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RESUMO 

A integração da impressão 3D de betão (3DCP) com fachadas modulares pré-fabricadas apresenta uma 

abordagem transformadora para a construção contemporânea, promovendo maior eficiência, 

sustentabilidade e flexibilidade de design. Esta investigação baseia-se em estudos anteriores sobre a 

utilização da 3DCP em elementos de fachada pré-fabricados e procura avançar o campo através da 

análise de estratégias de reforço que assegurem conexões resistentes e duráveis entre as camadas 

impressas de betão e os módulos de parede pré-fabricados. O estudo explora ainda as potencialidades 

da 3DCP no desenvolvimento de soluções de design inovadoras, com foco na funcionalização, no auto-

sombreamento e no desempenho térmico. 

Adicionalmente, a investigação centra-se na integração da fabricação robótica com o Building 

Information Modeling (BIM), otimizando o fluxo de trabalho desde o design digital até à produção 

automatizada. Os atuais enquadramentos de construção robótica orientada por BIM serão expandidos 

de modo a facilitar a interoperabilidade entre ferramentas de design generativo, programação de 

trajetórias robóticas e troca de dados entre ambientes BIM e sistemas de fabricação. Um objetivo central 

é desenvolver um modelo paramétrico em BIM que incorpore dinamicamente propriedades de materiais, 

trajetórias de impressão e detalhes de reforço, assegurando a integração da informação de fabricação no 

BIM as-built. 

A metodologia adotada combina ensaios experimentais de 3DCP e estudos de caso em pré-fabricação. 

Serão desenvolvidos protótipos para validar as estratégias de reforço propostas, avaliando fatores como 

adesão, intertravamento mecânico e resistência a condições ambientais. Em paralelo, os fluxos digitais 

serão testados para criar pontes entre os ambientes BIM e de fabricação robótica. 

Em última análise, esta investigação procura potenciar a utilização do BIM para a integração estrutural 

da 3DCP em fachadas modulares pré-fabricadas, ao mesmo tempo que refina fluxos digitais para a 

construção automatizada. Ao abordar os desafios físicos e computacionais, os resultados contribuirão 

para uma adoção mais ampla da 3DCP na construção industrializada, facilitando métodos de pré-

fabricação mais resilientes e eficientes. 

Palavras chave: 3DCP, BIM, Fachadas, Fabricação Robótica, Construção Modular 
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ABSTRACT 

 

The integration of 3D concrete printing (3DCP) with prefabricated modular façades offers new 

opportunities for improving efficiency, sustainability, and design flexibility in construction. This thesis 

built upon previous research on 3DCP for façade elements by investigating reinforcement strategies 

and exploring the design, self-shading, and thermal potentials of additive manufacturing in 

prefabrication. 

An integrated workflow was developed linking parametric design (Rhino/Grasshopper), robotic 3D 

concrete printing (KUKA/KRL), and Building Information Modelling (Autodesk Revit/ACC). Three 

panel typologiesðwavy, folding, and catenaryðwere generated; the wavy panel was selected for 

physical prototyping and successfully fabricated through calibrated trials. The workflow enabled 

bidirectional exchange between design and fabrication environments and embedded fabrication data 

within BIM families. Printing trials revealed dependencies between material rheology, nozzle 

calibration, and toolpath velocity, with velocity emerging as a key design parameter. 

While the study was limited to prototyping a single panel and did not extend to structural or lifecycle 

testing, it contributes a replicable workflow and a BIM-enabled strategy for tracking printed façade 

components across design and fabrication stages. By addressing both computational and fabrication 

challenges, the research provides a basis for advancing the adoption of 3DCP in prefabricated 

construction.  

 

 

Keywords: 3DCP, BIM, Façades, Modular Construction, Robotic Fabrication 
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1. INTRODUCTION  

Background 

In recent years, the construction industry has been under increasing pressure to address challenges 

related to sustainability, productivity, and resource efficiency. Traditional formwork-based concrete 

construction, although well established, is resource-intensive, labour-demanding, and often constrained 

in terms of geometric flexibility. In this context, 3D Concrete Printing (3DCP) has emerged as a 

disruptive manufacturing process with the potential to reshape both structural and non-structural 

applications in architecture and engineering. 

3DCP enables the layer-by-layer deposition of cementitious materials without the need for conventional 

formwork, allowing for greater freedom of design, the integration of performance logic into material 

systems, and a substantial reduction in waste. When applied to façade construction, this translates into 

new opportunities for geometric articulation, material efficiency, and lifecycle performance. 

Furthermore, prefabricated façade panels produced through 3DCP can be manufactured in controlled 

environments, ensuring quality, precision, and accelerated project delivery. 

Despite these advantages, the adoption of 3DCP in architecture remains limited, primarily due to the 

fragmentation between computational design, material science, robotic control, and Building 

Information Modelling (BIM). Current research highlights gaps in connecting parametric design 

environments with fabrication-aware simulation tools, as well as the absence of integrated digital-to-

physical workflows that ensure real-time feedback between design intent, robotic execution, and 

material performance. Without addressing these interdependencies, 3DCP risks remaining at the level 

of isolated experimentation rather than evolving into a scalable and standardized construction method. 

Research Objective and Questions 

The primary aim of this research is to develop and evaluate an integrated design-to-fabrication workflow 

for 3D-printed façade panels, linking computational design environments, robotic fabrication processes, 

and BIM-based project coordination. This objective builds on the recognition that façade construction 

requires not only aesthetic versatility but also technical rigor in terms of printability, thermal and 

structural performance, and assembly efficiency. 

In pursuit of this aim, the following research questions guide the investigation: 

Reinforcement and Printability: How can reinforcement strategies and print geometry be optimized 

to enhance the structural reliability and printability of 3D-printed façade elements? 

BIM Integration : What role does BIM play in enabling interoperability, parameter traceability, and 

lifecycle management within a digital design-to-fabrication workflow for 3DCP façades? 
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ComputationalïRobotic Synergy: How can parametric scripting and robotic toolpath generation be 

merged to enable design flexibility while maintaining fabrication constraints? 

By addressing these questions, the research contributes to bridging the gap between academic 

experimentation and industry-ready applications of 3DCP in façade construction. 

Research Context ï Industry & Academic Collaboration  

This research was conducted within a collaborative framework that combined both academic inquiry 

and industry-driven validation. The academic foundation was established at the ACTech Hub, the 

research laboratory of the University of Minho dedicated to advanced construction technologies, digital 

fabrication, and computational design. The ACTech Hub provided the experimental infrastructure, 

including robotic fabrication equipment, BIM integration platforms, and technical expertise necessary 

for testing the proposed workflows. 

In parallel, the thesis was supported by Blufab, the industry partner for this project. As a company 

specializing in façade systems and prefabricated building components, Blufab offered practical insights 

into the challenges of scalability, logistics, and construction-site implementation. Their involvement 

ensured that the research outcomes were not limited to theoretical explorations but were aligned with 

industrial constraints such as prefabrication standards, modularity in façade design, and transport 

logistics. 

This dual frameworkðacademic rigor through ACTech Hub and industrial relevance through Blufabð

ensured that the research maintained both scientific novelty and real-world applicability. It further 

reinforced the central objective of developing a parametric-to-fabrication workflow for 3D Concrete 

Printing (3DCP) façades that could be tested in laboratory settings while anticipating practical 

deployment within the construction sector. 

Methodology 

The research adopts a design-based experimental methodology (DBEM), combining iterative 

prototyping, computational modelling, and fabrication trials. This methodological framework enables a 

systematic exploration of both design and performance criteria, while grounding the investigation in 

empirical fabrication outcomes. 

The methodology is structured around the following stages: 

Computational Design Exploration: Parametric modelling in Rhino-Grasshopper was used to develop 

three distinct façade panel typologies (wavy, folding, and catenary-inspired). These designs were 

evaluated for geometric feasibility, printability, and potential for architectural articulation. 

Robotic Prototyping: Using a KUKA robotic arm and a concrete extrusion system, small- to medium-

scale panel prototypes were fabricated. Experimental trials focused on material flow consistency, 

extrusion velocity, layer stability, and error diagnostics. These tests provided feedback loops for 

adjusting both mix design and toolpath strategies. 
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BIM Workflow Integration : A parametric-to-BIM workflow was implemented using Rhino.Inside. 

Revit and Autodesk Revit Parameter Services, allowing panel parameters such as thickness, 

reinforcement type, and concrete mix ID to be embedded into digital families. This enabled traceability 

across the full design-to-assembly pipeline. 

Evaluation and Synthesis: The prototypes and workflows were evaluated not only for material and 

geometric performance but also for their ability to integrate with industry-standard BIM environments, 

simulating scenarios of digital fabrication at the building scale. 

This hybrid approach ensures that the research is grounded in technical experimentation while 

simultaneously addressing digital interoperability and industry scalability. 

Thesis Structure 

The thesis is organized to progressively connect conceptual foundations with experimental prototyping 

and workflow synthesis, moving from contextual framing to technical implementation and critical 

reflection. Each chapter plays a distinct role in building the narrative of how parametric design and 

Building Information Modelling (BIM) can converge with robotic 3D Concrete Printing (3DCP) for 

façade applications. 

Chapter 1 ï Introduction  

This chapter establishes the overall context of the research. It introduces the motivation behind pursuing 

3DCP for façade systems, situating the topic within broader architectural and construction challenges 

such as sustainability, automation, and digitalization. It defines the research background, objectives, and 

guiding questions, while also presenting the methodological framework. Finally, the chapter outlines 

the structure of the thesis and clarifies its scope and limitations, framing the inquiry for both academic 

and industry audiences. 

Chapter 2 ï Literature Review 

This chapter provides a critical review of existing research across four key domains: 3DCP materials 

and rheology, parametric design methodologies, robotic fabrication processes, and BIM integration for 

façade systems. It examines foundational contributions, compares approaches across different contexts, 

and highlights emerging trends. A central purpose of the chapter is to identify research gapsð

particularly the lack of holistic workflows linking parametric scripting, digital fabrication, and BIM 

parameterization in the specific context of façade design. 

Chapter 3 ï Research Methodology 

This chapter outlines the research design and justifies the selection of a Design-Based Experimental 

Methodology (DBEM) as the overarching approach. It details the iterative process of hypothesis 

formulation, prototyping, and evaluation, while also explaining the criteria for material selection, 

printing parameters, and case-based testing. The methodology is positioned not only as a technical 

framework but also as a bridge between experimental design logic and fabrication feasibility, ensuring 

that the research is both exploratory and grounded. 
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Chapter 4 ï Design Directive 

This chapter sets out the conceptual drivers for the project and establishes the design logic for the façade 

panel system. Drawing from case studies, literature precedents, and environmental considerations, it 

develops performance criteria that balance structural, aesthetic, and fabrication constraints. The design 

directive frames the parameters and opportunities that inform later design development, ensuring that 

panel typologies are guided by both architectural aspirations and robotic feasibility. 

Chapter 5 ï Design Development 

This chapter documents the evolution of three distinct panel typologiesðwavy panels, folding panels, 

and catenary-inspired vaults. It unpacks the generative logics behind each approach, demonstrating how 

parametric definitions were translated into geometric explorations and structural strategies. The 

discussion extends to material feasibility and design iteration, showing how theoretical aspirations were 

continuously refined against the constraints of 3DCP. A dedicated subsection outlines the establishment 

of the digital infrastructure for parameterization and BIM integration, ensuring that panel typologies are 

not only geometrically expressive but also embedded with fabrication-aware data for downstream 

workflows. 

Chapter 6 ï Prototyping and BIM Integration  

This chapter represents the experimental core of the thesis, documenting the translation of design into 

fabrication. It describes the robotic setup, including printer calibration, base adjustments, extrusion 

velocity studies, and printing trials. The chapter includes detailed accounts of failures and corrections, 

highlighting how fabrication realities informed design iterations. Beyond physical prototyping, the 

chapter also addresses BIM integration: the creation of shared parameters, the structuring of Revit 

families, and the establishment of bi-directional workflows between Rhino and Revit. Together, these 

efforts demonstrate the convergence of computational design, robotic fabrication, and BIM as a unified 

façade design-to-fabrication workflow. 

