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ABSTRACT 

Fused Deposition Modeling (FDM) is an Additive Manufacturing (AM) process in which a 

thermoplastic material is extruded through a nozzle along a two-dimensional path specified by 

machine code to create a layer. Multiple layers of differing shape are stacked to create a three-

dimensional object. This process is generally reserved for rapid prototyping as it is quick, but not 

strong. As applications tend to be focused on speed, as opposed to function, commonly available 

software does not consider the loading scenarios or anisotropy inherent in the method when 

generating print paths for components. As the anisotropy is a function of FDM process parameters, 

principally raster orientation, the raster orientation should be able to be optimized for a given 

loading scenario. The purpose of this paper is to describe a method of generating print paths to 

account for both the inherent anisotropy as well as loading conditions to generate functionally 

tailored components that should be safer, more reliable, and more useful in production 

applications. 
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1. INTRODUCTION 

1.1 Additive Manufacturing 

Additive manufacturing (AM), or more colloquially 3D Printing, is defined by ISO and 

ASTM as a “process of joining materials to make parts from 3D model data, usually layer upon 

layer, as opposed to subtractive manufacturing and formative manufacturing methodologies,” [1] 

and by the Mariam Webster Dictionary as “the manufacture of solid objects by the deposition of 

layers of material (such as plastic) in accordance with specifications that are stored and displayed 

in electronic form as a digital model” [2]. The two components that define AM are that it is a 

process of building up a part layer-by-layer and it must be from a digital Computer Aided Design 

(CAD) file. These two key aspects are what make the technology powerful. As Gao, et al [3] notes, 

AM processes have the advantage of being able to quickly and cheaply produce highly customized 

parts with complex geometries. Instead of requiring specially designed and customized intricate 

tooling setups as in both subtractive and formative manufacturing techniques, the requirements for 

making one part is the design as a computer model, the material to make it, and an AM machine. 

The AM process is as simple as outlined in Figure 1 below. 

 

Figure 1 – Flowchart of additive manufacturing process [4]. 
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The process for manufacturing something via subtractive manufacturing is similar in that 

it also starts via a CAD model is processed via specialized software, is machined, and then the part 

is completed, but there are many smaller steps within each process. The processing of subtractive 

machining via Computer Aided Manufacturing (CAM) software requires a multitude of design 

choices by the programmer at each step of the process, including process order, feeds and speeds, 

as well as tooling. In contrast AM processing tools are nearly fully automated with the only design 

choice by the programmer being the number of shell layers, the infill design, and infill percentage. 

For complex geometries multiple machining operations may need to occur with the part in different 

orientations, fixtured to specialized and purposely design tools (which may themselves need to be 

manufactured through a similar process). Each machining operation requires participation by a 

trained machinist in setting up the machine and tools as well as supervising the run. In contrast 

AM requires that the machines be properly maintained and restocked with the proper feedstock, 

but do not require supervision during operation. 

AM has been used or researched in various forms since it the 1980’s [3] but has taken a 

national spotlight more recently after US Patent 5121329 – Apparatus and Method for Creating 

Three-Dimensional Objects – expired in 2009 [5]. Today, large companies are advertising their 

use of “3D Printing” in complex parts such as the GE Catalyst engine, shown in Figure 2, in which 

GE claims to have reduced the 855 traditionally manufactured components with only twelve 

specialized 3D printed parts, reducing the complexity of the engine while simultaneously 

improving performance through reductions of weight, wear and leakage [6]. 
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Figure 2 – GE Catalyst Engine [6]. 

SpaceX is similarly using AM technologies in the manufacture of its SuperDraco rocket 

engine [7]. The engine components are printed from the “superalloy” Inconel lead to a 

manufacturing time of only 2 days compared to the months required for formative manufacturing 

process of casting. 

1.2 Fused Deposition Modeling 

AM can be classified into several different processes based on the type of material used 

(polymer, metal, ceramic, etc.), the method of fusing layers (melting, curing, etc.), and feedstock 

(powder, liquid, filament, etc.). While components like the SpaceX rocket engine use selective 

laser sintering of powdered metal, this paper will focus on Fused Deposition Modeling (FDM). 

FDM is a specific process that uses heated filament material (typically a thermoplastic) and 

deposits it onto a base in a specified pattern as to create a layer. Layers are built up as the head and 

base move farther apart, with each subsequent layer bonding to the layer previously deposited. 

Figure 3 below from US Patent 5,121,329 [5] shows the process. 
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Figure 3 – Example of FDM Machine [5]. 

