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Abstract. Building information modeling (BIM) has the potential to support algorithm-based design 
and data management, representing a promising methodology to advance concrete printing. In concrete 
printing, algorithms are used to accomplish critical steps during data modeling, such as slicing and 
toolpath planning. However, the Industry Foundation Classes (IFC) standard does not support 
descriptions of algorithms in BIM models, referred to as “algorithmic BIM”. Storing algorithm 
semantics relevant to concrete printing in compliance with the IFC standard advances the replicability 
of concrete printing. Building upon an IFC-based description of concrete printing, an algorithmic BIM 
approach, i.e. an IFC-compliant description of algorithm semantics, for concrete printing is proposed 
in this paper. The algorithmic BIM approach is validated through a case study by describing and 
integrating a slicing algorithm and a toolpath planning algorithm in an IFC model. The results show 
that IFC-compliant descriptions of AM algorithms have the potential to enhance data modeling for 
concrete printing towards standardization. 

1. Introduction 

Concrete-based additive manufacturing (AM), also referred to as “concrete printing”, is a 
research area that has been gaining traction in the architecture, engineering, and construction 
(AEC) industry over the last decade. As the implementation of AM in the AEC industry moves 
forward to automate construction practices, the need to improve quality, repeatability, and 
reliability of AM processes increases. New data modeling approaches for concrete printing, 
which encompass the “digital workflow” from 3D models to manufacturing, are developed to 
improve interoperability between AM software applications as well as repeatability and 
reliability of the concrete printing technology. As part of the data modeling approaches, 
sensing-related information as well as algorithm-related information is used to accomplish 
critical steps along the digital workflow (e.g., slicing, toolpath planning, and motion control). 
Representing a promising methodology for AM in the AEC industry, building information 
modeling (BIM) provides semantic and geometric information of buildings and infrastructure 
and has the potential to support algorithm-based design and data management in concrete 
printing. The Industry Foundation Classes (IFC), an open standard for BIM, may be extended 
to support concrete printing in an attempt to advance data management and data exchange 
between AM software applications employed along the digital workflow, maintaining semantic 
and geometric information.  

To extend the IFC standard towards supporting concrete printing, formal descriptions that 
define AM semantics, e.g., information generated and exchanged during the digital workflow, 
is required. In literature, semantic models and ontologies have been developed for conventional 
AM. Bonnard et al. (2018) have described an AM technology and operation approach based on 
ISO 14649 for smart AM. To support interoperability, Sanfilippo et al. (2019) have proposed a 
technology-independent ontology for AM data management, data exchange, and data 
validation. Specifically for concrete printing, Smarsly et al. (2020) have proposed a semantic 
modeling approach (i.e., printing information modeling) that takes advantage of BIM concepts 
and formally represents complex inter-process relationships in concrete printing. While AM 
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formal descriptions usually include sensor-related information, not enough attention has been 
given to algorithm-related information so far.  

Algorithms used in AM processes have a direct impact on designing, planning and 
manufacturing, affecting the quality of the printed components. Algorithms are executed along 
the digital workflow for topology optimization, for slicing, as well as for offline and online 
toolpath planning. However, AM algorithms are not represented semantically in AM formal 
descriptions, and descriptions of algorithms in general are not fully supported by the IFC 
standard. Integrating algorithm semantics into BIM models, herein referred to as “algorithmic 
BIM”, will aid in the standardization, interpretation, and data exchange in concrete printing. 

The need for standardizing algorithm semantics in the AEC industry has been pointed out 
in a previous study by Theiler et al. (2018), where an IFC-compliant semantic description of 
algorithms for structural health monitoring applications has been proposed. Based on the 
printing information modeling approach proposed by the authors (Smarsly et al., 2020; Peralta 
et al., 2020), an algorithmic BIM approach for concrete printing is presented in this paper. By 
analyzing AM algorithms and programming methods in BIM, an IFC-compliant description of 
AM algorithm semantics is developed and validated through a case study conducted on a direct 
slicing algorithm and a toolpath planning algorithm that are coupled with an IFC model, 
underpinning the potential of algorithmic BIM for concrete printing.  

