obtained from a
CT scan.

4.1 Single Image

The image used has a resolution of 142 × 142 pixels. The bulk object is a box 80 × 80
× 2.4 mm. The voxel size is 0.56 mm (isotropic). nX= 142, nY= 142 and nZ= 4. The
grayscale values for a single layer are 20164, so 80656 values are needed to completely
fill the array. The values are projected in the 4 layers of the array (Fig. 3d). The infill
pattern (i.e., the lattice structure) is a gyroid with a cell size of 3.25 mm (ρs = 0.35) for
an Ew range of 0.3–1.6 mm (Fig. 4a, Ew,min = black color, Ew,max = white color). Other
process parameters are: printing temperature 215 °C, printing infill speed 25 mm/s, 3
external perimeters, no bottom and top layers; the printed object is shown in Fig. 4b,
and white PLA material was adopted.
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Fig. 4. Main process phases visualization: a) particular of the infill pattern lines with extrusion
width values visualized (Ew,min = black color, Ew,max = white color); b) printed component.

4.2 Multiple Images

The two images (Fig. 5a) used in this case study have different resolutions. The “drop”
image of the previous example is 142× 142 pixels, whereas the symbol image (known as
“Triskelion”) is 232× 232. The sampling array is obtained using nX= 142, nY= 142.
The bulk object is a box 80 × 80 × 2.4 mm. By using the resolution of the first image,
the voxel size is 0.56mm (isotropic). nZ is consequently equal to 4. The grayscale values
of the drop image are projected in the 4th layer of the array, while the Triskelion values
are projected on the 2nd layer, while the remaining layers are filled with 0 values The
grayscale values are inverted from the previous example. The other parameters remain
unchanged from the previous case study. The printed object is shown in Fig. 5b, c in
which it is possible to appreciate both images, one on the top side and the other one on
the bottom.

Fig. 5. a) Images used in this case study; b) printed component top side and c) bottom side.
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4.3 Discussion

The proposed approach is effective in the introduction of images and embedded infor-
mation in graded lattices and can be easily extended to other functional requirements,
such as structural or thermal optimized infill.

The delay between the signal and the actual extrusion represents themain issue at this
moment, as visible inFig. 4b andFig. 5b, c for adjacent paths inwhich the toolhead travels
in opposite directions; the variation in extrusion width occurs after some length/time,
causing the pattern to be out of phase. This is due to the intricate relations between
process parameters and material flow [21, 22]. Even if the direct-drive configuration
of the printer permits relatively low delay if compared to a bowden configuration, the
problem is visible and can cause a discrepancy between the designed model and the final
object.

As stated in the introductory section, avoiding the generation of a CADmodel can be
useful since modeling operations can be difficult even for an experienced designer. For
example, boolean operations are not always performed successfully. Once the model
is obtained, the slicing operations are carried out. It is worth noting that for a lattice
CADmodel, and especially in the case of graded lattice structures, this step is not trivial
and can lead to the absence of portions of the toolpath, depending on the specific slicer
software used. Based on the slicer software implementation, several attempts may be
required to achieve acceptable results by carefully modifying the process parameters.
Slicer software also show other limits such as the constant extrusion width, so only
discrete density variations in MEX are allowed. For these reasons, in the proposed
method, slicing is performed as the initial operation, therefore the generated toolpath
which models the lattice structure is always consistent because it is not related to a
lattice mesh model but to the process parameters. As a disadvantage, conformal lattice
structures and lattices of variable size and topology cannot be obtained without other
complex implementations. Moreover, since there is no CAD model, no analyses and
simulations can be performed.

5 Conclusions

In this work, a new method for modeling and fabricating variable density lattices is
proposed, trying to go beyond the main issues highlighted in the literature related to the
design for AM and traditional CAD/CAM software.

In this approach, only a B-rep model of the object is needed. The main tasks take
place directly on the G-code file as post-processing operations. By operating on the infill
parameters, the lattice structure is generated and controlled.While applying a volumetric
model generated from one or more images, the thickness of the infill lattice is locally
tuned. The proposed method presents several advantages. First, the lattice is modeled
directly as an infill pattern during slicing operations, thus the geometric model of the
lattice is not needed. In such away, theG-code ismore certainly obtained, and uncoherent
toolpaths are avoided. Second, the number of files and phases required from the design
to fabrication of a functional lattice and the modeling efforts are lower than in standard
workflows, thus avoiding some of the file exchange issues.
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The proposed method can find several applications from a modeling standpoint:
in artworks, embedded information on components, and functional 3D printed parts,
especially in the biomedical field, e.g., the replication of the density map of a bone
derived from a DICOM grayscale image to study bone-related diseases.

Future works will be aimed at testing the method on other patterns, identifying
strategies allowing for conformal infill.
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