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Abstract 

 

Recent approaches towards automation of construction processes take advantage of extrusion-based 

additive manufacturing (AM), or three-dimensional printing, in large-scale concrete constructions. 

Concrete printing enables extruding structural components without using formwork, while minimizing 

cost and waste. However, current AM data models are inadequate for AM of concrete structures, limiting 

concrete printing to a process with an inefficient trial-and-error learning curve, susceptible to 

redundancy, information loss, and inconsistencies in data modeling. Aiming to mitigate this deficiency 

and enhancing AM data modeling of concrete structures, this paper proposes a semantic model for AM 

of concrete structures that defines AM process, geometry, and material input parameters together with 

associations and dependencies between the parameters. A validation procedure based on building 

information modeling (BIM) is implemented, testing the semantic model as a formal basis to inherit 

inputs specified in BIM models. The approach presented in this paper, referred to as “printing 

information modeling (PIM)”, incorporates the parameters as well as the associations and dependencies 

between the parameters necessary to generate computer numerical control commands that enable 

optimal digital information flow from digital models to 3D concrete printers. As an outcome of this 

study, the printing information model adequately defines AM of concrete structures using input 
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specified in building information models. Serving as a generally valid metamodel of concrete printing, 

the printing information model has the potential to improve data modeling concepts currently deployed 

for concrete printing. 

 

Keywords: Additive manufacturing, concrete printing, printing information modeling, semantic 

modeling, building information modeling, extrusion-based layer manufacturing. 

 

1 Introduction 

 

The architecture, engineering, and construction (AEC) industry faces performance, productivity, and 

sustainability challenges. To meet the challenges, construction processes may be automated using 

industrial three-dimensional (3D) printing, also referred to as additive manufacturing (AM), which 

deploys printable construction materials, such as concrete [1]. AM implements the process of building 

products on a layer-by-layer basis through a series of cross-sectional slices [2], rendering AM a 

promising technology in the AEC industry by reducing construction time, cost, and environmental 

impact. The inclusion of AM processes large-scale construction applications has commenced over more 

than a decade ago, opening research areas that allow AM to develop its full potential in the AEC industry 

[3]. With the application of AM, customization and freeforming may be obtained, and challenges in 

construction related to performance, productivity, and sustainability may be solved. 

 

ASTM International, previously known as the American Society for Testing and Materials, defines 

AM as a process of joining materials to produce objects from 3D model data, usually layer upon layer 

[4]. Generally, AM methods can be subdivided into methods based on extrusion and methods based on 

selective binding [5]. In extrusion-based methods, printing material with self-hardening properties is 

deposited layer upon layer, through a nozzle or print head, in a continuous or discontinuous manner. In 

selective binding-based methods, the printing material (solid, liquid, or powder) is introduced into the 

printing platform in thin layers and selectively hardened by applying a binder. 

 



3 

In both AM methods, extrusion and selective binding, significant advancements in hardware and 

materials have been achieved, producing concrete structures with adequate structural performance and 

a relatively high degree of geometrical precision. Several AM technologies using extrusion-based AM 

methods have been developed that are preferred for large-scale AM of concrete structures, such as 

contour crafting (CC) [6] and concrete printing (CP) [7]. CC deposits cementitious or ceramic filaments 

layer-by-layer and implements side trowels, which strip and smooth the surface of the material being 

extruded. CC systems are used as a technological basis for developing AM solutions in several research 

projects, as reported, for example, in [8, 9]. CP is a similar concept as CC, as it has been developed to 

retain 3D freedom with a smaller resolution of deposition in terms of layer height [10]. CP extrudes 

high-performance fiber-reinforced fine-aggregate concrete used in conjunction with a softer material 

(e.g. gypsum) to support overhangs, which are removed at a later stage [11]. For selective binding-based 

AM methods, the main exponent is D-shape [10]. D-shape is a factory gantry-based powder-bed 3D 

printer that selectively hardens a large-scale sand bed by depositing binding agents, such as Portland 

cement or Sorel cement. The combination of 3D printing technologies and cementitious materials has 

led to innovative manufacturing processes for fabricating concrete elements and structures that allows 

producing freeform construction without using formwork [12]. Nevertheless, the composition of 

concretes, i.e. the mix designs, and influential process parameters (e.g. print speed and pump pressure) 

affecting the overall properties of printed components should be considered to ensure the extrudability 

and placement of concrete as well as the buildability of each layer. 

 

AM data modeling, particularly the digital information flow, has not kept pace with the AM 

technologies, which are mainly based on traditional solutions, such as the standard tessellation language 

(STL) and G-code (ISO 6983-1) [13]. The standard data modeling approaches for AM may cause 

information breaks along the modeling process by decomposing digital computer models into several 

data formats to be readable by AM hardware. Current standard file formats, including STL, the additive 

manufacturing format (AMF), and the 3D manufacturing format (3MF), may cause redundancy, 

information loss, and inconsistencies, thus requiring new data formats for AM. In addition, most current 

data modeling solutions for AM assume fixed material, with material properties being controlled by 
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assuring constant process settings (e.g. print speed), well-defined material properties (e.g. grain size), 

and continuous environmental conditions (e.g. temperature). However, constant process settings, well-

defined material properties, and continuous environmental conditions are unusual when additively 

manufacturing concrete objects in civil engineering. Furthermore, when considering time-dependent 

viscous materials, such as concrete, material parameters are crucial when defining process settings, 

toolpaths, and computer numerical control (CNC) commands. Material properties of concrete change 

over time, having a detrimental effect on the quality of the printed components when material property 

variations are unaccounted during manufacturing. Current data modeling approaches limit AM of 

concrete structures to a process with a long trial-and-error learning curve to determine the ideal process 

settings and printing strategies. The main challenge therefore remains to understand the interaction of 

AM input parameters (i.e. processes, geometry, and material) to produce high-quality concrete objects 

with optimal digital information flow. 