The paper is organized as follows. First, background information on AM algorithms and 
on programming methods in BIM is provided to identify the semantic information required to 
describe AM algorithms in compliance with the IFC standard. Second, based on the background 
information, the IFC-compliant description of AM algorithm semantics is developed. Third, the 
case study, where a direct slicing algorithm and a toolpath planning algorithm are coupled with 
an IFC model, is used to validate the IFC-compliant description of AM algorithm semantics. 
The paper concludes with a summary and an outlook on potential future research. 

2. Background 

Additive manufacturing is a process of building structures on a layer-by-layer basis. The main 
area of research for AM is the optimization of building processes to improve quality, 
repeatability, and reliability, as discussed by Leirmo & Martinsen (2019). “Smart AM 
modeling” may take advantage of semantic information to optimize and adapt manufacturing 
processes by evaluating components during processing and adapting the build parameters 
within boundaries defined by semantic specifications (Garanger et al., 2017). Algorithms are 
used to accomplish critical steps in AM modeling, such as topology optimization (Saadlaoui et 
al., 2017), build parameters optimization (Rocha et al., 2018), slicing, and toolpath planning 
(Zhao et al., 2020), all of which influence the quality of the structures to be printed. Relevant 
to this study are the algorithms for slicing and toolpath planning. 

Slicing: Algorithms have been developed for slicing 3D models to improve geometry 
accuracy while reducing build time through optimizing slicing speed and efficiency. Slicing 
algorithms may be classified, based on the source of the 3D model, into direct slicing of 
parametric models, slicing of tessellated models, slicing of models from reverse engineering, 
and implicit slicing. Slicing algorithms may also be classified according to the shape of sliced 
layers into planar slicing and non-planar slicing (e.g., curved layers). Commonly, 3D models 
are sliced into a set of 2D contours with parallel planes, where the main parameters are layer 
thickness and build direction. The layer thickness may be uniform or variable, while the build 
direction may be single or multidirectional. The simplest slicing algorithms involve uniform 
layer thickness and unidirectional build, increasing in complexity for adaptive slicing with 
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variable layer thickness and for multidirectional slicing. A review of slicing processes and 
algorithms is presented by Zhao et al. (2020). The main parameters for slicing algorithms are 
described in Table 1, categorized into attributes, inputs, and outputs. 

Table 1. Main parameters for slicing algorithms. 

Type Parameter Description 

Attribute 
Name Name of the algorithm. 

Type Type of slicing (i.e., uniform/adaptive, unidirectional/multidirectional). 

Input 

Geometry 
Geometry of the 3D models (e.g., parametric models, tessellated models, 
models from reverse engineering). 

Layer shape The shape of the layers to be sliced may be planar or non-planar. 

Layer thickness or 
layer height 

Layer thickness or layer height may be uniform or variable. Variable layer 
thickness or layer height is usually defined based on geometrical features.  

Build direction of 
cutting planes 

Build direction may be unidirectional or multi-directional. Build direction 
defines the cutting planes using direction vectors. 

Output Contour Contours of the 3D model per layer. 

 

Toolpath planning: Toolpath planning is the process of defining printhead trajectories in 
an AM process to fill the boundaries and interior of each sliced layer, influencing surface 
roughness, dimensional accuracy, and strength of printed components. Toolpaths include outer 
boundary, inner boundary, filling paths, and paths to build temporary support structures. 
Toolpath planning may be based on planar slicing (2D), on freeform surfaces (3D), and on 
topology optimization. For planar slicing, toolpath algorithms may be classified according to 
path pattern into raster (e.g., unidirectional, multidirectional, and contour), continuous, hybrid-
and-continuous, and along-geometry. The most common toolpath planning algorithms use 
raster patterns, such as unidirectional raster and contour, due to simplicity and robustness (Zhao 
et al., 2020). Furthermore, toolpath planning may be done offline or online, as discussed by 
Ibrahim et al. (2018). Online toolpath planning allows adjusting the offline planned toolpath 
during manufacturing processes to compensate for geometric inaccuracies using sensor data. 
The main parameters for toolpath algorithms are described in Table 2, categorized into 
attributes, inputs, and outputs. 