The expiration of US Patent 5121329 in 2009 allowed companies like MakerBot (now 

owned by Stratasys, holder of said patent) to develop Desktop 3D Printers at prices one-one-

hundredth of those on the market five years earlier, and could be afforded by individuals as 

opposed to corporations and helped to kick off a movement of “Makers” [8]. These desktop 3D 

Printers typically use the FDM process. While FDM machines are primarily used for rapid 

prototyping or trinkets, their relative abundance and ease of use could allow them to become the 

in-home manufacturing hub hoped for by Anderson [8]. Today, in the midst of the novel 

coronavirus pandemic, people with access to these FDM machines are printing face shields en 

masse for medical workers [9]. 
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1.3 Digital Processing 

For a part to go from the digital Computer Aided Design (CAD) file to a physical part 

through FDM, it must first be converted into layers, through a process called slicing, then it must 

be pathed and finally processed into a language that the FDM machine can understand. This 

process is generally completed by a group of programs called slicers. Files are generally input into 

slicing programs as stereolithography (.STL) files which, due to their composition of multiple 

triangles, can be easily sliced into layered sections [10]. From each of these sections, toolpaths can 

be created for the AM machine to eventually follow. These paths are generally split into shells and 

the infill. Shells are the perimeter of the given shape that can also be offset and repeated, decreasing 

the infill area, or creating a concentric infill, in order to fully fill the shape. The infill is the 

geometric pattern that fills the interior of the shape. These two kinds of paths are illustrated in 

Figure 4 below. 

 

Figure 4 – Example of path generated from 3D Model [11]. 
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Infills can come in a variety of geometries, from linear directions, hexagonal, to Hilbert 

curves (for energy and time minimization) [12], maze paths (for more isotropic properties) [13], 

to three-dimensional cubes, tetrahedrons, and honeycomb. For trinkets and objects for which 

performance is not an issue, the infill is of little importance. However, for applications of FDM 

where the strength of the part is critical for function the infill geometry can matter greatly. See 

Figure 5 of a clip below. The toolpath on the left (contour infill) will perform better under tension 

than will the toolpath on the right (linear infill). 

 

 

Figure 5 – Two different infill geometries for FDM part [14]. 

The most common infill geometry is linear. Linear infill is specifically discussed in terms of raster 

orientation, or the angle of the linear paths in reference to the orientation of the part. An example 

of differing raster angles is shown in Figure 6 below. 
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Figure 6 – Differing raster angles in a rectangular FDM part [15]. 

For parts under simple loading conditions, determining the infill pattern may seem trivial. 

However as loading and part complexity increases, there may be no way to determine the best 

infill geometry. Even still, while many slicers can provide multiple options for infill, all are 

relatively uniform and based on the given geometry. The purpose of this work is to generate 

toolpath geometry not from the geometry given, but instead from functions based on the intended 

purpose of the part to be produced. This requires an additional input to the pathing process, which 

could be anything from a number to a function or even a result from Finite Element (FE) 

simulation. Although there is not a slicer currently on the market that can do this, there is a patent 

application has been filed with the United States Patent and Trade Mark Office for Implicit Method 

and an Algorithm for Flexible Functionally Tailorable Slicing for Additive Manufacturing 

(Application Number 15/829088) that uses stress fields from Finite Element Analysis (FEA) in 

the pathing process [10]. This patent application, however, does not appear to consider the 

anisotropic effects of the FDM process in its slicing tool. Others such as Ding et al [16] have 

modified the pathing process to improve surface finish and minimize surface variability. And Liu 
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et al [11] has used existing pathing processes (shells and linear infill) in tandem with topology 

optimization to create complex AM parts optimized for loading conditions. 

From the toolpath created, the slicing tool generates a machine-readable language, 

generally referred to a “G-Code”. Similar to the G-Code on the Computer Numeric Control (CNC) 

mills used in subtractive manufacturing, G-Code for AM machines instruct the machine on proper 

settings, speeds, and directions. It is this G-Code that operates the FDM machine and finally 

produces a physical part. 

1.4 Strength of FDM Components 

While FDM machines are relatively fast, accurate, and cheap one large reason why FDM 

machines are generally limited to rapid prototyping and are not used for mass producing items is 

that the components produced tend to be comparatively fragile. Sung-Hoon Ahn et al [14] tested 

tensile specimens of printed Acrylonitrile Butadiene Styrene (ABS) with differing raster 

orientations against injection molded ABS. In none of the cases did the tensile strength of the FDM 

produced specimens achieve that of the injection molded component. Ahn et al [14] did determine 

the importance of the raster orientation over other FDM parameters in tensile testing, with the 

intra-layer airgap being the only other parameter tested to have significant effects. The best 

performance was correlated to raster orientation aligning with the applied loads and a negative 

intra-layer airgap which led to denser components. 

Numerous other studies have investigated the effects of FDM parameters on the resulting 

strength of components [17-20]. Performing similar strength tests Lanzotti et al [17] confirmed a 

decrease in Ultimate Strength (UTS) as the raster orientation deviated from the loading direction. 

Lanzotti et all also found an increase in UTS as the number of shell layers increased. As additional 

shell layers can essentially be considered concentric infill, this result was also confirmed by 
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Akhoundi and Behravesh [18] through their testing of the strength effects of different infills. They 

found that concentric infill pattern consistently performed the best at all percentages of infill. They 

also noted that of the tested infill patterns, the concentric pattern had the greatest amount of 

alignment in the direction of loading. Additionally, Akhoundi and Behravesh found, 

unsurprisingly, that increased infill percentage also led to increased UTS. Uzair et al [14] confirms 

the finding that increased infill percentage produces a stronger part through a design of 

experiments, finding it to be the most strongly correlated parameter. It should be noted that Uzir 

et al did not test raster orientation as a parameter. The import of raster-loading direction alignment 

on strength is again confirmed by Rajpurohit and Dave [20]. Gordelier et al [15], through a review 

of numerous recent research papers also confirms that the majority of research on the subject 

agrees that raster alignment with the loading direction produces increased strength in tested 

components. Gordelier also discusses build orientation under tension in which the research 

agreement is that the worst scenario is tension perpendicular to the build direction. Discussions 

from the above research all conclude that the strength of individual paths is stronger than the bonds 

between paths, be those inter-raster bonds or inter-layer bonds. 

