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Abstract  
 

Toolpath planning has gradually become an integral part of many material applications within 

a wide range of fields, including digital fabrication. This master thesis investigates a new mesh-

based approach of coverage toolpath planning for material applications on existing, non-

planar surfaces. As opposed to commonly used slicing methods, the developed algorithm 

opens up possibilities for better control over the toolpath generation, including the creation 

of patterns and textures. Moreover, the method addresses the challenge of material and 

structural optimization, through the application of material ǿƘŜǊŜ ƛǘΩǎ ǎǘǊǳŎǘǳǊŀƭƭȅ ƴŜŜŘŜŘΦ The 

method will be experimentally validated on the fabrication of an acoustic building component 

at full architectural scale. Using robotic tufting technology as a case study for locally enhancing 

a three-dimensional structure with a secondary material, the possibilities for the application 

of other materials (e.g., Extrusion 3D Printing (E3DP), Shotcrete 3D Printing (SC3DP)) are 

examined for further research. 
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1. Introduction 

1.1 Motivation 

In the current climate context, efficient building methods are becoming increasingly 

important, as the building industry contributes to more than one-third of the global energy 

consumption and the energy-related CO2 emissions. Moreover, the industry also accounts for 

around one-third of resources used and generates about one-third of all waste destined for 

the landfill. Concrete, which is the most widely used building material on the planet, has a 

particularly high importance in this regard. For these environmental issues to be addressed, 

there must be a change in the way buildings are designed and constructed.  

 

With recent advances in digital fabrication, it has become evident that development and 

integration of digital technologies into construction and architecture could have a profound 

effect on the building industry. With technological innovations, particularly in robotic 

fabrication, novel material applications and highly precise construction techniques are 

emerging. Furthermore, digital computation relieves designers of the constraints imposed by 

traditional methods of physical representation and modeling, enabling them to explore 

intricate and structurally efficient geometries. 

 

As a response to the rapid depletion of natural resources, a shift has taken place towards 

lighter materials and a reduction of the amount of materials used for building structures. By 

using digital methods, structures can be designed and manufactured with less material, 

utilizing their geometry and placing materials as necessary according to a natural flow of 

internal forces. In particular, flexible membranes and textiles are highly effective lightweight 

materials, enabling the construction of doubly-curved and rib-stiffened shells (Popescu, Reiter, 

et al., 2018). Currently, research is being conducted on lightweight fabric structures as an 

alternative to traditional construction formwork systems. Fabrics in these systems are mainly 

utilized to form a surface upon which additional layers of material with a greater loadbearing 

capacity can be applied. Depending on the structure, this may involve either a full coverage of 

a given surface or only local enhancement in accordance with the material properties and 

structural characteristics.  

 

The use of fabric formwork systems opens up a lot of design possibilities in terms of 

geometrical freedom, but also poses new challenges when it comes to the fabrication of these 
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forms. Although the research has been successful in automation of the form-finding and fabric 

manufacturing aspects, most remaining tasks in the fabrication process are still performed 

manually. One of the manual tasks includes the application of a secondary material onto the 

fabric surface. This thesis aims to target this research gap by focusing on enhancement of 

existing surfaces with a secondary material through an automated toolpath planning system.  

1.2 Problem statement 

Manufacturing complex parts using numerical control machining has prompted extensive 

research in the area of toolpath generation. Initial applications of toolpath methods were 

found primarily in the automotive and aerospace industries, where molds need to be 

manufactured (Sarma & Dutta, 1997). Recently, however, digital fabrication and the increasing 

use of computational tools in the building industry have introduced new challenges and 

applications for toolpath generation.  

 

Digital fabrication generally involves subtractive or additive manufacturing processes. A 

subtractive process, such as milling, boring, or machining, involves the removal of material 

from a solid block of material. In additive manufacturing, material is deposited layer by layer 

in order to create a three-dimensional object. It is necessary for both subtractive as well as 

additive processes to make use of some form of toolpath planning. 

 

There are several existing ways to generate toolpaths, most of which use surface operations. 

A common example is the intersection of a design surface with specified drive surfaces, which 

enables the toolpath to be defined from the intersection curves. Iso-parametric curves can 

also be used as toolpaths, but they result in non-uniform spacing between toolpath segments, 

which can lead to over- or under-machining. Generating toolpaths that yield a constant scallop 

height on the manufactured surface (offset curves), results in equidistant spacing, but for a 

given initial curve, the user has no control over the local or global geometry of the tool paths 

(Sarma & Dutta, 1997). 

