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ABSTRACT

Data preparation for additive manufacturing (AM) is a complex process that

gained importance as the industrialization of various AM technologies

progressed. Lots of effort has been spent on the analysis of three-dimensional

(3D) computer-aided design data handling, where the Standard Tessellation

Language, or STL, forms a de facto industry standard. To manufacture a given

geometry using AM, the 3D data need to be sliced into 2.5D layer-wise data and

subsequently into vectors. For AM machines based on multiaxis systems, the G-

Code Standard is common for the transfer of already sliced information. Yet, for

systems using a galvanometer scanner to change the position of the focus and

working point (e.g., laser powder bed fusion), G-Code has several limitations.

Proprietary formats are almost exclusively used instead of standards. In this

paper, the requirements for a more flexible, open, and technology-independent

data format are discussed and analyzed. The data structure, objects, and

metadata are deducted from the use case technology laser powder bed fusion.

Based on this, an open-source reference implementation of a new format

prototype, the Open Vector Format using Google Protocol Buffers technology, is
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presented and its performance is evaluated in research projects of RWTH

Aachen University.
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Introduction
Data preparation for additive manufacturing (AM) is a complex process that has
increased in importance together with the industrialization of the technology itself.
Many researchers have analyzed the topic of handling three-dimensional (3D) com-
puter-aided design (CAD) data, where the Standard Tessellation Language, or STL,
forms a de facto industry standard.1

To manufacture a given geometry additively, the 3D data need to be sliced into
2.5D layer-wise data, which is the focus of this paper. Laser powder bed fusion
(LPBF) is used as an example of laser-based systems. The characteristics of the
LPBF process include using a galvanometer scanner to change the position of the
focus and working point. The typical digital process chain of LPBF data preparation
is shown in figure 1.

Complex 3D objects in CAD kernels are commonly represented using a bound-
ary geometry representation.2,3 This mathematical representation needs to be dis-
cretized and is transformed into triangles (e.g., STL).4,5 These will be manipulated
with AM specialized software such as Materialize Magics, Autodesk Netfabb, or
proprietary software of AM system providers such as Concept Laser, EOS, SLM Sol-
utions, Renishaw, 3D Systems, and Trumpf. The parts are placed into the building
volume (“nesting”) with a defined orientation and supports. After the supports are
generated, the parts are sliced into a layer-wise 2.5D representation. Vectors repre-
sent the contours and filling volumes (hatches) of the parts. The vectors then are
postprocessed in one or more optional steps before they are executed by the
machine controller software. An example of a postprocessing step is the allocation
of vectors to laser scanner units in a multilaser machine.6

FIG. 1 Data preparation for laser powder bed fusion.
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In the machine controller software, the polylines and vectors are transformed
into microvector commands as real-time setpoints for the scan system closed loop
control. Many state-of-the-art examples can be found in the literature.7–9

With each discretization in this data pipeline (tessellation, slicing, microvec-
tors), information of the exact geometry is lost, and the quantity of stored data is
increased. In return, both the required computation complexity and the implemen-
tation effort are lowered.

Looking at the data formats used to transfer the data along this pipeline, the
G-Code Standard is common for AM machines based on multiaxis systems. In
LPBF, instead of a data format standard, closed proprietary formats created by the
original equipment manufacturers (OEMs) are used almost exclusively. A large por-
tion of scientific literature addressing the topic of AM data formats focuses on 3D
geometry formats. Only a few examples can be found that review vector-based 2.5D
formats. To the best of the authors’ knowledge, no sources can be found that
address the topic of making the 2.5D data easily available for use cases other than
the print job itself, which is discussed in the section on use cases.