1.5 Anisotropy Effects and Contextualizing the Work 

This work was inspired in part by work done by Purdue University and Technical 

University of Braunschweig regarding failure of short-fiber reinforced thermoplastics with molded 

holes [21]. This work looked at injection molded samples that were molded with the hole. Due to 

the flow of the composite, the short-fiber reinforcement would align tangent to the hole up stream 

of the hole creating an area of significant anisotropy. This lead in turn to failure up stream of the 

hole, rather than at the smallest cross section as would be expected. Figure 7 below shows this 

phenomenon. 
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Figure 7 – Failure due to localized anisotropy [21]. 

That work led to investigations by Kaleb Niedens regarding effects of anisotropy in FDM 

printed parts [22]. Neidens performed a customized FE topometry optimization, in which he 

generated a mesh of a rectangle with a hole in the middle and optimized the raster orientation for 

each of the elements around the hole using MSC.Nastran Solution 200. As the optimization is 

calculation intensive and the number of design variables is the product of the number of plies and 

the number of elements to be optimized, Niedens only optimized the area around the hole as show 

in in Figure 8 below. 

 

Figure 8 – Mesh and design region specified by Niedens [22]. 
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The theory was that forces far away from the edge of the hole should approximate forces 

applied forces at the edges, and as such the optimization would show the alignment of rasters 

aligned with that direction. The optimization used composite maximum principle stress as the 

constraining factor and was set to minimize the maximum end displacement as the objective 

function. This optimization produced an angle for each optimized element within each layer, which 

was then broken into a format that his custom slicer could render into G-Code. 

Niedens pathing algorithm uses a “progressive linear infill strategy.” In this process each 

element is individually filled with a linear infill at the specified angle until the whole layer is 

complete. The process is shown in Figure 9 below.  

 

 

Figure 9 – Progressive linear infill of a triangular element. 

 

This process is relatively simple but creates distinct discontinuities at the boundaries of 

each element. These discontinuities could align across the entire thickness of the part, unless the 

optimization was run a second time with a different mesh, which is what Niedens did. It is 

important to note that optimization algorithms are never computationally cheap to run. Figure 10 

shows a component with aligned meshes while Figure 11 shows layers with different meshes. 
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Figure 10 – Mesh aligned through thickness 

 
Figure 11 – Layers with different meshes 

The work presented here continues and attempts to improve on some of the shortcomings 

of Niedens’. For the test cases of the pathing algorithm the same basic shape (a rectangle with a 

circular island in the middle) was used in hopes of comparing the two methods via physical testing. 
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2. PATHING PROCESS 

Similar to Niedens work, I conclude from the research on the structural integrity of FDM prints 

that to optimize the integrity of the printed component, the raster orientation should match that of 

the load path. To accomplish this, I have created an algorithm that uses a direction field as a basis 

for creating the print path. The basic requirements to operate this algorithm for a load dependent 

print path are:  

1. The exterior shape in which the path must stay;  

2. The direction field that dictates the desired direction of the path;  

3. The desired width of the path; 

4. The allowable overlap between sections of the path; and  

5. The starting point (initial base point) within the shape. 

Of these five requirements only the given direction field makes this pathing process different from 

normal slicing processes.  

This is the tool that I will leverage to create purpose built, structurally sound parts. For the 

pathing process as written the direction field must only take in a 2D location in the form of a vector 

and must output only an angle in radians. The general process is outlined in Figure 12 below and 

is covered in depth in Section 2.1 following. 
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Figure 12 – Flowchart of the pathing process 

The pathing algorithms was created using MATLAB functions and scripts. It was 

specifically designed to be as generalizable between various input shapes and direction fields. 

Additionally, the G-Code generator was designed so as to be used by any given 3D printer with 

minimal modifications to infill section, and only to beginning and ending settings.  
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2.1 Pathing Algorithm 

Starting from the given base point the direction field is queried to determine the ideal angle 

of travel. As a path can travel in 2 planar directions based on a given angle, the first operation after 

obtaining the desired angle is to check and see if the reverse direction (the angle ± π) is closer to 

the last direction of travel. This is done to decrease the number sharp turns within the path, as sharp 

have the ability to create stress concentrations as well as voids that cannot be filled later.  

 

Figure 13 – Point tested in reverse direction  

As can be seen from Figure 13 above, the algorithm, would have selected the red point, 

which is a large deviation from the last direction, and would also be too close to a previous point 

on the path. Instead the path continues in the direction of the green point. 