 

New data models are required, enabling smoother digital information flow, describing AM input 

parameters, and allowing monitoring of material properties and adjustments of process parameters in 

real time. Therefore, this study aims at formally describing the digital information flow, the input 

parameters, as well as associations and dependencies between the parameters, representing a step 

necessary to standardize processes information, material information, and geometry information into a 

unified printing information model. In this regard, a “printing information model”, i.e. a semantic model 

for extrusion-based AM of concrete structures, is proposed. A semantic model, or a metamodel, specifies 

the structure, the semantics, and the constraints for a family of models in a certain domain; a semantic 

model may thus be regarded a further abstraction of a model that specifies the parameters of the model 

itself [14]. A validation procedure based on building information modeling (BIM) is implemented, 

testing the semantic model as a formal basis to inherit inputs specified in BIM models. “Printing 

information modeling” (PIM) incorporates all parameters as well as associations and dependencies 

between the parameters that are necessary to generate CNC commands, enabling optimal digital 

information flow from digital models to 3D concrete printers in an attempt to produce high-quality 

concrete structures. This paper is structured as follows. Section 2 gives an overview of the state of the 
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art in AM of concrete structures, which motivates the research conducted in this study. In Section 3, the 

proposed PIM model is presented, describing parameters and fundamental inter-process relationships 

for AM of concrete structures. In Section 4, the semantic model is validated through the BIM-based 

approach, using a 3D gantry concrete printer. The paper concludes with a summary and an outlook on 

potential future work. 

 

2 State of the art in additive manufacturing of concrete structures 

 

The state of the art, besides providing context, allows the identification of needs and shortcomings of 

the current practices in AM of concrete structure to be addressed by the semantic model proposed in this 

study. In this section, the state of the art is discussed in a literature review, including (i) related research, 

(ii) file formats, and (iii) data modeling approaches used for AM of concrete structures. It is then 

concluded from the literature review that the digital information flow in the digital thread of AM data 

modeling, i.e. from digital models to CNC commands, is a key stage of AM of concrete structures where 

a PIM model may advantageously be applied.  

 

2.1 Related research on additive manufacturing of concrete structures 

 

Analogous to research and development relative to CC, CP, and D-shape, substantial advancements 

have been made in both extrusion-based and selective binding-based methods for concrete. Current 

research focuses on developing AM technologies [15, 16], on advancing printing strategies and 

processing routes [17, 18], on improving mix composition for printable and high-strength concrete [5, 

19, 20], on optimizing topologies to minimize material waste [21], and on including reinforcement to 

improve ductility [22]. A review of recent developments in AM of concrete structures is presented in 

[23]. 

 

Process modeling and printing strategy simulations that are based on finite element analysis have 

been implemented to predict the structural stability during manufacturing and to optimize topologies 
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[24]. Relationships between materials and printing processes as well as between printing processes and 

geometry have been documented. However, formal descriptions of inter-process relationships between 

processes, material, and geometry for AM of concrete structures are yet to be proposed. Current practice 

requires time-consuming process modeling simulations and trial-and-error-based explorations [25]. 

Formal descriptions of AM for concrete structures stands to advance data modeling approaches for AM 

and to better utilize the capabilities of AM technologies. Hence, an optimal digital information flow 

would improve the quality of printed components and enhance the structural performance and 

geometrical precision, along with adequate file formats. In the following subsections, an overview of 

the current file formats and data modeling approaches is presented.  

 

2.2 File formats for additive manufacturing of concrete structures 

 

File formats define structure and type of data stored in a file, allowing standardization of encoding 

methods; data modeling approaches are the approaches implemented to define and analyze data 

management and data exchange within a system. File formats and data modeling approaches currently 

applied for AM of concrete structures are equal to the approaches implemented in extrusion-based AM 

technologies. There are two standardized data modeling approaches for AM processes. The first 

approach is based on the ISO 6983 standard, i.e. the G-code standard for hardware control and neutral 

file formats for geometry representation of AM processes [26]. The second approach is based on the 

newly proposed standard entitled “Standard for the exchange of product model data compliant numerical 

control” (STEP-NC), which extends the ISO 10303 standard in ISO 14649 [13]. The STEP-NC-based 

approach provides hardware control and geometry representation in a single file. 

 

Neutral file formats for G-code-based data modeling approaches, i.e. STL, AMF, and 3MF that will 

be introduced below, provide geometry inputs for AM software applications that are used to generate 

G-code files as outputs. G-code is the most widely used numerical control (NC) programming language 

[27]. G-code supports the hardware control of AM processes containing toolpaths and process 

parameters, defining motion and action commands in sequential lines [13]. The STEP-NC file format 
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contains both product information (e.g. 3D geometry and material) and process information (e.g. 

toolpaths and control data), providing hardware control and geometry representation for CNC machines.  

 

Standard tessellation language (STL) 

 

The STL format, due to its simplicity, is widely supported by several AM software packages, making it 

the de-facto standard in AM. An STL file is an unordered collection of triangles, vertices, and unitary 

surface normal vectors in binary or ASCII format. Information related to dimensions, tolerances, color, 

material, build layers, or history is ignored during the conversion from computer-aided design (CAD) 

files to STL files [28]. Geometrical inconsistencies, geometrical accuracies (with higher accuracies 

entailing larger file sizes), and unit changes are issues caused by CAD file conversions into STL files 

[13], leading to inefficient slicing algorithms. Fixing defective STL files requires additional time-

consuming data analysis. Motivated by the deficiencies of the STL format, the two other neutral file 

formats, AMF and 3MF, have been developed to replace the STL format. 

 

Additive manufacturing format (AMF) 

 

The ASTM Committee F42 on AM technologies has released the AMF format in 2011. AMF is an 

international ASTM/ISO standard format (ISO/ASTM 52915), which extends STL to include 

dimensions and other features, such as curved facets, recursive subdivision, color, material, texture, 

constellation descriptions, and metadata [28]. AMF is based on extensible markup language (XML), 

providing an XML-based schema definition (XSD) for AM technologies [27]. AMF is under 

development but has already been implemented in some AM software applications, while 

interoperability issues still remain, causing a slow AMF adoption in AM technologies [13]. 
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3D manufacturing format (3MF) 

 

The 3MF format has been introduced to improve of both the STL and the AMF format. The 3MF format 

has been released in 2015 and is being updated by the 3MF Consortium, providing an open-source 

option that allows versatility to be expanded to different AM technologies [29]. 3MF, similar to AMF, 

is an XML-based data format defined by an XSD schema that results in smaller size files, providing 

broad model information, such as mesh topology, color, material, and texture, allowing multiple objects 

to be contained within a single archive [29]. In addition, 3MF provides a clear definition of manifoldness 

and open code for rapid-validation algorithms. A 3MF-based model definition provides a consistent 

design-to-print workflow by improving the communication between CAD software applications and 

AM software applications. Nevertheless, 3MF does not provide a complete solution for the digital 

information flow [13], i.e., from CAD models to 3D printers, focusing mainly on geometry definitions, 

and its adoption in AM software applications and hardware is still in process. 