Chapter 7 ï Conclusions and Future Work 

The final chapter synthesizes the findings, reflecting on the successes and limitations of the designï

fabrication workflow. It evaluates the research contributions to knowledge in computational design, 

façade system development, and 3DCP prototyping. Limitations are discussed candidly, particularly in 

relation to material constraints, printing precision, and scalability. Finally, the chapter outlines 

opportunities for future work, including hybrid fabrication strategies, Digital Twin integration for 

lifecycle management, and pathways for scaling the workflow into industrial practice through 

partnerships with façade manufacturers and construction companies. 
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2. LITERATURE REVIEW  

2.1.  3D Concrete Printing (3DCP) 

Research on 3D Concrete Printing (3DCP) has moved steadily from exploratory prototyping toward 

large-scale architectural and structural applications. Bos outlined early potentials and challenges, 

identifying additive manufacturing as a disruptive technology capable of reducing formwork 

dependency and material waste while introducing new geometric freedoms. Building on this foundation, 

recent investigations emphasize not only the feasibility of printing but also the optimization of structural 

performance, environmental efficiency, and process automation. (Bos et al., 2016) 

Breseghello demonstrated how toolpath-based design can drive carbon-efficient architectural structures 

by embedding performance criteria directly into the printing trajectory. Their work highlights how 

environmental and structural considerations can be encoded parametrically at the design stage, ensuring 

that digital models align more closely with fabrication realities. (Breseghello and Naboni, 2022) 

At the material and process level, (Mechtcherine et al., 2020) provided a detailed account of extrusion-

based additive manufacturing with cement-based composites, outlining the key production steps, 

technical challenges, and opportunities for scaling. Their study underscores the interdependencies 

between rheology, extrusion control, and interlayer bonding, all of which are critical for façade-scale 

applications. (Wolfs, Bos and Salet, 2019) expanded on this by experimentally evaluating how process 

parameters such as layer height, deposition speed, and nozzle movement influence the hardened 

properties and interlayer adhesion of 3D-printed concrete, directly linking fabrication settings to 

structural reliability. 

Beyond laboratory testing, full-scale demonstrations are increasingly validating 3DCP in real-world 

contexts. (Salet et al., 2018) documented the design and testing of a 3D-printed pedestrian bridge, one 

of the first structural applications that integrated parametric optimization with physical prototyping at 

infrastructural scale. Their work not only proved the load-bearing potential of 3DCP but also illustrated 

how prefabricated modular components could be assembled efficiently on site. Extending this trajectory, 

(Rehman, Kim and Kim, 2024) investigated automated and inline sensing systems for concrete printing, 

showing how integrated monitoring can enable adaptive control and pave the way toward fully 

automated digital fabrication pipelines. 

Together, these studies suggest that 3DCP is transitioning from experimental prototypes to strategic 

integration in architectural practice. The focus is shifting toward workflows that couple parametric 

design, real-time sensing, and material optimization to deliver reliable, scalable, and environmentally 

responsive construction systems. 

2.1.1. Material & Mix Design  

3D Concrete Printing (3DCP) has evolved from an exploratory technique to a construction-ready method 

for both architectural and structural elements. A central challenge in the process lies in ensuring the mix 

has appropriate fresh-state properties to support consistent layer deposition without deforming or 
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collapsing. The mix must be optimized for extrudability, buildability, and open time  allowing smooth 

extrusion and sufficient stability after deposition (Sanjayan and Nematollahi, 2019) 

Chemical admixtures such as viscosity-modifying agents (VMAs), accelerators, and retarders are often 

employed to fine-tune rheology. As Anton explains , explains that admixtures such as calcium aluminate 

can accelerate the setting of printed concrete, while viscosity-modifying agents are applied to stabilize 

the layers during deposition (Anton, 2022). These agents are particularly important for tall façade 

components requiring rapid setting and high structural fidelity during printing. 

Material sustainability is also a growing focus. According to Sanjayan et al., GGBFS and fly ash can 

partially replace OPC without negatively affecting printability, while reducing CO  emissions (Sanjayan 

and Nematollahi, 2019). This allows for more sustainable building envelope solutions that maintain 

performance while minimizing carbon impact. 

Lightweight concrete solutions, including optimized particle packing and aggregate gradation, have 

been explored to reduce the self-weight of façade elements. Breseghello integrates computational and 

structural optimization in his design workflow, noting that FEA was used to identify zones of high 

tensile stress, and the aggregate composition was tailored accordingly (Breseghello, 2023). This 

integration of material design with performance simulation supports more efficient vertical systems and 

digital-to-physical workflows. 

2.1.2. Printing Methods and Toolpath Logic 

3DCP technologies typically employ extrusion-based methods, where material is deposited layer-by-

layer following digitally generated toolpaths. The toolpath determines structural orientation, mechanical 

bonding, and even the expressive language of the printed form. Franchini argues that the way toolpaths 

are generated determines both the efficiency of printing and the quality and appearance of the resulting 

façade (Franchini, 2024).  

Toolpath strategies can be linear for faster print speeds or non-linear for more intricate textures and self-

shading surfaces. Robotic arms increase geometric freedom, enabling inclined, overhanging, or multi-

directional printing. In one experiment, non-planar paths were used to create variable depth and improve 

interlayer fusion without additional support  (Anton, 2022). These capabilities are especially relevant to 

façade applications that must combine formal articulation with mechanical performance. 

Print sequencing and slicing logic also influence structural outcomes. According to Anton, managing 

parameters such as material moisture, extrusion velocity, and timing between layers enhances interlayer 

adhesion in printed components (Anton, 2022). This feedback-controlled process ensures better 

cohesion between layers and reduces cold joints , a critical factor for printed envelopes exposed to 

environmental loads. 
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Figure 1 : Setup for Large Scale 3D Manufacturing  

(Sanjayan and Nematollahi, 2019) 

 

2.1.3. Structural Applications and Case Studies 

Several façade-focused case studies emphasize embedded environmental performance, including 

texture-driven self-shading and cavity-based thermal buffering. As Anton describes, geometry was 

manipulated to respond to solar exposure, reducing heat gain while producing differentiated surface 

articulation(Anton, 2022). These embedded functions reveal the potential of printing not just as structure 

but as climate-responsive skin.  

Case studies in 3DCP show a growing interest in moving beyond small-scale prototyping toward full-

scale architectural applications. From load-bearing printed bridges to modular façade panels, researchers 

are testing the limits of performance and geometry. Ribeiro et al. present a system where 3D printed 

pontoon slabs integrated reinforcement cavities for in-situ casting, demonstrating hybrid prefabrication 

techniques (Ribeiro et al., 2024). 

Additionally, Breseghelloôs prototypes show integration of reinforcement strategies, such as post-

tensioning, and printing over complex geometries. These studies provide empirical data supporting the 

use of printed elements in façades where structural reliability and aesthetic differentiation are both 

essential. 
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2.2. Scripting & Parametric Design in Fabrication 

2.2.1. Computational Design Principles 

Parametric design has revolutionized architectural practice by shifting the design focus from static forms 

to dynamic systems, where geometry is the result of rule-based manipulation. This allows the creation 

of complex, responsive structures with embedded design logic, well-suited to fabrication via 3D 

concrete printing (3DCP). As described by Dorfler (2023), parametric modelling fosters 

interdependence between form, performance, and production, enabling iterative design based on real-

world constraints. 

 

Figure 2 : A Parametric model of a circle associating the circleôs radius with the x  

coordinate of the center point (Jacobus, 2023) 

 

The basis of parametricism lies in scripting environments like Grasshopper, which allows designers to 

define rule-driven workflows. Dorfler (2023) articulates parametricism as a design paradigm that 

replaces formal composition with algorithmic logic, where elements such as surface patterns, apertures, 

and material thickness can respond to site, climate, or performance feedback. This computational 

flexibility is crucial in 3DCP façade systems, where architectural geometry must negotiate thermal 

loads, solar radiation, and structural limits (Dörfler et al., 2023).  

2.2.2. Scripting Workflows for Additive Manufacturing (AM)  

To make parametric designs fabricable, data must be converted into machine instructions. This 

translation is enabled through generative scripting workflows that include fabrication parameters such 

as nozzle size, path sequence, and build orientation. Kolarevic (2003) emphasizes that scripting 

platforms not only generate geometry but also encode fabrication logic directly, allowing for digital-to-

physical continuity. 
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Figure 3: Geometry to G-Code  

 

Franchini (2024) demonstrates this in a 3DCP façade study by embedding robotic constraints such as 

tool reach and nozzle positioning into the parametric script. This method ensured that design geometry 

was inherently print-ready and required no rework during fabrication. Similarly, Breseghello (2023) 

uses a performance-driven feedback loop that links finite element simulations with Grasshopper, so 

structural stress zones directly influence panel thickness and rib patterns. Such feedback integration 

enables real-time optimization and high material efficiency in AM-driven façade design. 

2.2.3. Skill Development and Learning Curves 

The integration of scripting in architecture demands a hybrid skillset combining coding literacy, spatial 

reasoning, and material awareness. Schumacher (2011) argues that algorithmic thinking should be 

considered as essential as hand-drawing in contemporary architectural education. However, this shift 

introduces a learning curve that many practitioners find steep, particularly when translating abstract 

scripts into functional components. 

 

Figure 4 : Levels of Grasshopper expertise (McNeel & Associates, 2025) 

 

Kolarevic discusses a persistent translation gap in digital fabrication: the disconnection between 

parametric geometry and machine execution (Kolarevic, 2003)  . Mastering this transition, especially 
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for façade systems in 3DCP, requires iterative prototyping, simulation, and feedback testing. When 

properly understood, scripting unlocks design agility while maintaining constructability, which is 

essential for high-performance printed Façades. 

2.2.4. Scripting and Built Geometry 

Scripting alone does not ensure architectural viability; its integration with system-level design thinking 

is what makes it relevant to large-scale applications. Parametric workflows must interact with 

architectural precedents, assembly logics, and environmental strategies. This synthesis turns generative 

geometry into buildable architecture. In the context of 3DCP, scripting serves as the interface between 

computational expression and fabrication feasibility, and becomes critical when linked with BIM, 

modular assembly, and lifecycle performance considerations (Franchini, 2024) 

2.3. Façade Design Systems 

2.3.1. Historical and Modern Systems 

Historically, façades transitioned from load-bearing walls to autonomous, performative skins. Schittich 

observes that with the advent of steel and reinforced concrete during the Industrial Revolution, building 

envelopes were liberated from structural constraints and redefined as cladding systems (Schittich et al., 

2012). This evolution paved the way for modern façade strategies involving multiple layers, each 

tailored to specific environmental functions.  

 

Figure 5 : Building Specific Parameters for outer skins (Schittich et al., 2012) 
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Modern Façades act as climate-responsive membranes, incorporating features such as brise-soleil, 

double-skin systems, and interactive ventilation components (Schittich et al., 2012) (Corner and Rowell, 

2022). These layered, performative principles are highly relevant to 3DCP, where geometry can embed 

both aesthetics and thermal behavior into a single print. 

2.3.2. Modular & Prefabricated Strategies 

Prefabrication enables controlled production environments, reduced construction time, and improved 

quality. Corner and Rowel illustrate how terracotta façades, often produced off-site, employ extrusion 

or molding to achieve precision and consistency. (Corner and Rowell, 2022)  These methods align 

closely with the additive manufacturing logic of 3DCP, where material placement and geometry are pre-

programmed and layer-controlled. 

Schittich (2012) categorizes prefab façade systems into unitized, modular, and custom panels, each with 

distinct assembly and transport advantages. (Franchini, 2024) applies similar logic by dividing printed 

Façades into modular components with unified anchoring points and varied surface articulation, 

achieving both design differentiation and structural coherence. Parametric scripting ensures these 

modules are geometrically diverse yet systemically coordinated. 