In the case that the reverse direction is closer to the last direction traveled, then the reverse 

direction is chosen to proceed. Once the desired direction of the next point is chosen, a temporary 

point is created a one path-width distance from the last point. 

{𝑃𝑡𝑛𝑒𝑤} = {𝑃𝑡𝑏𝑎𝑠𝑒} + {𝑤 ∗ cos(𝜃) , 𝑤 ∗ sin(𝜃)} (1) 
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This point is temporary as it may change throughout the pathing process. This new point 

is then checked to see if it is within the specified shape and if it is intersecting too much (outside 

the specified allowable overlap) with the previously defined path. If the new point passes both 

requirements it becomes the new base point and the corresponding angle becomes the new base 

angle. 

If the new point lies outside the specified shape or intersects too much with the previous 

path, a second temporary point is defined in the reverse direction. This second temporary point is 

similarly checked to see if it is within the specified shape and if it is intersecting too much with 

the previously defined path. If the second temporary point lies within the shape and does not 

intersect the previously defined path it is set as the new base point, and the reverse angle is set as 

the new base angle. If, however, the second temporary point does not pass both requirements it is 

discarded. 

If the temporary point was within the shape, but overlapped excessively with the previously 

defined path, a set of twelve points equally spaced in a circle with a radius equal to the path-width 

around the base point, are all checked to determine if they lie within the shape and do not intersect 

with the defined path. Twelve points are chosen as to minimize the computational effort while also 

providing enough information to choose a point that does not leave significant voids. The 

maximum void that would be crated from a given point being chosen is on-half path width. 
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Figure 14 – Points tested nearby the base point. 

If only one of the nearby points satisfies both requirements, then it is set as the new base 

point and the path angle is set as the new base angle. If multiple of the nearby points satisfy both 

requirements, then the angles that each of those points would make are compared to the desired 

angle, and the point with the angle closest to the desired angle is selected as the new base point 

and corresponding base angle. In the case that the difference between the desired angle and angles 

created by the two of the available nearby points are the same, then one of those two points is 

chosen randomly as the base point and the angle as the new base angle. The magenta points 

highlighted in Figure 14, were viable points, but not selected. The green point would become the 

new base point. 

If none of the twelve nearby points satisfy both requirements, a second search is done much 

closer (1% path-width radius) to the base point. Here twelve new points are checked for the same 

criteria, and the first point found that satisfies both criteria is put into the path. This is to prevent 

the occurrence of a single point between two breaks. 

Next, a break indicator is placed in the path, to indicate later when a rapid movement will 

be required, and the search area is expanded. Points similarly are checked in a set of concentric 

circles around the base point, each one path-width radius larger than the last until a point satisfies 
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both the internality and intersection requirements. The first point to satisfy both requirements 

becomes the new base point, and the new base angle is set as void. 

 

Figure 15 – Points tested to find nearest open point. 

Figure 15, above, shows the first two radii checked for an open point. The circles are 

centered around the last base point, while the failed point is highlighted in red. The first point 

found, and the new base point is highlighted in green. 

If instead of intersecting the path, the temporary point was outside of the specified shape, 

a string of ten points between the base point and the temporary point are checked to see if they are 

within the shape. The point closest to the edge of the shape is chosen as a base point with the 

corresponding angle. This process ensures that the path is always within 10% path-width of the 

edge of the given shape. If a 10% overlap margin is allowed with the shell, it should ensure that 

the path is always either overlapping the shell path or is butting up against the shell path. 
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Figure 16 – Points tested to determine closest to the edge. 

Figure 16 shows the series of points leading up to the edge. The red point is the temporary 

point that initially failed, the green point is the new base point within 10% path-width of the 

defined edge. 

Then, the makeup of the shape is queried, and the two nearest points defining the shape are 

found. Note that it is assumed that the shape is made of multiple points along each edge and that 

other edges are farther away than the edge points are spaced apart from each other. Because the 

angle of incidence between the path and the edge is variable, a constant distance would not be 

appropriate to move a constant distance along the edge. Instead, a distance must be calculated in 

order to ensure that the path does not intersect itself. If we assume that the angle is at the new point 

is likely going to be approximately to the base angle, a 180° turn can be expected. To avoid 

intersecting with the previous path, the new path must be at least a path-width father away 

perpendicular to the predefined path. 
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Figure 17 – Geometry of path-edge intersection. 

Referencing Figure 17 above, edge distance ‘d’ can be calculated using the angle of 

incidence ‘α’ and path-width ‘w’ as the following: 

𝑑 =
𝑤

sin ∝
(2) 

Where w is the path width. To ensure a reasonable distance this value is capped at ten path-

widths (this is only achieved for angles of incidence of less than six degrees). Multiple points a 

path-width or less apart, running parallel to the edge, and ending at distance ‘d’ are checked to see 

if they intersect with the existing path or are outside of the defined shape. If any of the points along 

a given direction excessively intersect with the existing path or fall outside the boundary of the 

shape, that direction is considered not viable and is ignored. 
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Figure 18 – Tested points along the edge. 

Figure 18 above shows one viable path with the new base point highlighted in green, the 

tested edge points in magenta, and the initial failed point in red. 