 

Standard for the exchange of product model data compliant numerical control (STEP-NC) 

 

For the STEP-NC-based approach, geometry representation and hardware control are based on the ISO 

10303 standard, which forms parts of the product life-cycle data [30]. The STEP-NC format is specified 

in the EXPRESS language, which was initially developed for 3D geometrical modeling and can be 

extended to include any type of entity [31]. STEP-NC allows transferring process parameters and 

simulation results between systems [32], enabling data exchange that improves the final quality of 

printed objects. Nevertheless, STEP-NC applications in AM are still under development and the 

adoption in AM technologies requires familiarity with the EXPRESS language.  

 

2.3 Data modeling approaches for additive manufacturing of concrete structures 

 

The standardized data modeling approaches for AM processes that are applied to concrete printing 

present shortcomings that affect the quality of the printed components. The data modeling approaches 
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define and analyze the data used, generated, and exchanged in AM processes, giving insights on where 

a PIM model may be applied to enhance data modeling for concrete printing. An overview of the data 

modeling approaches for AM process is presented in the following paragraphs. 

 

G-code 

 

Representing a traditional approach for AM data modeling, G-code is the most widely used numerical 

control programming language, which provides instructions to produce 3D solid objects from digital 3D 

models, as shown in Figure 2, with a unidirectional digital information flow in the digital thread [13]. 

First, digital 3D models, typically in a CAD data format, are converted into neutral file formats (e.g. 

STL, AMF, or 3MF) to provide geometrical information. Neutral file formats describe the surface 

geometry of CAD models with small triangle facets, i.e. tessellation. The triangulated surfaces resulting 

from converting CAD models into neutral file formats are defined by vertices and normal vectors in 3D 

coordinate systems. Issues may result from the conversion, causing redundancy, information loss, and 

inaccuracy in geometrical descriptions. Second, AM software applications or similar slicing applications 

generate computer-aided manufacturing (CAM) models that allow manipulating and slicing the STL, 

AMF, or 3MF data. The slicing process generates 2D layers with a height specified by process 

parameters. Third, each layer described by contour lines, together with the specific process parameters, 

is translated into CNC code, i.e. G-code that is readable by AM hardware. The G-code files designate 

sequential sets of commands that control manufacturing of objects and define printing tools, print 

speeds, and toolpaths, among others. Finally, the objects are built layer-by-layer, extruding feed material 

(in the case of extrusion-based AM methods) or binding one material or a mixture of several different 

materials (in the case of selective-binding-based AM methods). 

 

It should be noted that the G-code-based approach for AM assumes fixed material in the AM process 

when defining process parameters. In other words, material properties remain constant along the 

manufacturing process. However, when using concrete as printing material, material properties change 

along the manufacturing process. Therefore, simulations of process modeling and printing strategies are 
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required to ensure structural stability during manufacturing processes. Likewise, simulations of the 

effects of the material variations are required to ensure the final quality of the printed objects [24]. 

 

STEP-NC data model for AM technologies (AM STEP-NC) 

 

STEP-NC has been developed as an alternative to G-code. The STEP-NC standard integrates the 

digital thread for additive manufacturing in a single file, with information on design and manufacturing 

[13], as shown in Figure 2. The digital thread is composed of different computer-aided software 

programs for design (CAD), process planning (CAPP), manufacturing (CAM), and numerical control 

(CNC) [33]. STEP-NC allows exchanging high-level and standardized data from design models to CNC 

programs [34]. Bonnard et al. [13] have proposed a new STEP-NC data model for AM technologies, 

referred to as “AM STEP-NC”, by modifying the Application Interpreted Model (AIM) for STEP-NC, 

standardized in ISO 14649. The STEP-NC standard has been partially adopted by AM machine vendors, 

limiting AM STEP-NC platforms to indirect programming [27]. Adaptive STEP-NC programming is 

still to be implemented on industrial machines [13]; hence, AM STEP-NC does not allow real-time 

adjustments during the manufacturing processes. In addition, AM STEP-NC does not consider the 

influence of material in AM processes beyond the selection of AM technologies and tools, nor does AM 

STEP-NC consider time-variant changes in material properties. 

 

 

Figure 1. Digital thread for additive manufacturing based on G-code. 
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Figure 2. Digital thread for additive manufacturing on the STEP-NC standard. 

 

Comparison between data modeling approaches 

 

A comparison of data modeling criteria is illustrated in Table 1, with criteria highlighted in bold italics 

having the highest impact on AM of concrete structures. The criteria that would allow standardization 

of data modeling for AM of concrete structures are summarized as follows:  

 Integrating information into a single model 

 Accurate and reliable geometrical descriptions 

 Process control for quality assurance 

 Consideration of time-variant changes in material properties 

 

As described above, existing data modeling approaches implementing G-code may lead to 

information breaks, partially fulfills the criteria for accurate and reliable geometrical description, and 

may provide process control with difficulties. AM STEP-NC is a data modeling approach that fulfills 

more criteria for data modeling of concrete structures. However, AM STEP-NC has only been partially 

adopted in AM technologies for hardware control and does not, as all data modeling approaches 
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considered herein, satisfy criteria related to time-variant changes in material properties within the CNC 

command generation.  

 

Table 1. Comparison of data modeling approaches for AM. 

Criteria for data modeling 

Data modeling approach 

STL and G-
code 

AMF and G-
code 

3MF and G-
code 

AM STEP-NC 

Integrated information No No No Yes 

Accurate and reliable 
geometrical description 

No Partially Partially Yes 

Transparency of 
manufacturing information 

No No No Yes 

Simultaneous optimization No No No Yes 

Process control 
With 

difficulties 
With 

difficulties 
With 

difficulties 
Yes 

Scalability Yes Yes Yes Yes 

Bi-directional data flow No No No Yes 

Multi-process manufacturing No No No Yes 

Time-variant material 
properties 

No No No No 

 

Although efforts have been directed towards advancing the digital information flow and data 

management of AM [32, 33, 35], the current data modeling approaches do not allow digital information 

management in a sufficient manner to adequately consider the variability of material properties during 

the manufacturing process in concrete printing. On the one hand, the G-code-based approach, although 

widely adopted by AM technologies, may cause information breaks along the digital information flow 

and describes elementary actions and hardware movements [13]. On the other hand, the STEP-NC-based 

approach unifies the digital information flow into a single file, but it is still under development. Both 

approaches do not consider interdependencies between material and process information, neglecting 

time-variant material properties in the definition of process parameters. In an attempt to produce high-

quality concrete structures, the semantic model proposed to advance the digital information flow will be 

presented in the following section. 
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3 A semantic model for additive manufacturing of concrete structures 