 

Figure 6: Different Types of Façade Panels  

 

2.3.3. Terracotta Analogy for AM Façades 

Terracotta serves as a valuable analogue to concrete printing due to its reliance on plastic forming and 

post-processing. Corner (2022) explains that terracotta panels incorporate integrated hooks, relief 

patterns, and weatherproofing features during fabrication, attributes directly adaptable in 3DCP, where 

geometries are defined digitally and formed in a single operation. 

This analogy reinforces the possibility of embedding fixing mechanisms, drainage slopes, and shading 

devices into the 3D model itself, eliminating the need for post-fabrication processes. AM thereby 

extends the legacy of traditional ceramics into a digitally controlled paradigm while retaining material 

expressiveness. 
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2.3.4. AM -Adaptable Façade Concepts 

Additive manufacturing enables designers to generate Façades that are inherently performative. 

Schittich (2012) stresses that building skins can be designed to regulate solar radiation, airflow, and 

water runoff through geometry alone. This has been realized by producing façade panels with geometry 

variations informed by solar exposure simulations, adapting rib thickness, perforation size, and fin 

orientation across a façade. 

 

Figure 7  : Integrated Surface Logic 

 

Dorfler (2023) discusses multiple parameters which add to integrated surface logic where structure, 

performance, and aesthetics converge in a singular form. Through parametric modeling, these logics are 

embedded within the initial design script and then materialized via robotic printing, allowing bespoke 

functionality at zero additional cost per variation. 

2.4. BIM Development and Interoperability 

2.4.1. Role of BIM in Complex Geometry and Fabrication 

BIM is no longer merely a documentation tool, it is a central coordination environment that supports the 

full lifecycle of a building element. Sacks (2018) describe BIM as a data-rich platform that integrates 

geometry, material data, performance parameters, and logistics. For complex systems like 3DCP 

façades, BIM provides a framework to manage geometric variability, structural data, and fabrication 

metrics within a single environment. 
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Figure 8 : BIM Flowchart for Printing  

 

Franchini (2024) shows how BIM can embed fabrication metadata, such as material volume, print 

duration, and support types, within each component, aiding design coordination, cost evaluation, and 

sequencing decisions. 

2.4.2. Interoperability Between Rhino/Grasshopper and BIM Platforms 

A critical challenge in linking design and fabrication is maintaining metadata across software 

environments. (2018) explains how exporting models as static files often breaks parametric connections 

and strips embedded attributes. Rhino.Inside.Revit resolves this by allowing live bi-directional 

communication between design and BIM platforms. 

Breseghello (2023) uses this approach in his 3DCP workflow, allowing Grasshopper scripts to control 

both geometry and BIM parameters. Changes to design logic in Grasshopper automatically propagate 

to Revit schedules, print sequences, and fabrication costs, ensuring an uninterrupted digital thread from 

concept to construction. 



Robotic Fabrication and BIM Integration for 3D Concrete Printed Façades in Modular Construction 

 

Erasmus Mundus Joint Master Degree Programme ï ERASMUS+ 

European Master in Building Information Modelling BIM A+ 14 

 

Figure 9: Interoperability between Rhino and Revit using Rhino.Inside.Revit (Mcneel) 

(Di Giuda et al., 2019) 

 

2.4.3. BIM as a Fabrication-Oriented Database 

Beyond geometry, BIM serves as a repository for fabrication intelligence. Di Giuda (2019) propose a 

BIM-based system that links cladding units with fabrication and structural data, such as nozzle size, 

curing times, and thermal resistance, enabling automated verification and clash detection. 

In modular 3DCP façades, this data centralization streamlines the production process by turning each 

panel into a data-rich BIM object. The model can then be used for logistics planning, cost tracking, and 

on-site assembly documentation. Furthermore, using data driven BIM models reduces the information 

loophole through the building lifecycle.  

2.4.4. Digital Twins and Lifecycle Integration 

The concept of the Digital Twin (DT) extends BIM from a static coordination tool into a dynamic, data-

driven framework that supports real-time decision-making across the building lifecycle. In Digital 

Twins, information flows between the physical and digital environments, enabling synchronization of 

design, fabrication, and operation. For 3DCP façades, this offers opportunities to monitor the fabrication 

process, enrich as-built BIM models with production data, and eventually connect in-service 

performance to design improvements. 

Recent studies highlight that Digital Twins can operate at different levels of integration (Boje et al., 

2023; Chacón et al., 2024; Chua and Cheah, 2024). For façade prototyping, three levels are particularly 

relevant: fabrication-level twins, as-built digital shadows, and lifecycle-integrated twins. 

 



Robotic Fabrication and BIM Integration for 3D Concrete Printed Façades in Modular Construction 

Erasmus Mundus Joint Master Degree Programme ï ERASMUS+ 

European Master in Building Information Modelling BIM A+ 15 

 

Fabrication-Level Digital Twins 

At the fabrication stage, the DT functions as a process twin, synchronizing the robotic printing 

environment with the planned digital model. Real-time data from sensorsðincluding **extrusion rate, 

nozzle velocity, material flow, and layer height stabilityð**are captured and compared to expected 

parameters (Chua and Cheah, 2024). By mapping these streams into the BIM environment, deviations 

can be detected and corrective adjustments made during printing, such as adapting print speed or 

adjusting nozzle temperature. 

This approach produces not only the physical façade element but also a digital record of the fabrication 

process, which becomes part of the BIM model. 

 

Figure 10 : Fabrication Level Digital Twin Workflow 

 

As-Built Digital Shadows 

A second approach is the creation of as-built digital shadows, in which the BIM model is enriched with 

fabrication metadata, though it is not dynamically updated. Metadata may include mix composition, 

reinforcement strategy, curing conditions, and dimensional tolerances (Boje et al., 2023). 
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Although these shadows do not evolve after installation, they provide value for traceability, compliance, 

and lifecycle documentation. For façade panels, unique IDs can link each element back to its fabrication 

history, ensuring accountability and supporting future inspections or retrofits. 

 

Figure 11 : As-Built Shadow Workflow  

 

Lifecycle Digital Twins 

At the most advanced stage, panels can be embedded with sensorsðsuch as humidity, strain, and 

temperature monitorsðthat provide continuous streams of performance data. This establishes a 

lifecycle-integrated DT, where the BIM model is updated in real time to reflect the operational state of 

the façade (Chua and Cheah, 2024). 

Such models enable predictive maintenance, as degradation patterns can be detected before failure 

occurs, and insights from operational performance can feed back into parametric design rules for future 

projects. By closing this loop, 3DCP façades evolve from static building components into intelligent, 

self-reporting systems. 
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Figure 12 : Lifecycle Digital Twin Workflow  

 

Discussion 

By distinguishing between fabrication-level twins, as-built shadows, and lifecycle-integrated twins, this 

thesis positions its contribution primarily at the fabrication and as-built levels, since these were 

achievable within the scope of robotic prototyping and BIM integration. Nonetheless, the progression 

toward lifecycle DTs represents a clear research trajectory, aligning with recent frameworks that 

integrate IoT data into BIM for building operation (Boje et al., 2023; Chacón et al., 2024; Chua and 

Cheah, 2024). 

This staged approach also provides a schema for testing: 

¶ Fabrication-level twins validate process accuracy, 

¶ As-built shadows consolidate production metadata in BIM, 

¶ Lifecycle DTs close the loop between façade operation and design improvement. 

Together, these establish a pathway toward treating 3DCP façades as data-driven, adaptive systems 

rather than static construction products. 

2.4.5. Strategic Relevance to This Research 

This research sits at the intersection of algorithmic design, robotic fabrication, and BIM-centric 

coordination. By integrating parametric modelling in Grasshopper with robotic toolpath definition and 

BIM scheduling, the methodology offers a comprehensive and scalable approach. The same structure 
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could be adapted to polymer-based printing or hybrid construction workflows with minimal adjustment, 

reinforcing its strategic value to the field of industrialized architecture (Franchini, 2024) 

2.5. Case Studies and Precedents 

2.5.1. 3D Concrete Printing in Architectural Applications 

Although 3DCP has been explored extensively for structural walls and research prototypes, its direct 

implementation in façade systems remains limited. One notable precedent is the DFAB House at ETH 

Zürich, where large-scale 3D printed concrete elements were integrated into a livable structure, 

showcasing capabilities such as reinforcement channels, surface texturing, and robotic toolpath logic 

(Anton, 2022). 

 

Figure 13 : DFAB House at ETH (Roman Keller , Archdaily)  

 

Similarly, Anton explores façade prototypes that integrate ribs and self-shading directly into the print 

geometry, eliminating secondary construction steps. These experiments illustrate how form-finding, 

structural performance, and environmental response can be merged in a single digital-to-physical 

process (Anton, 2022) 

2.5.2. Parametric Mass-Customization in Façades 

Parametric workflows enable architectural components to be customized at scale without compromising 

fabrication efficiency. In Advances in Architectural Geometry, Doerfler al. describe how scripting-

driven processes were used to fabricate panels through CNC milling, where toolpaths were dynamically 

generated based on geometric and performance parameters, an approach that aligns closely with additive 

workflows like 3DCP (Dörfler et al., 2023). 
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Although originally applied to subtractive techniques, these case studies confirm that scripting-based 

workflows can drive fully automated, machine-readable fabrication, a foundational concept for mass-

customized 3DCP façade elements. 

2.5.3. Modular Façade Prefabrication and Transport Logistics 

The modular façade prefabrication strategy builds upon lessons learned from terracotta rainsrceen 

systems, such as those developed for the Ceramique Culture Centre. As Schittich (2012)  describe, 

modularization not only enhances aesthetic diversity but also resolves practical concerns of fabrication, 

transport, and assembly. Translating these principles to 3D Concrete Printing (3DCP) enables a holistic 

workflow that considers the full life cycle of the façade panelðfrom digital design to site installation. 

Step 1 ï Base Panel Design 

The process begins with the definition of a base façade panel, which serves as the primary design 

module. This panel establishes the geometric logic, surface articulation, and performance characteristics 

that will be replicated across the façade. At this stage, structural and thermal requirements are embedded 

into the parametric definition, ensuring that subsequent modules inherit consistent design rules. 

Step 2 ï Large-Scale Façade Implementation 

The base panel is scaled and multiplied across the façade surface, generating the initial large-scale 

architectural composition. This stage emphasizes the integration of modularity with the overall building 

form, ensuring that rhythm, proportion, and surface continuity are maintained while responding to 

environmental performance goals such as daylight modulation or shading. 

Step 3 ï Division into Smaller Modules 

Due to the physical constraints of robotic printing beds, transport container sizes, and handling logistics, 

the large-scale façade is subdivided into smaller modules. Each subdivision follows dimensional rules 

optimized for robotic production and site delivery. This modular breakdown allows for flexibility in 

fabrication and reduces risks associated with printing or transporting oversized components. 

Step 4 ï Design and Printing of Modules 

Once subdivided, each module is detailed for 3DCP. Printing parameters such as nozzle path, extrusion 

rate, and reinforcement integration are embedded into the design model. The prefabrication process 

benefits from robotic precision, ensuring repeatability while still allowing subtle variation in surface 

texture. These controlled differences create visual richness across the assembled façade, echoing the 

principles of traditional terracotta systems. 

Step 5 ï Transport to Site 

Completed modules are transported to the construction site using standard logistics frameworks. The 

modular subdivision ensures that each element fits within conventional container dimensions and can 

be safely handled with cranes and forklifts. This step highlights the importance of designing not only 

for performance and aesthetics but also for transportability and onsite maneuvering. 
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Step 6 ï Onsite Assembly 

At the site, modules are assembled in sequence to recreate the full façade composition. Predefined fixing 

strategies, such as mechanical anchors or interlocking joints, streamline installation and minimize 

tolerances. The modular nature of the system accelerates construction schedules, enabling faster 

enclosure of the building envelope compared to traditional formwork-based methods. 