If neither direction along the edge is viable, then the open point procedure previously 

discussed is employed again. If only one of the two directions is viable, then the final point is set 

as the new base point and the base angle is set, not as the angle of the path along the edge, but to 

the angle it was at incidence. If both directions are viable, then the direction with the least change 

in the path angle is chosen and the corresponding final point is set as the new base point and the 

base angle is similarly set to the previous angle. Additionally, the points that were checked between 

the last base point and the new base point are added to the path prior to the new base point. As 

long as the new base point is along the edge, a reverse command is set such that the next time the 

angle is calculated, the desired angle will be the opposite so that points are not continually 

projected out of the shape. 

2.2 Comparison to Prior Work 

This pathing process has a number of benefits over the process outlined in Niedens [22]. 

First and most importantly, the direction of the raster is more variable. Because Niedens relied 
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upon what amounted to a table of values and corresponding locations, discontinuities existed at 

the boundary of each element as seen in Figure 19 below. 

 

Figure 19 – Simulation of Niedens’ optimized G-Code. 

As can be seen the edges of each element consist of open path ends. Sharp changes in 

angles can also be found between neighboring elements. Additionally, the edges of the elements 

in each layer cannot follow the desired direction. In comparison, Figure 20 below shows paths 

from the algorithm previously discussed in a similar location. 
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Figure 20 – Simulation of directionally optimized G-Code. 

The paths in Figure 20 are continually varying throughout the shape, and while small 

discontinuities exist, they are surrounded by more continuous paths. 

Another advantage to this process is the breadth of use. The same FE optimization process 

used in Niedens could be used to create a direction field that fed this pathing algorithm. That field 

could contain sharp turns at the edge of a given element, but the discontinuities would largely be 

eliminated. However, if the designer did not desire the sharp turns a smoothing function could be 

applied to the table, increasing the flexibility of the design. Finally, there are fewer “wasted” 

movements. The G-Code produced through Niedens method include more than 25000 instances 

of rapid movements (G0 commands) that do not print anything as opposed to the approximately 

3000 instances for a similar print using this method. This can also be seen in Figures 19 and 20 as 
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each open path end corresponds to a rapid movement. This should in turn lead to a faster print 

time. 

The primary advantage that the Niedens method might have over the method outlined here 

is that the toolpaths are more consistent and thereby can be denser. While the process here allows 

for a more continuous path with few sharp angles, as the path meanders small voids can be created 

throughout the layer. 

2.3 Finite Element Modification 

To change the process to take in a FEA topometry optimization as the direction field, there 

are two methods an AM developer could take to accomplish a modification: a function change or 

an algorithm change. 

The first method would be to formulate a function that takes in a location within the shape 

boundary and compares that location to a list of elements and corresponding boundary coordinates 

with an angle return for each given element. The issue with this is that the information from the 

FE optimization would need to be stored and accessed or regenerated upon every use of the 

function. 

The second method requires more modification to the internal functions of the algorithm. 

Instead of feeding the pathing algorithm a shape, an FE modification would feed in a list of the 

Node locations, a list of the Elements referencing the node location, and a list of the angles 

referencing the Elements. This information can all be obtained by parsing a “.bdf” or similar file 

generated from the FEA setup. Some of these lists could be combined or include any additional 

information required if directional smoothing were to be done. Instead of searching to determine 

if a point was located in a given shape, each element would instead be searched if located inside 
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the appropriate element would be returned. This method has the benefit of only generating the FE 

mesh once but has the computational issue of looping through each element for every search. 

2.4 Conversion to G-Code 

Once a toolpath is created, it must be converted to the machine-readable G-Code (so called 

for the common use of the letter G in command codes). G-Codes are similar across many machines 

in Additive Manufacturing as well as in Subtractive Manufacturing. G-Codes generally perform 

useful and functional actions such as movements. There are many webpages that offer descriptions 

and use information of writing custom G-Code, such as RepRap [23]. As FDM work is still very 

much a niche application, some of the best public information is crowdsourced from Makers. For 

this work, few G-Codes are used, the most common of which are summarized in the Table 1 below. 

Table 1 – G-Code Command Summary 

Command Description 

G0 Rapid Linear Movement 

G1 Linear Movement 

*F Feed rate per minute of the move from current location to the next point 

*E 
The amount of filament to extrude during move from current location to the 

next point 

*X Specifies the X-coordinate to move the extruder to 

*Y Specifies the Y-coordinate to move the extruder to 

*Z Specifies the Z-coordinate to move the extruder to 

* These codes are secondary codes that are preceded by the G command code and give 

meaning to that command code. 

 

The vast majority of the commands in this work are linear movements. An example of 

commands would be: 

G0 F1500.000 X6.350 Y6.350 Z0.300 



 

26 

 

G1 F1000.000 X6.350 Y13.970 Z0.300 E 1.220 

Translated to English these commands read as follows. 

Rapid move (G0) at a federate (F) of 1500 millimeters per minute to position X 

6.350 millimeters, Y 6.350 millimeters, Z 0.300 millimeters. 