 

The information used, generated, and exchanged in AM data modeling along the digital thread may be 

represented by parameters and inter-process relationships between the parameters. The semantic model, 

the PIM model, proposed in this study describes all AM input parameters for concrete structures and 

how parameters associate with and depend on each other to systematically represent specifications of 

concrete printing jobs. In this section, a concise review of AM of concrete structures, particularly for 

the extrusion-based method, is performed. Then, the semantic model is developed upon an analysis of 

the information identified from the review. By reviewing AM of concrete structures with a systematic 

perspective, main AM parameters are identified together with associations and dependencies between 

the parameters, distinguishing between process, geometry, and material parameters. The process 

parameters are defined according to hardware parameters and manufacturing process parameters [33], 

the material parameters are defined based on the properties of printing materials, and the geometry 

parameters are taken from 3D digital models and from the slicing process. An overview of the main 

input parameters of AM of concrete structures and the development of the PIM model are presented in 

the following subsections. 

 

3.1 Main parameters of additive manufacturing of concrete structures 

 

The process, geometry, and material parameters are closely interrelated, which has been documented in 

several studies, and the associations and dependencies between the parameters can be semantically 

defined, as will be demonstrated in the following paragraphs with respect to the PIM model to be 

developed thereupon. When describing the parameters in this subsection, the elements directly reflected 

in the PIM model are printed in bold italics. 
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Process parameters 

 

Most 3D concrete printers have adopted the fused deposition modeling (FDM) printing method, also 

referred to as “layered extrusion”. In FDM printing, concrete is mixed and pumped into a hose, which 

is connected to a printhead attached to a motion-controlled printing system and a system command. As 

long as the concrete is fluid, it is extruded through a nozzle and starts solidifying by itself in a chemical 

reaction. A schematic of a 3D concrete printer with a gantry printing system is shown in Figure 3. Key 

elements, in Figure 3 printed in bold italics, of the printing hardware regarding data modeling are (i) the 

motion-controlled printing system, (ii) the mixer and pump system, and (iii) the printhead. In the 

following paragraphs, the key elements of the printing hardware are printed in italics. 

 

The motion-controlled printing system handles the kinematics and the electromechanical aspects of 

3D concrete printers. The motion-controlled printing system processes the CNC commands that define 

toolpaths, controls the multiple axes executing printhead motions, and monitors and adjusts the 

printhead performance based on sensing technologies. Sensor technology may be implemented in the 

hardware of 3D concrete printers to record process and environmental parameters, ensuring the quality 

of the printed object. For example, monitoring the geometry of the concrete filament extruded from the 

printhead provides control of the geometric precision during the manufacturing process. Motion-

controlled printing systems are, therefore, related to toolpath data, control data obtained from sensor-

based monitoring systems, and concrete filament data for geometric precision. Relationships between 

toolpaths definition and implementation of sensor technologies, as well as their influence on the 

properties of the extruded concrete filament, are described in [36]. 
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Figure 3. Schematic of a 3D gantry concrete printer. 

 

The mixer and pump system must be able to transport a concrete mix from the mixing unit to the 

nozzle, avoiding segregation and bleeding. Pumping is influenced by the viscosity of a concrete mix [8]. 

Pump system data includes parameters such as mixer speed, pump speed, and pump pressure 

corresponding to the pump speed. Identifying the working pump speeds and corresponding pump 

pressures for 3D concrete printers is crucial to ensure adequate consistency of a concrete mix. Pump 

pressures between 1 MPa and 4 MPa (10 bar to 40 bar) are required to mobilize a highly viscous 

concrete, which is typically required for shape retention once the concrete is extruded [37]. 

 

The printhead is an element consisting of several parts that allow printing the concrete at desired 

locations with desired speeds under desired angles. The nozzle, the end part of the printhead, is a hollow 

element from which the concrete filament leaves the printer to be deposited on the print surface, forming 

the geometry of the filament. The extruder is a series of parts of the printhead that pushes the printing 

material through the nozzle, also referred as an additional axis (i.e. E-axis). Printhead data includes 

parameters such as print speed, printhead position and orientation, extruder speed, nozzle shape, and 

plotter status. The print speed is a parameter influential to the dimension of the layers of filament [25], 

while nozzle shape and printhead orientation affect the buildability and stability of the bedding layers 

[10]. The height of the printhead above the printing surface has considerable influence on the geometry 

and on the properties of the printed object [36]. Motion and nozzle parameters affect the print quality of 
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the filament layers and are a function of the size and geometrical complexity of the object to be printed, 

which is also linked to the pump pressure and the concrete viscosity. 

 

Geometry parameters 

 

Complete geometrical descriptions of 3D objects include dimensions, points, and geometric objects, 

which may be inherited from 3D digital models. Dimensional consistency between 3D digital models 

and 3D concrete printers is essential to obtain the desired size of printed objects. Parameters related to 

dimensions and dimensional tolerances are necessary to ensure geometric accuracy and precision. 

Points, defined in an absolute or relative coordinate system, are basic elements for vector and geometry 

definitions. Parameters that define geometric objects depend on the geometric representation 

implemented in 3D digital models. For example, boundary representation and tessellated representation 

have proven to be adaptable to 3D printing [38]. 

 

Geometric parameters are also generated during AM data modeling. Resulting from slicing geometric 

objects into layers of a defined height, geometric descriptions of each layer are obtained in the form of 

contour lines. Each contour line is defined by intersection lines between a geometric object and a cutting 

plane. Contour lines are used as input for toolpath definitions in AM process modeling. 

 

Material parameters 

 

AM of concrete structures involves concrete as printing material and reinforcement for providing 

ductility as well as tensile strength, while reducing cracking in printed objects. Concrete is not a fixed 

material and its composition, defined in the mix design, determines the suitability of a concrete mix in 

relation to printing processes and material specifications. Setting reactions in printed concrete exhibit 

strong interactions with the process parameters and printing strategy applied for manufacturing. 

Solidification and curing processes define the print time, the setting time, the layer interval time, and 

the buildability of printed objects [8]. The setting time is the time necessary for a concrete mix to set 
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once cement-water contact occur, while the layer interval time is the interval of time necessary between 

subsequent layers for them to adhere to each other without forming cold joints. Furthermore, the printing 

strategy affects the way reinforcements can be installed or integrated into the concrete [39]. Interactions 

between material properties of concrete and process parameters, together with the object size, are 

relevant to the printing process, particularly with respect to the stability of objects during printing. The 

design of objects and printing strategy influences the green (i.e. fresh-state concrete) and the finished 

(i.e. hardened-state concrete) object properties and reinforcement, as reported in recent studies [8, 25, 

36].  