AM algorithms are commonly executed by AM software applications. With BIM-based 
data modeling approaches for AM, software applications that implement BIM concepts can 
support the execution of algorithms used in AM data modeling. BIM applications and BIM add-
ins (e.g., Dynamo and Grasshopper3D) adapt software packages subscribing to the BIM 
paradigm (e.g., Revit and ArchiCAD) to user-specific needs for managing and processing data 
based on the IFC exchange format using libraries available for common programming 
languages. IFC-compliant BIM applications and BIM add-ins can read and write IFC files. The 
geometry information contained in IFC files is usually interpreted by processing and converting 
the geometry into triangle networks for visualization and further processing (Amann et al., 
2018). An example of developing object-oriented programs to exchange information that can 
be embedded into the IFC schema has been presented by Amann (2018). Hence, BIM 
applications and add-ins, as object-oriented programs, may be used to read semantic and 
geometry information contained in IFC files to be used as inputs, to execute algorithms, and to 
write IFC files containing algorithm semantics and outputs. In the following section, an IFC-
compliant description of algorithms for concrete printing is presented. 
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Table 2. Main parameters for toolpath algorithms. 

Type Parameter Description 

Attribute 
Name Name of the algorithm. 

Type Type of toolpath planning (i.e., online/offline, 2D/3D/topology-based). 

Input 

Contour Contours of the 3D model per layer. 

Path pattern 

The path pattern is part of the printing strategy. For planar slicing (2D), it 
may be defined as raster (unidirectional, multidirectional, rid, zigzag, 
contour, spiral, hybrid), continuous (Hilbert, fractal-like, wavy, Fermat 
spirals), hybrid-and-continuous (zigzag-continuous, zigzag-contour-
continuous), and along-geometry (MAT). For freeform surface (3D), it may 
be defined as directional parallel, contour parallel and space-filling parallel. 

Layer transition 
The layer transition is part of the printing strategy. The transition between 
layers may be defined as upwards, gradually upwards, and interrupted (Bos 
et al., 2016). 

Filament width or 
offset distance 

Width of the deposited filament or offset distance between infill lines. 

Start point Start point of the path. 

End point Endpoint of the path. 

Output 

Outer boundary Outer boundary of the contours per layer. 

Inner boundary Inner boundary of the contours per layer. 

Filling path 
Path generated for the infill between the outer and the inner boundary per 
layer. 

Support path Path generated for support structures for overhangs and voids per layer. 

3. IFC-compliant description of algorithms for concrete printing 

Algorithmic BIM, in general, refers to integrating algorithms into BIM models. The algorithms 
are to be formally defined in compliance with the IFC standard, homogenizing algorithm 
semantics, aiming to enhance interoperability between AEC software packages and 
applications. In this regard, an algorithmic BIM approach will aid concrete printing to mature 
in terms of reliability, thus increasing its acceptance by the AEC industry. Building on an IFC-
based description for concrete printing proposed in a previous study (Peralta et al., 2020), an 
IFC-compliant description of algorithms is developed herein to advance concrete printing. To 
develop the IFC-compliant description of AM algorithms, the semantic information of slicing 
and toolpath planning algorithms is represented using technology-independent, semantic 
models. The semantic models are then mapped into the IFC schema, identifying IFC entities 
that may be used to store and to link algorithm semantics to BIM elements. 

3.1 Semantic models for slicing and toolpath planning algorithms 

For AM applications, algorithms are directly related to “products” in the broadest sense, 
such as printed components and sensor nodes. As illustrated in Figure 1, the abstract class 
Product depends on none or several algorithms (abstract class Algorithm) employed in AM 
processes. Similar to structural health monitoring algorithms (Theiler et al., 2018), AM 
algorithms take none or several inputs (class Input) and one or several algorithm components 
(abstract class AlgorithmComponent), including local variables (class LocalVariable), to 
produce one or several outputs (class Output). The algorithm components constitute the 
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workflows or bodies of the algorithms that execute procedures and functions according to rules 
and constraints. Moreover, algorithms have attributes for identification, such as names, and for 
classification, such as types. 