 

The strategies discussed above, as well as current research, are largely focused on achieving 

homogeneous coverage or representation of a given surface. There are, however, reasons why 

a non-homogenous or selective approach to toolpath generation may be advantageous. With 

the rising demand for optimization of structures and resources, the deposition of material 

needs to be more targeted to areas where it is structurally needed. Additionally, some 

applications require the use of multiple materials or layers for texture or visual enhancement 
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of structures. The selective approach would enable the user to have greater control over the 

toolpath generation, allowing it to become an integral part of the design process.  

1.3 Method 

A literature review frames the thesis objectives in relation to the state-of-the-art research and 

summarizes the fundamentals of toolpath planning on non-planar surfaces. Furthermore, the 

methods of tufting as well as KnitCrete are studied as potential material applications 

employing toolpath planning methods.    

 

To develop the toolpath algorithm with a targeted approach, quad mesh geometries are used 

as a foundation for their ability to discretize regions with distinct attributes. The algorithm 

logic is then based on connecting mesh faces using a variety of neighbor search criteria to 

selectively cover a given mesh surface. With regard to a particular material application, 

additional adjustments and refinements of the algorithm are implemented. Finally, the 

information contained in both the mesh surface and the generated path is incorporated into 

a fabrication workflow.  

 

The algorithm development is based on the 3D modelling software Rhinoceros 7.0 in 

conjunction with the parametric modelling environment Grasshopper and the programming 

language Python. Within Python, the COMPAS framework for research and collaboration in 

architecture, engineering, fabrication, and construction is used. COMPAS consists of a general-

purpose core library, written in pure Python, and a growing collection of extensions. The core 

package of COMPAS is used in the algorithm development in addition to COMPAS FAB and 

COMPAS RRC extensions which are employed in the simulation and fabrication.  

 

To apply the developed algorithm and asses its feasibility, two case studies are designed, 

employing different material applications. First includes the method of tufting on a woven 

fabric for the design of an acoustic ceiling. The second case study builds on the KnitCrete 

method using concrete extrusion on knitted formwork for the fabrication of a bench. A 

physical experiment assesses the feasibility of the developed algorithm using the robotic 

tufting case study. For this process a custom end-effector is created, enabling a hand-held 

tufting gun to be fully automated and mounted on a 6-axis robot. The industrial robot IRB 6700 

from ABB with the custom end-effector is used to tuft the designed pattern on a woven 

primary base.  
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1.4 Structure of the thesis 

The thesis is structured in 6 sections as described below. 

 

Followed by the first introductory chapter, the second chapter addresses the state of the art 

in the research of toolpath planning. Various path planning methods on both planar and non-

planar surfaces are explored as fundamentals for the development of the toolpath algorithm 

in the thesis. Furthermore, the methods of tufting as well as KnitCrete are researched as case-

studies for the application of the algorithm.  

   

The third chapter provides a detailed explanation of the development of the toolpath 

algorithm. An overview of the overall logic is presented, along with details regarding specific 

challenges and solutions that were implemented for various material applications. Lastly, the 

chapter provides information necessary for translating a toolpath into fabrication details.  

 

The fourth chapter focuses on the design of two case studies, a textile acoustic ceiling using 

the method of tufting on a woven fabric and a bench employing the KnitCrete method by 

concrete extrusion on knitted formwork.  

 

The fifth chapter focuses on the fabrication of the first case study to present the application 

of the developed toolpath algorithm on a demonstrator object. A custom tufting end-effector 

is manufactured and tested with the 6-axis robotic arm.  

 

The sixth and last chapter summarizes the results and discusses the developed method in the 

context of future applications. 
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2. State of the Art 

2.1 Path Planning 

2.1.1 2D Path-Planning 

In various digital fabrication processes such as milling or additive manufacturing, optimizing 

the trajectory path of the end effector is crucial to improving accuracy and production time. 

Current research addressing the topic presents a variety of path types, with direction-parallel-

based and contour-parallel-based being mainly employed (Fig. 1) (Jin et al., 2014). Similarly to 

additive manufacturing, the tufting method, in which patterns for different colors are 

predefined, involves a type of toolpath optimization. In the case of tufting, however, it is more 

relevant to review the planning task from a perspective of area coverage.  