Step 7 ï Finishing and Integration 

Once assembled, finishing processes are applied to ensure surface continuity and integration with 

adjacent building systems. This may include sealing of joints, application of surface treatments, or 

integration of insulation layers. At this stage, performance monitoring components, such as embedded 

sensors for Digital Twin applications, can also be installedðlinking prefabrication with lifecycle 

performance management. 

 

Figure 14 : Logistical process for Creation of Façade   

 

2.5.4. BIM -Centric Façade Workflows 

Digitally complex Façades increasingly rely on BIM-based fabrication workflows to ensure design 

fidelity and performance control. In order for a concentric ecosystem, performance, geometry and 

maintenance are interconnected through the workflow. This principle designed-to-fabrication continuity 

is essential for managing 3DCP workflows across platforms. 

 

Figure 15 : Digital Environment with Building Lifecycle ï Digital Twins  
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Breseghello further shows how parametric geometries scripted in Grasshopper were linked live with 

BIM environments, allowing design variations to immediately update fabrication schedules and data 

models (Breseghello, 2023). This bidirectional interoperability is key for managing the high variability 

of printed façade systems. 

2.5.5. Lessons for 3DCP Façade Research 

From these precedents, several critical strategies can be extracted for 3DCP façade applications: 

¶ Performance-Driven Geometry: Anton demonstrates how functional attributes such as shading, 

ventilation, and ribbing can be embedded directly into printable geometry (Anton, 2022). 

¶ ParametricïBIM Continuity: Breseghello shows the necessity of live links between design 

models and BIM databases to prevent data fragmentation (Breseghello, 2023). 

¶ Modular Fabrication Strategy: Foster outlines how transport and assembly constraints must 

inform module dimensions and connection systems early in the design process (Schittich et al., 

2012). 

¶ BIM as a Fabrication Database: Sacks et al. describe how BIM can store not just geometry but 

also print parameters, enabling scalable, traceable production workflows (Sacks et al., 2018). 

2.6. Identified Research Gaps 

2.6.1. Lack of Integrated Design-to-Fabrication Frameworks 

Although examples of 3DCP architecture exist, most are limited to structural walls or experimental 

pavilions. Façade-specific workflows that maintain data integrity across platforms are still rare. 

Fragmentation between scripting, BIM, and fabrication often results in lost design intelligence, limited 

optimization, and increased error risk. 

This research contributes by creating a continuous data pipeline where environmental response, 

fabrication logic, and BIM attributes are encoded from the outset. 

2.6.2. Underdeveloped Modularity Strategies for 3DCP Façades 

Modular design is foundational to prefabricated façade construction (Schittich et al., 2012), yet few 

additive manufacturing projects offer clear frameworks for module segmentation. Adriano introduces a 

prototype façade where printed modules include repeatable connection points and geometry variation, 

but such examples remain exploratory rather than systematic (Franchini, 2024). 

This research seeks to define a scalable, logistics-aware module design strategy fully embedded within 

the parametric design logic and BIM environment. 

2.6.3. Limited Exploration of Façade Performance Integration 

Modern façades are expected to regulate heat, light, and airflow at the material and form (Schittich et 

al., 2012). However, in many 3DCP examples, environmental performance is treated post facto. Anton 
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presents one of the few cases where solar exposure data directly influenced printed geometry, but 

broader adoption is still lacking (Anton, 2022). 

This gap presents an opportunity to tightly integrate environmental simulation into the early scripting 

stages of 3DCP façade workflows. 

2.6.4. BIM as Passive Documentation Rather than Active Fabrication Control 

Despite its widespread use, BIM is often relegated to documentation tasks. Sacks  et al. argue that BIM 

systems must evolve into live fabrication databases that include performance and manufacturing 

metadata (Di Giuda et al., 2019). Silva et al. further suggest integrating sensors and Digital Twin logic 

to allow BIM models to track real-world performance and inform design revisions (Sacks et al., 2018). 

This research builds on those ideas by positioning BIM as a central control system for lifecycle-aware 

3DCP façade production. 

2.6.5. Interoperability Bottlenecks in Complex Geometry Workflows 

Research outlines how file-based interoperability often strips models of parametric logic and metadata, 

undermining design flexibility and production control . While tools such as Rhino.Inside.Revit offer 

improvements, they are not yet standardized for additive manufacturing workflows. 

This research addresses these bottlenecks by structuring a seamless GrasshopperïBIMïfabrication 

workflow that preserves geometry logic, material data, and print parameters. 

2.6.6. Summary of Research Gap Opportunity 

There is currently no published workflow that: 

¶ Integrates scripting, BIM, and 3DCP in a single, bi-directional system. 

¶ Provides modular design rules optimized for printing, transport, and assembly. 

¶ Embeds environmental performance into geometry from the outset. 

¶ Uses BIM as a live fabrication database linked to lifecycle monitoring and feedback. 
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3. METHODOLOGY  

3.1. Research Design & Approach 

This research adopts a Design-Based Experimental Methodology (DBEM), combining iterative 

prototyping, computational modelling, and digital-to-fabrication testing. The objective is to establish a 

continuous parametricïBIMï3DCP workflow for façade development. The methodology is structured 

around four interconnected pillars: 

1. 3D Concrete Printing (3DCP), evaluating material and printer constraints to inform print-

compatible design rules. 

2. Parametric Scripting, using Rhino/Grasshopper for generating modular, environmentally 

adaptive façade geometries. 

3. BIM Integration, embedding fabrication parameters and performance metadata into Revit 

families for design coordination, scheduling, and lifecycle management. 

4. Prototyping and Feedback, validating the workflow through printed samples, dimensional 

assessments, and assembly simulations. 

 

 

Figure 16 : Research Design Approach Interconnection 

 

A mixed-methods approach is employed, combining qualitative case study analysis, quantitative 

evaluation of prototypes, and computational simulations for thermal and solar performance. 
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3.2. Tools & Platforms Used 

Table 1 : Tools & Platforms Used 

Stage Tools / Platform Purpose 

Form Generation Rhino 8 + Grasshopper 

Parametric façade panel, 

modelling, modularity, 

environmental adaptation 

BIM Integration  Rhino.Inside.Revit  

Bi-directional data transfer, 

Revit family generation, 

scheduling 

Fabrication 
3DCP printer (WASP / custom 

setup) 

Full-scale panel printing, 

geometric testing 

Post Processing (Potential) Manual tools 
Mechanical fixing and surface 

finish trials 

 

This toolchain ensures that parametric logic and metadata persist throughout, avoiding the common 

ñdumb geometryò issue, where critical information is lost during format conversion. 

3.3. Material Testing and Fabrication Setup 

3.3.1. Mix Design Variables 

Trials for the following had previously been explored by ACTechHub at Minho. And the following 

parameters were controlled by the lab to ensure the maximum overhang angles and stability.  

¶ Cement-sand ratio to balance flowability with compressive strength. 

¶ Admixtures, such as superplasticisers and retarders, to regulate setting time and pumpability. 

¶ Aggregate size, tuned to nozzle clearance to avoid clogging. 
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Figure 17 : Variables of Mix Design  

Curing conditions were tightly controlled to avoid warping and cracking, especially in panels with fine 

ribs. These practices follow guidelines from 3DCP technical literature, which emphasize the 

relationship between material rheology, setting time, and dimensional tolerance (Buswell et al., 2018). 

3.3.2. Printer Setup Parameters 

¶ Nozzle diameter: 15ï25 mm, varied based on design complexity. 

¶ Layer height: 40ï50% of nozzle diameter to ensure interlayer adhesion. 

¶ Print speed: 100ï200 mm/s, reduced in regions with curvature. 

¶ Build volume: 1.0 × 1.0 × 1.2 m ,  this informed panel segmentation and modularity logic. 

 

Figure 18 : Printer Setup Parameters 

 

The printing strategy-maintained fabrication constraints throughout the design process, feeding back 

into script development. 
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3.4. Panel Design Logic and Geometry Strategy 

The design of façade panels was governed by a triad of constraints: 

¶ Modularity for transportation and on-site handling ,  targeting Ò50 kg/panel for manual 

placement. 

¶ Parametric adaptability ,  Grasshopper definitions included inputs for depth, perforation, rib 

layout, and orientation in response to solar analysis. 

¶ Fabrication feasibility ,  geometric constraints included Ò60Á overhangs, Ó20 mm rib thickness, 

and integrated fixing notches. 

Design inspirations were drawn from terracotta panel precedents, where surface detailing, drainage 

strategies, and mounting elements were cast into the geometry. 

 

Figure 19 : Panel Logic 

 

3.5. Workflow Development (BIM to Robot) 

A closed-loop interoperability pipeline was developed to maintain synchronization between design, 

documentation, and production: 

1. Parametric modelling in Grasshopper generated geometry embedded with metadata (e.g., panel 

ID, performance zone, orientation). 

2. Transfer to Revit via Rhino.Inside.Revit enabled creation of intelligent Revit families, each with 

fabrication data (e.g., print time, volume). 

3. BIM scheduling organized sequencing for printing, curing, transport, and installation. 
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4. Export to G-code using slicing tools translated digital geometry into robotic toolpaths. 

5. Post-fabrication feedback (dimensional variance, fit tolerance) was integrated into the Revit 

model for lifecycle tracking. 

This pipeline aligns with contemporary efforts to treat BIM not as a passive documentation system but 

as a live fabrication and lifecycle database (Di Giuda et al., 2019). 

 

Figure 20 : Workflow for Design to Fabrication 

 

3.6. Limitations of Methodology 

The following limitations are acknowledged: 

Printer volume constrained maximum panel size, necessitating modular design. 

¶ Cementitious shrinkage and thermal effects introduced geometric tolerances that must be 

accounted for in digital models.  

¶ Plugin-dependency limits the reproducibility of workflows as software updates or plugin 

discontinuation could break the interoperability chain. 

¶ Environmental simulation was conducted digitally; full-scale environmental testing in 

controlled chambers remains beyond the current scope. 

These limitations shape the future directions for refining the methodology and scaling it for industrial 

use. 
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4. DESIGN DIRECTIVE  

4.1. Derivation from Literature and Case Studies 

The design directive for this research emerged through the synthesis of multiple streams of literature, 

technical precedents, and exploratory case studies, which collectively informed both the technical 

requirements and the aesthetic ambitions of the proposed façade panel system. The central challenge 

was to integrate the geometric freedom of parametric design with the material and fabrication constraints 

of 3D Concrete Printing (3DCP), using BIM-based workflows to ensure scalability, precision, and 

adaptability.  

The first layer of influence came from the study of terracotta façade systems, which provided a 

comprehensive understanding of modular façade logic, environmental performance, and manufacturing 

processes. Corner and Rowell describe the extrusion-based manufacturing of ceramic rainscreens, with 

emphasis on repeatable modular profiles, hollow-core construction for weight reduction, and 

interlocking connections for water management (Corner and Rowell, 2022). These systems provided a 

critical reference point, as their linear extrusion processes share key similarities with the layer-by-layer 

logic of 3DCP, despite differences in curing, shrinkage, and achievable complexity. 

 

Figure 21 : Terracotta Spandrel Covers As Panels (Corner and Rowell, 2022) 
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Complementing this, Watts provided insight into the integration of façade modules with primary 

structural grids, specifically in systems like CREE, which employ prefabricated, repeatable façade bays 

(Schittich et al., 2012). Franchiniôs recent work contextualized this within the realm of 3DCP, 

establishing a baseline workflow for translating parametric façade geometry into printable modules, 

while identifying opportunities for enhancing aesthetic variation and environmental performance 

(Franchini, 2024). 

 

Figure 22 : CREE Building System 

 

The book 3D Concrete Printing Technology provided foundational constraints, particularly regarding 

print orientation, layer height, overhang limits, and rheological considerations of printable concrete 

(Sanjayan et al., 2019) . Further insight from Anton and Breseghello offered deeper experimental data 

on fabrication-induced tolerances, structural performance of printed geometries, and toolpath 

optimization (Anton, 2022; Breseghello, 2023). 