 

High-performance concrete with zero to low slump and with thixotropic behavior of its fresh state is 

preferred. No-slump characteristics facilitate geometrical precision and building of bedding layers [37]. 

Usually, rheology modifiers are used to obtain thixotropic behavior of fresh mixes. Key rheological 

properties for concrete mixes provide the characteristics necessary for a concrete to be printable. In [40], 

the five key rheological properties, extrudability, pumpability, buildability, open time and layer 

adhesiveness, are discussed in detail together with relationships with material properties of fresh-state 

concrete (e.g. shear stress, viscosity, and green strength). In the following descriptions, the rheological 

properties are printed in italics. Extrudability and pumpability ensure workability of concrete mixes, 

ensuring that the concrete mixes can flow easily from the source to the printing nozzle as well as shape 

retention once in place. Both, extrudability and pumpability, are closely interrelated with the pump 

system of 3D concrete printers. Buildability is the ability of a bedding layer to hold another layer on top 

without collapsing. Buildability is influenced by the print speed, printing strategy, and setting time. 

Open time refers to the change in flowability of concrete over time, which must be monitored along the 

manufacturing process. Open time is determined from the moment water is added into the mixer until 

the concrete mix is difficult to pump through the printhead, giving the time during which the concrete 

mix may be used for printing. Layer adhesiveness refers to the bonding between layers to ensure 

buildability and avoid structural collapse. The print speed, the printing strategy, and layer interval time 

are among the parameters that affect layer adhesiveness. In other words, concrete mixes should be 
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extrudable and buildable, where each layer of filament can retain shape once in place and can adhere to 

and carry the load of subsequent layers. 

 

Concrete mix designs and printing processes affect the material properties of the hardened-state 

concrete in a finished object, such as compressive and flexural strength, interlayer bond, shrinkage, and 

creep [39]. There is a direction dependency resulting from the manufacturing process, where the 

anisotropy in the material defines the failure behavior of the object to be printed [8]. Detrimental changes 

in the printing quality of upper layers and interfaces between layers influence the strength of the 

concrete, mainly due to hardening and loss of moisture of the concrete mix over time [37]. Consequently, 

the anisotropic properties of the printing material, layer interval time as well as print speed and printing 

strategy significantly influence the load-bearing capacity of the printed objects. In the following 

subsection, the PIM model is described. 

 

3.2 The PIM model 

 

The goal of developing the PIM model is to include all printing information necessary for AM of 

concrete structures in a single semantic model. Since the terminology with respect to “semantic models” 

and “models” differs depending on the field of research, it must be noted that in this study a “semantic 

model” is considered a metamodel to be instantiated into specific “models”. In other words, the models, 

representing extracts of the real world, are instances of the metamodel, which formally defines structure, 

semantics, and constraints of the models. 

 

To overcome the problems of redundancy, information loss and inconsistencies in concrete printing, 

the PIM model formally describes the main parameters involved in concrete printing, employing an 

object-oriented modeling approach based on Unified Modeling Language (UML). The parameters are 

coherently categorized into classes and the relationships between the classes are semantically defined. 

As part of the PIM model, the digital information flow of data from 3D digital models to CNC code is 

described. The CNC code contains the CNC commands necessary to control 3D concrete printers, 
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representing the link between data modeling and the manufacturing process. As a result, the PIM model 

is an understandable and instantiable metamodel for future software applications. For example, the PIM 

model may be instantiated in further studies for technology-independent semantic descriptions of 

buildings using a BIM-based approach, such as the Industry Foundation Classes (IFC) standard. 

 

The proposed PIM model is based on the process, geometry, and material parameters analyzed in the 

previous subsection, materializing the relationships between the parameters. When designing the PIM 

model, three simplifications are assumed to ensure hardware and software independence. First, the 

geometry information is assumed to be able to inherit its attributes from 3D digital models developed in 

standardized data models, such as the IFC standard. Second, support materials or structures for 

overhangs are not included in the PIM model since their implementation depends on the particular 

concrete printer. The structural solution for overhangs is assumed to be resolved by segmenting the 

concrete structure and, later on, by assembling the segments. Third, similar to the structural solution for 

overhangs, the reinforcement depends on the particular approach used for concrete printing. Considering 

the importance of reinforcement to give tensile strength and ductility to concrete structures, 

reinforcement is included in the PIM model as a generalized element. In the following paragraphs, the 

structure of the PIM model, whose elements are printed in italics, and the digital information flow in the 

PIM model are discussed. 

 

Structure of the PIM model 

 

The UML class diagram shown in Figure 4 describes the PIM model structure, depicting the inter-

process relationships and AM elements to be instantiated in specific models. As can be seen from Figure 

4, the PIM model is defined as the composition of three main elements: ProcessInformation, 

GeometryInformation, and MaterialInformation. The ProcessInformation abstract class includes 

manufacturing data and monitoring data of concrete extrusion processes. The GeometryInformation 

abstract class provides geometrical descriptions that may be inherited from 3D digital models. The 
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MaterialInformation abstract class refers to material involved in the printing processes, such as concrete 

and reinforcement. 

 

Figure 4. Class diagram of the PIM model. 

 

The ProcessInformation abstract class is the superclass of the subclasses PumpSystemData, 

PrintheadData, FilamentData, ToolpathData, and ControlData. The PumpSystemData subclass refers 

to parameters required to mobilize a concrete mix from the mixer to the extruder and to maintain a 

concrete mix viable from the moment it is mixed until its open time is reached. The PrintheadData 

subclass refers to parameters required to perform the extrusion and to mobilize the printhead, having a 

composition relationship with the MotionData and NozzleData classes. The FilamentData subclass 

refers to parameters used to obtain geometrical precision and structural stability when defining a 

toolpath, regarding the shape and properties of the filament defined by the NozzleData. The 

ToolpathData subclass collects parameters used to determine a toolpath and printing strategy, using the 

data from the ContourLine subclass. The ControlData subclass refers to data collected from sensor 

nodes implemented in the AM hardware that allows monitoring and optimizing the extrusion process. 

 

The GeometryInformation is the superclass of the subclasses Dimension, Point, GeometricObject, 

and ContourLine, resulting in a complete geometrical description of 3D objects. The Dimension subclass 
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provides dimensional consistency between 3D digital models (i.e. geometric objects) and 3D concrete 

printers in terms of units and dimensional tolerances. The Point subclass defines points in absolute or 

relative coordinate systems, used as basic elements for vector and geometry definitions. The Point 

subclass therefore is used to define the origin or reference of geometric objects and to define polylines. 

