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Abstract

3D printing a CAD model normally requires conversion into a polygon mesh, 
usually an STL-file, in order to be able to load the model in the slicer. This 
conversion destroys round surfaces and replaces them with flat surfaces. Slicing a 
polygon mesh results in one or more polygons, consisting of a number of straight 
lines. This can affect both dimensional accuracy and surface smoothness. Modern 
3D-printers can, in addition to straight lines, handle arcs. However, today’s common 
slicers can not generate arcs as the input does not contain any curved features. This 
project aims at finding an alternative solution. By direct slicing of CAD models the 
slices can contain arcs, and the slicer can produce arc commands for the 3D-printer. 
During this project a prototype slicer is constructed as a proof of concept. The 
prototype handles STEP-files as input and creates both linear and circular movement
for the 3D-printer. The results show that both the intermediate files (STEP/STL) and
the resulting G-code files can get smaller, yet preserving the original shape, by using
this method. The proposed solution has a positive effect on the 3D-printing 
workflow as well, as the intermediate files can be imported back into the CAD 
system. The project concludes that there is possibly a bright future for direct slicing, 
but there are more problems to solve before it can become reality. 

Keywords: FDM, Additive Manufacturing, 3D-printing, CAM, STEP, G-Code, Arc, Slicer
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Terminology

CAD Computer-Aided Design

CAM Computer-Aided Manufacturing

CNC Computer Numerical Control

FDM Fused Deposition Modeling

NURBS Non-Uniform Rational B-spline

G-code Programming language for CNC

BREP Boundary representation
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 1 Introduction
3d-printers has grown substantially in popularity over the past years1. The breakthrough of 
affordable Fused Deposition Modeling (FDM) 3d-printers aimed at enthusiasts and home 
users came with the RepRap project [1]. This open-source project made the technology 
available to build 3D-printers that could be used to produce parts for new 3D-printers. The 
project also included a slicer to convert models from STL-files into G-code called RepRap 
Host2. The development of RepRap Host has been dead since 2009 and a number of open-
source slicers have filled the void, along with a few closed source slicers. Common for all 
slicers seems to be that the model input is limited to polygon mesh based formats.

The basic principle of FDM 3D-printing is that a heated nozzle, referred to as the hot end, is 
moving in relation to a build platform while extruding molten plastic. The model is built up 
layer by layer, drawing the contours and filling the inner volume of each layer before moving 
up to the next layer.

A general extruder based 3D-printing workflow can be simplified into four basic steps [2]. 
The first step is to design the object, using a Computer Aided Design (CAD) Software. 
Illustration 1 shows a CAD model of a sphere. The object is then converted into a polygon 
mesh3, as shown in Illustration 2. The polygon mesh is loaded into a Computer Aided 
Manufacturing (CAM) software called a slicer, which slices the model into layers. Each layer 
is then converted into paths. Each path is represented by a G-code command,  G-code is a 
format for sending commands to Computer Numerical Control (CNC) systems. The 
RepRap4 community has a list of valid G-code commands for different 3d-printer firmware5. 
The G-code commands for controlling printing moves consists of three main parts, where to 
go, what speed to use, and what path to follow. The path can be either a straight line or an 
arc. A straight line or linear interpolation is referred to as G1 command in G-code. A 
clockwise(CW) or counterclockwise(CCW) arc or circular interpolation, is referred to as G2 
and G3 command in G-code. The G-code is sent to the printer, where the firmware 
interprets it line by line and executes the commands by performing the corresponding 
movement. 

1 https://trends.google.com/trends/explore?date=all&q=%2Fm%2F04rk8g
2 https://sourceforge.net/projects/reprap/files/Host%20Software/
3 https://en.wikipedia.org/wiki/Polygon_mesh
4 http://reprap.org
5 http://reprap.org/wiki/G-code
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Illustration 1: sphere, CAD model.                   Illustration 2: Sphere, polygon mesh.

Converting the CAD model into a polygon mesh has a detrimental effect on natural shapes, 
as shown by the difference between illustration 1 and 2, it does not preserve the original 
model's curved features. Illustration 3 shows that the dimensions of outer curves get 
smaller, as the vertices get the same dimension as the curved line. Interior holes in the 
model get smaller too, for the same reason. This means that for example, a 5mm screw will 
not fit in a hole designed to be 5mm in diameter, this gets worse with a lower polygon count.

Illustration 3: polygon and circle.

Higher polygon counts may give a remedy to these issues but may also pose other 
problems, including files getting bigger, both the polygon mesh file and the G-code file. As 
each line of G-code needs to be read and interpreted by the 3D-printer, and a short 
movement takes less time to execute by the motors, the load on the printers CPU will 
increase. This creates a higher risk of buffer underflow because the printer cannot interpret 
the commands as fast as the motors can execute them. If the G-code is streamed over a 
serial interface, the communication may become a bottleneck as well.

1.1 Problem Statement
In order to preserve the natural shape of the original model and reliably recreate it, without 
unnecessary overhead, a method to slice CAD models directly without converting them into 
a polygon mesh is needed. The output needs to consist of arcs and lines describing each 

9
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slice, to be able to describe the original model using G-code. This project aims at answering
the following three questions:

1. How to create a vector based 2D slice from a 3D CAD model, without converting the
model to a polygon mesh before slicing? 

