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A B S T R A C T

Additive Manufacturing (AM) has emerged as a disruptive technology with the potential to revolutionize
the construction industry by integrating digital design with automated manufacturing. This paper presents
and extends Fabrication Information Modeling (FIM), a comprehensive framework tailored for automated
manufacturing in construction. FIM facilitates the seamless integration of digital design concepts with
automated manufacturing processes, enabling precise control over fabrication information and enhancing
construction efficiency and quality. This paper demonstrates its potential to optimize construction processes
through a detailed exploration of FIM’s capabilities, including data preparation, path planning, simulation
integration, robot control, and data feedback. By enabling a circular data flow between digital modeling and
manufacturing, FIM is able to bridge the gap between digital design and physical construction, revolutionizing
how construction projects are conceived, planned, and executed. The paper concludes by highlighting the
challenges and future research directions in advancing FIM-based construction systems, emphasizing its
transformative potential in driving innovation and sustainability in the construction industry.
1. Introduction

Additive Manufacturing (AM), a potentially disruptive technology
for the construction sector, has gained popularity in recent years, due
to its potential to revolutionize the industry. This innovative technol-
ogy involves chaining digital design with automated manufacturing.
This shift towards automation aligns with the broader trend in the
construction-related research, Construction 4.0, emphasizing the need
for increased digitization in the construction process [1,2]. It provides
the means to rethink how buildings and structures are conceptual-
ized and built [3–5], and offers the potential for increased speed and
decreased labor requirements [6]. These are advantages that could
alleviate some of the labor shortage problems currently increasing in
Germany due to demographic change.

Moreover, sustainability considerations play a significant role in the
growing interest in AM for construction [1]. Researchers and indus-
try professionals actively explore the technology’s potential to reduce
material waste, manual labor and energy consumption, aligning with
global sustainability goals [7,8]. The ability to create structures with
optimized geometries and minimal waste underscores the environmen-
tal benefits of AM in construction (AMC) [9]. AM’s inherent capability
for customization and adaptability in design empowers architects and
builders to explore innovative and unconventional structures, pushing
the boundaries of traditional construction methods [3].
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However, despite the transformative potential, the construction in-
dustry is still reluctant to adopt digital manufacturing methods, such as
AM, as the technology does not yet provide a significant competitive ad-
vantage [10,11]. This is mostly due to the fact that AM in construction
is still regarded to be in its infancy (fundamental research), and many
challenges still persist. As described in Section 2.1.3, in particular, the
material properties of construction materials are not well-suited for
3D printing necessitating an adaptive design approach [12,13]. Thus,
a feedback loop facilitated by parametric pattern-based path planning
and streamlined fabrication information management becomes crucial.
As shown in this paper, the challenges tied to AM in construction can be
addressed by enabling adaptive design and data management, allowing
full access to the fabrication information in real-time.

In this context, this paper presents Fabrication Information Mod-
eling (FIM), a framework developed based on an open exchange data
format suitable for design and manufacturing that can facilitate the
seamless integration of robotic manufacturing technologies, such as
AM, into construction processes. As an intermediate layer between dig-
ital design and automated manufacturing, FIM incorporates customized
control methods, aiming to increase the precision and efficiency of
printing processes. FIM aims to be a unified framework incorporat-
ing all construction-related automated manufacturing methods, which
includes additive and subtractive techniques.
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Fig. 1. Functional principle of depositing methods according to [14].
1.1. Research objectives

The primary goal of this paper is to illustrate the FIM framework,
which bridges the gap between digital design (BIM) and additive man-
ufacturing (AM). The framework aims to enable seamless, bidirectional
information transfer between these two domains without the need for
conversion. To achieve this, it must be possible to semi-automatically
derive fabrication information from the digital design. This information
should always be accessible and adaptable while preserving the ‘‘as-
designed’’ data as ground truth. Additionally, the framework should
include methods for integrating sensor data feedback to allow real-time
monitoring and control of the printing process. However, this paper
focuses specifically on extrusion-based AM methods, and the feasibility
of applying FIM to other AM methods will need to be explored in future
research.

1.2. Research outline

In the following, first, an overview of existing AM technologies
related to construction is given in Section 2. In the Overview, particular
emphasis is put on describing the hardware related to the various AM
methods and the current digital methods to provide the fabrication in-
formation. Then, in Section 3, the proposed FIM framework is described
conceptually. Subsequently, the implementation work that was per-
formed in the scope of this paper is described. First, the data structure
is illustrated, and the individual subsections are explained in detail,
highlighting the corresponding capabilities. Then, in Section 5, the
implemented methods for the FIM-based Cyber-Physical System (CPS)
are illustrated, and key elements for closing the digital-to-physical-
to-digital loop are identified. For each method, the implementation
is roughly described, and experimental data is provided. Finally, in
Section 6, the results are discussed in the context of the previously
raised research objectives.

2. State of the art

2.1. Additive manufacturing in construction (AMC)

The term AM, often referred to as ‘‘3D printing’’, covers various
technologies that can be used to manufacture objects in an automated,
computer-controlled manner. Usually, with AM, the material applica-
tion is performed layer by layer. While AM systems could only process
plastics initially, more and more materials are now processable using
AM methods. This technology began to raise attention for the con-
struction industry when typical construction materials (concrete, steel,
and wood) were added to the list of materials AM can process. Today,
the field of AM in construction is highly dynamic, and many ongoing
research projects aim to advance the respective technologies [15,16].
Current research focuses on refining AM technologies, exploring new
materials, and addressing technical challenges.

The following sections will describe prominent AM methods and
the corresponding hardware for AM in construction to illustrate the
diversity of AM technologies in the construction sector. Furthermore, a
description of software solutions to control the corresponding hardware
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is provided. As part of related research, many AM methods were investi-
gated to extract standard features to create a data structure suitable for
integrating automated fabrication (AM) with digital design [17]. Based
on research into the data structure, this work develops a framework
for cyber manufacturing, i.e., automatically deriving manufacturing
information from BIM models and using this data directly for robot
control.

2.1.1. Methods and materials
The primary materials used in construction are concrete, steel,

and wood, of which mostly concrete and steel have been of interest
in developing AM systems. The following section will also focus on
concrete and steel, two materials that differ significantly concerning
their properties and the way they are processed. Concrete, a mineral
material, has a high compressive strength, and steel, a metallic mate-
rial, has a high tensile strength, which is why both materials are often
combined in construction. Naturally, processing the two materials with
AM methods requires different specialized tools. Yet, the AM methods
developed to process these materials have some similarities and can be
grouped into two categories: the deposition methods and the particle-
bed methods. These categories group AM methods according to their
functional principle.

As will be apparent by the following overview, there are numerous
applications for AM in the construction industry. The individual brief
descriptions in the following paragraphs also will make it clear that
these methods, although similar, require different hardware (cf. Sec-
tion 2.1.2) and differ accordingly in terms of computer-aided control
(cf. Section 2.2.2).

Deposition methods: The deposition methods include, e.g., Extr-
usion-based 3D Concrete Printing (E3DCP), Shotcrete 3D printing
(SC3DP), and Wire and Arc Additive Manufacturing (WAAM). These
methods apply the processed material by a deposition process, as
indicated by the category name. First, if not already the case, the
material to be printed is brought into a ductile state. Then, the material
is continuously transported to and deposited at the desired location
layer-wise, as illustrated by Fig. 1.

In all the named examples (E3DCP, SC3DP, and WAAM), the ma-
terial is applied by an extrusion nozzle that is moved in space by
a robotic actuator. However, in the case of E3DCP, freshly mixed
concrete is pumped to and gently deposited on the desired location
by the nozzle, which can also be actively controlled depending on the
exact method. Different variations have been developed concerning the
concrete deposition strategy for this method. Two notable deposition
strategies are the infinite brick and the layer pressing strategy (cf. Fig. 2).

With Shotcrete, freshly mixed concrete is pumped to the nozzle,
then accelerated by compressed air and sprayed onto the desired area.
However, various process parameters must be coordinated for a stable
shotcrete process [20], as illustrated in Fig. 3. During WAAM, a steel
wire is mechanically transported to the nozzle, melted in the nozzle
by an electric arc, and the resulting steel droplets are applied to the
desired location [21].