 

Coverage Path Planning (CPP) is the process of determining a path that passes over all points 

of an area or volume of interest while avoiding obstacles. The task is integral to many robotic 

applications, including cleaning robots, painter robots, and automated harvesters. Because of 

its wide-ranging scope, there has been a considerable amount of research and algorithms 

developed to address the problem (Galceran & Carreras, 2013). For most CPP algorithms, the 

target space is divided into obstacle-free subregions that are then covered using a simple 

motion, such as the zigzag pattern.  

 

 

 

Figure 1: Zig-zag and contour path types (Jin et al., 2014) Figure 2: Coverage Path using the wavefront 
algorithm (Galceran & Carreras, 2013) 
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2.1.2 3D Path-Planning 

In the transition from planar to 3D, the toolpath generation becomes more complex. The 

challenge of approximating an object with a set of non-overlapping curves that respect 

fabrication constraints has been researched for various robotic applications. Studies in this 

area focus on tasks such as surface spray painting (Fig. 3), non-destructive testing (Fig. 4) or 

Fused Deposition Modelling (Fig. 5), all of which require a 100% area coverage.  

 

An approach commonly used is to slice the 3D surface along a fixed direction, which, however, 

offers limited freedom and accuracy. By incorporating other factors, such as the thickness of 

the print paths and their alignment,  it is possible to improve this approximation (Fig. 5) 

(Chakraborty et al., 2008). Several commercially available software packages are available for 

direct toolpath generation from available CAD models. However, these often require precise 

analytical models and are only suitable for certain types of geometries (Mineo et al., 2015).  

 

2.1.3 Non-planar layered robotic FDM printing 

Recently published research conducted by Ioanna Mitropoulou at ETH explores the possibility 

of non-planar FDM printing with 6-axis robotic arms (Mitropoulou et al., 2022). As opposed to 

2.5D printing, where materials are accumulated in planar layers sliced along a fixed direction, 

non-planar print paths can vary both in their orientation and layer height. In addition, realizing 

shapes with non-planar layers opens up novel possibilities, as the design process not only 

focuses on the overall form, but also on how the paths are organized. A horizontally layered 

aesthetic is often dominant in 3D printed structures for architectural scale. Controlling print 

orientations during design therefore requires new methodologies. 

 

Figure 3:  Robotic spray painting (Verind, 2022) Figure 4: NDT(Mineo et 
al., 2015) 

 

Figure 5: Curved Layer Fused Deposition 
Modeling (Chakraborty et al., 2008) 



State of the Art     7 
 

In this paper, a method is presented for creating non-planar print paths to approximate an 

input mesh surface, without creating gaps, intersections, or overlaps of paths. This method 

utilizes geodesic distances and user-provided targets which are interpolated with the 

intermediate curve lying on the mesh surface. If targets are positioned appropriately, complex 

geometries may be printed without the need for additional support. The use of targets can 

also be beneficial in improving the structural properties of the resulting surfaces, such as 

aligning print paths along principal stress directions.  

2.1.4 Stress line additive manufacturing 

Stress Line Additive Manufacturing (SLAM) is a new method of material application in which 

filament is deposited along paths derived from principal stress lines (Tam & Mueller, 2017). A 

key premise of this research by Kam-Ming Mark Tam and Caitlin T. Mueller is that structural 

optimization techniques developed for additive manufacturing often fail to consider the 

mechanical behavior of printed parts. The authors conceive the general design of an AM 

printed part in three scales: (1) global geometry; (2) topology; and (3) layer pattern. At present, 

performance-oriented AM design and optimization methods do not simultaneously consider 

all three scales, leading to an inconsistent structural behavior. There are misalignments 

between filament orientation and structural action as well as potential anisotropy caused by 

the layer-based fabrication process. 

 

Figure 6 : Overview of the process for the fabrication of a bifurcating shape. (a) Surface segmentation. (b) Print process. (c) 
Final prototype (Mitropoulou et al., 2022) 
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In order to solve the challenges mentioned above, toolpaths are generated based on stress 

lines derived from the geometry under a specified load (Fig. 7). On a visual level, stress lines 

indicate directions of space where stress is purely axial. Due to this, any elementary section 

orientated along principal stress lines will not be subject to any shear bending or stresses. The 

stress lines create contoured and parallel fields of curvatures, which are consistent with 

filament layouts produced by conventional path filling. However, as opposed to traditional CPP 

methods, the SLAM generated paths accurately convey both geometry and the structural 

performance expected for the intended application. 