2. How to break up that 2D slice into only lines and arcs?
3. How to convert the lines and arcs to G-code commands? 

The answers to these questions will be used to construct a prototype slicer. The prototype is
needed in order to compare the output with conventional slicers. It is also needed in order to
analyze changes in the workflow compared to a conventional workflow. 

1.2 Aim
A working prototype slicer, that can handle input files in the selected format, and output valid
G-code, including arcs. This is intended as a proof of concept, not a product aimed at end 
users. The prototype can later be used as a base for developing a fully functional slicer. Or 
the solution can be implemented as an extension to existing slicers. The result shall also 
contain a comparison between the prototype and conventional slicers. The comparison shall
be analyzed and discussed in this project report.

1.3 Scope
This thesis focuses on the slicing process for FDM 3D-printing. The layered nature of 
printed objects and how to preserve curved features along the Z-axis is not addressed in 
this project. The attempt is only to preserve the curved features in the X/Y-plane of the 
model. 

Only one prototype will be created and it will be compared to two of the most popular 
existing open-source slicers. Thus the possibility exists that there is a better method of 
slicing CAD models while preserving curved features, or an existing slicer that has better 
performance than the ones tested against.

1.4 Outline
Chapter 1 is an introduction to this project, giving a brief background to the problem and 
defining the problem to solve. The scope and aim of this project are presented as well.

Chapter 2 Describes the background to the problem. It explains the theory needed to grasp 
the problem and presents related studies in the area.

Chapter 3 Presents the methodology used in this projects.

Chapter 4 Is a description of the construction of the prototype slicer.

Chapter 5 Presents the results of the project

Chapter 6 contains a discussion about the results.

Chapter 7 holds the conclusions drawn from the results and the discussion.

10
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 2 Background

2.1 Representation of 3D models
A digital 3D model can be represented in a number of different ways, where the most 
common representation for 3D printing is stereolithography files (STL6) [3]. STL files 
describe the model using a polygon mesh, using interconnected triangles to build the 
surface of the model. Each triangle is described by its three vertices and the facet normal of 
the triangle. Another common format for representing 3D models is ISO 10303-21 (STEP-
files7) [3]. STEP-files can use a combination of different base shapes to describe the model. 
An advantage over STL is the ability to describe round shapes like arcs, circles and splines.

2.2 G-code

G-code is a language for communication with CNC systems, a subset of G-code is 
used to issue commands for 3D-printers. This project will focus on a few of those 
commands, concerning the movement of the machine. The two first commands 
below are the ones mainly used today, and this project aims to strengthen the 
usability of the third. 

G0 move to given position, fastest route.

G1 move to given position while extruding, linear interpolation (straight line).

G2/G3 move to given position while extruding, circular interpolation (arc) CW or CCW.

The listings below show the syntax of these commands used to create a single layer 
of two basic shapes. The comments after the # sign describe each command. One or 
more of the arguments specifying the target position X, Y and Z-axis can be omitted 
if no movement is requested in the specified axis. Arguments specifying extrusion 
can be omitted if no extrusion is requested. The requested speed is modal, which 
means that it only needs to be specified when a change of speed is requested.

Listing 4: G-code syntax with comments for printing a square.

6 https://en.wikipedia.org/wiki/STL_(file_format)
7 https://en.wikipedia.org/wiki/ISO_10303-21

11

G0 X0 Y0 Z0.2 F3000 # Travel to X/Y origo, 0.2mm above buildplate, speed 3000mm/min
G1 X0 Y10 E5 F1000 # go to position X0 Y10, extruding 5mm material,in 1000mm/min
G1 X10 Y10 E5 # go to X10 Y10 extruding 5mm material, no change in speed
G1 X10 Y0 E5 # go to X10 Y0 extruding 5mm material
G1 X0 Y0 E5 # go to X0 Y0 extruding 5mm material
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Listing 5: G-code syntax with comments for printing a closed semicircle.

In 3D-rinters the G-code is parsed by a firmware running on a micro controller that 
controls the 3D-printer. 3D-printer firmware comes in different flavors, some aimed 
at 8-bit controllers and others at 32-bit controllers. Common for the ones under 
active development is that most seem to have implemented support for printing 
arcs89 (G2/G3) at least partially.

2.3 Slicing
The term slicing refers to slicing up a model into thin slices of a selected height suitable for 
the 3D printer in use [4]. In the case of fused deposition modeling (FDM) each layer also 
has to be translated into lines with suitable spacing for the nozzle being used to extrude the 
material. 

The slices can be produced by intersecting the model with a plane for each layer, the
resulting 2D shape describes a single layer. When slicing a model represented by a 
polygon mesh each layer will be one or more 2D polygons. To create instructions for
the 3D-printer each face needs to be offset inwards by approximately the radius of 
the nozzle in order to create a model of correct size. The inside of the model can 
then be filled with a selected pattern to create anything from a hollow shell to a solid
piece of plastic.

The slicing process can also control how each individual line is to be printed. This 
includes, but is not limited to, line width, nozzle temperature, movement speed and 
cooling fans.