Particle-bed methods: The particle-bed methods include, e.g. Se-
lective Cement Activation (SCA), Selective Paste Intrusion (SPI)
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(a) Infinite brick [18]. (b) Layer pressing [19].

Fig. 2. Two different deposition strategies for the extrusion-based concrete 3D printing method.
Fig. 3. Shotcrete 3D printing (SC3DP) method, including controllable process parameters, after [20].
[14,22], and Laser Powder-Bed Fusion (LPBF) [23]. With these meth-
ods, objects are manufactured in a two-step process. First, powdered
material is applied in thin layers on the target area (matrix). Then,
the matrix is selectively bound by a chemical or physical process.
Lastly, the unbound matrix material is removed to extract and clean
the manufactured object. The whole procedure is illustrated in Fig. 4.

All the named examples for particle-bed methods follow the same
steps, but each method’s matrix material and binding process are
different. In SCA, the matrix material is composed of fine aggregates
(e.g. sand) and a binding agent (cement), and the binding process
is chemical. The cement gets ‘‘activated’’ in the desired locations by
selective application of an activator liquid water droplets [22]. With
SPI, the matrix material is just aggregate materials (e.g., sand or fine
gravel) bound by selective intrusion of cement paste [14]. During LPBF,
metal powder is applied in thin layers and then bound physically by
melting the metal utilizing direct energy deposition (DED), e.g. with a
focused laser beam [23].

Method combinations: A fact that has not been addressed so
far is the possibility of combining different AM methods. With one
AM method, only one material can be processed. Material composites
are often used in construction for optimal component performance,
e.g., reinforced concrete. There are various approaches to reinforce-
ment integration in concrete 3D printing, such as adding steel, glass,
or carbon fibers to the concrete mix, robot-assisted insertion of short
rebars, or automated application of reinforcement material [24–26].
Another study investigates the combination of a particle-bed method
(SPI) with a deposition method (WAAM) [27].

Finally, also the Injection 3D Concrete Printing (I3DCP) method
[28] has to be mentioned; it is described in this section, as it does not
strictly fit in either AM category named in this paper. With the I3DCP, a
fluid material can be deposited within a reservoir of another fluid mate-
rial. The method has characteristics of both categories, depositing and
particle-bed methods. In addition, the method enables breaking free
from the usual layer-by-layer manufacturing method; with I3DCP, the
material to be deposited can be freely distributed spatially. However,
3 
this imposes another degree of freedom, that needs to be covered by
the digital workflow (cf. Sections 4.3 and 2.2.2).

2.1.2. AMC hardware
In order to apply the AM methods described in Section 2.1.1 in

practice, various hardware setups can be utilized. All AM methods,
however, require at least a material feeding system (material supply),
a motion system (manipulator), and an material application system
(print head). Additionally, the build platform and the environment
around the AM machine can also be assumed to be part of the system.
Optionally, other utilities may be used in more complex AM systems,
such as different kinds of sensor systems, mobile platforms, or addi-
tional tools. In the following paragraphs, a select set of commonly
utilized hardware systems is named and described to illustrate how
diverse AM systems can be, even if they are classified under the same
functional principle.

Material supply: A reliable transportation mechanism must be
provided to supply the print head of an AM system with a continuous
feed of material. Depending on the applied method and material (cf.
Section 2.1.1), there are different possibilities, either active or pas-
sive systems. In the case of WAAM, e.g., a wire spindle is minimally
required, from which the print head can draw the steel wire. For
the concrete printing methods (depositing and particle-bed systems),
the material feeding system can be further subdivided into mixing
and pumping machinery. At least two scenarios are possible for the
mixing system [29]. One solution is a separate mixer that supplies the
AM system with concrete in batches. The other solution is an in-line
mixing system (integrated into the conveying system) that continuously
supplies the system. In both variations, either with a separated mixer or
integrated, the pumping system conveys the freshly mixed concrete or
cement paste towards the print head. Standard concrete pumps can be
utilized for the pumping mechanism. It is worth mentioning a related
study in which the use of the retractable arm of truck-mounted boom
pumps as a manipulator of the AM system was investigated [30] (next
paragraph). When using the SC3DP method, an air compressor must



M. Slepicka and A. Borrmann

o
S
a
b
a
e
m
i
r
5
W
t
e
l
s
r

p
o
t
i

a
T
o
c
t
s
s
i
s
a
a
c
o
m

Automation in Construction 168 (2024) 105792 
Fig. 4. Functional principle of particle-bed methods according to [14].
also be provided to regulate the spraying mechanism. In addition, in
the case of concrete printing, the material feeding system can als

Manipulator: The print head motion must be computer-contr-
llable for manufacturing using any of the mentioned AM methods (cf.
ection 2.1.1). In order to realize the print head motion in AM systems,
large variety of robotic manipulators from different vendors may

e utilized depending on the AM method. For whole 3D movement,
manipulator with at least 3 degrees of freedom (DoF) is required,

.g., a gantry robot or a movable print platform in combination with a
ovable print head (1+2 DoF). However, for more geometric freedom,

n the case of non-horizontal or non-planar 3D printing (cf. Section 4.3),
obots with more DoFs are required, such as articulated robot arms with
or more DoFs. In many research projects, 6 DoF robot arms are used.
ith particle-bed methods, gantry systems are usually employed; due

o the particle bed that can only be applied in horizontal layers, the
xtra DoFs are unnecessary. Depending on the system, an additional
inear axis can move its particle dispenser (next paragraph). In other
ystems, both tools are fixed on the same mount. Fig. 5 depicts various
obot systems used in research projects.

Print head: The final key component of an AM system is the
rint head, the tool used to control the material application. Depending
n the AM method and material, the print head may look and func-
ion quite differently. Both simple passive designs as well as complex
ndividually controllable contraptions are available.

In the case of particle-bed methods, there are two types of material
pplication: the particle-bed application and the selective binding.
herefore, the print head consists of two separate tools; depending
n the system, they can be individually controlled. A dispensing and
ompacting tool for the particle-bed application is employed to spread
he matrix material in thin layers within the build space of the AM
ystem. For example, Fig. 6 illustrates the functional principle of a
catter and compacting roller used in an SCA machine and specifies
ts control parameters. For the selective binding process, e.g., nozzle
ystems with one or more nozzles for dispensing liquids (chemical
ctivation or binder intrusion) or a focusable energy source, such
s a plasma arc, laser, or electron beam (DED), are used. Here, the
ontrollable parameter is the volume flow (liquid dispensing nozzles)
r the energy input (DED), which has to be coordinated with the

ovement of the manipulator.

4 
For WAAM, as part of the depositing methods, the print head
combines an electric arc torch and a wire feeder, which can be attached
to the chosen manipulator. It is controlled by setting the wire feed rate
and the applied voltage to the torch. In the case of SC3DP, the print
head is a robot-mountable shotcrete system [31]. However, the control
of the SC3DP is not quite simple; many parameters, such as the applied
air pressure, concrete flow rate, distance of the nozzle to the target area,
and robot speed, have to be coordinated [20], as illustrated in Fig. 3.

Many different print head variations have been developed for
extrusion-based concrete printing systems following different concrete
application strategies (cf. Section 2.1.1). In all variations and with
all strategies, however, concrete is pushed through a nozzle, shaping
the concrete, and then deposited at the nozzle’s location. The most
straightforward system is a robot mountable tube with one end at-
tached to the concrete pump and the other outfitted with a fixed
nozzle. More sophisticated versions of this include, e.g., an integrated
auger screw in the print head to fine-tune the volume flow. For some
concrete mixtures, however, this fine-tuning method is not applicable
(cf. Section 2.1.3). For reinforcement integration, systems have been
developed that insert a fiber into the extruded filament, increasing the
flexural strength of the printed component [32]. Another notable print
head variation is the Gradation-Ready Extrusion System (GRES). This
robot-mounted near-nozzle mixing solution can change the concrete
mix gradually during the printing process [33].

Optional tools and combinations: In addition to the three main
components described in the previous paragraphs, it is possible to outfit
the AM system with optional equipment, either for process optimization
or enabling data feedback. For process optimization, the additional
tools can be passive, such as trowels mounted on an E3DCP print head,
or actively controlled, such as a tilt-turn table for WAAM [21] or mobile
platforms for any mountable AM system [34]. Both passive and active
additions may impose additional conditions regarding machine control.