 

 

 

 

Figure 7: Prototypes fabricated with  a new method of material deposition called Stress Line Additive Manufacturing (SLAM), 
which deposits filament along paths derived from principal stress lines (Tam & Mueller, 2017) 
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2.2 Tufting 

2.2.1 Traditional Tufting 

Tufting is an ancient type of textile manufacturing, typically used for rugs, in which a thread is 

inserted on a primary fabric. The technique is considered the only method of one-sided 

stitching adopting a single thread and a single needle ό5ŜƭƭΩ!ƴƴƻ Ŝǘ ŀƭΦΣ нлмнύ. Historically, the 

fabrication method involved a manual punch needle, which was handled by an artisan to push 

and pull yarn threads through pre-woven grids (Fig. 8). In the 1930s, the first mechanical 

tufting machine was invented to speed up the process and achieve mass production of carpets 

(Haines, 2018).  

 

Nowadays, electric tufting heads can be operated manually, as hand-held guns (Fig. 9) or 

automatically, mounted on robotic arms and gantries. Depending on their type, tufting 

machines are classified into cut-pile, loop-pile, or a combination of both (Fig. 10). Additionally, 

they can be either mechanical, creating short piles of high density, or pneumatic, producing 

longer piles up to around 60mm (Cutloop Studio, 2022). 

2.2.2 Robotic Tufting 

In recent years, several companies have automated the tufting process for the production of 

carpets. One such example is the high-tech company EFAB GmbH based in Düsseldorf, focusing 

on CAD/CAM tools and robotic tufting (EFAB, 2022). In their production of carpets and artificial 

grass, machines move along a rigid metal frame to apply tufts in variable pile heights onto a 

2D stretched fabric (Fig. 11).  

 

Figure 8: Manual punch needle      
(Azia rugs, 2015) 

 

Figure 9: Hand-held Tufting Gun                               
(Hofmann HandtuftTechnik, 2022) 

Figure 10: Loop types               
(EC Carpets, 2018) 
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In addition to automatic machines, the company also develops software for design and 

operation, providing a comprehensive tufting system. One such example is the software for 

turning images into tufting paths. In the closeup in Fig. 12, it is evident that each path segment 

is defined by a single contour line and filled in with a zig-zag pattern in one direction. 

2.2.3 3D Tufting  

As of now, tufting on 3D geometries, which constitutes an important aspect of this thesis, has 

been used almost exclusively for fibre composites with applications in the aerospace, 

automotive, and energy industries. In the fabrication of composite laminates, tufting can serve 

as a method for mechanical fastening, bonding and local stiffening (Fig. 13). Since this 

technology requires access from only one side of the preform, it is ideally suited for tailored 

reinforcement of complex three-dimensional shapes. The typical setup for 3D tufting involves 

a tufting head attached and interfaced to a 6-axis robot arm (Fig. 14) ό5ŜƭƭΩ!ƴƴƻ Ŝǘ ŀƭΦΣ нлмнύ.  

 

Figure 11: eTuft - Robotic Tufting Machine 
(EFAB GmbH.) 

Figure 12: eHMI - Human Machine Interface for Tufting Robots (FAB GmbH. 

Figure 13:  Tutfting applied on a 3D composite component   (Pfaff Industrial, 2022) Figure 14:  6-axis tufting robot         
ό5ŜƭƭΩ!ƴƴƻ Ŝǘ ŀƭΦΣ нлмсύ 
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Unlike the composite-dominated research, Bettina Löger's master's thesis at the Vienna 

University of Applied Art applies robotic 3D tufting to the fabrication of textiles. The thesis 

sought to explore a new manufacturing method of upholsteries suited for application in the 

furniture industry. In the project, a hand tufting gun mounted on a 6-axis robotic arm was used 

for the fabrication of 3D acoustic elements (Fig. 15) (Löger, 2021).  

  

The research presented in the previous sections demonstrates the full feasibility of robotic 

tufting technology applied to two-dimensional fabrics. Although there are existing robotic 

techniques for three-dimensional surfaces, such as composite stiffening, they can still be 

expanded to the production of more complex three-dimensional components. Bettina Löger's 

thesis advances this idea, yet it focuses mostly on the fabrication of a specific tufted pattern, 

without addressing the challenge of toolpath planning.  