2.4 Related Work

2.4.1 Open source community
In order to recreate the natural shape of the original model, there have been attempts to 
both adapt slicer software10 for recalculation of arcs based on polygon meshes, as well as 
post-processing procedures11 to detect arcs in the G-code provided by slicers and replace a 
number of lines with an arc. None of these has produced results of sufficient precision at 

8 http://marlinfw.org/docs/gcode/G002-G003.html
9 http://smoothieware.org/g2
10 https://github.com/slic3r/Slic3r/issues/23
11 https://github.com/manticorp/GCodeArcOptimiser

12

G0 X0 Y0 Z0.2 F3000 # Travel to X/Y origo, 0.2mm above buildplate, speed 3000mm/min
G1 X0 Y10 E5 F1000 # go to position X0 Y10, extruding 5mm material,in 1000mm/min
G2 X0 Y0 I0 J-5 E15 # go to X0 Y0 in a clockwise arc with constant distance to a 

  virtual point 5mm below current position
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reasonable processing, where the offsets regarding the arc's start- and end points have 
been too great. The algorithms for detecting arcs are heavy computations as it has to loop 
through each vertex of every slice at least once. Tuning of the algorithms is another 
problem, when setting too tight tolerances the algorithm will produce many small arcs 
instead of one big, too loose and details can get lost in the process.

2.4.2 Academic research

A project  for sintering (fusing a powder with heat or pressure) based 3D-printing [5]
has successfully created a slicer that generates slices in form of bitmap images, 
using ISO10303 STEP-files12 as input and image processing to analyze the slices. 
Another project [6] used ray-casting to create raster slices by detecting intersection 
between the rays and the NURBS13 based models, also represented in the STEP file 
format. The results showed that the actual slicing was slower, but the intermediate 
files was a lot smaller than the polygon mesh files for the same model.  A different 
approach to the direct slicing of function representation models has been 
implemented using a marching squares algorithm [7], the model space is divided 
into cubes of the same size as the printer’s nozzle, and then the algorithm detects 
which of the cubes that overlaps with the model. 

There is also research using a subdivision algorithms [3], including a prototype that reads 
STEP files and produce slices in a proprietary layer interface file. The subdivision algorithm 
used is enriched with curve-tracing for a more efficient calculation of the intersection 
between the parametric surface and the slicing plane. A similar method has been 
implemented for T-splines as well [8], with an algorithm for direct slicing of T-splines, using a
subdivision based tracing of the intersection of the slicing plane and the T-spline surface.

All of the above projects has came to the conclusion that direct slicing outperforms 
conventional slicing when it comes to precision and overall quality of the results. That is 
even though none of those solutions has the ability to detect an arc in the 2D slice in order 
to utilize circular interpolation. This means that the resolution of the object is determined at 
slice time instead of at the time of converting the model into a polygon mesh. In most cases 
the reports also mention that the increased quality comes at a price of longer processing 
times for the slicing, even though the input files are a lot smaller.

Another work [9] claims to have found a solution for detecting arcs as well, but it is limited to
slicing models from one particular CAD system, using macros for that CAD system. Thus it 
is limited to slicing models designed in that specific system. 

12 https://ws680.nist.gov/publication/get_pdf.cfm?pub_id=821600
13 https://en.wikipedia.org/wiki/Non-uniform_rational_B-spline

13
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On the topic of G-code representation of NURBS There are two ways to address the 
problem. The first suggestion [10] is to divide the NURS into arcs in the CAM process. This 
seems to be a more effective solution than to divide the NUBS into straight lines. The 
second solution [11] is to implement support for real-time interpolation of NURBS in the 
CNC controller or 3D-printer firmware.

14
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 3 Methodology
The methodology for this project is divided into three main steps, described below. 
Where the first step is a field survey of the academic field and available tools. The 
second step is the construction of a prototype and the third step is an evaluation of 
that prototype.

3.1 Field survey
The purpose of the survey was to prepare for the prototype construction, with two distinct 
goals. One goal was to find answers to the three main questions of the project, the other 
goal was to find suitable tools to realize the prototype. 

Multiple solutions to the first question of this project were found, but the only method that 
truly preserves the geometry was to use a CAD tool to create a cross-section, also known 
as a section view14. This method has previously been used along with macros in a CAD tool 
called PowerSHAPE using a proprietary macro to produce slices [9]. In that article the 
resulting slice was exported as a picture file, ignoring the lines and arcs composing the 
section. 

This led the survey towards finding suitable CAD tools. Based on the findings in the survey 
of the academic field an open source CAD tool that can be used pragmatically seemed to be
a good candidate. Only one such CAD tool was found and thus selected for the prototype. 
The tool is a development platform called Open Cascade15. The platform is available for 
different operating systems and has many tools for working With 3D models. One of the 
most important parts is the ability to work with the model as a boundary 
representation(BREP)16, meaning that the shape of the model is mathematically described. 
Investigation of the data structure for shapes in OpenCascade showed that each main-
shape is composed of edges, that are shapes themselves, sub-shapes. This was the 
answer to the second question of this project, as the lines and arcs already exist in the data 
structure of a slice. 