Move (G1) at a federate (F) of 1000 millimeters per minute to position X 6.350 

millimeters, Y 13.970 millimeters, Z 0.300 millimeters, while extruding (E) 1.220 

volumetric units of filament evenly over the move distance. 

Rapid moves are generally executed at higher feed rates and do not extrude material. These 

moves are used generally from moving from the end of one path-section to the beginning of the 

next. General moves (G1) make up most of the commands in a G-Code produced with the above 

algorithm. These are productive moves where the printing actually happens. 

These G0 and G1 commands are used in series to print the entire specified path. The complex 

portion of these commands is the amount of filament to extrude. This can be generally calculated 

from the following equation provided from a Ultimaker Cura 3D Printing forum [24]. 

𝐸 =  
4 ∗ ℎ ∗ 𝑆𝐹 ∗ 𝑙

𝜋 ∗ 𝑑
(3) 

Where h is the layer height, SF is a flow modifier as a percentage, l is the distance traveled, 

and d is the nozzle diameter. The flow modifier may need to be reverse engineered to obtain the 

desired path width for a given machine.  

Other G-Codes exist to perform functional acts, a few common ones are listed in the table below. 
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Table 2 – Common G-Codes 

Command Description 

G2 Clockwise Arc movement 

G3 Counter-Clockwise Arc movement 

G4 Dwell (stay in place) for specified period of time 

G20 Set Units to Inches 

G21 Set Units to Millimeters 

G28 Move to origin (Home) 

G90 Use Absolute Coordinates (coordinates all from the same origin) 

G91 Use Relative Coordinates (coordinates based on the previous point) 

 

In the G-Code language there is another category of important codes, these are M-Codes. 

M-Codes generally are setting codes that change the settings for the whole machine. A set of codes 

used in this work are listed below. 

Table 3 – M-Code Summary 

Command Description 

M82 Set extruder to absolute mode 

M92 Set motor axis steps to MM 

M104 Set Extruder temperature 

M105 Get Extruder temperature 

M106 Fan On 

M107 Fan Off 

M109 Set Extruder temperature and wait 

M140 Set bed temperature 

M190 Wait for bed temperature to reach target 

 

An example of G-Code can be seen in Figure 21 below. 
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Figure 21 – Example of generated G-Code 
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3. TEST CASES 

To test the efficacy of the printing process, a series of test cases were generated to compare to 

commonly generated printing cases. 

3.1 Linear Test Case 

The simplest test case for a 3D print of a given shape is a unidirectional raster orientation. 

For the outlines process to create such a print, the direction field created would take in the position 

and always return a single value in radians. For a specimen under tensile loading the logical simple 

return value would be zero. A model of the resulting path starting from point [0,0.5] is shown in 

Figure 22 below. 

 

Figure 22 – Path generated from linear direction field. 

As previously discussed, a second iteration of the path should be executed with the initial 

starting point offset from the previous so as to not align paths between layers. In order to obtain 

an overlap, a starting point of [0,0] was chosen for the second iteration. A model of the resulting 

path is shown in Figure 23 below, and a comparison it to the first run in Figure 24 below that. 
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Figure 23 – Second path generated from linear direction field. 

 

Figure 24 – Overlaid linear paths. 

G-Code is generated from the set of paths alternating layers. This G-Code can also be 

visualized though a model produced by Ultimaker Cura Software (Note version 4.4.1 was used for 

the renderings). 
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Figure 25– Simulation of linear G-Code from Ultimaker Cura (Vertical View). 

 

Figure 26 – Simulation of linear G-Code from Ultimaker Cura (Isometric View). 

For comparison, a CAD model in STL format was sliced using Ultimaker Cura’s built in 

slicing tool with a linear infill. 
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Figure 27 – Simulation of Ultimaker Cura linear infill G-Code (Vertical View). 

 

Figure 28 – Simulation of Ultimaker Cura linear infill G-Code (Vertical View 2). 
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Figure 29 – Simulation of Ultimaker Cura linear infill G-Code (Isotropic View). 

Ultimaker Cura’s standard 100% linear infill pathing uses an alternating ±45° raster angle. 

The simulation shows a more tightly packed set of rasters, however because the simulation 

software also generated the code it can also produce a more accurate simulation of the results. The 

Ultimaker Cura G-Code also generated a skirt of filament, which was excluded from the pathing 

algorithm and G-Code generation process. 

As can be seen, an issue with visualizing the custom G-Code representation through this 

slicing tool is that it is an approximation, specifically the path width may not be accurate. 

Throughout the custom generated component points of excess filament can be seen at the end of 

path segments. Because of their appearance at the end of segments, my intuition is that these points 

are located at the 1% increments and while the G-Code should properly account for the required 

amount of filament in such a small distance, the simulator does not appear to do the same. The 

power of using a slicing tool to visualize the G-Code is not to visualize the final output but is the 

ability to watch the simulated printer run through the G-Code, command by command in a video 
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format. This process can make clear some issues with the pathing and conversion process that 

might, otherwise, only have been seen on a physical test print saving both time and material. No 

further issues were gleamed from the run of the simulation. 