For data feedback, various sensor systems can be utilized. Optical
sensors, such as cameras (RGB, thermal, or depth), laser profilers, or
terrestrial laser scanners, can capture the ‘‘as-printed’’ geometry during
or after manufacturing. Depending on the utilized AM method, other
sensors, such as a voltmeter to measure the actual voltage at the
WAAM tool or in-line pressure sensors to measure the pressure gradient
between the pumping system and extruder in a E3DCP system can be
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Fig. 5. Different robotic manipulators utilized in AM methods for construction [18,22,30]. (a) to (e) illustrate robots that can be used in depositing methods, and (f) shows a
lab-scale particle-bed printer. (a) shows a 6 DoF robotic arm manipulator, (b) a portal robot, (c) cylindrical robot, (d) cable-driven parallel robot, and (e) a modified boom pump.
Fig. 6. Functional principle of the particle-bed preparation using a scatter and compaction roller [22].
used, e.g., for feedback control. Additionally, auxiliary utilities may
be needed, e.g., if sensors must be aligned with the robot trajectory
independent of the robot’s end-effector [35].
5 
All sensors and utilities will likely have different interfaces. While
some sensor or utility systems can be accessed via well-implemented
SDKs, others have to be hooked up with a microcontroller that can
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Fig. 7. Three contour prints of a rectangular component performed using different robot velocities are illustrated. With a faster velocity, the corners get more and more distorted.
interpret the sensor signal or control the utility, e.g., a custom build
camera mounting system [35].

2.1.3. Challenges in AMC
AM’s often-proclaimed advantage is the possibility of manufacturing

components fast and resource-efficient, even those with complex shapes
(cf. Section 1). However, it is often neglected that 3D printing can
quickly fail if, for example, the digital model is inadequate, the machine
is not calibrated correctly, the wrong or defective material is used, or
environmental effects disrupt the process. In large-scale applications of
AM, e.g., in construction, print failures have a much more significant
impact, as 3D printing at this scale consumes a lot of time and mate-
rial. In that sense, AM is not a rapid prototyping technology for the
construction industry. Unlike in model-scale prototyping, failed prints
cannot be reprinted at will.

Process reliability for AMC is a critical issue that needs to be
resolved to raise the acceptance of the technology in the industry.
In this context, challenges include material property optimization, en-
suring structural integrity, and addressing issues related to scalability
for large-scale construction projects. Moreover, standardization and
regulatory frameworks are still evolving, not only in the construction
sector [36].

For AM, concrete, for example, has to have contradicting rheological
properties; it must be simultaneously pumpable, extrudable, and build-
able. That means the concrete must be fluid enough to be transported
through pipes and squeezed out of a nozzle without tearing; however,
as soon as the material is applied, it must be structurally stable to
support its weight, the pressure of the printing nozzle, and consecutive
material layers [37].

Another issue of concrete, related to its rheological properties, is
that it can be displaced by the printing nozzle after deposition due
to friction, as illustrated in Fig. 7. The effect is proportional to the
nozzle speed, dependent on the support by lower layers, and is directed
tangentially to the nozzle movement. Thus, this effect is most substan-
tial in sharp turns of the toolpath and gets stronger in higher printing
layers as long as the material is still soft below. As the concrete’s
structural buildup (solidification) in E3DCP takes some time, this must
be resolved by adapting the movement of the AM system, e.g., moving
slower when the curvature is large (cf. Section 4.3). Different parame-
ters (material, process, or even geometry) are often interrelated and
strongly affect each other, as in the example described. It is often
not easy to predict how the parameters are related, especially if the
component’s geometry is a factor.

Depending on the AM method, also different constraints must be
applied. For example, the extrusion of fiber-reinforced concrete poses
strict limitations regarding the repositioning of the tool during the
print. In this case, the print head must be passive; using an auger screw
to control the material flow would disturb the alignment of the fiber
reinforcement, or, in the worst case, the fibers would clog the print
head [38].

The described issues are only an excerpt of a long list of chal-
lenges. Besides the already mentioned advantages, all the different AM
methods (cf. Section 2.1.1) and machine systems (cf. Section 2.1.2)
have their own set of limitations related to material properties, envi-
ronmental effects, and interdependencies of subsystems. For all these
6 
reasons, it is vital to provide a versatile digital workflow based on
a data structure that allows full access to interlinked datasets of the
domains involved at any time in the design and manufacturing process.
It is vital to enable a circular data flow, not only for process control
but also for capturing ‘‘as-built’’ deviations that could not be avoided.
A suitable data structure and the corresponding framework to provide
said capabilities is described in Sections 3 and 5. Before that, the
conventional digital thread and its shortcomings are investigated in the
following section.

2.2. Data flow in AMC

For Additive manufacturing, in general, a digital model is used
to manufacture a component utilizing automated robotic fabricators,
adding material, usually in a layer-wise manner (cf. Section 2.1).
However, the way in which the digital model is used, i.e., the data flow,
must be clarified.

First, digital design methods must provide a digital model with a
certain level of detail (cf. Section 2.2.1). Then, the digital model must
be translated into machine-interpretable code to control the robotic
fabricators providing a digital-to-physical data flow (cf. Section 2.2.2).
Using the control code, the corresponding component can be manufac-
tured.

2.2.1. Digital design in construction using BIM
In construction, projects usually involve a wide range of stakehold-

ers from different fields of expertise. Traditionally, project information
was communicated between the stakeholders through technical draw-
ings. Now, digital methods are increasingly adopted in the Architecture,
Engineering, and Construction (AEC) industry to address the various
limitations inherent to this form of information exchange. A method-
ology that has now been widely accepted by the industry is Building
Information Modeling (BIM). It aims to digitize design, construction,
and operation processes, replacing traditional drawings with compre-
hensive digital representations stored as building information models.
This approach streamlines coordination, integrates simulations, con-
trols construction, and facilitates data handover, leading to increased
productivity and quality.

A BIM model is an extensive digital representation of a building,
incorporating geometric and semantic data [39]. Providing semantics,
such as building element types, properties, and materials, in an in-
terconnected way enables many design processes in construction to
be automated [40]. In construction, the design of a building is an
iterative process in which the design requirements of different do-
mains (Architecture, structural elements, HVAC, electrical, etc.) must
be coordinated and integrated [41]. Among other activities, quantity
assessments, collision checks, and the generation of simulation models
or construction plans can be performed BIM-based. At the same time,
redundancies and inconsistencies among specialists can be avoided,
enhancing planning quality and efficiency.

For information exchange between the different domain experts in
construction projects, the exchange data format Industry Foundation
Classes (IFC) was established. IFC is an open and neutral data model
used in the architecture, engineering, and construction (AEC) indus-
try to facilitate interoperability and data exchange between different
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Fig. 8. Conventional digital workflow for AM, after [43]. Depicted is a linear workflow requiring two file format conversions, indicated by the dotted lines.
software applications [42]. It is an ISO-standardized data model for
representing building and construction data, encompassing geomet-
ric, spatial, and non-graphical information about building elements,
materials, and properties. IFC files enable seamless collaboration and
communication among stakeholders throughout the entire building life-
cycle, from design and construction to operation and maintenance, by
providing a common language for exchanging comprehensive building
information models (BIM).

IFC provides a comprehensive data model defining numerous classes
for representing geometric and semantic information. A notable feature
of the IFC data structure is the objectified relationships with which se-
mantically relevant relations can be further detailed. The data model is
organized into four layers (Resource, Core, Shared, and Domain layer)
for better maintainability [42]. In the core layer, which is the most
general, the basic structure is provided as fundamental relationships
and common superclasses that may be specialized in the higher layers
(Shared and Domain), which contain shared and domain-specific class
definitions. The most basic schemes are defined in the Resource layer
and are available throughout the entire IFC data structure. Among
others, geometric elements (points, vectors, curves, etc.), higher-level
geometric models (B-Rep, swept solids, etc.), elements for describing
materials, and other utilities are defined in the Resource layer.