The GeometricObject subclass is defined in a general way with an aggregation relationship with tha 

classes ReferencePoint, CrossSection (i.e. infill definition), Volume, and ConnectedObject, which may 

be inherited from 3D digital models. The ContourLine subclass stores the polylines, resulting from the 

slicing process, which describe profiles for each layer. 

 

The MaterialInformation superclass refers to the subclasses ReinforcementData and ConcreteData. 

The ReinforcementData subclass depends on the type of reinforcement implemented in the AM process; 

therefore, the reinforcement is only stated as a generalization. The ConcreteData subclass includes the 

MaterialSpecification, MaterialProperty, and MixDesign subclasses. The MaterialSpecification 

subclass defines a concrete mix design (MixDesign), which, in turn, has a set of material properties 

(MaterialProperty) that may be measured. Figure 5 presents a more detailed class diagram highlighting 

the material information, the white-shaded classes referring to either geometry information or to process 

information. 

 

As shown in Figure 5, the material specification parameters are defined in the subclass 

MaterialSpecification in terms of attributes. Precisely, the design strength (designStrength), the 

maximum aggregate size (aggregSize_req) as well as the slump (slump_req) and the minimum open 

time (openTime_req) required for printing are used to define the mix design. The geometrical 

information influences the material specifications, regarding volume to be printed. For example, a large 

volume requires a longer open time and more material than a smaller volume. Therefore, the mix design 

requires the implementation of additional additives and material preparation planning, as described in 

the following paragraph. 
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Figure 5. Arrangement of material information in the PIM model. 

 

The mix design (MixDesign) is composed of the water/cement (w/c) ratio (W/CRatio), aggregates 

(Aggregate), and additives (Additive). The w/c ratio influences the strength and slump of the mix [8]. 

The class W/CRatio includes attributes that define cement type (cementType), the amount of water in 

kg/m3 (waterContent), and the amount of cement content in kg/m3 (cementContent). The aggregates 

function as infill to the mix, reducing the content of cement and providing resistance. The class 

Aggregate comprises attributes that define the aggregate type (aggregType), the maximum aggregate 

size (max_aggregSize), and the aggregate amount in kg/m3 (aggregContent). Typical aggregates used 

in concrete printing have a maximum size of 2 mm for good pumpability. Types of aggregates used in 

concrete printing are fine (e.g. fine sand), coarse (e.g. pebble, granule, coarse sand), fly ash, silica fume, 

and pulverized limestone [5]. Finally, the additives modify the rheological properties of the concrete 

mix to ensure thixotropic behavior. The class Additive has attributes that define the additive type 
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(additiveType) and the additive amount in kg/m3 (additiveContent). Some typical types of additives used 

for concrete printing are superplasticizers, retarders, and accelerators [41]. 

 

The material properties (MaterialProperty) should be in compliance with the specifications to ensure 

printability of the concrete (i.e. extrudability and buildability). The material properties may be 

monitored during the printing process with sensors attached to the printhead and with external devices 

monitoring the freshly extruded layers. Material properties may be categorized as fresh state properties 

(FreshStateProperty), hardened state properties (HardenedStateProperty), and working properties 

(WorkingProperty). The subclass FreshStateProperty of the class MaterialProperty comprises attributes 

that describe mix age (mixAge), viscosity as a measurement of pumpability (viscosity), slump as a 

measurement of workability (slump), open time (openTime), layer interval time to ensure layer 

adhesiveness (layerIntervalTime), and green strength as a measurement of buildability (greenStrength). 

The subclass HardenedStateProperty comprises attributes that describe compressive, flexural and bond 

strength (compressiveStrength, flexuralStrength, and bondStrength, respectively), density (density), and 

shrinkage (shrinkage). The subclass WorkingProperty comprises attributes that describe ranges of 

process parameters, in which the quality of the printed filament is optimum, regarding pump pressure 

(min_pumpPressure and max_pumpPressure) and print speed, which includes traveling speed and 

extruder speed (min_printSpeed and max_printSpeed). Properties such as slump and viscosity change 

over time due to the loss of moisture and humidity in the concrete mixture, hence the properties require 

monitoring during the printing process. Properties such as layer interval time and open time should be 

considered when defining the toolpath to ensure buildability and adhesion between layers. Therefore, 

material properties are closely interrelated with process information, as the concrete mix must maintain 

its consistency and properties during the printing process. Complementing the structure of the PIM 

model, a description of the digital information flow using 3D digital models as input are described in 

the following subsection.  
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Digital information flow in the PIM model 

 

The digital information flow from 3D digital models to CNC code, describing the digital thread of the 

PIM model, is shown in Figure 6 in terms of a UML activity diagram. The CNC code represents a key 

stage in AM data modeling, facilitating hardware control in a format that is readable by AM hardware 

(e.g. G-code). The formalization of the digital information flow allows to further enhance the printing 

process. A clear understanding on how the information is transferred between the different elements of 

the PIM model enables adaptability of the PIM model to the needs of different AM technologies for 

concrete structures. Moreover, the PIM model may be further expanded, e.g. for including further 

control data collected by sensor-based monitoring systems as well as for modifying and optimizing real-

life CNC code during the printing process to correct potential printing errors. 

 

Figure 6 presents a general overview of the digital information flow in the PIM model. The digital 

information flow starts with input information extracted from a 3D digital model and with user-defined 

input parameters (i.e. process parameters), and it ends with CNC code as output. The user-defined input 

parameters are divided into printhead and pump parameters, and toolpath parameters. The printhead and 

pump parameters are print speed (X, Y, and Z axes), nozzle (if multiple options are available), and pump 

speed (and corresponding pump pressure). The toolpath parameters are layer height and printing 

strategy. From the 3D digital models, 3D geometry and material specifications are extracted. The 3D 

geometry is sliced into layers using the layer height. From the slicing, contour lines for each layer are 

obtained. Toolpaths are generated using the contour lines, the printing strategy, and the filament data 

derived from the nozzle selection. The toolpaths may be modified by changing the user-defined 

parameters until dimension tolerances for geometrical precision are satisfied. From the material 

specifications, a material is selected. Together with the material properties, the toolpaths, once accepted, 

are used to generate CNC code that incorporates the printhead and pump parameters. Finally, if no 

modifications are needed, the CNC code is transferred to the 3D concrete printer. The PIM model will 

be validated using a BIM-based approach in the following section. 
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Figure 6. Digital information flow in the PIM model. 