In computer science, general purpose formats are often used to serialize struc-
tured data for saving (e.g., as a file) or for transmitting them over a network con-
nection. Serialization refers to the process of copying data from, for example, data
objects of a programming language into a series of bytes. All formats require seriali-
zation for these operations; in proprietary AM formats, the serialization is handled
by proprietary software. There are different technologies and libraries providing
serialization functions; some well-known examples are the eXtensible Markup Lan-
guage (or XML) and JavaScript Object Notation (or JSON). Both use text-based
encoding. Thus, they translate floating point numbers and integers into text charac-
ters.10,11 Other technologies such as Protocol Buffers (Protobuf)12 use a binary
encoding that leaves numbers in their native binary representation. In this paper,
the general purpose formats are examined as a possible solution for AM data trans-
fer, and the performance of binary and text-based formats is compared.

Research in the area of process quality monitoring13–15 and process accelera-
tion16–18 show that LPBF manufacturing technology has potential for improvement
in two main areas: productivity and quality of the final product.19 In the next sec-
tion, use case examples are presented that show the potential for improving one or
both of these process performance indicators, but these are hindered by limitations
resulting from the data formats used to transfer 2.5D data. Requirements for an
open data transfer are deducted from the use cases. Then, a critical review of the
requirements is performed, and three potential solutions are analyzed: the use of an
existing standard, opening the proprietary formats, and using a flexible general-pur-
pose structured data format.

In the “Basic Object Model” section, the new Open Vector Format (OVF) is
presented as a proposed blueprint solution, followed by a short performance exam-
ple. OVF is a prototype implementation of the data model derived from the
requirements tested on LPBF lab machines at RWTH Aachen University.
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Use Cases
Based on experiences from research projects at RWTH Aachen University, four use
cases for an open format are analyzed in this paper. Motivation for each use case is
the potential to improve either the LPBF productivity or quality or both. Each use
case results in a list of requirements for the data format. The relationship between
use cases and requirements is summarized in table 1.

There are two requirements resulting from the LPBF process itself: The format
must represent two-dimensional vectors plane-wise in three-dimensional space.
The data must be processable by a real time-capable deflection control system.
Thus, it needs to be read fast and with low computational effort in the machine
controller software.

1. Integrating vector data into simulations of the process: A precise, system-
independent calculation of process time needs an open 2.5D data input.20

These simulations have the potential to optimize productivity by calculating
the potential build time reduction of process innovations a priori. Thermal
process simulations could use the vector input for calculating local energy
input (e.g., simulation for distortion due to the LPBF process requires the
consideration of scan strategies and movement).21–23

The integration effort in common programming languages should be
low for these use cases. They require metadata (e.g., part relationships of the
vectors). The data volume and computation effort should be minimal to
minimize the impact on the simulation performance.

TABLE 1 Requirements for a new 2.5D format

Linked

Use

Cases

Evaluation of Existing Formats Supporting 2.5D Representation

Requirement CLI G-Code 3MF (Slice Extension)

Two-dimensional vectors

plane wise

0 Fulfilled Fulfilled Fulfilled

Real time capable; read fast

and with low computational

effort

0, 1, 3 Fulfilled Not for scanner-

based systems

Fulfilled

Low integration effort in

common programming

languages

1, 2, 3 Not fulfilled no

libraries or official

specification

Not fulfilled Fulfilled Libraries

available

Meta data 1 ,2, 3 Not fulfilled Not fulfilled Fulfilled

Minimal data volume 1, 3 Fulfilled Not fulfilled Not fulfilled

Machine parameters 3, 4 Not fulfilled Fulfilled Not fulfilled

Easily extendable 3, 4 Not fulfilled Not fulfilled Fulfilled

Additional primitives 4 Not fulfilled Fulfilled Not fulfilled

Note: 0¼ LPBF process; 1¼ process simulation; 2¼ process monitoring; 3¼ data pipeline software
components; 4¼ full functionality closed loop control.
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2. Process monitoring based on external devices for the process: With detailed
information about laser vectors, including laser delays and inertia compen-
sation (“sky writing”), a connection between measured sensor information
and prepared control commands can be achieved to analyze and thus
improve process quality. The ultimate goal of a “real-time, closed-loop feed-
back control of the additive process”24 can be supported with precise input
data of control commands. Like the simulations, low integration and com-
putation effort and metadata are needed.