2.2.2. Digital-to-physical workflow
In order to print an object with an AM system, the corresponding

fabrication information, i.e., the machine path, tool parameters, and
used method, must be readily available (pre-processing, cf. Fig. 8). Usu-
ally, to provide this information, a geometric model is first generated
in CAD software (cf. Section 2.2.1) and then exported as a triangu-
lated facet model (STL file format). The facet model is then processed
into machine paths and tool parameters by slicing software [43,44].
Alternatively, skipping the geometry generation, machine paths, and
the corresponding tool parameters can also be generated directly uti-
lizing generative algorithms [40]. After that, the generated toolpaths
and parameters must be translated into machine-interpretable code to
control the AM system’s hardware. With fully developed AM systems,
the machine-interpretable code, often G-Code, can then be fed to the
centralized control unit, which executes the 3D print.

However, the just-described workflow is not always efficient or even
feasible for the following reasons:

• In the conventional workflow, as indicated by the dotted lines
in Fig. 8, data conversions are necessary. Firstly, the export of
the geometric information of the component to be printed in a
format compatible with the slicing software. Secondly, the export
of the machine-interpretable control code, usually G-code. In each
conversion step, data may be lost. Furthermore, converting data
back into the original data format can be difficult.

• Printed building components in the construction domain fre-
quently entail specific criteria concerning structural integrity or
additional functionalities like thermal insulation. The design in-
tricacies of these components are closely intertwined with their
intended functional capabilities. To address this early on, numer-
ical methods are commonly employed during the design phase
7 
to assess a component’s anticipated performance [40]. However,
numerical methods cannot only be used during the design phase
but also during the manufacturing process to predict material
behavior based on data feedback. Yet, the previously described
data format conversions make integrating numerical methods and
data feedback mechanisms challenging.

• As illustrated in Section 2.1.2, most AM systems combine multiple
systems (Print head, manipulator, and material feed). Not all of
these systems have a central control unit that can be easily con-
trolled via a standardized numerical control code, e.g., G-code.
For Example, an articulated robot arms’ control unit is usually
programmed using a vendor-specific programming language to
utilize the robot’s full potential, e.g., KRL for KUKA robots or
URscript for UR robots. Not all slicing software can export control
code for industrial robots. Similarly, the other equipment (print
head, material feed, sensors, and other utilities) possibly have
different control interfaces.

• The most commonly used intermediate file format STL [43,44]
for preprocessing the digital model into fabrication information
has some significant disadvantages. Although the data structure
of STL files is simple, making it easy to read and write, it may
contain redundancies (large data files), is only able to represent
an approximation of the component’s CAD model, and cannot
represent semantic data [40]. Semantics, or the meaning of in-
formation, is crucial for understanding and processing data in
construction planning and modeling, as it enables meaningful
relationships and properties of a building to be captured and
interpreted [45] (cf. Section 4).

As an alternative to the conventional workflow, automated scripts
for CAD systems can be implemented to perform the slicing and tool-
path generation. Using the CAD system that was used to create the
digital model of the component to be printed eliminates the need
to export the geometric model into one of the typical file formats
for the slicing software. Very convenient for this purpose are visual
programming environments available for several CAD systems, such
as Grasshopper for Rhino or Dynamo for Autodesk Revit [43]. For
example, the extensive plugin library for Grasshopper includes vari-
ous numerical simulation tools, slicing utilities, and tools to export
robot control code or directly send instructions to the robot via a
TCP/IP connection [43,46]. In that sense, Rhino-Grasshopper plugins
are suitable for planning and executing complex robot procedures and
communicating with the AM tools for an AM process. The AM data
(geometric model, numerical control code, and feedback data) can
be generated and manipulated during the runtime of the respective
script and later exported in separate files. In addition, with a script
implemented in the two previously mentioned visual programming
environments, a BIM model can be used as the data source.

Utilizing AM in construction also imposes new design and engineer-
ing requirements, which must be coordinated during building design.
In this sense, AM activities, such as path planning and robot and perfor-
mance simulation, must be part of the construction planning iterations
and should, therefore, be integrated into the BIM methodology. A linear
workflow from the digital model to the fabrication information, as
depicted in Fig. 8, is only possible if the digital model is already in
its final design stage and suitable for 3D printing.
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2.2.3. Physical-to-digital workflow
A linear workflow and static machine control are feasible for well-

defined manufacturing conditions, e.g., simple geometry, suitable en-
vironment, and easily predictable material behavior. Yet, as indicated
in Section 2.1.3, such conditions are rarely available for AMC, which
necessitates applying feedback control. For this, the physical reality
must be monitored, the captured data interpreted, and subsequently,
the interpreted data is stored, providing a physical-to-digital data flow.
n sophisticated manufacturing systems, the interpreted data can be
sed in a closed loop control system to alter the machine control code
o optimize the manufacturing process (closed-loop control).

For the first part, the monitoring, sensors must be installed to
ollect real-world information and convert it into digital data. In the
ontext of AM, various parameters may be relevant, such as parameters
elated to the environment (temperature, humidity), to the process
pump pressure, robot position, and velocity), or to the printed com-
onent (‘‘as-printed’’ data, such as geometric features). Depending on
he required information, various sensor types are available [13]. For
xample, the robot’s position and velocity can be monitored by motor
eedback systems built into the robot control unit. The geometric
eatures of the printed component are usually captured using optical
ensors, such as RGB cameras, Lidars, or Laser scanners. Each sensor
ay have a different output; for example, optical sensors provide video

eeds, pictures, or point clouds [12,47], while other sensors provide
ime-series data [12].

After collection, the physical data needs to be processed and con-
erted into a digital format that can be stored and analyzed by com-
uter systems. This may involve preprocessing to clean, filter, or format
he data for further use. Once converted, the data needs to be repre-
ented digitally (stored) in a way that it can be associated with the
odeled process or component data (cf. Sections 4.3 and 4.4).

For closed-loop control, the captured sensor data must be inter-
reted with appropriate tools depending on the data type. For video
eedback, e.g. image processing algorithms may be needed. By com-
aring the interpreted sensor data, the ‘‘as-printed’’ data, with the

‘as-designed’’ data of the digital model, deviations can be identified
deviation map), and appropriate measures to counteract can be taken.

.3. Circular data flow

In principle, digital-to-physical and physical-to-digital combined
ould describe a circular data flow that integrates computing, commu-
ication, and control (cyber-world) with the dynamic physical world
48]. The underlying concept has emerged in the manufacturing indus-
ry and is referred to as Cyber-Physical Systems (CPS).

In the physical-to-digital workflow, the captured data can also be
sed to update the digital model to track any deviations in the physical
orm from the original design. This process, known as Digital Twining
DT), involves using the updated model to provide a circular data flow.
his way, a bi-directional dynamic mapping between the digital model
nd the physical world is realized [48].

A CPS is broadly characterized as a network where physical and
igital elements are intricately linked to facilitate an intelligent control
oop marked by adaptability and autonomy [49]. In contrast, a Digital
win (DT) represents a precise digital replica of a physical asset con-
inuously updated with real-time sensor data, allowing for monitoring,
nalysis, and simulation of the physical entity’s performance and con-
ition [50]. Combined, both concepts could enhance the capabilities of
anufacturing systems by offering optimized solutions [48]. However,
seamless bidirectional information flow between the digital and

hysical world must be available to apply the CPS and DT concepts
o AMC effectively, which is not the case if the conventional digital

orkflow is applied.

8 
3. FIM framework

The concept of Fabrication Information Modeling (FIM) was first
introduced by Duro Royo as ‘‘a novel framework and methodology for
materially and geometrically complex design, as a way to combine form
generation, digital fabrication, and material computation in seamless
digital design processes’’ [51]. Slepicka et al. [17] adopted this idea
and applied the concept to the construction industry in a BIM context.
The current aim is to develop and extend the framework further to
become a cyber–physical system, allowing seamless circular data flow
(cf. Section 2.3).