 

4 BIM-based validation of the PIM model 

 

In this section, the validation of the PIM model, as a general-valid semantic model for concrete printing, 

is presented using a BIM-based approach implemented with a 3D concrete printer. The PIM model must 

show to be suitable to describe AM data modeling of concrete structures. The validation is conducted 

by generating a specific model of the PIM model. The specific model is an instance of the PIM model, 

providing specific values to the classes for a specific concrete printing job. In the following subsections, 

the BIM-based approach as well as the implementation and the validation of the PIM model are 

presented. 

 

4.1 BIM-based approach 

 

In many countries, BIM is becoming mandatory for public infrastructure projects [42] and may serve as 

a link to Industry 4.0 concepts in the AEC industry. A standardized format for BIM is defined by the 
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IFC standard, which provides an object-oriented schema as an open standard to store and exchange 

building information [43]. BIM has emerged as a common method for digital representation of physical 

and functional characteristics of buildings and infrastructure, including geometrical and semantic 

information (e.g. describing material or cost) [44]. Advantageously being used by the PIM approach 

proposed in this study, BIM models contain geometrical and material parameters and, upon adding AM 

process parameters, have the potential to serve as a formal basis to provide complete digital models for 

concrete printing that include processes, material, and geometry information, as noted in [23]. Moreover, 

stemming from a complete digital model, PIM-based BIM models for 3D printing may integrate 

geometry approximation, slicing, toolpath definition, and CNC code generation.  

 

Most BIM tools can export models to a neutral file format (e.g. STL, AMF) that may be converted 

into CNC code using a conventional AM software application. Examples of integrating BIM with AM 

have been presented in [45, 46], by extracting data from IFC files of customized BIM models and used 

as inputs for software applications to generate CNC code for specific 3D concrete printers, such as CC 

machines. For validating the feasibility of the PIM model, BIM models are used as input to provide 

geometrical descriptions and material specifications, and, thereupon, to validate the relationships 

defined in the PIM model by automatically generating CNC code from a test application that deploys 

an instance of the PIM model. Extrapolating geometrical descriptions and material specifications from 

IFC files is possible by automatically or manually extracting data from BIM models. In this study, a 

manual extraction of the model data from BIM models is devised within the validation efforts. In the 

following subsections, the implementation and the validation of the PIM model are described. 

 

4.2 Implementation of the PIM model 

 

The PIM model is implemented using a test application. The test application is developed in Java 

language and it generates a specific model from the PIM model. The test application, referred to as “PIM 

application”, incorporates algorithms for (i) slicing, (ii) toolpath definition, and (iii) CNC command 

generation, as shown in Figure 7. The inputs of the PIM application are user-defined parameters for the 
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process data (e.g. layer height, print speed, pump speed, and toolpath parameters) as well as material 

and geometry data that is extracted from the BIM model, while the output is a CNC code readable by a 

3D concrete printer. A more detailed description of the algorithms, printed in italics, is presented in the 

following paragraphs. 

 

 

Figure 7. Class diagram of the PIM application (extract). 

 

The slicing algorithm uses a cutting plane that moves along the vertical axis in increments, defined 

by the layer height, to obtain layer profiles. The layer profiles are composed by contour lines formed by 

intersection lines originating from the intersection between the cutting plane and the geometric object 

extracted from the BIM model, which is composed by faces. The slicing algorithm therefore solves the 

plane intersection problems between the cutting plane and the faces of the extracted geometric object, 

generating contour lines for each layer.  

 

The toolpath definition algorithm uses the contour lines calculated from the slicing and the user-

defined toolpath parameters as inputs to define movements of the printhead to manufacture the extracted 

geometric object. The toolpath definition algorithm implements a raster-scanning approach to fill the 
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area enclosed by the contour lines with concrete filament, and, thereupon, defines the movements of the 

printhead for each layer.  

 

The CNC command generation algorithm incorporates printhead data, pump system data, the 

toolpath data calculated previously, and material properties data. The CNC command generation 

algorithm defines the action commands for the 3D concrete printer and compiles the commands into 

CNC code. Variations in the fresh state material properties, such as green strength and viscosity, are 

considered in the CNC command generation algorithm by integrating factors that modify the print speed 

(print factor) and the pump speed (pump factor). The PIM model is verified in the following subsection 

using the test application to describe the AM data modeling of a specific concrete structure to perform 

a printing test. 

 

4.3 Validation of the PIM model 

 

A validation test of the PIM model is performed upon a small-scale L-shaped concrete wall. The 

concrete wall is first designed as a BIM model and then printed by a 3D gantry concrete printer, shown 

in Figure 8, of dimensions  4000 mm × 3000 mm × 3000 mm (length × width × height), which is capable 

of extruding concrete filaments of 150 mm thickness. Table 2 gives an overview of the properties of the 

3D gantry concrete printer and the customized concrete mix used for validation. The concrete mix has 

been developed to obtain adequate extrudability and buildability for the ranges of print speed and pump 

speed (and the corresponding ranges of pump pressure) of the 3D concrete printer. 

 

The AM main input parameters of the specific model for the concrete printing job are shown in 

Figure 9 as an object diagram. The L-shaped concrete wall of 200 mm height, 150 mm thickness, and a 

base of 800 mm × 600 mm (length × width) is designed as an IFC-compliant BIM model using the 

standardized IFC entity IfcWall with IfcSweptAreaSolid geometric representations. Parameters for the 

material specification of the printable concrete with a design strength of 30 MPa are indicated as 

property sets of the IFC entity IfcMaterial in the corresponding IFC file, such as a slump of 180 mm, a 
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maximum aggregate size of 2 mm, and an open time of 15 min. For the printing test, the input process 

parameters are a layer height of 40 mm, a unidirectional printing strategy, a print speed of 100 mm/s, 

and a pumping speed of 22% of the print speed for a constant pump pressure of 1 MPa. 

 

Figure 8. 3D gantry concrete printer used for the validation test. 

 

Table 2. Properties of the 3D gantry concrete printer and customized concrete mix. 

Printer properties Values Material properties Values 

Nozzle shape 40 mm × 150 mm Concrete class CEM II/A-S 52,5 R 

Reinforcement 
solution 

Textile mesh Design resistance 30 MPa 

Maximum print 
dimensions 

2000 mm × 1000 mm 
× 600 mm 

Max. aggregate size 2 mm 

Layer thickness 150 mm Additives None 

Layer height 3 - 5 mm Nominal slump 180 mm 

Print speed (vE) 50 - 200 mm/s 
 

Pump speed (vP) 0 - 100% vE 
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Figure 9. Object diagram of the specific model instantiated from the PIM model for validation. 