Now to the third and last question, looking into the construction of a conventional STL-
slicer[12], it is possible to use the same basic concept, just adding support for arcs in the 
same manner. The idea is that once a slice has been created and broken up in individual 
lines and arcs, use the points in three dimensions to build the g-code string. The information
needed is easily available in the data structure of OpenCascade. 

The last task was to find a file format that can be exported from as many common CAD 
software as possible and importable to OpenCascade, in order to avoid unnecessary 
conversions between different file formats. This led up to the selection of STEP as the file 
format to be used as input for the prototype. The step format is standardized by ISO and 
available for both import and export in many CAD systems, including OpenCascade.

14 https://en.wikipedia.org/wiki/Multiview_projection#Section
15 https://www.openCascade.com
16 https://en.wikipedia.org/wiki/Boundary_representation

15
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3.2 Prototype construction

A prototype slicer has been constructed, using Open Cascade to manage 2D and 3D 
models as well as interpreting the STEP file format. The prototype has been kept as 
simple as possible, focusing on the main problem. The prototype accepts a 3D model
in STEP format as input, slices the 3D model into 2D slices by obtaining the boolean
intersection of the model and a 2D plane. The prototype then identifies the 
individual lines and arcs in each slice. The prototype identifies the end points of 
each line, and also center points for arcs and use the coordinates to build G-code 
commands. The prototype is created using an object-oriented design and keeping 
reusability of the code is a priority. The construction of the prototype is described in 
detail in Chapter 4.

3.3 Evaluation

The overall solution in general, and the prototype, in particular, has been evaluated. 
Regarding the solution as a whole, the new workflow has been compared to the 
existing workflow. The complexity of the workflow where measured simply by the 
number of steps required, this method was chosen with a goal to remove 
unnecessary transformation between formats in mind.  The efficiency of the 
workflow where measured by the size of the intermediate files describing a sample 
object, as all file types involved are uncompressed the size of the files correlates to 
the amount of data that needs to be processed and distributed.

A quasi-experiment setup were used to evaluate the feasibility of the proposed slicer.
The test data used to evaluate the slicers consists of a simple simple 3D-object17 
converted into a STEP-file and two STL-files. The STL files are exported with 
different resolution, one at high resolution, aiming to be as smooth as the STEP-file. 
The other one is exported at low resolution, to match the file size of the STEP-file 
version.

The performance of the slicer was compared in terms of file-size of the G-code file 
and number of G-code commands produced. These measurements were chosen as 
means to emphasize the possible gains in efficiency of using arcs as a complement 
to polygons. File size represents the amount of data that needs to be transferred to 
the 3D-printer, and number of commands is used as an indication on the workload 
for the 3D-printer.

17 https://www.thingiverse.com/thing:3369955

16
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The selection of reference slicers is based popularity. Google analytics18 was used to 
find the most popular slicers, where only those registered as topics were compared. 
It was clear that the most popular slicer was Cura, with Slic3r in second place and 
Simplify3D in third place. The two first slicers are both open source, while the third 
is a closed source, paid software. Cura and Slic3r where chosen as reference slicers 
for the evaluation. Both reference slicers take a polygon mesh file as input, 
producing G-code containing only straight lines. Two slicers were chosen in order to
minimize the effects of their specific implementations.

18 https://trends.google.com/trends/explore?date=today%205-y&q=%2Fg%2F12pgdbb92,%2Fg
%2F11c2pkk9f9,%2Fg%2F11c6dxc91j

17
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 4 Construction
The construction of this prototype slicer is intended as a proof of concept. The 
prototype should be able to slice 3D objects represented by the selected file format. 
The solution shall build upon available open-source libraries. It should output a G-
code file containing G2/G3 commands for arcs and G1 commands for lines. The 
resulting G-code file can be used on a real 3D-printer or a simulator to evaluate the 
result.

The prototype relies heavily on Open Cascade, for easier installation, the community
edition OCE19 was installed using Homebrew20. The source code was written using a
text editor called Sublime Text21 and built using CMAKE22 with GCC23 as compiler 
and linker.

Listing 6: Prototype execution pseudo code.

The pseudo code in listing 6 is a simplified description of the basic execution of the 
prototype. The prototype starts with creating a StepReader object, giving the 
filename as an argument. The StepReader reads the STEP-file and converts the 
model described by the file into an Open Cascade Shape object24. The Shape object 
is used to create a Model object, upon creation the highest and lowest point of the 
Model object is calculated. After creation of the model, the selected layer height is 
set.

The last and biggest part of the execution starts with calling the SaveGCode method 
of the Model object, giving the desired filename as an argument. The model will 
now iterate through the Shape from the lowest point to the highest, using the 
requested layer height. On each iteration, the model creates a Plane25 and performs a 
boolean operation between the shape and the plane to create a section26. The section 

19 https://github.com/tpaviot/oce
20 https://brew.sh
21 http://www.sublimetext.com
22 https://cmake.org
23 https://gcc.gnu.org
24 https://www.openCascade.com/doc/occt-7.2.0/refman/html/class_topo_d_s___shape.html
25 https://www.openCascade.com/doc/occt-7.2.0/refman/html/classgp___pln.html
26 https://www.openCascade.com/doc/occt-

7.2.0/refman/html/class_b_rep_algo_a_p_i___section.html

18

Import STEP-file
Detect highest and lowest point (min, max)
for min<i<max step=layerHeight

Create slice (Boolean intersection between model and slicing plane)
for each edge in slice 

Build G-code string (using coordinates of edge)
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is used to create a Layer object that is pushed to a vector storing all layers. When all 
Layers are created, getGCode is called for each one, appending the resulting string 
to the output file. 