From the parametric design perspective, Doerfler et al. discussed scripting workflows that maintain 

design flexibility under fabrication constraints, enabling the rapid testing of multiple iterations while 

embedding performance checks into the geometry definition (Dörfler et al., 2023).  

This synthesis led to three guiding principles: 
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1. Modularity with variation ï Panels must be based on a repeatable unit system compatible with 

prefabricated façade bays while allowing parametric variation in surface articulation. 

2. Fabrication-aware design ï All geometric definitions must be informed by the mechanical, 

rheological, and dimensional constraints of vertical 3DCP. 

3. Integrated performance ï Environmental, structural, and assembly performance should be 

embedded in the geometry from the earliest design stage. 

4.2. Performance Criteria (Structural, Aesthetic, Environmental) 

The performance criteria for the proposed façade system were derived by cross-referencing architectural 

goals with fabrication and material science constraints identified in literature. These criteria were 

categorized into structural, aesthetic, and environmental performance layers. 

Structural performance was informed by load-bearing requirements, panel stability during printing, and 

connection integrity during assembly. Watts discusses how modular façade engineering must account 

for wind loads and structural stiffness in prefabricated panels (Watts, 2019) . 3DCP-specific 

considerations include maximizing stiffness through ribbed or corrugated profiles and ensuring 

continuous load paths through the panel-to-frame interface (Anton, 2022; Corner and Rowell, 2022) . 
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Figure 23 : Flowchart for Façade Design Selection 
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Aesthetic performance targeted modular expressiveness through variation in profile depth, curvature, 

and surface relief. Corner and Rowell show that even small changes in die geometry can result in high 

variability of façade texture while maintaining consistent assembly logic. In a similar fashion, 

modulation of toolpaths during 3D printing can generate ornamental surfaces while preserving structural 

rationality (Franchini, 2024) . 

Environmental performance centered on passive water management and the potential integration of 

shading. Terracotta systems often employ hollow chambers and integrated channels to control rainwater 

flow ,  strategies that are directly adaptable to 3DCP through embedded surface detailing (Corner and 

Rowell, 2022). Thermal behavior considerations, such as insulation enhancement via cavity design, 

were also explored. In addition, environmental simulation workflows allow for tailoring of façade 

profiles in response to solar radiation or daylighting requirements (Dörfler et al., 2023) . 

4.3. Constraints and Opportunities 

The intersection of fabrication method, BIM-based design, and environmental integration presented a 

distinct set of constraints and opportunities 

Constraints included: 

¶ Fabrication size limits dictated by printer bed and robotic arm reach (Sanjayan and Nematollahi, 

2019). 

¶ Overhang and extrusion stability thresholds based on material rheology and nozzle properties 

(Breseghello, 2023). 

¶ CREE grid module dimensions, which fixed panel maximum height and width (Watts, 2019). 

¶ Assembly tolerances stricter than typical printed concrete applications due to façade 

weatherproofing requirements (Corner and Rowell, 2022). 

Opportunities emerged from: 

¶ Mass customization potential through parametric variation within modular constraints 

(Tedeschi and Wirz, 2014). 

¶ Direct embedding of environmental functions into printed profiles (rainwater channels, shading 

projections) without post-processing (Anton, 2022). 

¶ Seamless integration of design and fabrication models through RhinoïRevit interoperability, 

enabling the creation of fabrication-ready BIM families (Silva, 2020). 
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Table 2 : Constraint ï Opportunity Matrix 

Category Constraint (From Literature)  Opportunities 

Dimensional Max. panel size per CREE grid and 

printer bed 

Modular repetition with parametric 

variation 

Fabrication Overhang angle limit (15 ï 30 ï 

Dependent on Geometry) 

Use of relief patterns to strengthen 

vertical geometry 

Structural  Load-bearing and wind resistance 

requirements 

Hollow-core ribbing for weight 

reduction and stiffness 

Environmental Need for controlled water drainage Integrate rainwater channels into 

panel profiles 

BIM Integration  Tolerance demands for prefabricated 

assembly 

RhinoïRevit live-linked adaptive 

families 
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5. DESIGN DEVELOPMENT  

5.1. From Design Directive to Fabrication Strategies 

The design directive outlined in Chapter 4 established a framework that emphasized modularity, 

parametric control, and façade-specific performance criteria. Building on this foundation, the next step 

was to translate these conceptual directions into fabrication-ready methods. This stage served as a bridge 

between theoretical ambitions and practical execution. 

The design process was not conducted in isolation but in close collaboration with Blufab, the industrial 

partner for this thesis. A series of design presentations were prepared for internal review, where multiple 

alternative methods were proposed, tested, and critiqued. These presentations were essential in 

grounding the work within real-world construction constraints while maintaining the exploratory 

ambition of academic research. The act of presenting and discussing ideas with industry partners 

provided iterative feedback loops, allowing certain ideas to be refined and others to be discarded. 

 

Figure 24 : Façade Design Integrations ï Aesthetics , Integrity & Fabrication Constraints 

5.2. Comparative Fabrication Methods 

Through this iterative process, three distinct fabrication strategies were developed, each reflecting a 

different balance between design freedom, structural feasibility, and manufacturability. These were 

iteratively 3 different variations and approaches to be able to design 
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5.2.1. Top-Down Panel Printing 

The first fabrication strategy explored was top-down panel printing, in which façade panels were 

conceived as monolithic elements printed in a horizontal orientation. This method aligns with common 

additive manufacturing practices for large-scale building componentsðsuch as walls, columns, or 

slabsðwhere the element is extruded along its smallest section and progressively built up in the 

direction of its primary compressive strength. For façade applications, this horizontal deposition 

approach ensured that the printed layers worked together structurally along their intended load-bearing 

direction. 

The main benefit of this strategy was its ability to treat each panel as a single, fully resolved object. 

Printing the panel as one continuous element allowed the direct integration of surface textures, drainage 

features, and articulation details during fabrication, reducing reliance on secondary processes. This 

approach supported the vision of a ñprint-to-installò workflow, where panels could move directly from 

the printer to site. 

 

Figure 25 : Top Down Printing Method 
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However, significant challenges were also observed. Large-format horizontal prints require longer 

uninterrupted printing times, increasing the risk of deformation, material setting inconsistencies, or layer 

misalignment. Handling and transportation further complicated this strategy, as monolithic panels tend 

to be heavy and fragile, requiring cranes or specialized rigs for movement and on-site installation. For 

façade panelsðwhere dimensions are large but thickness is constrainedðthis approach proved 

particularly demanding, both in terms of material stability during printing and logistical considerations 

during assembly. 

5.2.2. Modular Tile Printing  

The second strategy explored the feasibility of producing smaller modular tiles that could subsequently 

be assembled into complete façade panels. Compared to a top-down monolithic printing approach, this 

method initially appeared advantageous: smaller parts were quicker to fabricate, easier to control, and 

less prone to cumulative deformation during the printing process. 

However, the rationale for this strategy extended beyond risk mitigation at the print stage. Its real 

implications were tied to assembly and fabrication logistics. Firstly, small units introduce a fundamental 

choice: they may either be assembled directly on site, which demands scaffolding, increases manual 

labor, and imposes strict weight limitations per component; or they may be pre-assembled in the factory, 

which conversely requires reinforced joints and stronger connections capable of withstanding both 

transportation stresses and structural loads during installation. 

Secondly, part thickness became a key constraint. For vertically printed elements, the minimum 

horizontal cross-section is governed by continuous extrusion paths. In practice, this meant that the 

thinnest achievable panel was approximately four times the nozzle widthðin this setup, around 60 mm. 

Such a constraint limited the slenderness of modular tiles and consequently influenced both their 

structural performance and material consumption. 

Finally, interlocking precision was restricted by the resolution of the extrusion process itself. Unlike 

ceramic extrusion, where crisp interlocking profiles are feasible, 3D concrete printing is constrained by 

filament dimensions (width and height) and the inherent variability of layer-wise deposition. This 

limited the accuracy of interlocking mechanisms and introduced challenges for alignment across large 

surfaces. Overcoming this constraint would necessitate hybrid fabrication methods or post-processing 

interventions to refine the joints. 
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Figure 26 : Modular Tile Printing Method 

 

5.2.3. Diagonal Surface Printing 

A more experimental strategy explored the possibility of printing at inclined angles, departing from the 

typical vertical-layer logic of extrusion. This method allowed for expressive overhangs and more fluid 

forms, expanding the design vocabulary of 3DCP. 

In theory, diagonal printing enabled façade panels with bold geometries that would be prohibitively 

complex or expensive using traditional formwork. However, this method demanded advanced robotic 

control, as deposition at non-vertical angles increased the risk of slumping, poor adhesion, or structural 

weakness. While aesthetically promising, diagonal printing was judged as technically premature for full-

scale façade production. 
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Figure 27 : Diagonal Surface Printing Method 

 

5.3. Evaluation Criteria  

To compare these three strategies in a systematic way, a set of evaluation criteria was established, 

reflecting both architectural and industrial priorities: 

¶ Aesthetics ï ability to produce expressive surfaces and articulate geometric variation. 

¶ Structural Integrity ï capacity to support loads, minimize deformations, and maintain strong 

interlayer adhesion. 

¶ Environmental Performance ï potential for integrating shading, thermal buffering, and 

rainwater management into the printed geometry. 

¶ Fabrication Constraints ï feasibility in terms of robot reach, print time, error tolerance, and  

¶ Assembly Constraints ï Production to handling during transport and On- Site installation. 

Applying these criteria revealed a clear trade-off. The tile strategy offered reliability and speed but 

compromised visual continuity. The diagonal approach expanded the design language but exceeded the 

limits of current fabrication technology. The top-down method, despite its logistical challenges, 

presented the most coherent alignment of aesthetics, structural potential, and scalability. 
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5.4. Integration with Parametric Modelling and BIM 

Parametric modeling served as the engine for generating and testing these fabrication strategies. Using 

Grasshopper, each method was encoded as a flexible parametric definition, allowing quick variation in 

geometry, toolpath simulation, and performance-based optimization. 

For instance, modular tiles were originally designed varying edge geometries to explore how they might 

interlock or overlap for improved water management. Similarly, top-down panels were modelled to 

simulate drainage channels and shading profiles. These scripts ensured that geometry was not a static 

artifact but a dynamic parameter set, capable of being adjusted in response to material or fabrication 

feedback. 

Once validated in Rhino/Grasshopper, the geometries were ready to be taken into Revit families, 

embedding not only dimensions but also metadata such as material consumption, estimated print time, 

and assembly logic. This ensured that the workflow bridged design intent, fabrication logic, and BIM 

integration, maintaining continuity across all stages of the project lifecycle. 

A critical outcome of the design development phase was the establishment of a digital infrastructure 

capable of linking parametric models with Building Information Modelling (BIM) environments. This 

infrastructure served two complementary purposes. 

¶ First, parameterization within RhinoïGrasshopper enabled the systematic control of façade 

geometries. Variables such as panel width, height, thickness, curvature, and articulation could 

be flexibly adjusted, ensuring that design alternatives remained embedded within a 

computational logic rather than static geometries. This allowed rapid exploration of multiple 

façade strategies while preserving traceability of design intent. 

¶ Second, the parameterized geometries were prepared for downstream integration into BIM 

platforms. Using Rhino.Inside.Revit workflows, panel definitions were connected with shared 

parameters (e.g., concrete mix ID, reinforcement type, maximum overhang angle, and layer 

height). This established a framework where design iterations could be directly embedded with 

fabrication-aware attributes, positioning the panels not only as geometric objects but also as 

data-rich façade components. 
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5.5. Decision and Finalized Workflow 

After successive iterations and industrial feedback with Blufab, the top-down panel printing strategy 

was selected as the primary focus for the thesis. This decision was not made in isolation but as the 

outcome of systematic evaluation, balancing architectural ambition with manufacturing realism. 

This decision concludes the design development phase and establishes the trajectory for Chapter 6: 

Prototyping, where the finalized strategy is tested through physical printing experiments, validating both 

the parametric definitions and the fabrication logic. 