A Fabrication Information Model (FIM) is designed to represent
information essential for the automated manufacturing of building
components, encompassing detailed descriptions of the component to
be built and the manufacturing processes. FIM is a vendor-neutral
abstraction layer bridging high-level design data (BIM) and low-level
machine instructions (tool paths, velocity profiles, etc.). Utilizing FIM
enables automatic derivation of manufacturing details from BIM data,
ensuring consistency and avoiding unnecessary data conversions. More-
over, FIM allows seamless integration of ‘‘as-manufactured’’ informa-
tion for subsequent BIM use cases like building maintenance. While
the FIM concept is agnostic of any automated fabrication method,
potentially ranging from robotic bricklaying to timber prefabrication,
the focus of this paper is on applying it to additive manufacturing.
For additive manufacturing, FIM enables the seamless translation of
printing paths into machine control instructions, allowing for simula-
tions, sensor data feedback, and direct usage of control data for various
purposes with suitable interfaces as illustrated in Fig. 9. The FIM model
acts as an intermediate layer, encapsulating the additional fabrication
information on the component level.

As described in Section 2, AM methods in construction are very
diverse and require different types of hardware. Each of these may
require different parameter sets to be modeled. Furthermore, to enable
the production of components with complex geometries or adaptive
manufacturing strategies, the manufacturing process must be repre-
sented in detail but in a flexible way. Also, direct data feedback from
various sensor systems and integration of simulation methods should
be possible. And lastly, the modeling of the manufacturing information
should be integrated into the digital design so that it can influence the
design iterations.

Factoring in all the requirements listed above, it became imperative
to develop a unified data structure (cf. Section 4) that aligns well with
digital design but can also fully represent the fabrication information
for the manufacturing process while allowing full data access at any
time. Slepicka et al. [17] identified IFC, the BIM exchange data format
(cf. Section 2.2.1), to be a suitable data model for the underlying
data structure of FIM. This paper illustrates the refined and further
developed FIM data model. Section 4 depicts and describes the most
important classes and their relationships in the FIM data model as well
as how the data is structured and supposed to be utilized.

Along with the data structure, methods for data utilization and
interfaces to existing software solutions were developed (cf. Section 5).
In this scope, a workflow to semi-automatically derive fabrication
information from BIM models was developed, a pattern-based path
planning approach. Moreover, tools utilizing FIM data for robot control
and simulation purposes were implemented. Finally, a methodology for
FIM-based scan planning and sensor data feedback was investigated and
prototypically implemented.

4. FIM data structure

Slepicka et al. [17] developed a data structure based on the Industry
Foundation Classes (IFC) data schema (cf. Section 2.2.1). For FIM, the
IFC data schema offers a lot of flexibility. As the data format is already
well established in the industry, many open-source tools can be resorted

to. Furthermore, with IFC, it is possible to provide multiple geometric
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Fig. 9. Schematical description of a FIM-based Cyber-Physical System (CPS).
Fig. 10. Partial instance diagram of the FIM data structure for representing one component; only the most important entities are depicted.
h
t
w
t

e
a
p
s

epresentations for one element. Instead of converting a component’s
eometry into a print path, this IFC capability allows the print path
o be added to the model as an alternative geometric representation.
dditionally, the IFC data model, which is an object-oriented data
chema, offers multiple options for how to store the data. The data
an be stored file-based in different formats, such as STEP Physical File
SPF), JSON, or XML, which are plain text formats especially useful for
ong-term data storage. Alternatively, it can also be stored in the form
f an online graph database, either using the encoding of the Resource
escription Framework (RDF) [52] or by means of a Labeled Property
raph (LPG) [53].
 t

9 
The FIM data structure, initially proposed by Slepicka et al. [17],
as since been refined and extended as illustrated in Fig. 10. To main-
ain readability, some entities that are not important for comprehension
ere omitted, such as local placement entities or the explicit items for

he shape representations.
To explain the functionality, the data structure shown Fig. 10 can

asily be sectioned into functional groups, as indicated by the colored
reas. Left unmarked is the root node, IfcProject, which is the entry
oint. It contains general information about the manufacturing project,
uch as data ownership, the date and type of the last modification, and
he date of the first creation.
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4.1. Spatial data

Connected to IfcProject by the aggregation relation
IfcRelAggregates is the spatial structure (orange box in Fig. 10), com-
prised of two classes, not counting the relations. The first class, IfcSite,
describes the construction site, i.e., the area where the construction
project takes place. For more context, the IfcSite can have geometric
representations and a placement. Additionally, it can be referenced to
geographic coordinates (longitude, latitude, and height elevation) or
detailed via an IfcPropertySet. In a broader sense, IfcSite describes
the environment around the AM system, which can significantly impact
the system’s performance. If sensors are installed to capture envi-
ronmental data, they can be modeled to be contained in this space
(IfcRelContainedInSpatialStructure).

On the construction site, one or more manufacturing systems (cf.
Section 4.5) can be installed and referenced by
IfcRelContainedInSpatialStructure. Each may define a workspace (Ifc-
SpatialZone) by IfcRelSpaceBoundary, i.e., the reachable limit of the
AM systems manipulator, which can be used, e.g., to set up clearance
zones for human workers. Contained within (IfcRelContainedInSpatial-
Structure) are, on the one hand an IfcProduct representing the com-
ponent to be manufactured (blue box, cf. Section 4.2) and on the
other, IfcElements representing the manufacturing robot (red box, cf.
Section 4.5).

The spatial data corresponds to the manufacturing system used. As
reviously indicated, it is helpful for preparation and setting up the
ystem. Also, printability checks can be performed if the workspace
s available by testing if the component is fully enclosed. If multiple
omponents are manufactured with the same system, the spatial data
an be shared in an external resource and linked to the component
odel by IfcExternalReference.

.2. BIM data

The component model or the BIM data section (blue box in Fig. 10)
s the most essential part of the data structure. It represents the ex-
racted component information from the original BIM model that de-
cribes the component to be manufactured. At the heart of it is the
fcBuiltElement, or, when instantiated, the more descriptive subtypes,

such as IfcWall or IfcColumn. For linkability, the IfcBuiltElement is
lways copied from the BIM model to the FIM model, retaining its
UID. The geometric description is also copied and converted into a
-Rep if not yet in that format. The B-Rep geometry format has multiple
dvantages for use in FIM, as the corresponding surfaces of the B-Rep
an be topologically broken down and used for different purposes (cf.
ections 5.1 and 5.2). To make the surfaces available, they are linked
o a separate IfcShapeRepresentation and labeled according to the
opology. An exterior Wall, for example, can be topologically broken
own into top, bottom, interior, exterior, and side surfaces.

In contrast to traditional construction methods, AM can create
omponents with completely enclosed void structures. This extra design
reedom, however, requires a higher model granularity for FIM, i.e. not
nly the exterior shape of an artifact but also the interior must be
epresented. With the IFC schema, this is possible by describing void-
ng features (IfcVoidingFeature), i.e., elements that are ‘‘subtracted’’
rom another element by IfcRelVoidsElement. This process can be
one either in the data preparation for FIM or during path planning
cf. Section 5.1). The voiding features can also define spaces (by
fcRelSpaceBoundary), which enables the design of function integra-
ion. When the FIM model is finalized, the voiding features can be
ransferred back to the BIM model to make the void spaces available
or other design decisions, such as installing cable ducts and pipes.

Depending on the component type and the manufacturing method,
ifferent path planning methods can be applied to generate the fabri-

ation information using the shape representations. a
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.3. Fabrication data

The fabrication data (green box in Fig. 10) is meant to describe the
otion of the AM system and its tool behavior. Usually, a toolpath is

mployed to control the motion of a machine. Depending on the system
nd utilized tools, there may be some variations in path design. How-
ver, for most additive manufacturing methods, a layer-wise material
pplication process is used (cf. Section 2), with IC3DP currently being
he only exception (cf. Section 2.1.1).

For the layer-wise methods, the component to be printed can be
ecomposed (by slicing) into discrete layers with a specific height.
nversely, in the manufacturing process, thin slices are basically stacked
n top of one another to form the component. In the data structure,
his is modeled by representing the component as an assembly of
ayers, i.e., the IfcBuiltElement is decomposed (IfcRelAggregates) by

list of layers (IfcLayer). However, It must be noted that the type
‘IfcLayer’’ does not yet exist; It is a proposed datatype for the AMC
omain. Additionally, to account for layers divided by an opening and
o enable spatially free movement (e.g., for the I3DCP method, Sec-
ion 2.1.1), another element type must be proposed: IfcPrintSection.

ith IfcPrintSection, a print layer can be subdivided into separate
arts, or 3D curves describing spatially free movement can be con-
ained. Each print section may define a section that can be printed
ontinuously without disruption, e.g., caused by a required reposition-
ng. Instead of the IfcLayer and IfcPrintSection types, currently, the
roxy type IfcBuildingElementProxy must be used.