The Layer objects, in turn, does a similar operation as the model, finding all edges of
the section by extracting the sub-shapes of the section. For each edge, a Path object 
is created, and getGCode is called on each one. The G-code string returned by each 
Path object is combined and returned to the Model object.

The Path object extracts the vertices marking the endpoints of the edge, and the 
curve connecting them. The curve is tested to verify if it is linear or circular if it is 
linear we have the information needed to create the G-code command and return it. 
If the curve is circular, the center point of the circle is extracted as well. Using the 
start, end and center point the G-code command for the arc can be created and 
returned.

4.1 Design

The prototype is constructed using an object-oriented design. The Classes are 
wrapping Open Cascade shape objects, and their methods implement OpenCascade 
tools for extracting data from those shapes. 

19
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Illustration 7: UML Class Diagram.

Open Cascade Shape objects lack methods for extracting data about the shape, the 
principle is that the shape is given as arguments to the constructor of a tool object 
that has the methods needed. This can be rather cumbersome for example when 
reading the edges of each slice. First, the shape object has to be used to construct a 
tool to determine if the edge is a line or circle, then typecast the shape to a more 
specified type, for example, a circle class. This is necessary as the tool for finding 
the center point takes a circle object as an argument in the constructor.

One or more of the Open Cascade tools used in the prototype seems to have 
problems with memory allocation, resulting in the prototype crashing at runtime. All
parts of the prototype are working, but while iterating through the layers of the 
model the crash comes sooner or later during the iteration. This means that it is not 
possible to get the complete G-code result from a single run of the prototype. To 
produce a comparable result the partial output from several runs had to be manually 
merged into a single file.
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4.2 Limitations
The prototype is lacking a working implementation for sorting the Paths within a 
Layer. This means that the individual edges will be printed in whatever order they 
are found by TopExp_Explorer. Luckily for this project, the edges of the sample 
model have been detected in the correct order. This can also affect the arcs, as they 
need to be defined in G-code as clockwise or counterclockwise. If an arc is to be 
clockwise or counterclockwise depends on which direction the model itself is 
printed in. 

The prototype does not have a defined behavior for models where the slices do not 
consist of a single face, defined by a series of connected edges. This means that a 
slice like the one shown in Illustration 3 is not compatible. Nor is it possible to 
process shapes that generates slices with more than one region.

The prototype is very limited, there is two main reasons for this. The first reason is 
that the learning curve for Open Cascade is rather steep. It took the author several 
weeks to learn how to use the library. The second reason is that the Open Cascade 
library itself seems to have issues with memory allocation, at least on the Mac OS X 
platform. This causes the prototype to crash, sometimes after three layers sliced, 
sometimes after several hundreds. When trying to sort the lines within a slice it 
crashes within the first layer. It is possible that this is due to using the tools in the 
wrong way, but the author has observed similar behavior when handling large 
datasets in FreeCAD27, which also builds upon Open Cascade. It is possible that the 
design choice to create all layers and paths and store them in a vector amplifies the 
problem, a design using disposable functors to get the G-code for each layer and 
path would at least be more memory efficient, but would require all calculations to 
be performed again if slicing again with different setting. The memory allocation 
problems led to a very reduced feature set of the prototype, but at least it was 
possible to get enough output for a comparison of a simple model.

4.3 Tools
Open CASCADE Technology28 is a collection of C++ class libraries intended to act 
as a software development kit for Computer Aided Design (CAD), Computer Aided 
Manufacturing (CAM) and Computer Aided Engineering (CAE). The library is 
object-oriented. It includes libraries for data structures for both 2D and 3D objects, 
along with tools to handle and manipulate the data. It also carries data exchange 
tools for importing and exporting neutral formats including for example STEP. 

27 https://www.freecadweb.org
28 https://www.opencascade.com/content/open-source-core-technology
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 5 Results
The prototype can read STEP-files, detect the height of the model and slice it at a 
selected interval. Edges on each slice are detected and if the edge is a line, the 
prototype detects the two endpoints that define the line. If the edge is an arc, the 
prototype detects both endpoints and the center point of the circle. The prototype 
assumes that all arcs are counterclockwise, as that is the case for models using a 
positive Z-axis. The prototype can produce G-code commands for lines and arcs that
are combined to a complete description of the model. Thereby the prototype shows 
that there is at least one possible solution to all three questions in the problem 
statement.

Edges that are not lines or arcs is currently ignored by the prototype. Sorting of the 
edges to create a logical printing order is not automated, at the current state it 
requires editing of the source code to adapt for different models. 

Measurements of the performance in comparison with two reference slicers are presented in
table 1. For the conventional slicers, there are two sets of data, the first is produced using a 
high-resolution STL file and the second using a lower resolution that gives the same size for 
the STL file and the STEP file. The G-code commands for a single layer of the three models 
are presented in Appendix 1.