 

Figure 28 :  Logistics for Top Down Printing With Panel Rotated And Fixed in Assembly Line 
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6. PROTOTYPING  

The prototyping phase was structured to directly address the research questions defined earlier. Print 

trials were organized into three categories:  

¶ Printability, where variations in layer height, nozzle speed, and material flow were tested to 

evaluate geometric fidelity and interlayer adhesion;  

¶ Reinforcement integration, where strategies such as ribbing, cavities, and embedded 

profiles were examined to enhance structural performance of the printed panels; and  

¶ BIM round-trip validation, where parametric definitions and fabrication metadata were 

exported from Grasshopper to Revit families, then re-imported after prototyping to assess 

consistency of panel IDs, dimensions, and performance attributes. Together, these trials 

ensured that experimental outcomes not only demonstrated physical feasibility but also 

validated the proposed digital-to-fabrication workflow. 

6.1. Panel Designs ï Introduction  

The development of façade panel designs formed a central phase in this research, acting as the 

translational bridge between parametric explorations and material prototyping. While the design 

directive (Chapter 4) established the conceptual framework and performance goals, the design 

development (Chapter 5) provided the digital infrastructure for parameterization and BIM integration. 

Building upon these foundations, the prototyping stage required the definition of specific panel 

geometries that could embody the theoretical aspirations while remaining feasible for robotic 3D 

concrete printing (3DCP). 

Three panel typologies were selected as experimental case studies: 

¶ Wavy Panel ï An exploration of sinusoidal surface modulation, emphasizing rhythmic 

articulation and the ability to generate controlled complexity through mathematical waveforms. 

¶ Folding Triangular Panel ï A modular system inspired by origami and folded plate structures, 

designed to investigate how angular geometries enhance stiffness and create dynamic lightï

shadow interactions. 

¶ Catenary Vault Panel ï A reinterpretation of Nubian vault principles, employing catenary curves 

to develop self-stabilizing geometries that combine structural efficiency with cultural resonance. 

Each panel design followed a Grasshopper-driven workflow, where parametric rules governed both form 

generation and fabrication logic. This ensured that the designs were not static objects but adaptive 

prototypes, capable of being recalibrated according to performance requirements, printing constraints, 

and assembly considerations. The use of computational design tools allowed iterative testing, making it 

possible to visualize geometric variations, simulate toolpaths, and anticipate potential fabrication 

challenges before physical printing trials. 

By structuring this research phase around three distinct typologies, the objective was twofold: 
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¶ First, to test the capacity of 3DCP to handle a range of geometrical complexities, from smooth 

freeform surfaces to folded planar elements. 

¶ Second, to demonstrate the integration of design and fabrication parameters, showing how the 

language of digital form-making could be directly translated into robotic instructions without 

intermediary molds or traditional formwork. 

This chapter therefore represents the transition from abstract frameworks to tangible prototypes. It 

highlights not only the aesthetic and structural ambitions of each design but also the workflow logic that 

underpins their realization, from surface modeling, to point-based manipulations, to robotic toolpath 

generation. 

 

6.1.1. Wavy Panel Prototype 

The first design experiment focused on the development of a wavy façade panel, intended to explore 

how sinusoidal modulation of a flat geometry could generate both structural articulation and aesthetic 

depth when realized through 3D concrete printing.  

Step 1 ï Base Geometry Definition 

The process began with the creation of a rectangular base surface in Grasshopper, representing the initial 

extent of the panel (Figure 29). This provided a controlled, planar boundary condition within which the 

subsequent operations could be performed. The rectangular base ensured modularity, as the panel could 

be scaled or repeated across a façade grid without losing coherence. 

Step 2 ï Point Distribution Across the Surface 

The surface was populated with a grid of points, systematically distributed across its domain (Figure 

30). These points acted as reference anchors for the transformation process. Their uniform spacing 

allowed controlled deformation, while their density determined the resolution of the sinusoidal 

modulation to be applied later. 

Step 3 ï Sinusoidal Transformation of Points 

Using a sinusoidal waveform function in Grasshopper, the points were vertically displaced (Figure 31). 

This step embedded a wave logic into the geometry, introducing rhythmic undulation across the surface. 

By adjusting amplitude and frequency parameters, multiple iterations of wave intensity were tested to 

balance visual richness with printability. 

Step 4 ï Surface Reconstruction 

The transformed points were interpolated into a continuous surface, generating the wavy panel geometry 

(Figure 32). This stage was crucial as it consolidated the discrete sinusoidal displacements into a smooth 

façade-ready element. The surface thus represented a digital prototype of the intended architectural 

articulation. 
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Step 5 ï Toolpath Contour Generation 

The wavy surface was subdivided into a series of horizontal contour curves (Figure 33). These contours 

served as toolpaths for the robotic extruder, defining the trajectory along which the nozzle would move. 

The logic ensured that each layer followed the geometry faithfully, maintaining the sinusoidal 

articulation while adhering to layer-based construction rules of 3D concrete printing. 

Step 6 ï Layered Extrusion Passes 

The contour curves were sequentially stacked to form layer-by-layer passes (Figure 34). Each pass 

represented a discrete extrusion cycle for the robot, creating the cumulative build-up of the panel. The 

spacing between passes was carefully calibrated to match the nozzle diameter and material setting time, 

reducing the risk of collapse or misalignment. 

Step 7 ï Plane Consolidation for Robotic Execution 

The extrusion passes were merged into planar slices, enabling direct translation into robotic motion 

planning (Figure 35). This step acted as a simplification layer, ensuring compatibility with the 

KUKA|prc plugin, which requires discrete geometric inputs for robotic instruction parsing. 

Step 8 ï Robotic Simulation and KRL Code Export  

Finally, the toolpaths were simulated in KUKA|prc, visualizing the robotic arm extruding the sinusoidal 

panel (Figure 36). Parameters such as extrusion speed, nozzle height, and acceleration were embedded 

in the KRL Code instructions to guarantee fabrication fidelity. The simulation confirmed that the panel 

could be printed without collisions, overhang failures, or material discontinuities 
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Figure 29 : Base Panel 

 

Figure 30 : Population of Points 

 

Figure 31 : Movement of Points in Z-Axis

  

 

Figure 32 : Recreation of Surface 

 

Figure 33 : Creation of Toolpath Along New 

Surface 

 

Figure 34 : Extrusion Path Construction 

 

Figure 35 : Consolidation of Extruder Pass 

 

Figure 36 : KRL Code Export with KUKA 
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6.1.2. Folding Panel Design 

The folding façade panel exploration aimed to bring a sharp, geometric counterpoint to the fluid forms 

of the wavy panel. Instead of continuous curvature, this design worked through faceted surfaces that 

folded across a rectangular base, producing a tessellation reminiscent of origami. The architectural goal 

was to achieve a façade articulation that enhances shadow play, light reflection, and modular repetition, 

while remaining compatible with robotic 3D concrete printing. The workflow, developed entirely in 

Grasshopper, demonstrates how parametric control of folding logic can yield highly adaptive façade 

systems. 

Step 1: Base Rectangular Panel 

The process began with the generation of a rectangular base surface, which defined the panelôs bounding 

limits. This rectangle acted as the foundational frame within which all subsequent folding 

transformations were organized. (Figure 37) 

Step 2: Surface Division into Points 

The rectangular surface was subdivided into a grid of points, creating a network of discrete reference 

markers across the plane. These divisions provided the computational control required to manipulate the 

geometry locally and allowed for modular scalability of the folds. (Figure 38) 

Step 3: Extraction of a Base Line 

From one of the smaller subdivisions, a line segment was extracted. This single line functioned as the 

seed geometry for the folding transformation. Its manipulation defined the underlying logic of how folds 

would propagate across the surface. (Figure 39) 

Step 4: Rotation, Mirroring, and Projection of Line 

The extracted line was then rotated and divided into smaller segments along its axis. These points were 

mirrored along the Z-axis to create symmetry, and subsequently projected outward along the Y-axis to 

establish depth. This transformation defined the skeletal structure of the fold, converting a simple line 

into a three-dimensional, fold-ready framework. (Figure 40) 

Step 5: Creation of Single Folding Unit 

Using the projected points, a surface patch was generated to form a single folding unit. This unit captured 

the essential character of the fold , an angular shift in plane that generates contrast between recessed and 

protruding surfaces. It became the fundamental building block for the tessellated façade. (Figure 41) 

Step 6: Arraying the Folding Unit Across the Surface 

The single folding unit was then arrayed across the entire rectangular base panel, creating a tessellated 

pattern of repeated folds. This tessellation generated rhythmic alternations of light and shadow, giving 

the panel visual depth and variation while maintaining modular constructability. (Figure 42) 
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Step 7: Contour Generation for Toolpath Slicing 

Once the folded panel surface was established, it was contoured into parallel slices, preparing the 

geometry for robotic toolpath generation. These contour lines translated the angular surfaces into 

discrete extrusion paths, ensuring the folds were preserved accurately during fabrication. (Figure 43) 

Step 8: Toolpath Consolidation and Robotic Simulation 

The contours were then consolidated into layer-wise extrusion paths, simulating how the robotic arm 

would build up the geometry layer by layer. The toolpaths were linked to the KUKA|prc robotic plugin, 

generating KRL Code instructions for robotic fabrication. This stage confirmed the geometric feasibility 

of the design and provided the ability to adjust fold amplitude or repetition density prior to physical 

prototyping. (Figure 44) 
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Figure 37 : Base for Panel Design 

 

Figure 38 : Dividing Surface into Sub-sections 

 

Figure 39 : Using Smallest division to extract 

base geometry 

 

Figure 40 : Mirroring and movement of 

Elements 

 

Figure 41 : Creation of Faces for Singular Unit 

 

Figure 42 : Arraying Elements on One Panel 

 

Figure 43 : Contouring for Creation of 

Toolpaths 

 

Figure 44 : Consolidation of Layer paths for 

KUKA Robot Input 
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6.1.3. Nubian Vault ï Inspired Catenary Panels 

The third design experiment explored the structural and architectural potential of catenary geometry, 

taking inspiration from traditional Nubian vault construction. The underlying principle was to use 

catenary curves as a generative framework to form hollow elliptical vaults that could redistribute the 

weight of extruded concrete more efficiently, thereby creating a structurally stable yet visually 

expressive façade system. Unlike parabolic curves, which transfer loads unevenly, catenary geometries 

naturally resolve forces in compression, making them a historically proven and materially efficient 

strategy. Translating this into a digital-fabrication context allowed for testing how computationally 

defined catenary curves could inform robotic toolpaths for 3D concrete printing. 

 

Figure 45 : Explanation of Catenary Curves   

 

Step 1: Base Rectangular Panel Creation 

As in previous panel design workflows, the process began with a standard rectangular panel to establish 

consistent design boundaries across the three case studies. This provided a base geometry that could 

later be subdivided and populated with structural catenary elements. (Figure 46) 

Step 2: Subdivision of the Panel 

The rectangular surface was divided into a grid of smaller subsections. These divisions formed the 

anchor points from which subsequent geometric operations could be derived. The intent was to ensure 

that catenary vaults were evenly distributed across the panel surface, maintaining both modularity and 

fabrication control. (Figure 47) 

Step 3: Generation of Ellipses 

At each subdivision point, ellipses were generated. The elliptical footprint was chosen deliberately to 

balance curvature in both x- and y-directions, providing a base that could evolve into a vault-like hollow 

structure while retaining geometric diversity compared to circular or rectangular footprints. (Figure 48) 
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Step 4: Division of Ellipses 

Each ellipse was further divided into multiple segments, producing control points that enabled the 

extraction of partial curves for vault formation. This step introduced flexibility, as selected arcs could 

be isolated and recombined with catenary lines to generate hybrid geometries. (Figure 49) 

Step 5: Extraction of Base Curves 

From each ellipse, a base curve aligned along the y-axis was extracted. These base curves functioned as 

generative ñrailsò for the next step, where catenary lines were introduced. The process essentially 

translated flat ellipses into scaffolds for vault-li ke geometries. (Figure 50) 

Step 6: Catenary Curve Generation 

Catenary curves were computed along the x-axis of each ellipse. These curves acted as structurally 

logical load paths, ensuring that the eventual printed vaults would remain stable under self-weight and 

gravitational forces. Their mathematical precision reinforced the design logic with engineering validity. 