3.2 Pseudo-Analytical Tensile Loading 

While the specimen is meant to represent a physical object through which it would be 

difficult to analytically solve for stresses, a pseudo-analytical solution can be used to approximate 

stresses in the object. This solution ignores stress concentrations and is derived from equations of 

a stress-free hole in an infinite plate under tensile loading [25]. The stress equations can most 

easily be expressed in polar coordinates with the origin located at the center of the hole, as shown 

in equations (4), (5), and (6) below. 

𝜎𝑟 =
𝑇

2
(1 − (
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2
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2
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− 4 (
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)

2
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)
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Where T is the arbitrary traction, a is the radius of the hole (in this case 0.25”), r is the 

distance the point in question is from the center of the hole, and theta is the angle the vector of the 

point makes with the horizontal. Because a specific tension is irrelevant, the T value can be set to 

2 which results in the simplified equations (7), (8), and (9) that follow. 
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A polar stress matrix can be created from the calculated stresses, which then needs to be 

transformed to cartesian coordinates. The transformation matrix Q that transforms Cartesian 

coordinates to polar coordinates is shown in equation (10). 

[𝑄] = [
cos 𝜃 sin 𝜃

−sin 𝜃 cos 𝜃
] (10) 

Therefore, the transformation can be simply expressed as equation (11) or expanded as equation 

(12). 

[𝜎𝑥𝑦] = [𝑄]𝑇[𝜎𝑟𝜃][𝑄] (11) 

[
𝜎𝑥 𝜏𝑥𝑦

𝜏𝑥𝑦 𝜎𝑦
] = [

cos 𝜃 − sin 𝜃
sin 𝜃 cos 𝜃

] [
𝜎𝑟 𝜏𝑟𝜃

𝜏𝑟𝜃 𝜎𝜃
] [

cos 𝜃 sin 𝜃
−sin 𝜃 cos 𝜃

] (12) 

Cauchy’s equation, equation (13), can then be applied, using the normalized input coordinates as 

the normal vector, to find the traction at that point.  

{𝑇} = [𝜎𝑥𝑦]{�̂�} = [𝜎𝑥𝑦]
{𝑣}

|𝑣|
(13) 

And an angle can be determined from the traction vector simply by taking the inverse tangent of 

the traction vector, as shown in equation (14). 

𝜑 = tan−1
𝑇𝑦

𝑇𝑥

(14) 

This function then results in a direction field that can be applied to the pathing process. A model 

of the resulting path with starting point [0,0] is shown in the Figure 30 below. 
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Figure 30 – Path generated from tension direction field. 

As previously discussed, a second iteration of the path should be executed with the initial 

starting point offset from the previous so as to not align paths between layers and create inter-layer 

discontinuities. To obtain a maximal overlap, a starting point of one-half path-width in the y-

direction was chosen for the second iteration. A model of the resulting path is shown in the Figure 

31 below, and a comparison the first run in Figure 32 below that. 
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Figure 31 – Second path generated from tensile direction field. 

 

Figure 32 – Overlaid tensile paths. 

G-Code is generated from the set of paths alternating layers. This G-Code can also be 

visualized though a model produced by Ultimaker Cura Software. 
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Figure 33 – Simulation of tension G-Code from Ultimaker Cura (Vertical View). 

 

Figure 34 – Simulation of tension G-Code from Ultimaker Cura (Isometric View). 

As before the simulation may not show an accurate representation of the path width. 

Additionally, the same points of excess filament can be seen throughout these parts as well. The 

points of excess filament continue to appear at the end of path sections where the 1% increments 

are located.  

For comparison G-Code produced using Niedens FE Optimization is shown in Figure 35 

and Figure 36 below. 
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Figure 35 – Simulation of Niedens tension G-Code from Ultimaker Cura (Vertical View). 

 

Figure 36 – Simulation of Niedens tension G-Code from Ultimaker Cura (Isometric View). 

The outlines of the elements in a layer are clearly visible when looking at the simulation 

of Niedens method. While the paths produced using the algorithm outlined in this paper provide 

more continuous and variable paths. 
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The power of using a slicing tool to visualize the G-Code is not to visualize the final output 

but is the ability to watch the simulated printer run through the G-Code, command by command, 

in a video format. This process can make clear some issues with the pathing and conversion process 

that might otherwise only have been seen on a physical test print. No further issues were gleamed 

from the run of the simulation. 

3.3 Pseudo-Analytical Shear Loading 

To show a third path with a direction field, a second pseudo-analytical solution can be used 

to approximate stresses in the object. This solution ignores stress concentrations and is derived 

from equations of a stress-free hole in an infinite plate under pure shear loading [25]. The stress 

equations can most easily be expressed in polar coordinates with the origin located at the center of 

the hole, as shown in equations (15), (16), and (17) below. 
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𝑟
)

2

) sin 2𝜃 (17) 

Similar to the tensile loading scenario, T is the arbitrary traction, a is the radius of the hole 

(in this case 0.25”), r is the distance the point in question is from the center of the hole, and theta 

is the angle the vector of the point makes with the horizontal. As before, because a specific shear 

is irrelevant, the T value can be set to 1 which results in the simplified equations (18), (19), and 

(20) that follow. 
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𝜏𝑟𝜃 = −1 (1 − 3 (
𝑎

𝑟
)

4

+ 2 (
𝑎

𝑟
)

2

) sin 2𝜃 (20) 

A similar polar stress matrix can be created from the calculated stresses, but this then needs 

to be similarly transformed to cartesian coordinates. Equations (10), (11), and (12) can again be 

used to calculate the cartesian stresses. Cauchy’s equation, equation (13), can again be applied, 

using the normalized input coordinates as the normal vector, to find the traction at that point. And 

an angle can again be determined from the traction vector by taking the inverse tangent of the 

traction vector as in equation (14). This function then results in a direction field that can be applied 

to the pathing process. A model of the resulting path with starting point [0,0] is shown in Figure 

37 below. 