STEP file High res. STL Low res. STL

Intermediate file 
rendered in FreeCAD

Size 40Kb 1.1Mb 40Kb

Sliced with FrankZlicer prototype

Gcode filesize 36Kb N/A N/A

No. of commands 2515 N/A N/A

Sliced with Slic3r

Gcode filesize N/A 1.2Mb 275Kb

No. of commands N/A 39311 9170

Sliced with Cura

Gcode filesize N/A 1.2Mb 301Kb

No. of commands N/A 40525 10521

Table 1: Slicing results.
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The number of steps required in the workflow has not changed. The only change is 
that the destructive conversion into a polygon mesh has been replaced by a non-
destructive conversion to STEP. The STEP file can also be imported back to the 
CAD system to be modified further.

The resulting G-code has been fed into a simulator29 in order to visualize the 
resulting G-code. This enabled a possibility compare the resulting G-code in terms 
of surface smoothness. Image 8-10 shows the three different models, results from 
the two reference slicers are indistinguishable to the eye and therefore only one is 
shown.

Image 8: FrankZlicer prototype G-code simulation.

Image 9: Slic3r high resolution G-code simulation.

29 https://nraynaud.github.io/webgcode/
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Image 10: Slic3r low resolution G-code simulation.
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 6 Discussion

6.1 Direct Slicing
The first question of this project was “How to create a vector based 2D slice from a 3D CAD 
model, without converting the model to a polygon mesh before slicing?”. Using Open 
Cascade to create a slice, or a section, using the boolean intersection between model and 
plane is a valid answer to this question. By detecting the highest and lowest point of the 
model and iterating through that range using the layer height as step size, all slices of the 
model could be extracted. The question about how to deal with the resulting slices arose 
during the prototype construction, in this prototype a design choice were made to store them
in a container and then iterate through the container for further processing. 

The second question of this project was “How to break up that 2D slice into only lines and 
arcs?”. Open Cascade has an internal data structure where a shape object such as a slice 
is defined by its edges. The edges are shape objects themselves, of different types, 
including lines and arcs. Extracting these sub-shapes is the answer to the second question. 
The same design choice was made here as with the slices, to store them in a container that 
can later be processed, and in this case the elements needs to be sorted in order to get a 
logical print order. The need for sorting makes it hard to avoid storing the edges in a 
container.

The third question of this project was “How to convert the lines and arcs to G-code 
commands?”. As the G-code commands only specifies the target position for each 
movement, a non-printing move needs to be added at the beginning of a layer. On the rest 
of the layer it is assumed that the previous movement ended at the start position for the 
current movement. This means that there is no way to produce valid G-code if the edges is 
not sorted properly before translating the lines and arcs into G-code. The information 
needed for each line is the endpoint and the distance travelled to calculate the amount of 
plastic to extrude, in the case of arcs the center point of the arc is also needed. Using the 
coordinates of the endpoints and center points to build the G-code command is the answer 
to the third question.

6.2 Performance
The results in terms of slicing performance is satisfactory. The curved edges are preserved 
as intended. G-code files are substantially smaller than even the low resolution results from 
the two conventional slicers (36kB for the prototype, 275kB and 301kB for the reference 
slicers). The reduced number of G-code commands needed can help avoid problems with 
stuttering movement caused bu buffer underflow when printing high resolution models, 
especially when streaming the commands over a serial interface. 

This solution gives added value to the workflow as well. By reducing the file-size of the 
model (40kB for the STEP file versus 1.1MB for high resolution STL file) it is possible to 
transfer files between users even with very limited bandwidth. The ability to import a model 
back into a CAD system and modify it before printing is also an advance in the workflow as 
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it becomes bi-directional. However it is harder for the original author of the model to prevent 
unauthorized use or modifications of the model if it is distributed as a STEP file. For STL 
files there are solutions30 for adding a watermark to the actual polygon mesh

6.3 Limitations of arcs
A complex 3D model noes not consist of just lines and arcs. In order to be truly useful, a 
slices needs to be able to slice all models that can be represented in the input format, for 
example STEP as used in this project. Implementing the solution for curve fitting[10], trying 
to substitute advanced shapes with a number of curves might be a solution. Using the 
method of passing NURBS directly to the printer [11] is another possible method to handle 
more complex models.

6.4 Ethical aspects
The overall ethical aspects of 3D printing is a complex subject, including everything
from intellectual property issues to product safety of printed objects. Intellectual 
property issues includes the possibility to copy a product using a 3D-scanner and 
3D-printer in combination. There is also a problem with limited possibilities to 
credit the original author of a CAD model, as any metadata is lost when the model is
converted to a different format. Product safety issues regarding printed objects is a 
broad question, current regulations put a big responsibility on the manufacturer to 
make sure the product is safe before it can be sold. This system is not sufficient 
when the end user is also the manufacturer. The safety issues themselves includes 
everything from choking hazard and toxicity for 3D-printed toys, to 3D-printed 
weapons.

The contents of this thesis may affect parts of that, as the quality of printed part can 
be increased if used right. Improved printing quality and improved workflow may 
increase the number of users, which in turn will give the already existing problems a
bigger impact.