Due to the nature of AM manufacturing, the geometrical shape
epresentation of the layers can be simplified, as proposed by Slepicka
t al. [17]. In most AM methods (except I3DCP), the manufacturing
ool will only be moved relative to the top surface of each layer along
specific path. Thus, providing the IfcLayer entity with only the slicing

urface and the toolpath (curve geometry) is enough to adequately
escribe the layer’s geometry. At the same time, the tool movement is
escribed; the curve defines the position (and nozzle direction), and the
urface defines the orientation of the tool (it should be oriented along
he negative normal of the surface). In conventional 3D prints, usually
lanar slicing is applied using planes aligned parallel or sometimes
ngled to the printing platform. Retrieving the normal vector in such a
se case is trivial. However, with the proposed data structure FIM also
upports non-planar and non-parallel slicing. An additional advantage
f the surface shape representation is the possibility to utilize the
urface geometry of each layer as a reference for ‘‘as-printed’’ geometry
apturing (cf. Section 5.4).

A convenient way of expressing the curve geometry for the toolpath
s in the form of a pcurve (IfcPcurve). Pcurves are defined in the UV
arameter space of an associated surface (the layer surface). Discretiz-
ng a pcurve yields UV coordinates. The corresponding XYZ coordinates
nd normal vector can be obtained by evaluating the associated surface
or each set of UV coordinates.

For I3DCP, the toolpath can be represented by IfcPrintSections
ith a 3D curve geometry as shape representation. As the method
oes not apply the material in layers, using surface representations for
epresenting the tool orientation is impractical, so other means must be
mplemented. A possible candidate to represent a change of direction
n relation to the tool path is the class IfcOffsetCurveByDistances, for
hich a list of IfcPointByDistanceExpressions is given. Each point-
y-distance expression relates vector coordinates (the offset) with a
oint on the referenced curve by distance. The offset vector can also
e interpreted as tool orientation. Between each distance expression,
he values are linearly interpolated.

As described in Section 2.1.1, other parameters besides robot po-
itioning must also be controlled in an AM process. Usually, the in-
erdependent parameters of an AM system, as those shown in Fig. 3,
re all related to the layer surface and toolpath. Some of these need
o be modeled separately, such as the robot’s velocity profile. Others

re derivable, such as the filament height, which is constrained by the
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Fig. 11. An exemplary toolpath (top) along with the corresponding velocity profile (bottom). The surface area between the 𝑡-axis and the velocity profile equals the toolpath’s
curve length.
layer surfaces of two consecutive layers. Beyond that, other parameters
are correlated more complexly with multiple control variables, such as
the material flow, which depends on the robot’s speed, layer height,
and filament width. The velocity profile, however, is critical, it must
be represented, as it describes how the toolpath must be followed. In
robot control terms, the velocity profile is the time scaling function that
turns a path into a trajectory (cf. Section 5.3).

All parameters can conveniently be modeled as additional ‘‘geomet-
ric’’ shapes in FIM. For example, the velocity profile can be represented
using a curve geometry in 2D coordinate space, similar to a mathemati-
cal graph (cf. Fig. 11). For simplification, if the acceleration is assumed
constant during velocity changes (trapezoidal time scaling), a polyline
is well suited to describe this parameter. Composite curves with NURBS
curve segments can be used for more complex time scaling (e.g., S-
Curve time scaling). Instead of defining a position, the XY coordinates
can also be interpreted as time and velocity. For example, the speed
profile, illustrated in Fig. 11, is designed to limit the acceleration of
the tool. If an object travels along the shown path, it experiences radial
acceleration as it passes through the arcs (with a magnitude dependent
on the object’s speed and the curvature of the arc). As described in
Section 2.1.3, strong acceleration can cause issues in extrusion-based
3D printing; therefore, it has to be limited by reducing the tool speed.
However, the parameter ‘‘geometries’’ must be labeled appropriately to
ensure correct use of the data later on, especially if multiple parameters
have to be modeled depending on the AM method. Other parameters
that do not directly relate to the toolpath must be modeled differently.
Nonetheless, it is still possible to model, for example, event-based
parameter changes using process data (cf. Section 4.4).

4.4. Process data

Depending on the complexity, a manufacturing process can be
sufficiently described using only BIM and fabrication data. The AM
system would sequentially read and interpret the fabrication data in
such a scenario. However, this sequential way of interpreting the data is
not very flexible; reacting to sensor feedback and fine-tuning the flow of
information would not be provided, and more complex manufacturing
processes would not be manageable.
11 
With the defined data structure for describing processes (yellow box
in Fig. 10), tasks, procedures, and events can be defined to enable a
more flexible process design. For this purpose, the IFC format provides
the abstract class IfcProcess with the subtypes IfcTask, IfcProcedure,
and IfcEvent. IfcTask describes an identifiable unit of work, such as
‘‘print layer’’, which can be as granular as the user desires. Similarly,
IfcTask describes a logical set of actions following or causing an event
(IfcEvent). For more granularity, all process types can be nested by se-
quences of subprocesses. Using the relation IfcRelSequence, processes
can be related to each other, defining the sequence of events depending
on the sequence type.

Each process can be directly assigned to an IfcProduct (component
to be manufactured, or its individual layers), IfcResource (machine
system) and IfcControl. Fig. 12 illustrates a use case for assigning
processes to layers. By sequencing the processes assigned to layers,
the order in which the layers are built can be modeled. Assignment to
machine systems enables the user to define which machine performs
which task, e.g., if there is more than one AM system in reachable
distance to the component. IfcControl can model things, such as the
cost of an action (material usage) or the request for an action (collection
of data). Thus, also Sensor activity can be predefined in the FIM model.

Finally, the described data structure for processes cannot only be
used to predefine processes. It is also possible to track the manufactur-
ing status and equipment with the process data or to insert new events
during the manufacturing. Processes can be modeled without specifying
the exact execution time during FIM design, which can be added to the
respective process instance during manufacturing.

4.5. Machine data

The machine data part of the data structure (red box in Fig. 10)
describes the AM hardware that is to be used to manufacture the
modeled component. As proposed by Slepicka et al. [17], the AM sys-
tem is described using the class IfcConstructionEquipmentResource.
However, for more modularity and to enable precise modeling of the
AM subsystems as described in Section 2.1.2 (manipulator, pump,
mixer, build platform, and print head), the data structure was refined.
With the refinement, the individual parts of the AM system can now be
modeled with separate elements (IfcElement). A generalized IFC class
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Fig. 12. Different sequencing possibilities for an object with a branched geometry. Illustrated is a wall with an opening for a window on the left and schematically the layer
sequence on the right. The example is not printable and is only shown to illustrate sequencing.
is available for each of the mentioned subsystems, e.g., IfcPump for
the pump subsystem of a deposition system, which can be specified
by a user-defined type (IfcRelDefinesByType and IfcElementType).
Machine-specific parameters can be integrated by defining an IfcProp-
ertySet for the IfcElementType. All subsystems can be interlinked
using the relation IfcRelConnectsElements. This way, complex ma-
chine systems, including pipes and wires, can be modeled if necessary
for project planning.

Finally, the workspace of the AM system can be defined. Usually,
the manipulator and build platform define the usable space. With the
relation IfcRelSpaceBoundary, the defining elements can be associated
with the IfcSpatialZone described in Section 4.1.

Much like the spatial data, the machine data is specific to a manu-
facturing system. If multiple components are manufactured with the
same system, the machine data can be externally referenced with
IfcExternalReference.

5. Implementation of a FIM-based cyber-physical system (CPS)

The central idea behind FIM is to provide a framework able to store
and modify all relevant information for digital design and automated
manufacturing with interfaces for all involved activities (cf. Section 3).
With the data structure described in Section 3, full data access is
guaranteed while being able to update the data at any time. It is
possible to consistently interlink high-level geometric and semantic
information with low-level machine instructions and feedback data
from various sources.
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Fig. 13 illustrates the prototypical implementation of a FIM-based
Cyber-Physical System (CPS), integrating the concepts of CPS and DT
(cf. Section 2.3). Several related studies have identified and investi-
gated different methods and technologies vital to closing the illustrated
loop between digital and physical reality, as described in Section 2.3.
As part of the digital-to-physical activities, data preparation and path
planning (cf. Section 5.1), simulation and prediction (cf. Section 5.2),
and robot control (cf. Section 5.3) are highlighted. Data feedback and
process control (cf. Section 5.4) are portrayed on the physical-to-digital
side. Currently, all the described methods and technologies have been
investigated separately; the loop has not been fully closed yet.