 

Figure 37 – Path generated from shear direction field. 

As previously discussed, a second iteration of the path should be executed with the initial 

starting point offset from the previous so as to not align paths between layers and create inter-layer 

discontinuities. To obtain a maximal overlap, a starting point of one-half path-width in the y-

direction was chosen for the second iteration. A model of the resulting path is shown in Figure 38 

below, and a comparison it to the first run in Figure 39 below that. 
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Figure 38 – Second path generated from shear direction field. 

 

Figure 39 – Overlaid shear paths. 

G-Code is generated from the set of paths alternating layers. This G-Code can also be 

visualized though a model produced by Ultimaker Cura Software. 
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Figure 40 – Simulation of shear G-Code from Ultimaker Cura (Vertical View). 

 

Figure 41 – Simulation of shear G-Code from Ultimaker Cura (Isometric View). 

As before the simulation may not show an accurate representation of the path width. 

Additionally, the same points of excess filament can be seen throughout these parts as well. The 

points of excess filament continue to appear at the end of path sections where the 1% increments 

are located. The power of using a slicing tool to visualize the G-Code is not to visualize the final 

output but is the ability to watch the simulated printer run through the G-Code, command by 
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command, in a video format. This process can make clear some issues with the pathing and 

conversion process that might otherwise only have been seen on a physical test print. No further 

issues were gleamed from the run of the simulation. 
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4. CONCLUSIONS 

As evidenced by the three test cases discussed above, the pathing algorithm successfully 

generates readable G-Code for a non-standard shape with a given direction field. Given a “zero” 

direction field, the resulting path is similar to that of a conventionally sliced component, 

accounting for variances in the simulation. Varying the given direction fields produces expectedly 

varied results in the path generated. Additionally, by varying the initial base point, directionally 

similar paths were produced that did not directly overlap with the previous path, thereby avoiding 

path discontinuities through the thickness of the part. A second run of the pathing program should 

also be less computationally expensive than a second run of an FE topometry optimization as was 

required by Niedens method. This means that if a FE modification were made to the pathing 

algorithm, the secondary path could be generated using the same direction field as the first with a 

varied initial point. 

4.1 Limitations 

The largest limitation of this work is the lack of physical testing that was able to be 

completed. As such, what exist is only G-Code and simulated representations of what a print might 

look like. Due to the continuous variability of the path direction, there is also no viable way to 

model its behavior through a FE or similar numerical tool. Because there are no physical 

specimens, errors may exist throughout the process that would only be made evident by the 

physical act of printing and cannot be corrected. For the same reason, opportunities for 

improvement that may exist throughout the process that would only be made evident by the 

physical act of printing and cannot be taken advantage of.  Another expected limitation is that most 

tension and shear prints are completed at approximately 80-90% infill. This level of infill indicates 



 

46 

 

the presence of potential voids throughout the part. How these voids would change the strength of 

the components could only be determined through physical testing. 

4.2 Further Work 

Direct next steps would be validation that the pathing model works as expected from a 

printing standpoint and improves upon the strength of a standard print. Those required steps would 

necessarily include printing physical many specimens under optimized G-Code settings for a given 

printer. Testing should include multiple variations on the print path including the following: 

1. Linear infill path generated from a common slicing tool 

2. Linear infill path generated from processing algorithm outlined 

3. Linear infill path generated from Niedens pathing algorithm 

4. Tension optimized path generated from processing algorithm using pseudo-

analytical tension model 

5. Tension optimized path using FE topometry optimization as direction field input 

6. Tension optimized path generated from Niedens pathing algorithm 

7. Injection molded specimen made from similar material 

Multiple specimens of each should be tested and compared based on stiffness, and UTS, 

as well as specific stiffness and specific UTS. Comparing based on mass normalized values is 

essential as different FDM processes can produce differing levels of empty space, and therefore 

differing levels of mass.  

An evolution of this method could utilize a vector field rather than a direction field to 

inform where closer packing was more or less necessary using the magnitude of the vector. 

Similarly, the next iteration could include a method by which to maximize inter-raster packing, 

thereby minimizing voids. This additional method would likely allow for a greater deviation from 
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the provided direction field, and so the results should be compared to the results from the algorithm 

outlined above. Another avenue of investigation would be to vary the normal surface from which 

the traction vector was taken. By applying a different normal in Cauchy’s Equation, the vector 

field would naturally change. 
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