(Figure 51) 

Step 7: Formation of Semi-Ellipsoids 

By merging the y-axis base curves of the ellipses with the catenary curves generated in Step 6, semi-

ellipsoidal vaults were formed. This created a pattern of hollow, dome-like elements across the panel, 

each acting as a micro-vault within the larger façade module. (Figure 52) 

Step 8: Toolpath Contouring at 45° 

Finally, contouring was applied to the vault geometry to generate toolpaths for robotic 3D printing. 

Unlike the previous wavy and folding panels, this workflow required a 45° contouring strategy, ensuring 

that each deposited layer could self-support during printing. This consideration was critical, as vertical 

toolpaths would have risked collapse under the weight of fresh concrete. The resulting KRL Code 

provided the robot with precise deposition instructions, translating structural logic into fabrication 

reality. (Figure 53) 
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Figure 46 : Creation of Base Panel 

 

Figure 47 : Creation of Ellipse Centroids 

 

Figure 48 : Creation of Ellipses Across Panel 

 

Figure 49 : Division of Ellipses across x and y 

axis 

 

Figure 50 : Creation of Base Curves for Rail 

 

Figure 51 : Using X ï axis catenary curves 

were developed 

 

Figure 52 : Railing created to make Ellipsoids 

 

Figure 53 : Bisecting Contours at 45 degrees to 

enable weight transfer 
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6.1.4. Conclusion of Panel Design Exploration 

After reviewing the computational workflows, geometric feasibility, and expected material 

performance, the wavy panel was selected as the final prototype for fabrication. This decision was based 

on its relative simplicity, predictable material flow, and reduced risk of printing failure, making it more 

suitable for validating the end-to-end workflow, from parametric modeling and BIM integration to 

robotic toolpath execution. Importantly, this selection does not diminish the value of the folding and 

catenary explorations; rather, it situates them as future pathways for advanced experimentation, once 

the fundamental printing and material behaviors are more robustly controlled. 

6.2. Printing Setup 

Following the design explorations of the wavy, folding, and catenary façade panels, the next stage of 

the research was to establish a printing environment capable of translating parametric toolpaths into 

reliable physical prototypes. Unlike purely digital design workflows, robotic 3D concrete printing 

requires careful preparation of the fabrication context, encompassing the choice of robotic system, the 

substrate for extrusion, and the definition of a consistent coordinate framework. 

The purpose of this stage was twofold: first, to ensure that the robotic arm and extrusion system were 

calibrated to accommodate the scale and complexity of façade panels; and second, to standardize the 

printing base and coordinate system so that digital models generated in Rhino/Grasshopper could be 

seamlessly mapped to the robotôs physical workspace. 

To achieve this, the prototyping setup was structured around three core components: 

¶ The KUKA KR120 R2700 robotic arm, selected for its reach, precision, and integration with 

GrasshopperïKUKA|prc workflows. 

¶ An OSB (Oriented Strand Board) substrate, serving as the printing base and modified to improve 

adhesion during extrusion. 

¶ A series of base adjustments and coordinate calibrations, aligning the digital design environment 

with the robotôs working origin (0,0,0). 

6.2.1. Robot Model Used 

The robotic extrusion setup was based on the KUKA KR120 R2700 industrial robot, a six-axis 

manipulator with a maximum reach of 2701 mm and a payload capacity of 120 kg. This model was 

selected for its balance of reach and stiffness, allowing precise control of extrusion toolpaths across 

medium- to large-scale façade panels. Its repeatability of ±0.06 mm makes it well-suited to the high 

tolerance demands of 3D concrete printing. 

The robot was integrated into the GrasshopperïKUKA|prc workflow, where parametric toolpaths were 

converted into KRL code for robotic execution. Careful attention was paid to arm orientation and tool 

positioning within the working envelope to prevent singularities or collisions.  
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Figure 54 : KUKA KR120 2700 Industrial Robot 

 

6.2.2. Printing Base (OSB Standard Board) 

The extrusion process required a stable and adherent base to support the deposition of fresh concrete 

layers. For the prototype implementation, an OSB (Oriented Strand Board) panel was used as the 

printing substrate. While it acted as a sacrificial layer for the test setup, the choice of OSB was also 

directly linked to its role in CREE system façade modules, where light steel frame (LSF) structures are 

typically finished with panel materials such as OSB. In this sense, the prototyping setup was designed 

not only for convenience but also to anticipate integration into a real façade construction system. 

To ensure proper adhesion and minimize slippage during the early curing phase, screws were embedded 

at regular intervals across the OSB surface. These provided mechanical interlock between the substrate 

and the fresh extrusion, stabilizing the first layers and allowing subsequent layers to build up without 

displacement. 

The use of OSB as a substrate was motivated by multiple factors: 

¶ System compatibility: aligning the prototyping workflow with CREE LSF façade modules, 

where OSB is already an established finish layer. 

¶ Practicality: availability and affordability made it a replicable choice for iterative testing. 

¶ Structural stability: its rigidity allowed it to withstand the compressive loads of fresh extrusion 

without significant deformation. 

¶ Surface roughness: the inherent texture of OSB provided natural adhesion to the fresh mix. 
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By grounding the prototyping strategy in real façade system logic rather than an isolated laboratory 

setup, this approach ensured that the extrusion trials could be more directly extrapolated to scalable, 

industry-relevant applications. 

 

Figure 55 : OSB Strand Board  

 

6.2.3. Base Adjustments and Robot Coordinate System (0,0,0) 

Defining the robotôs working environment required careful calibration of the base coordinate system. 

The robot origin (0,0,0) was aligned with a reference point on the OSB board to ensure synchronization 

between digital toolpaths and physical extrusion. This georeferencing step involved: 

Using the KUKA SmartPAD in teach mode to manually align the extrusion tool to a corner point of the 

OSB panel. 

Defining this physical location as the ñBase Planeò within the KUKA|prc environment. 

Mirroring these coordinates in Grasshopper to ensure that parametric toolpaths were generated relative 

to the same origin. 

This calibration process eliminated discrepancies between digital and physical environments and 

ensured that multi-layered toolpaths were executed within the intended geometric boundaries of the 

panel. Furthermore, it allowed easy repositioning of panels within the robotôs working area without 

modifying the core parametric definitions. 
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Figure 56 : KUKAPRC Settings for Home & Base Positions 

 

6.3. Extrusion Speed & Filament Geometry 

The extrusion velocity of the printhead is one of the most influential parameters in 3D concrete printing 

(3DCP). Beyond governing material flow consistency, extrusion speed directly impacts filament 

geometry, interlayer bonding, and surface articulation. For façade applications, where visual quality and 

dimensional precision are paramount, the ability to control filament width and height through velocity 

adjustments offers a means of embedding design variation without altering the base material or nozzle 

system. 

 

Figure 57 : Two Types of 3DCP approaches at Nozzle level (Alhussain, Duarte and Brown, 2024) 
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Filament Geometry and Process Parameters 

Recent research confirms that nozzle velocity (VN), material flow velocity (VM), nozzle height (HN), 

and nozzle diameter (D) together dictate the final shape of extruded filaments of particular relevance is 

the velocity ratio (V* = VN/VM), which captures the balance between nozzle movement and material 

deposition. Adjustments to this ratio can result in either flattened, spread-out filaments or narrower, 

taller profiles.(Alhussain, Duarte and Brown, 2024) 

For façade panels, such variations can be deliberately exploited: 

Slow velocities Ÿ wider, flatter layers with strong bonding but softer detail. 

Faster velocities Ÿ narrower, sharper layers that highlight textural variation. 

 

Figure 58 : Different Filament Thickness based on Different Print Speeds (Alhussain, Duarte and 

Brown, 2024) 

Observed Effects of Speed Variation 

Experimental studies demonstrate three primary behaviours of material extrusion: 

Over-deposition (low velocity ratio), producing wide, flattened layers with enhanced bonding but poor 

geometric precision. 

Circular filament sections (high velocity ratio), creating taller, rounded profiles that risk instability 

during stacking. 

Design Potential in Façades 
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By leveraging extrusion velocity as a variable, façade prototypes can incorporate texture, relief, or 

shading articulation without requiring changes in base geometry definitions at the parametric modelling 

stage. (Alhussain, Duarte and Brown, 2024) note that controlled velocity changes can yield variable-

width filaments and non-planar layering strategies. For the façade panels being developed, this research 

was crucial as this formula was used directly in order to change the variation in layer heights. 

 

Figure 59 : Usage of Formulae to Vary nozzle velocity(McNeel & Associates, 2025) 

 

6.4. Printing Trials  

The printing trials represented the critical bridge between digital design intent and physical realization. 

After developing parametric models, calibrating the robot, and establishing extrusion parameters, the 

task of physically printing panels provided a reality check against the assumptions built into the 

workflow. Unlike simulation, which assumes perfect boundary conditions, the trials were influenced by 

material rheology, machine tolerances, environmental conditions, and even subtle human interactions 

during setup. 

These trials were therefore not only technical verifications, but also design explorations, showing how 

digital parameters, such as extrusion velocity, could manifest in visible architectural effects. The 

following sections describe the trials in detail, highlighting setup, encountered challenges, iterative 

improvements, and final observations. 

6.4.1. Initial Setup and Calibration  

Robot Positioning and Base Alignment 

The KUKA KR150 robotic arm was first initialized at its ñBase Planeò. From this reference, the arm 

was moved to the working origin (0,0,0) defined on the OSB substrate. This alignment was essential to 

ensure fidelity between the Rhino-generated toolpath and the robotôs execution. Even minor 

misalignments at this stage would cascade into significant errors across multiple layers. 

In Grasshopper, the base plane was defined and its coordinates provided directly to the KUKA|prc core 

component. From this input, the remainder of the toolpath code was automatically constructed relative 

to the defined origin. The KUKA core internally applies a reverse transformation of the robotôs base 
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coordinate system into the Rhino environment, ensuring that the Rhino world origin (0,0,0) is correctly 

aligned with the physical position of the robot base. This alignment is critical not only for generating 

valid toolpaths but also for simulation and code validation, as it allows verification of potential robotic 

singularities and detection of possible collisions with other objects in the workspace. 

 

Figure 60 : ñBase Planeò of Robotic Arm 

 

Dry Run of Movement Path 

Before extruding any material, a dry run was executed to test the kinematics of the toolpath. This step 

verified smoothness of motion, checked for collisions, and confirmed that the robotôs acceleration and 

deceleration curves were suited for extrusion. Abrupt stops or sharp turns could otherwise destabilize 

filament deposition. 
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Figure 61 : Dry Run without material extrusion for path confirmation 

 

Mixing Unit Preparation  

In parallel, the concrete mixing unit was prepared. The system was configured to deliver a controlled 

flow of material, maintaining homogeneity through continuous mixing. At this stage, special attention 

was given to the nozzle assembly, as it would later prove to be critical in regulating material flow. 

 

Figure 62 : Configuration of Automatic Mixer for material to water ratio 
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6.4.2. Early Challenges and Error Identification 

Premature Drying at Nozzle 

The first attempts revealed that the extruded material was drying prematurely at the nozzle. The printed 

strips showed discontinuities and brittle surfaces. The cause was traced back to the temperature of the 

pumping system outlet, which transferred excess heat to the mix. The issue was resolved by flushing the 

system, cooling the nozzle, and restarting with a fresh batch. 

 

Figure 63 : Drying of Mixture as the process continued due to nozzle heating 

 

Pumpability Verification  

Once corrected, a controlled extrusion test was carried out into a container. The flow appeared stable 

and continuous, confirming adequate pumpability of the concrete. This simple but effective test 

established a baseline before committing to full panel trials. 
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Figure 64 : Pumpability verification run 

 

6.4.3. First Trial: Mis calibrated Nozzle Height 

The first structured print highlighted nozzle calibration as a critical tolerance parameter. The nozzle was 

positioned too close to the substrate, causing it to scrape previously extruded filaments. This disrupted 

the continuity of the first layer and underscored how even millimetre-scale deviations can compromise 

results. 