3. New and innovative slicing data pipeline software components: For both pro-
ductivity and quality improvements, steps in the slicing data pipeline have
the potential for improvement. Some examples include the allocation of vec-
tors to scanners, narrow path optimizations, and local thermal optimization
by either lowering energy input or increasing execution speed and thus
productivity.17,18,25,26

Innovation speed can be increased when each of these problems can be
solved in a dedicated component, not only by the OEM but also by
researchers and third parties, for example. All components are finally inte-
grated into a data preparation pipeline, and the resulting overall system is
tested.

This use case results in several requirements: data volume and computa-
tion time should be minimal; all possible machine parameters need to be
settable within layers (in-between vectors); low integration effort and meta-
data are needed; and finally, the data need to be structured and easily
extendable to cover new use cases.

4. Utilize full functionality of state-of-the-art laser closed loop controls: A dis-
cretization of the geometric representation as close as possible to the actual
machine process control is beneficial for reducing the amount of data
transferring and processing in previous steps. The implementation and
testing complexity and real-time capabilities of the machine controller
limit this possibility. In state-of-the-art scanner control systems, the proc-
essing of basic geometric forms is implemented: (poly-)lines, arcs, and
ellipses.7–9

Thus, state-of-the-art systems enable the use of these primitives directly
at the machine control software level. It is also possible to change various
process parameters (e.g., laser power, mark speed, delays) for every primi-
tive. But these capabilities are underutilized in today’s digital process chain.
The approximation of the boundary geometry representation models with
polygons during tessellation causes loss of precision at curved elements,
which can be improved by using arcs and ellipses27 (e.g., for the
manufacturing of lattice structures).

This use case requires support for the additional primitives: (poly-)lines,
arcs, and ellipses, as well as extendable machine parameters.
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Critical Requirements Review and

Solution Analysis
In current AM software, all the proprietary formats are already implemented. From
an OEM’s perspective, two considerations naturally arise: the efforts needed to
implement a new solution and the protection of the OEM’s intellectual property. In
this section, three potential solutions to these considerations are analyzed.

USING EXISTING STANDARDS

The first solution is the use of already existing standards. The requirements are
compared to the capabilities of the state-of-the-art formats G-Code,28 CLI,29 and
3MF30 and summarized in table 1. The following shortcomings can be deduced:

1. As a text-based representation, G-Code is inefficient in storing a large num-
ber of primitives’ coordinates.31 Due to the typically small size of the laser
spot (between 80 and 1000 lm),32 a complex standard use case (several
dm3) is represented by several hundred million point coordinates. Using
text-based representation results in data in the range of gigabytes.

2. CLI and 3MF lack support for arc or ellipse primitives.
3. G-Code and CLI are missing parameter definitions for AM manufacturing.

CLI has no parameters at all.
Additionally, the integration effort also includes the internal implementation

and testing of generating the data according to the standard. The standards are not
easily extendable and need time to include changes.

OPENING THE PROPRIETARY FORMATS TO THE PUBLIC

The approach of opening the proprietary formats lowers the integration effort for
the OEM. But every component that uses a different proprietary format needs a
software adapter to translate the data between formats. There are two solutions for
implementing the adapters: writing one adapter for every pair of the n formats,
which results in implementing n2-n adapters, or writing one adapter for a common
interchange format, which results in n adapters. The second solution is equal or
superior when there are more than two proprietary formats that should be sup-
ported. The interchange format needs to support the superset of all format capabili-
ties, which synergizes well with the third solution, using a general-purpose format.