 

Prior to the actual concrete printing, the concrete mix is tested to determine its material properties, 

which are manually specified in the PIM application. Using a laboratory extruder, the working properties 

of the concrete mix are determined in calibration tests to obtain consistent filament properties, and the 

factors, print factor and pump factor, are calibrated to compensate for changes in the fresh state 

properties, as shown in Figure 10. In the calibration tests, the printing process for the L-shaped wall is 

simulated in a smaller scale. As a result, layer interval times between 1 min to 5 min and print speeds 

between 100 mm/s to 130 mm/s provide adequate extrudability and buildability. Slower print speeds 

and slower pump speeds in lower layers provide more control to precisely place the extruded concrete 

filament in the target locations and better buildability. Faster printing speeds and pump speeds are 

required to extrude the concrete mix for upper layers, since the workability of the concrete mix 

diminishes due to loss of moisture over time. Hence, the print factor and the pump factor modify the 

print speed and the pump speed to be slower for the lower layers and faster for the upper layers. The 

print factor and the pump factors are calibrated to reduce the print speed and pump speed for the first 

two layers to a 77%. 
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Figure 10. Calibration of material properties and factors with a laboratory extruder 

 

Upon calibration, the PIM application slices the L-shaped wall, storing the contour line data into the 

model, and generates a toolpath for each layer, which is also stored in the model. As an output, the 

toolpaths may be visualized to evaluate the printing strategy and geometrical precision obtained by the 

PIM application, and, if accepted, the CNC code is generated. The CNC code has a starting, a 

positioning, a printing, and an ending command block. The starting command block defines 

manufacturing settings, such as speed limits, constant parameters (e.g. layer height) and factors (i.e. 

print factor, pump factor), for the layer-by-layer printing job. The positioning command block sets the 

printhead to an initial (or home) position. The printing command block defines the positions for the 

printhead following the toolpath and controls the extrusion of concrete by activating and deactivating 

the pump. The ending command block deactivates the pump and returns the printhead to its home or 

initial position. The 3D gantry concrete printer used for validation is capable of reading the CNC code 

generated by the PIM application in its main input screen as an external file for each layer (Figure 11a). 

Using the automatic mode of the concrete printer, the CNC code is executed for each layer printing the 

L-shaped concrete wall shown in Figure 11b. The results of the validation test are discussed in the 

following subsection. 
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a) CNC code output for the first layer. 

 

b) Printing test. 

Figure 11. Validation test of the PIM model. 

 

4.4 Results and discussion 

 

The validation test demonstrates that the PIM model is suitable to describe concrete printing jobs using 

BIM models as input. Geometry parameters and material parameters, such as material specifications, 

have successfully been processed from the IFC file of the BIM model. Within the PIM application, 

material properties of the custom-designed concrete mix obtained from the calibration have manually 

been specified, such as a layer interval time of 1 min. The print speed and the pump speed have been 

adjusted with the print factors and the pump factors from layer to layer to compensate for the changes 
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in the material properties, caused by the time-dependent loss of moisture of the concrete over time while 

printing. 

 

For the test application, simple algorithms have been implement, which may be optimized for a 

higher geometric precision, for smaller dimensional tolerance, or for complex geometries. The slicing 

algorithm implemented in this study is limited to solids defined as IfcSweptAreaSolid entity in the IFC 

schema for generating contour lines, which may not be adequate for complex geometries. Likewise, the 

toolpath definition algorithm, which has been based on a raster-scanning approach, is limited by the 

thickness of the filament of 150 mm. Determining optimal toolpaths is a crucial step in AM data 

modeling. The order of the printhead movements has been defined according to fresh state material 

properties, such as layer interval time and green strength, considering the print speed to estimate the 

time needed to perform each movement. In the case of the CNC code generation, tuning of the factors 

that modify the print speed and the pump speed has allowed more control over the geometrical precision 

at positions where changes of direction occur.  

 

The parameters and relationships defined in the PIM model, together with the digital information 

flow (Figure 4 and Figure 6) have been instantiated in the test application. For example, the dependency 

between the Volume of the GeometricObject and the MaterialSpecifications of the Concrete Data has 

been represented by the minimum open time of 15 min defined in the material specifications. The 

minimum open time value has been implicitly estimated during the design of the L-shaped wall, 

considering an average print speed of 100 mm/s and an average time of 10 min to fill the pump system 

with the concrete mix. The PumpSystemData and MotionData dependencies on WorkingProperties have 

been implemented in the user-defined parameters within the working ranges of print speed and pump 

pressure. The nozzle geometry (i.e. size and shape) in the NozzleData, together with the user-defined 

layer height, have been used to define the filament properties in the FilamentData. The FilamentData 

has later been calibrated with the MotionData to maintain constant filament properties during the 

printing process. The MotionData follows the ToolpathData with the respective print speed, which 

considers the FreshStateProperties using the print factor to modify the print speed. The extrusion of the 
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concrete mix is trigged by the MotionData by adjusting the pump status in the PumpSystemData. 

Furthermore, the PIM model may be expanded to include the data modeling for reinforcement and 

support materials. Through the generation of CNC code, the inter-process relationships provide 

traceability and a clear understanding of AM data modeling within the printing process. The PIM model 

has therefore shown to be suitable to describe AM data modeling for simple concrete structures, serving 

a first step towards improving current data modeling concepts currently deployed for concrete printing. 

 

5 Summary and conclusions 

 

A printing information modeling approach has been developed, serving as a basis to formalize the 

description of data modeling for additive manufacturing of concrete structures. The PIM model, as a 

metamodel for concrete printing, semantically describes process, geometry, and material input 

parameters as well as associations and dependencies between the parameters, providing instantiable 

models for data modeling, thus concrete printing. The PIM model has been validated in a test application 

for a 3D gantry concrete printer, demonstrating that the PIM model adequately defines AM main 

parameters and inter-process relationships, which may easily be translated into CNC code. Although the 

test application developed for validation purposes has been successful, there is room for improvements. 

For example, the algorithm used in the test application may be optimized and further validation tests 

may be devised with respect to inheritance of complex geometrical information from standardized data 

models, such as the IFC. Also, it has been unveiled that it would be meaningful to conduct further work 

towards instantiating a digital model from the PIM model to generate CNC code directly from BIM-

based models, incorporating sensor data for process monitoring and real-time feedback.  
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