In the following sections, the individual implementations are ex-
plained, and experimental validation is shown.

5.1. Data preparation and path planning

As described in Section 3, FIM is designed to be integrated into
digital design for construction when utilizing the BIM methodology.
In order to apply FIM, a BIM model must be available in its later
design stages, i.e., 3D model geometries must already be developed to a
certain extent. To start modeling the fabrication information and thus
increasing the model granularity component by component, the BIM
model needs to meet some requirements depending on the AM method
to be used. For example, components to be printed need to be small
enough to fit into the workspace of the AM system. Li and Petzold [54]
aim to support designers already in the early design phase to integrate
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Fig. 13. Implemented methods for a FIM-based Cyber-Physical System (CPS), analogous to Fig. 9.
AM design requirements by developing a Design Decision Support
System (DDSS) for BIM. Generally, when designing components for AM,
greater care must be taken to ensure model quality.

Implementation
A common practice in designing for AM is to model the component

to be printed, including the cavities, before using slicing software to
generate the toolpath. In the context of FIM, this is also possible, the
cavities could already be modeled during BIM design. However, to
correctly identify the modeled cavities later, they should be modeled
as separate voiding geometries, as described in Section 4.2. It is more
recommendable to model the details later with FIM. This is especially
the case when the structure should be topologically optimized [55],
as this activity is usually outside the scope of BIM. Another strategy
to generate cavities is to utilize parametric design patterns with which
the toolpath can be directly generated relative to the contour of the
component, indirectly generating the cavities.

If requirements are met, the component data must be extracted from
the BIM model to finally utilize FIM. Depending on the BIM modeling
software, different approaches may be taken. One possible solution is
to use the software’s IFC exporter to store the BIM model in the IFC
format. Then, using an IFC reader, a component can be selected and
extracted for FIM. However, if the software’s IFC exporter is poorly
implemented, this approach can cause issues, e.g., if the component’s
geometry is getting approximated for the export. Another approach is
to utilize the BIM software’s API to access the data directly. This way,
the software’s geometric kernel can also be used via API to translate
the component’s geometry into the required format and initialize the
path planning, as described in Section 4.2.

Path planning is a central activity in the context of AM, needed to
transform the component’s geometry into robot instructions. As a proof
of concept, a pattern-based path planning tool for deposition methods
was developed using the graphical programming interface Dynamo for
Revit for FIM. With Dynamo, the BIM model’s data is accessible, and
a geometric kernel is available for path-planning operations. Finally,
modules can be loaded via Dynamo’s Python interface to export the FIM
data to an external resource (e.g., as a file or in the form of an online
graph database, cf. Section 4).

In regular 3D printing, when generating the toolpath, the contour
of the provided 3D geometry is usually traced to form a shell; then,
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the interior is filled with a specific pattern to ensure the stability of
the component. In the same way, the generation of the toolpath can
be done for depositing AM methods in construction. First, assuming
a layer height is specified, the individual IfcLayer instances must be
created, assigning each layer a surface (e.g., a horizontal plane). Then,
the component’s contour can be extracted by intersecting the B-Rep of
the BIM data (cf. Section 4.2) with the layer surfaces. The toolpath can
be generated layer-by-layer with the contour and a parameter-based
pattern algorithm. Different algorithms can be provided for variable
designs (e.g., zigzag, lamella, honeycomb infills, or combinations).

Experimental validation
The implemented algorithm was tested on a mock-up BIM model

containing a one-room house with different corner designs, as shown in
the center of Fig. 14. With the Dynamo implementation quickly various
FIM variants could be generated for different BIM model components,
as illustrated in Fig. 14, left and right. In the shown example 3 pa-
rameter settings were chosen (Variant V1, V2, and V3) and applied to
all corner designs (only the chamfered and filleted corner are shown).
With FIM, the individual components can be selected for extraction.
With parametric pattern-based path planning, different variants can be
generated quickly. In Fig. 14, for each variant, the print path for the
first printing layer is displayed.

5.2. Simulation integration

When modeling a component, it is essential to be able to estimate
its performance. For example, it is possible to design the inner structure
of a component to increase its thermal insulation properties. This can
be of interest in wall corners to improve the heat flux in an exterior
corner (cf. previous example Fig. 14).

Implementation
In this context, Oztoprak et al. [56] developed a method to auto-

matically derive simulation models from a FIM model for a 3D FCM
simulation framework (Adhoc++). As indicated in Fig. 10, a FIM model
provides a semantically enriched geometric representation of a compo-
nent which enables utilizing parts of the data for multiple purposes. The
tool path shape representations can be used in a procedural modeling
approach to produce an accurate volumetric model of the printed
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Fig. 14. Different toolpath variations extracted from a mock-up BIM model.
Fig. 15. Simulation results of a heat flux simulation based on FIM variant models [56].

component. Additionally, with the help of the labeled surface repre-
sentations of the IfcBuiltElement (cf. Section 4.2) and a discretization
algorithm, relevant surfaces of the volumetric model were extracted in
a discretized form for boundary condition application.

Experimental validation
With this method, generating simulation models from FIM is now a

streamlined process. To illustrate the usefulness of this approach, a pa-
rameter study was performed comparing different FIM variant models.
14 
Different wall corner variants in a mock-up BIM model were extracted
with FIM, and various patterns were applied in the subsequent path
planning (cf. Fig. 14). For all variants generated, a heat flux simulation
was performed. An excerpt from the results is shown in Fig. 15.

Robot simulation is another type of simulation that can be per-
formed with FIM. It is, however, closely related to robot control and
will be shortly discussed in the next section.

5.3. Robot control

The most essential part of AM is the machine control. As described
in Section 2.1.2, different hardware parts are usually combined to form
an AM system. Only if all involved machine parts of the AM system are
perfectly attuned to each other can good print quality be expected. For
this purpose, the fabrication information must be designed meticulously
unless some feedback control is installed (cf. Section 5.4). Without
feedback control, the quality of the product can only be as good as
the quality of the fabrication information.

As mentioned in Section 4.3, three shape representations are avail-
able in each IfcLayer or IfcPrintSection instance for describing the
robot motion, a surface for the tool orientation (or in the case of I3DCP
an offset curve), a curve for the tool path, and another curve for the
velocity profile. Together, these three elements describe the trajectory
of the manipulator. Additionally, further shapes may be available to
control more parameters if needed.

Implementation
A robot controller typically accepts a steady stream of discrete poses

(desired robot configurations) to generate the movement. Depending
on the connection, up to 1000 poses per second can be transmitted.
In order to translate the three FIM elements describing the robot’s
trajectory into a stream of poses, the geometries have to be discretized
in accordance with the robot connection. That means if the robot
connection allows, e.g., a transmission rate of 500 Hz, the following
algorithm must be applied:

1. Discretize the velocity profile with a resolution of 2 ms.
2. Integrate between discrete points using the trapezoidal rule

(distances between poses).
3. Use the resulting values to discretize the toolpath (XYZ coordi-

nates).
4. Use discrete toolpath points to extract the corresponding normal

vector from the layer surface (Z vector; X and Y vector inferred
by current pose).

5. (If nozzle direction is constrained) Extract the tangent vectors of
the toolpath at the discrete points (Z and X vector; Y inferred).
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Fig. 16. Small-scale 3D print using a UR10e articulated arm robot, a Stoneflower3D clay extrusion kit and the described RTDE control framework [57].
Depending on the controller, the poses can be transmitted as is
(cartesian coordinates) or as robot joint angles. For the latter, the joint
coordinates must be calculated using inverse kinematics. Yet, more
information about the robot system is required to correctly set up
a robot connection and choose the right parameters for the inverse
kinematics. This information can be modeled in FIM as described in
Section 4.5. Additionally, references to external sources, such as robot
description files in the URDF format, can be set up within the FIM data
structure.