 

Figure 65 : Nozzle Accidentally scraping off filament on Board 
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6.4.4. Refined Trials and Design Emergence 

Variable Velocity Implementation 

In subsequent trials, the velocity-modulation strategy was applied. When the nozzle slowed, more 

material accumulated, increasing filament thickness; conversely, higher speeds produced thinner 

extrusions. This technique effectively embedded geometric variation directly into the toolpath logic, 

allowing speed to act as both a structural and aesthetic design parameter. 

 

Figure 66 : Varying velocity producing difference in Height 

Accumulation of Layers 

As layers were successively deposited, the intended wavy façade geometry emerged. Variations in bead 

height and thickness accentuated the surface articulation, casting subtle shadow effects that elevated the 

design from mere material deposition to architectural expression. 
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Figure 67 : Multiple layers stacked allowed for the shape to be realized properly 

Final Output  

The final printed panel successfully demonstrated the design vision. The surface exhibited a controlled 

variability of shadows and textures, validating that computationally defined velocity patterns could be 

faithfully expressed in physical form. 

 

Figure 68 : Final Produced Panel with Waves 
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6.4.5. Observations and Lessons Learned 

Interdependence of Material and Machine 

The trials demonstrated that rheological properties of concrete are inseparable from mechanical 

constraints of the extrusion system. Any adjustment in one domain required recalibration in the other. 

Sensitivity of First Layer 

The first layer proved to be the most critical, setting the foundation for dimensional accuracy. Errors at 

this stage multiplied through successive layers. 

Velocity as a Design Parameter 

Beyond technical control, print speed emerged as a genuine design variable, expanding the architectural 

vocabulary of 3DCP beyond mere geometry into process-driven expression. 

Iterative Feedback as Workflow 

Failures in early trials were not setbacks but integral feedback points. Each error informed incremental 

refinements, highlighting the iterative nature of 3DCP development. 

6.5. BIM Parameters 

The integration of computational design, robotic fabrication, and Building Information Modelling (BIM) 

requires a common data environment where geometric, material, and fabrication constraints can be 

translated into a parameterized structure. To achieve this, a custom parameter set was developed and 

implemented through the Autodesk Revit Parameter Service, before being applied as Project Parameters 

across the façade panel family library. 

The intention was to build a system where panels are not only defined by their geometry, but also by 

their material formulation, printability constraints, performance attributes, fabrication/assembly 

logistics, and lifecycle management data. This approach ensured that each printed prototype could be 

tracked, simulated, and validated across its entire digital-to-physical workflow. 

Geometry 

The most immediate category of parameters related to dimensional adaptability. Instance-based 

parameters such as Panel Width, Height, and Thickness enabled flexible scaling of façade components, 

ensuring that the same family could represent both experimental prototypes and full-scale façade 

modules. Beyond dimensions, the Surface Texture Type parameter allowed for control over finish 

variations, smooth, ribbed, or porous, linking design choices in Grasshopper directly with printing 

toolpaths. This was critical for studies where surface tactility played both a structural and aesthetic role. 
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Material  

In order to maintain consistency between digital models and laboratory trials, material parameters were 

introduced. Concrete Mix ID linked each panel to a specific recipe tested during printing trials, ensuring 

traceability of performance outcomes. Reinforcement Type recorded whether the panel incorporated 

rebar, mesh, or duct reinforcement, allowing fabrication drawings and schedules to update 

automatically. For multi-layered panels, Insulation Core Thickness was included as an adjustable 

instance parameter, bridging thermal performance with fabrication logic. 

Structural / Printability  

Recognising that not every digitally designed form is robotically printable, parameters were added to 

capture fabrication feasibility. Maximum Overhang Angle defined a geometric tolerance, beyond which 

panels risked collapse during extrusion. Layer Height per Pass tied directly into robotic extrusion 

settings, synchronising Revit objects with Grasshopper/KUKA|prc logic. The binary Support Required 

(Y/N) parameter flagged whether temporary scaffolds or auxiliary prints would be required, helping to 

forecast printing time and resource allocation. 

Performance 

To ensure that experimental panels could one day be scaled into architectural systems, performance 

parameters were integrated. U-Value (Thermal Transmittance) and SHGC (Solar Heat Gain Coefficient) 

connected panels to building physics workflows, enabling early compliance checks for energy 

efficiency. An Acoustic Rating (dB) field was introduced to represent façade sound insulation, allowing 

panels to be assessed beyond their structural or aesthetic qualities. These parameters were future-

oriented, ensuring that even research prototypes were embedded in a performance-driven BIM 

workflow. 

Fabrication and Assembly 

One of the most critical aspects of parameterization was linking panels to their manufacturing and 

installation logic. Each panel was assigned a Panel ID Code, functioning as a unique identifier within a 

Kit -of-Parts strategy. Panel Weight Estimate was included to inform crane planning and logistics during 

assembly. Meanwhile, the Installation Sequence Number parameter defined the erection order, allowing 

Revit schedules to double as assembly manuals for façade installation. 

Lifecycle and Operation 

Lastly, parameters were introduced to capture long-term maintenance and operational risks. A Cleaning 

Cycle Interval parameter suggested a maintenance schedule (e.g., annual or biennial cleaning), while a 

Replacement Risk Level ranked panels by durability. These attributes extended the scope of the 

prototype beyond fabrication, aligning with the lifecycle focus of BIM standards such as ISO 19650. 
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Workflow Integration  

The complete parameter set was embedded within Revit families, enabling interoperability across the 

design-to-fabrication pipeline. Two workflows were tested: 

¶ Rhino Ÿ Revit Ÿ KUKA ï Grasshopper-generated panels were parameterized in Revit, 

exported with their metadata, and sliced for robotic printing. 

¶ Revit Ÿ Rhino Ÿ Printing ï Existing BIM-based panels were re-imported into Rhino, where 

toolpath slicing was run using the same parameter definitions, ensuring bidirectional 

compatibility. 

 

This bidirectional link confirmed that parameterization was not simply descriptive but actively 

functional, enabling seamless translation between computational design, BIM coordination, and robotic 

fabrication. 

Table 3 : 3DCP Parameters and Types 

Category Parameter Name Type Purpose 

Geometry Panel Width Instance Allows flexible adjustment for 

custom panel sizes 

 
Panel Height Instance Adjusts façade height variation 

 
Panel Thickness Instance Controls structural and thermal 

mass requirements 

 
Surface Texture Type Type Defines surface finish (smooth, 

ribbed, porous) 

Material  Concrete Mix ID Type Links to different print 

recipes/material specifications 

 
Reinforcement Type Type Flags whether the panel has rebar, 

mesh, or duct 

 
Insulation Core 

Thickness 

Instance Defines insulation space if double-

layered 
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Structural/Printability  Maximum Overhang 

Angle 

Type Controls printability and robotic 

constraint 

 
Layer Height per Pass Instance Links to printer nozzle setting (e.g., 

10 mm) 

 
Support Required (Y/N) Instance Indicates if printing supports or 

scaffolds are needed 

Performance U-Value (Thermal 

Transmittance) 

Type Critical for energy compliance 

(W/m²K) 

 
SHGC (Solar Heat Gain 

Coefficient) 

Type For façade solar control analysis 

 
Acoustic Rating (dB) Type Defines façade sound insulation 

value 

Fabrication/Assembly Panel ID Code Instance Unique number for manufacturing 

and installation tracking 

 
Panel Weight Estimate Instance Used for crane/transport planning 

 
Installation Sequence 

Number 

Instance Defines the order in which panels 

should be installed 

Lifecycle/Operation Cleaning Cycle Interval Type Suggests maintenance cycle for 

façade (years) 

 
Replacement Risk Level Type Flags high-wear or high-risk panels 

for future O&M tracking 

 

6.6. BIM Workflow Integration  

A crucial stage in the research was the integration of parametric design and fabrication logic into a 

Building Information Modelling (BIM) environment. While the design and prototyping phases 

demonstrated the feasibility of 3D concrete printing (3DCP) for façade panels, their translation into BIM 

workflows ensured interoperability, traceability, and scalability within real construction projects. This 

section details the process of embedding shared parameters into Autodesk Construction Cloud (ACC), 

implementing them into Revit through Rhino.Inside, and building a parametric family that could flex in 

real time, supporting both design iteration and construction coordination. Two workflows were 

developed Figure 69 & Figure 70 , depicting the interoperable flows from one software to another.  
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Figure 69 : Rhino To 3DCP to Revit 

 

Figure 70 : Revit to Rhino to 3DCP to Revit 

 

Step 1 ï Defining Parameters in ACC Cloud 

The process began with the centralization of all parameters into the Autodesk Construction Cloud (ACC) 

Parameter Service. This ensured consistency across multiple projects and users, enabling seamless 

sharing of standardized attributes such as panel thickness, maximum overhang angle, support 

requirement, layer height per pass, and concrete mix ID. 
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These parameters were categorized under Curtain Panels and defined as either instance-based 

(adjustable per panel) or type-based (shared across all panels). For example, panel height was an instance 

parameter, allowing façade modules to vary in height, while reinforcement type was defined as a type 

parameter, standardizing the specification across a batch of panels. 

 

Figure 71 : User Interface for ACC Cloud Parameter Service 

 

Step 2 ï Importing Parameters into Revit Project Environment 

Once hosted in the ACC cloud, the parameters were imported into the Revit Project Parameters dialog. 

This step created a direct link between the digital design environment and the project database. 

By embedding parameters such as Concrete Mix ID and Support Requirement (Y/N), the panels within 

Revit could carry both geometric properties and fabrication-specific metadata. This created the 

foundation for integrating printing constraints (e.g., maximum overhang angle) directly into the BIM 

model, ensuring that design choices respected real-world fabrication tolerances. 

 

Figure 72 : Parameters uploaded into Revit Project Parameters(Autodesk, 2025) 
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Step 3 ï Exporting Geometry from Rhino to Revit Family Template 

The geometric definition of the façade panels was developed in Grasshopper. Using Rhino.Inside.Revit, 

the panel geometry was exported into a Revit Family Template. 

This workflow maintained parametric flexibility, meaning that changes in Grasshopper (such as curve 

subdivision or surface variation) were directly reflected in the Revit family. At this stage, the shared 

ACC parameters were also imported into the family, enabling their linkage to the geometric definitions. 

 

Figure 73 : Grasshopper Script for Converting Rhino Geometry to Revit Family Template(McNeel & 

Associates, 2025) 

 

Step 4 ï Linking Real-Time Parameters 

The family was then linked with real-time parameter values from the printing trials. Parameters such as 

Concrete Mix ID, Panel Thickness, and Reinforcement Type were dynamically mapped to Revit families 

through Grasshopper scripts. 

This connection bridged the fabrication environment and the BIM environment, meaning that material 

adjustments made during print trials were reflected in the Revit model. For example, if a thinner layer 

height per pass was chosen for improved printability, this change would update in Revit, affecting both 

the model and its associated schedules. 
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Figure 74 : Grasshopper Script for Editing Family Parameters(McNeel & Associates, 2025) 

Step 5 ï Parameter Flex Testing 

To validate the workflow, the parameters were flexed within the family editor. Adjustments to values 

such as Panel Thickness or Maximum Overhang Angle updated both the geometry and metadata in real 

time, confirming that the family was fully responsive. 

This stage was critical for ensuring design-to-fabrication consistency, as the same parameters controlling 

robot toolpath logic also governed BIM object behaviour. 

 

Figure 75 : Flexing in Revit for Parameters Through Rhino.Inside (Autodesk, 2025) 

Step 6 ï Placement Testing in Revit Project 

The developed family was then loaded into a Revit project and placed as a curtain wall system. Panels 

could be positioned, duplicated, and adjusted while still maintaining the parameter logic imported from 

Grasshopper. 


