The prototype constructed during this project is built using open-source tools as far 
as possible. It is also aimed for use in an open-source workflow, consisting of Open 
source CAD systems and open-source 3D-printers. The prototype is intended to be 
released as open-source in order to give something back to the open-source 
community. 

30 https://www.watermark3d.com
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 7 Conclusions
The author is convinced that there is a future for direct slicing, taking a non-
destructive format as input and taking advantage of the possibility to print arcs. 
However, there is a lot of development needed to create a useful product. To be 
usable at all, a slicer needs to be able to handle all possible shapes, not just arcs and 
lines. On top of that, it needs to have logic for controlling temperatures, extrusion 
and cooling fans. It also needs to generate infill within the model, and support 
structures under overhanging parts of the model.

Using arcs in the G-code gives the possibility to keep a non-destructive 
representation of the model throughout the workflow, from CAD to printer, at least 
in X/Y direction. Letting the firmware of the printer decide the resolution based on 
the capabilities of the printer, ensuring no more detail than necessary is lost.

Even thou the resulting prototype can hardly be described as a success, it succeeded 
in producing just enough data to verify the concept of direct slicing. The results also 
shows that direct slicing has the potential to improve both the workflow and the 
resulting G-code. 

Creating a slice and breaking out the lines and arcs proved to be easier than 
anticipated. On the other hand, sorting the lines and arcs to be able to translate them 
into G-code turned out to be a bigger problem. This gives that the project succeeded 
in answering question 1 and 2 of the problem statement fully, but question 3 is only 
partially answered in practice as the prototype cannot sort the elements 
automatically.

A survey of existing, well-working slicers and their implementations would 
probably have helped the design and implementation of the prototype. An alternative
to constructing a prototype from scratch would be to evaluate other open-source 
CAM solutions. If one can be found that has the ability to process cad objects 
including arcs it would just need to be modified for 3D-printing, adding support for 
extrusion and temperatures.

27



Mittuniversitetet
DSV Östersund
Johan Frankzén

FrankZlicer
Direct slicing using arcs

1/21/19

References
[1] R. Jones et al., “RepRap – the replicating rapid prototyper,” Robotica, vol. 29, 

no. 1, pp. 177–191, 2011.
[2] M. K. Thompson et al., “Design for Additive Manufacturing: Trends, 

opportunities, considerations, and constraints,” CIRP Ann., vol. 65, no. 2, pp. 
737–760, Jan. 2016.

[3] M. Y. Zhou, “STEP-based approach for direct slicing of CAD models for layered
manufacturing,” Int. J. Prod. Res., vol. 43, no. 15, pp. 3273–3285, 2005.

[4] C. Kai, G. Jacob, and T. Mei, “Interface between CAD and Rapid Prototyping 
systems. Part 1: A study of existing interfaces,” Int. J. Adv. Manuf. Technol., vol.
13, no. 8, pp. 566–570, 1997.

[5] R. Vaidya and S. Anand, “Image Processing Assisted Tools for Pre- and Post-
processing Operations in Additive Manufacturing,” Procedia Manuf., vol. 5, pp. 
958–973, 2016.

[6] B. Starly, A. Lau, W. Sun, W. Lau, and T. Bradbury, “Direct slicing of STEP 
based NURBS models for layered manufacturing,” Comput.-Aided Des., vol. 37,
no. 4, pp. 387–397, 2005.

[7] Y. Song, Z. Yang, Y. Liu, and J. Deng, “Function representation based slicer for 
3D printing,” Comput. Aided Geom. Des., 2018.

[8] Z. Lin and B. Li, “Direct slicing of T-spline surfaces for additive 
manufacturing,” Rapid Prototyp. J., vol. 24, no. 4, pp. 709–721, 2018.

[9] X. Chen, C. Wang, X. Ye, Y. Xiao, and S. Huang, “Direct Slicing from 
PowerSHAPE Models for Rapid Prototyping,” Int. J. Adv. Manuf. Technol., vol. 
17, no. 7, pp. 543–547, 2001.

[10] M. K. Yeung and D. J. Walton, “Curve fitting with arc splines for NC 
toolpath generation,” Comput.-Aided Des., vol. 26, no. 11, pp. 845–849, Nov. 
1994.

[11] R. T. Farouki, J. Manjunathaiah, and G.-F. Yuan, “G codes for the 
specification of Pythagorean-hodograph tool paths and associated feedrate 
functions on open-architecture CNC machines,” Int. J. Mach. Tools Manuf., vol. 
39, no. 1, pp. 123–142, Jan. 1999.

[12] A. C. Brown and D. de Beer, “Development of a stereolithography (STL) 
slicing and G-code generation algorithm for an entry level 3-D printer,” 
AFRICON 2013, pp. 1–5, 2013.