Different methods can be applied to establish the connection to
the robot controller. A very convenient method is using an open-
source robot control framework, such as ROS. With ROS, the simulation
toolbox Gazebo is also available for performing robot simulations, as
indicated in the previous section.

Experimental validation
The FIM-based robot control has been tested in multiple small-scale

3D printing tasks using a UR robot and an extrusion-based clay printing
system. Fig. 16 shows a test print performed using the RTDE tool. For
the test print, an IFC file containing the FIM model of a component was
provided. Via IfcOpenShell, the FIM information was read and directly
used for robot control.

Alternatives
Another viable option is to use more direct interfaces. For example,

the so-called Real-time Data Exchange (RTDE) control interface can be
used for UR robots. In a previous study, Slepicka et al. [57] imple-
mented a control framework that utilizes the RTDE control interface.
With RTDE, data packages can be sent to the robot controller via
TCP/IP with a maximum transmission rate of 500 Hz. On the robot
side, the input registers that receive the sent data can be accessed
by running a small robot control program. The robot can be moved
according to the trajectory by accepting the joint angles in the input
registers. As discussed in this section, the control framework was set
up to directly interpret FIM fabrication data (cf. Section 4.3). The
apparent advantage is that no file conversion is necessary to convey
the trajectory to the robot; it can be controlled directly based on the
FIM data. Currently, the applicability range of the RTDE framework is
limited to UR robots. However, the same principles, i.e., the core of
the RTDE control, can also be applied to other robot systems, such as
KUKA. Instead of the RTDE interface for UR robots, another interface,
e.g., KUKAVARPROXY or RSI for KUKA systems, can be used [58]. The
developed RTDE control represents a lightweight FIM-based alternative
compared to other control frameworks.
15 
5.4. Data feedback

As described in Section 2, all AMC methods and machines have
their own set of advantages as well as limitations. Due to various
process-related limitations and reliability issues, it is unavoidable that
the ‘‘as-built’’ reality of the physical object will deviate from the ‘‘as-
designed’’ reality in the digital model; it can only be limited by process
control. In this context, it is essential to enable a circular data flow,
as discussed in Section 2.1.3, not only for process control but also
to allow capturing any deviations that could not be avoided. So, in
order to close the loop in automated construction (cf. Fig. 13), meth-
ods for automated quality inspection and corresponding control must
be implemented. Slepicka et al. [59] investigated which information
is needed for establishing information exchange from the ‘‘as-built’’
object (physical) to the ‘‘as-designed’’ data in the FIM model (digital)
and when data feedback is possible based on selected use cases. The
term ‘‘Digital Twin’’ (DT) is often introduced in this context. Various
conceptualizations of the term DT exist, all centered around the core
idea that a DT serves as a digital replica of an existing or future real
object or process, continually updated to reflect its current state.

However, delivering and storing a continuous data stream for all
sensor types is impossible due to sensor and computation restrictions.
For feasibility, the captured data must be balanced between being ab-
stract enough and providing an adequate level of detail for its intended
purpose [59]. A more discretized data-capturing approach must be
chosen if the captured dataset is large and the information extraction
complex. Fig. 17 conceptualizes different data-capturing approaches
that must be integrated into FIM.

The online strategy is feasible for capturing small data packages
at a time from which features can be extracted reasonably fast; for
example, when measuring control values for feedback control. Epoch-
wise strategies apply when more contextural information is required
to extract certain features or attributes, such as classification tasks.
Finally, the pre-assembly strategy applies if process information must
be additionally considered. An Epoch can be described as a pre-defined
set of instructions, e.g., one epoch may be to print one full layer.

Implementation
Two methods were developed based on FIM in separate studies. The

first method was implemented to integrate online feedback control into
extrusion-based clay 3D printing using an RGBD camera [35]. For this
purpose, a special camera mount was created to rotate an attached
sensor (the RGBD camera) based on FIM data, independently from
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Fig. 17. Schematical description of different data capturing strategies, after [59].
Fig. 18. Online measurement of the printed filament width. Top-down view from a
nozzle-mounted RGB camera.

Fig. 19. Deviation heat map of layer 14 of 21 of a lab-scale test print using a clay
extruder [60].

the robot system, to be aligned perpendicular to the printed filament
throughout the printing process. The camera feed was evaluated with
computer vision methods to extract the printed filament width to feed
a PID controller regulating the volume flow of the printer. With this
method, only the extracted feature (filament width) was stored in the
FIM model; the video samples were discarded after extraction.

The second method is an epoch-wise quality control method utiliz-
ing a laser profiler [60]. With the laser profiler, after finishing a print
layer (one epoch), a point cloud was captured of the printed filament
in order to measure height deviations in relation to the modeled layer
surface (cf. Section 4.3). For feedback into FIM, a deviation map can
be created; it describes pixel-wise height deviations as illustrated in
Fig. 19. To generate the heatmap efficiently, the laser profiler is moved
along a path with a specific offset to the layer surface in the FIM model.
This way, the points do not have to be orthogonally projected onto the
surface to measure the distance.

Experimental validation
Both methods were tested in multiple small-scale clay printing

scenarios.
The online feedback control was used to regulate a printing pro-

cess that was performed with intentionally wrongfully set extrusion
parameters. The system was able to detect the current filament width,
and by utilizing a PID controller, the extrusion rate could be corrected
adequately (cf. Fig. 18).
16 
The epoch-wise quality control was used to create deviation maps
comparing ‘‘as-designed’’ with ‘‘as-printed’’ geometries. As illustrated in
Fig. 19, a printing defect and the layer-to-layer transition (bottom) are
clearly visible. Also, a calibration issue could be detected and corrected;
the robot carrying the laser profiler was slightly tilted compared to the
printing robot (less than 1◦).

6. Conclusion

This paper described Fabrication Information Modeling (FIM), a
comprehensive fabrication data framework for application in Additive
Manufacturing in Construction (AMC). and displayed its capabilities
in different use cases. Through the integration of digital design con-
cepts with automated manufacturing processes, FIM offers an extensive
platform for storing, accessing, and exchanging relevant information.
With FIM being closely linked to BIM-based digital design, it enables
the integration of fabrication-related processes across various design
iterations of construction projects, and the semi-automated extraction
of fabrication information (cf. Fig. 14).

The discussed workflow activities, including data preparation and
path planning, simulation integration, robot control, and data feed-
back, demonstrate the sophisticated capabilities of FIM in optimizing
construction processes. FIM aims to enable precise control over man-
ufacturing processes, accurate performance estimation, and real-time
monitoring of as-built data, thereby enhancing construction efficiency
and quality. All methods shown in this paper could be applied without
the need to perform data conversions; data accessibility is always
guaranteed.

An overarching goal in developing FIM is to enable a circular
data flow between digital modeling and manufacturing, i.e., to close
the digital-to-physical and physical-to-digital loop. While significant
progress has been made in developing and implementing the FIM-based
CPS, by prototypically implementing sensor data feedback, several chal-
lenges remain to be addressed. These include optimizing data exchange
mechanisms, ensuring compatibility with diverse manufacturing sys-
tems, enhancing real-time feedback mechanisms, and a full closure of
the entire digital-physical-digital circle. The missing links for the full
loop closure are mechanisms for automated defect detection, and for
adapting the ongoing manufacturing process based on the detected
defects. Future research efforts may address these challenges to further
improve the effectiveness and scalability of FIM-based construction
systems.

Overall, the findings presented in this paper underscore the poten-
tial of FIM as a powerful tool for advancing cyber–physical construction
systems, with implications for improved efficiency, quality, and inno-
vation in the construction industry. As indicated in Section 1, FIM
is supposed to be applicable to multiple automated manufacturing
methods, such as AM, robotic bricklaying, robotic timber frame as-

sembly, and others. In this paper, however, the focus was on AM, the
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applicability of FIM to other manufacturing methods must be validated
in future studies.

Another noteworthy advantage of FIM is the possibility to utilize the
FIM model as a ‘digital component passport,’ i.e. as a comprehensive
digital representation or DT of the real component, including the man-
ufacturing history of the component. The FIM model can be extended
at any time, and is suitable for long-term storage, due to the IFC-
based data format. In facility management, the FIM model could help
identify issues and a possible fix in case the component performance is
compromised.
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