 

Figure 1:   Semantic model for algorithms assigned to products. 

Based on the semantic information identified for slicing and toolpath planning algorithms, 
the main parameters (i.e., inputs and outputs) for the algorithms can be related to products, as 
shown in Figure 2. Classes specific to slicing and toolpath planning algorithms are highlighted 
in gray. The geometries of the products are used as input for the slicing algorithms, where the 
geometries are sliced into contour lines according to layer heights and cutting planes definition 
(uniform and unidirectional input parameters shown in Figure 2). The toolpath planning 
algorithms use the outputs of the slicing algorithms as inputs, together with path-pattern and 
layer-transition strategies, to generate toolpaths for outer and inner boundaries, for fillings, and 
for support structures.  

The printing information model presented in Smarsly et al. (2020) takes into account 
parameters necessary to execute slicing algorithms and toolpath planning algorithms. The 
slicing algorithms are executed by the class ContourLine, while the toolpath planning 
algorithms are executed by the class ToolpathData. The inputs and outputs of the algorithms 
form part of the attributes of the classes. In the following subsection, the semantic model for 
slicing and toolpath algorithms is mapped into the IFC schema for an IFC-compliant description 
of algorithm semantics for concrete printing. 

 

Figure 2:   Semantic model for uniform and unidirectional slicing and toolpath algorithms assigned to 
products. Classes specific to slicing and toolpath planning algorithms are highlighted in gray. 
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3.2 Mapping AM algorithms onto the IFC schema 

The algorithmic BIM approach for concrete printing defines storage preferences for inputs 
and outputs using IFC entities, providing access to the inputs and visualization of the outputs. 
It defines details on the connections of algorithms to the AM processes and the AM products 
represented by BIM models. Moreover, the algorithmic BIM approach defines algorithm 
semantics, coupled with BIM models, as a step to aid interoperability between AM software 
applications. The algorithm semantics are mapped onto the current version of the IFC schema 
“IFC 4 – Addendum 2” (buildingSMART, 2017) to identify IFC entities that may be used and 
to identify the need to specify new entities. Exemplarily, the mapping of slicing and toolpath 
planning algorithms onto the IFC schema is presented in the following paragraphs. 

Existing IFC entities are reused to describe algorithms in AM processes for concrete 
printing, and AM processes are represented with IfcProcess entities, where algorithms are 
described using IfcTask entities. The AM processes are assigned to IfcProduct entities with the 
entity relationship IfcRelAssignsToProcess, when the products are inputs, and with the entity 
relationship IfcRelAssignsToProduct, when the products are outputs. In the case of slicing and 
toolpath planning algorithms, the algorithms may be described with single tasks (e.g., 
manufacturing model) that nest subtasks for slicing and subtasks for toolpath planning in 
sequence. 

Similarly, as proposed in the IFC-based printing information model mentioned earlier, 
contour lines for each layer are represented using the entities IfcElement or 
IfcElementComponent, which are aggregated to form an IfcElement or an IfcElementAssembly. 
Toolpaths are aligned with the entity IfcLinearPositioningElement (to be included in the new 
version of the IFC schema “IFC4.3 – Release Candidate 2”) or represented using the entity 
IfcAnnotation as 3D curves. To access and store the input parameters used by slicing and 
toolpath planning algorithms, new property sets are required, Pset_Slice and Pset_Toolpath. 
The contour lines and the toolpath, represented by the aforementioned existing IFC entities, 
already store and provide visualization of the output parameters. In Figure 3, the new property 
sets (highlighted in gray) and the connections of algorithms to the AM processes and the AM 
products are represented using IFC entities. 