28



Mittuniversitetet
DSV Östersund
Johan Frankzén

FrankZlicer
Direct slicing using arcs

1/21/19

Appendix 1
G-Code for a single layer produced by the prototype:

G1 Z0.4

G1 X50 Y-25 E1

G1 X0 Y-25 E1

G2 X0 Y25 I0 J25 E1

G1 X50 Y25 E1

G-Code for a single layer produces by Slic3r from low resolution STL file:

G1 Z9.800 

G1 X37.300 Y24.800 

G1 X-12.487 Y24.800 E781.15123

G1 X-18.918 Y23.953 E781.61450

G1 X-24.899 Y21.476 E782.07682

G1 X-30.035 Y17.535 E782.53914

G1 X-33.976 Y12.399 E783.00146

G1 X-36.453 Y6.418 E783.46378

G1 X-37.298 Y0.000 E783.92610

G1 X-36.532 Y-5.817 E784.34510

G1 X-36.453 Y-6.418 E784.38843

G1 X-33.976 Y-12.399 E784.85075

G1 X-30.035 Y-17.535 E785.31307

G1 X-24.899 Y-21.476 E785.77539

G1 X-18.918 Y-23.953 E786.23771

G1 X-12.487 Y-24.800 E786.70098

G1 X37.300 Y-24.800 E790.25656

G1 X37.300 Y24.755 E793.79557

G-Code for a single layer produces by Slic3r from high resolution STL file:

G1 Z0.400 

G1 X37.300 Y24.800 E16.21893

G1 X-12.498 Y24.800 E19.77528

G1 X-13.582 Y24.776 E19.85271

G1 X-14.661 Y24.706 E19.92999

G1 X-15.737 Y24.588 E20.00726

G1 X-16.806 Y24.423 E20.08453

G1 X-17.864 Y24.213 E20.16157

G1 X-18.919 Y23.955 E20.23908
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G1 X-19.957 Y23.652 E20.31635

G1 X-20.982 Y23.304 E20.39362

G1 X-21.991 Y22.912 E20.47090

G1 X-22.981 Y22.476 E20.54817

G1 X-23.951 Y21.998 E20.62544

G1 X-24.900 Y21.477 E20.70272

G1 X-25.825 Y20.916 E20.77999

G1 X-26.725 Y20.315 E20.85726

G1 X-27.597 Y19.675 E20.93454

G1 X-28.441 Y18.998 E21.01181

G1 X-29.255 Y18.284 E21.08908

G1 X-30.036 Y17.536 E21.16636

G1 X-30.782 Y16.757 E21.24340

G1 X-31.498 Y15.941 E21.32090

G1 X-32.175 Y15.097 E21.39818

G1 X-32.815 Y14.225 E21.47545

G1 X-33.416 Y13.325 E21.55272

G1 X-33.977 Y12.400 E21.63000

G1 X-34.498 Y11.451 E21.70727

G1 X-34.976 Y10.481 E21.78454

G1 X-35.411 Y9.494 E21.86158

G1 X-35.804 Y8.482 E21.93909

G1 X-36.152 Y7.457 E22.01636

G1 X-36.455 Y6.419 E22.09363

G1 X-36.712 Y5.368 E22.17091

G1 X-36.923 Y4.306 E22.24818

G1 X-37.088 Y3.237 E22.32545

G1 X-37.206 Y2.161 E22.40273

G1 X-37.276 Y1.082 E22.48000

G1 X-37.300 Y0.000 E22.55727

G1 X-37.276 Y-1.082 E22.63455

G1 X-37.206 Y-2.161 E22.71182

G1 X-37.088 Y-3.237 E22.78909

G1 X-36.923 Y-4.306 E22.86637

G1 X-36.712 Y-5.368 E22.94364

G1 X-36.455 Y-6.419 E23.02091

G1 X-36.152 Y-7.457 E23.09819

G1 X-35.804 Y-8.482 E23.17546

G1 X-35.412 Y-9.491 E23.25273

G1 X-34.976 Y-10.481 E23.33001

G1 X-34.498 Y-11.451 E23.40728

G1 X-33.977 Y-12.400 E23.48455
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G1 X-33.416 Y-13.325 E23.56183

G1 X-32.817 Y-14.222 E23.63887

G1 X-32.175 Y-15.097 E23.71637

G1 X-31.498 Y-15.941 E23.79364

G1 X-30.784 Y-16.755 E23.87092

G1 X-30.036 Y-17.536 E23.94819

G1 X-29.257 Y-18.282 E24.02523

G1 X-28.441 Y-18.998 E24.10274

G1 X-27.597 Y-19.675 E24.18001

G1 X-26.725 Y-20.315 E24.25728

G1 X-25.825 Y-20.916 E24.33456

G1 X-24.900 Y-21.477 E24.41183

G1 X-23.951 Y-21.998 E24.48910

G1 X-22.981 Y-22.476 E24.56638

G1 X-21.994 Y-22.911 E24.64342

G1 X-20.982 Y-23.304 E24.72092

G1 X-19.957 Y-23.652 E24.79820

G1 X-18.919 Y-23.955 E24.87547

G1 X-17.868 Y-24.212 E24.95274

G1 X-16.806 Y-24.423 E25.03002

G1 X-15.737 Y-24.588 E25.10729

G1 X-14.661 Y-24.706 E25.18456

G1 X-13.582 Y-24.776 E25.26184

G1 X-12.498 Y-24.800 E25.33926

G1 X37.300 Y-24.800 E28.89562

G1 X37.300 Y24.710 E32.43142
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