2.3 KnitCrete 

 

Figure 15 : Robotic tufting fabrication of 3D acoustic elements (Löger, 2021) 

Figure 16 : Bridge prototype fabricated using the KnitCrete method (left) (Popescu, Reiter, et al., 2018); Concrete spraying on 
top of the KnitCandela shell, employng the KnitCrete formowork system (right)(Popescu et al., 2021) 
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Prof. Mariana Popescu's research focuses primarily on developing novel fabrication methods 

using knitted textile formwork. KnitCrete is an efficient material and labor-reducing formwork 

system for casting doubly curved geometries in concrete (Popescu, Reiter, et al., 2018). The 

technology employs a custom, 3D-knitted, lightweight technical textile on which a special 

cement paste is applied to create a rigid mold. Once the self-supporting mold reaches the 

required stiffness, it is used as a base for concrete casting or spraying. The structure can also 

be supported by additional falsework elements such as a tensioned cable-net or bending-

active splines.  The system offers several advantages over traditional concrete formwork 

approaches, such as its lightweight construction, ease of manufacture, transport, and 

assembly. Additionally, the use of a knitted textile can integrate features such as channels for 

guiding other structural elements and varying surface texture in one fabrication step.  

 

In the context of this thesis, the KnitCrete method serves as a potential case-study for the 

proposed coverage path planning method on non-planar surfaces. Currently, many processes 

in the KnitCrete technology workflow are automated. Concrete, however, is sprayed or applied 

manually on top of the stiffened mold, presenting opportunities for automation.  

 

 

Knitting allows for direct creation of 3D geometries without the requirement of tailoring or 

stitching (Popescu, Rippmann, et al., 2018). To fabricate weft-knitted textiles, a CNC-knitting 

machine is required to follow a two-dimensional knitting pattern. An arbitrary quadrilateral 

mesh is the starting point for the generation of the pattern, followed by a patching process, 

where the input geometry is segmented into patches by defining singularities.  

Figure 17 : Knitting pattern for a quarter sphere: a generated courses on the quarter sphere; and b 2D knitting pattern 
schematic (Popescu, Rippmann, et al., 2018) 
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This process with its boundary conditions is similar to the challenge of non-planar coverage 

path planning. Both problems require a 3D geometry to be represented with a uniform pattern 

as seen in Fig. 17. Considering the use of spraying and extrusion on top of knitted surfaces, the 

obtained mesh as well as the knitting pattern could serve as a base for print path generation. 

As a result, both the knitting pattern and the material applied on it would align with the final 

structure, its logic and force flow. 

Figure 18 : Schemes showing the KnitCrete workflow for a physical prototype of minimal surface knit (Popescu, 2015) 
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3. Tool Path Algorithm 

The developed toolpath algorithm operates on meshes, represented by mesh faces as a three-

dimensional pixelated canvas. Through this approach, a path is constructed by connecting all 

the mesh faces, much as some Coverage Path Planning algorithms connect points or pixels in 

two-dimensional grids. A summary of the three main stages of the algorithm is presented in 

Fig. 19. The first step in the process is to define the geometry that needs to be covered. In the 

next step, the geometry is converted into a mesh with the desired topology and density, 

mostly determined by the material application and structural properties. Finally, using the 

optimized mesh as a basis, the toolpath is generated on top and  directly correlated to the 

mesh topology.  

 

The toolpath algorithm is developed for quadrilateral meshes, which are topologically 

continuous surfaces of 4-corner primitives. Quad meshes were chosen over triangular ones, 

as their grid form allows for the development of direct, equidistant paths. Apart from covering 

a surface, this method allows the creation of various patterns and material textures, extending 

conventional toolpath generation techniques. For processes such as concrete extrusion and 

spraying, the method can be employed for local stiffening of some areas on the surface. In the 

case of tufting, it is possible to generate toolpaths for the fabrication of colorful patterns and 

images. 

3.1 Mesh generation 

The filament size variation is limited in most material applications, with tufting being one such 

example. With a constant filament width, surfaces can be completely coated in homogeneous 

layers of material only if the toolpaths are roughly equidistant. Obtaining an equidistant 

toolpath is determined by the uniformity of the mesh and the sizes of the singular mesh faces. 

Figure 19 : An input geometry (left) is turned into a mesh representation (middle), upon which a tool path is generated (right). 
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Fig. 20 illustrates an ideal scenario with a perfectly uniform quad mesh covered by an 

equidistant toolpath. In most cases, however, quad meshes must be modified prior to the 

generation of toolpaths in order to approximate these properties.  