 

Figure 3:   Object typing for slicing algorithms and toolpath algorithms assigned to products. New 
property sets are highlighted in gray. 
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During the design and planning of printed components using BIM, information is 
exchanged between BIM and AM software applications, between finite element analysis and 
AM software applications, and between AM software applications themselves. The geometry 
information of the 3D models is usually exchanged as tessellated or parametric models and 
further processed in AM software applications. With the algorithmic BIM approach for concrete 
printing, AM semantics are stored in IFC entities together with the main parameters of the AM 
algorithms used along the digital workflow. To further advance BIM-based concrete printing, 
Model View Definitions (MVD) or Information Delivery Specifications (IDS) could be defined 
to specify the IFC entities relevant to data exchange in the digital workflow in AM. However, 
a detailed analysis of AM software requirements is needed to develop a MVD or an IDS, which 
is out of the scope of this paper. Before devising a MVD or an IDS, the suitability of mapping 
the algorithm semantics onto the IFC schema needs to be tested using a case study, which is 
presented in the following section.  

4. Case study 

The algorithmic BIM approach for concrete printing is validated via a case study of generating 
a model of a column taking advantage of BIM concepts, representing steps of the digital 
workflow for manufacturing (“manufacturing model”). The column, with a hexagonal cross 
section, is modeled parametrically. The manufacturing model of the column includes the steps 
of slicing and toolpath planning. The algorithm semantics that generate the manufacturing 
model are coupled with the IFC model of the column using IFC entities.  

Using the concepts of BIM programing, a BIM application is used to generate the 
parametric BIM model of the column, to execute the slicing algorithm and toolpath planning 
algorithm, and to store the algorithm semantics using IFC entities, as shown in Figure 4. As 
proof of concept, the BIM application is devised for direct slicing and for toolpath planning 
using a contour path pattern strategy and an interrupted layer transition strategy. 

 

Figure 4:   BIM application concept for algorithmic BIM. 

For simple parametric models, direct slicing algorithms are trivial and will not be illustrated 
here for the sake of brevity. The toolpath planning algorithm with a contour path pattern strategy 
is shown in Figure 5. The contours, which form closed regions, are offset inwards for each 
layer. The transition between layers is done by temporarily stopping printing once a layer is 
completed, moving the printhead into position for the subsequent layer, and restarting printing.  
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Figure 5:   Control flow for a toolpath algorithm with a contour path planning strategy applied 
to every layer. 

As a result, an IFC model coupled with algorithm semantics of the manufacturing model 
is obtained, as shown in Figure 6. The outer boundary and the filling path resulting from the 
toolpath planning algorithm, as well as the input parameters used to generate the paths, are 
visualized in the IFC model. By documenting the input parameters and the type of algorithm 
implemented in this study, the generation of the manufacturing model can be repeated and 
checked to evaluate the quality of the manufacturing model and of the printed component, thus 
improving the reliability of concrete printing. 

 

Figure 6:   Results of the algorithmic BIM approach for concrete printing. 
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Therefore, algorithmic BIM approaches for additive manufacturing of buildings have the 
potential to advance the phases of designing and planning of buildings by providing 
transparency and repeatability. Moreover, design variants of building components can be 
analyzed and optimized, without information loss and with minimal misinterpretation of 
semantics. Additionally, by including algorithm semantics in exchange standards, BIM-
compatible platforms that incorporate automatic functions along the design workflow of 
buildings, such as Hypar (https://hypar.io/), may use the algorithm semantics to train the 
functions for achieving optimum design variants. 

5. Summary and conclusions 

Building information modeling has the potential to support algorithm-based design and data 
management for concrete printing. An algorithmic BIM approach for concrete printing, capable 
of describing algorithm semantics in compliance with the IFC standard, has been developed 
and presented in this paper. A case study has been devised to validate the algorithmic BIM 
approach for a direct slicing algorithm and a toolpath planning algorithm in an IFC model for 
concrete printing. As has been demonstrated, by storing algorithm semantics in compliance 
with the IFC standard, the critical additive manufacturing process steps can easily be checked 
and standardized, improving the communication along the digital workflow and the reliability 
of concrete printing. In future work, the algorithmic BIM concept can be further explored to be 
formalized as an IFC extension. Similarly, the IFC-based printing information model can be 
further explored by defining a model view definition for exchanging information between AM 
software applications. 
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