USING A GENERAL-PURPOSE DATA FORMAT

As presented in the introduction, a general-purpose data format brings the advan-
tages of easy integration in programming languages. To fulfill the performance
requirements and gain flexibility, the open-source technology Protocol Buffers has
been chosen for the showcase implementation in this paper, and it is reviewed in
the “Discussion of Performance” section. The main technical differences of Protocol
Buffers compared to other serialization libraries are the use of a binary format for
numerical values, binary message tags to enable forward and backward
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compatibility of versions, and a code-generation infrastructure to generate native
classes in various programming languages. The message structure enables the
streaming capability of objects for data pipelines.12

INTELLECTUAL PROPERTY AND INNOVATION

Protecting intellectual property is a motivation for OEMs that contradicts efforts
for open formats. Developments in computer aided manufacturing software for
computer numerical controls show the potential of an open data ecosystem in con-
ventional multiaxis system data preparation. Software providers utilize the G-Code
or STEP-NC standard for innovations. They build libraries and software modules
to support the actual computer numerical control system providers with digital pro-
cesses such as custom programs for performance verification, radio-frequency iden-
tification supported program and resource verification, path simulations and
visualization, and path collision warning.31,33 Laser-based AM has the same poten-
tial for an interchangeable data pipeline.

The discussed requirements, linked use cases, and the evaluation of G-Code,28

CLI,29 and 3MF30 are visualized in table 1.

Basic Object Model
From the requirements, the OVF data model has been derived and implemented.
The basic object model is derived from the layer-wise build process of AM pro-
cesses. The most basic data object types and their relationships can be found in
figure 2. A detailed unified modeling language class diagram of all data fields can be
found in figure 3.

FIG. 2 Basic object model of open vector format.
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JOB

The job object is the root object of the model and represents the whole build job
the AM machine will manufacture. Contained in the job are two data objects: a
list of WorkPlane objects and a map of MarkingParams objects. These data
objects contain all the information that is required for the machine to manufac-
ture the job. Additionally, the job contains several metadata objects that are
detailed later in this paper. The most important of these metadata objects is the
Part object map.

WORKPLANE

The WorkPlane object represents a two-dimensional drawing plane located in 3D
space; its name derives from the CAD concept with a similar function. The Work-
Plane is the most fundamental object because it shows and limits the use case of the
OVF. The object model is aimed at AM processes that use a motion system (e.g.,
multiaxis system, industrial robot) to position a build object (e.g., LPBF build plate,
laser metal deposition part) relative to a vector-based actuator (e.g., galvanometer
scanner with laser source, magnetic field deflector with electron beam). The move-
ments of both actuators are expected to happen consecutively and not simulta-
neously. Thus, in the example of LPBF, the z-axis moves the build plate to the
correct height first. After the movement is finished, the laser actuator starts vector
execution. Goal coordinates for the motion system are stored in the WorkPlane
object itself.

FIG. 3 OVF data model.
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VECTORBLOCK

The VectorBlock object represents a set of vectors that share the same metadata
and process parameter set. Each VectorBlock is mapped to one specific set of mark-
ing parameters from the job. The VectorBlock object exists mainly for performance
reasons and storage space efficiency. VectorBlocks can adapt to one of several avail-
able types that define how exactly the point coordinate data are stored and will be
interpreted by the machine controller software. The most common VectorBlock
types are Hatches and LineSequences (also known as polygons) that can also be
found in CLI.29

Hatches are defined as a set of straight lines that are not connected to each
other and are commonly used to create the “filling” of parts. LineSequences are a
set of connected straight line segments that are commonly used to create contours
of AM parts. VectorBlock types act as flexible extension points of the format. The
machine controller software will check the vector block type and only execute
known types. If a specialized vector block type is beneficial for a use case, both the
vector generating code as well as the machine controller can be extended to sup-
port other types while still utilizing the other parts of the job structure. For exam-
ple, arcs and ellipses have been added as additional VectorBlock types for use
in Case 4.

Additionally, for multilaser machines, each VectorBlock can store the index of
the executing laser unit if the vector allocation is generated upstream and not by
the machine controller software.

MARKINGPARAMS

The MarkingParams object contains process parameters for the execution of the
vectors such as marking speed, power, and abstract parameters for configuring the
closed loop controller that controls the laser beam’s positional accuracy. This
includes feed-forward parameters such as delays as well as acceleration and deceler-
ation compensation (“skywriting”) set points such as prerun and postrun times. It is
up to the machine controller software to calculate the real set points from the
abstract description considering the hardware components specifications, safety
limits, and so on.

METADATA

The basic objects Job, WorkPlane, and VectorBlock contain additional fields for
metadata. Details can be found in figure 3. Most relevant is the part object. Many
AM processes like LPBF create a whole batch of parts at once. Separation of parts
from the build plate is a postprocessing step (e.g., by a saw). The information about
the part relationship is not relevant for the printing process itself but is highly rele-
vant for applications that process the data after slicing. Quality-assurance applica-
tions (Use Case 2) especially need this relationship to connect data that are
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generated during or after AM processing, such as process monitoring sensor data
and quality control measurements, with the machine code. The metadata object can
be one of various extendable types to support specific requirements of different AM
processes, for example, microstructuring (given as example in fig. 3) or laser metal
deposition.

Discussion of Performance
The main advantage of the binary data and generated source code is the near-native
performance. The focus of this paper is not the exact performance comparison of
serialized data formats but the use case of AM data handling. Therefore, the exam-
ple presented uses AM vector data. A few examples of general serialization perfor-
mance benchmarks can be found in the literature.34–37 In general, binary formats
perform better in space requirement, serialization, and deserialization time for
numerical data, and AM data mostly consists of floating point values for the vector
coordinates. Therefore, the expectation for typical AM data is a major performance
increase. The exact increase is highly data dependent on the fraction of nonnumeri-
cal data as well as the implementation in the target programming language, for
example. The following example is therefore only intended to give a rough perfor-
mance estimate because performance is only one advantage of the technical
approach.

The example comparison uses the 3MF file format, which is based on XML.
Two proprietary format files have been read in and the contained vector data have
been saved—first as OVF messages and a lookup table to enable random access of
each WorkPlane. The implementation of the write function can be found in the Git
Hub repository.38 The second file type uses the official 3MF library (lib3mf Version
2.0.0)]30 to write files according to 3MF slice extension specification; 3MF is an
XML-based format. The XML files are compressed by lib3mf to save disk space.
The expectation for a compression is a decrease in the space requirement with the
cost of longer save times.

To compare compressed and uncompressed sizes, the 3mf file has been
unpacked and the proprietary and OVF files have been compressed using the fastes”
preset of “deflate” ZIP compression by the software 7-Zip file manager (V19.00)39

with a 32-kB dictionary size and 32-bit word size. Note that the default save format
for 3mf is compressed and, for proprietary and OVF, it is uncompressed. The com-
parison of the sizes can be found in figure 4.

As seen in the comparison, the XML-based 3MF files are about five times
as big as the same data saved as OVF. This ratio is improved by the 3mf
library by compressing the resulting file, which is still slightly larger than the
uncompressed OVF, but this increases the runtime of the save operation. The
overall save time when using 3mf is about 37 times as high as using OVF, as seen
in figure 5.
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FIG. 4 File-size benchmark of different formats.
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Conclusion
In this work, OVF is presented as a blueprint solution for an AM data model along
the process chain. The use cases for an open vector-based format are explained:
process simulations, vector postprocessing, process monitoring, and interchange-
able data pipelines. The requirements of these use cases are compared to G-Code,
CLI, and proprietary formats, and shortcomings are derived: inefficient storage of
numerical values, lack of geometric primitives (such as arcs and ellipses that state-
of-the-art scanners support), as well as missing process parameters and metadata.

A possible solution in form of OVF is presented. The basic object model consist-
ing of Job, WorkPlane, VectorBlock, and Parameter objects is detailed. The technical
fundament using Protocol Buffers—its features and advantages—is introduced. The
format performance is compared to the text-based 3mf format in an example.
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