 

The challenge of creating or altering meshes has already been explored for various 

applications, e.g. conversions of meshes into SubDs or NURBS objects as well as for CFD and 

FEA analysis. As described later in section 3.6.1 Filament size variation, there is some flexibility 

in generating non-uniform meshes for processes such as concrete extrusion. Tufting, on the 

other hand, requires uniform quad meshes due to its inability to produce varying filament 

sizes. As a basis for applying the path algorithm in this thesis, Rhinoceros's QuadRemesh 

feature is employed to approximate a uniform mesh. 

3.1.1 QuadRemesh 

The newest version of the Rhinoceros software (Robert McNeel & Associates) targets the 

problem of remeshing with a QuadRemesh feature . This command creates a quad mesh with 

optimized topology from existing surfaces, meshes or SubDs. QuadRemesh approximates a 

uniform mesh through a multitude of parameters, with TargetEdgeLength being the most 

relevant to the toolpath planning problem. This value is determined by the fabrication method 

and should be equal to the filament width. Furthermore, "Adaptive Size (0-100)" indicates how 

uniform the face sizes are, with 0 being the most uniform. When set to 0, the mesh faces are 

similar in size and as square as possible.  

3.1.2 compas_singular 

Further explorations into controlling meshes and their singularities could be done with a 

Python library, compas_singular, which stems from the doctoral research of Robin Oval at 

Université Paris-Est (Fig. 21). Mesh singularities change the topology of a quadrangular grid by 

Figure 20 : A toolpath with a constant filament width on a uniform quad mesh  
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having unique connection characteristics (Baverel et al., 2019). Regular vertices have four 

adjacent vertices (or three if they are on the boundary), whereas singularities can have more 

or fewer adjacent vertices. 

In the context of this thesis, singularities are a key topological attribute of patterns and can 

directly affect and inform the path generation. Controlling them is therefore crucial for 

optimizing the final toolpath, whether it is to represent a materialized structure, force 

equilibrium, or surface map. Fig. 22 shows how different mesh topologies of the same elliptic 

dome affect the orientation, density and overall appearence of a toolpath fully covering it. 

The QuadRemesh command provides a sufficient level of mesh uniformity for the application 

and precision required for the tufting process. Therefore, mesh operations with singularities 

are not further explored in this thesis, but outline a potential area for future research 

described in 6.1.1 Mesh topology finding. 

Figure 21 : This figure shows that even for a simple shape like an elliptic dome, a rich combinatorial design space is to be 
explored regarding compas_singularities (Block Research Group, 2022) 

Figure: 22 Drawings of toolpath patterns on the same surface responding to different mesh topologies  
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3.2 Algorithm logic 

The tool-path algorithm is initially developed for a uniform quad mesh with square, equal-

sized faces. The problem is considered first in a two-dimensional space but can be directly 

applied to a three-dimensional surface. The COMPAS Framework provides a set of useful mesh 

methods, which are essential for the development of the algorithm. The core logic is similar to 

Coverage Path Planning methods, which is a process of determining a path that passes over all 

points of an area while avoiding obstacles. In this case, all points of the surface are represented 

by mesh faces, specifically their center points (Mesh.face_center). A toolpath is constructed 

by connecting all the mesh face center points and visiting each center point exactly once.  

3.2.1 Nodes 

Nodes of the Network class in COMPAS are assigned for each face center point of the given 

mesh. A path is then generated by creating edges between the nodes in a specific order. A 

single face, its center point and the node defined from this center point always bear the same 

index and are therefore practically interchangeable. Nodes, center points, and faces are often 

referred to as "faces" for simplicity.  

When initially generating nodes of the network, it is possible to store multiple attributes which 

are needed for the toolpath algorithm as well as the fabrication (Fig. 24). Each node has an 

Figure 23 : Schemes representing the transition logic from a mesh to a toolpath: 1. Mesh edges and vertices, 2. Mesh faces, 
3. Mesh face center points, 4. Network nodes and potential edges, 5. Nodes connected by edges forming a toolpath 

Figure 24: Network node representing a face center point with multiple attributes (coordinates, neighbors, color, surface 
area, normal vector) 
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index and coordinates which are equal to the ones of the corresponding mesh face center 

point. Other necessary attributes are explained in more depth in the following sections and 

include neighbors of a face (3.3 Neighbors), color of a face (3.5 Color Paths), surface area of a 

face (3.6 Concrete Extrusion Paths) and a vector of a face normal (3.7 Fabrication Input).  

3.2.2 Search 

 

The structure of the algorithm is based on an iteration over the list of all faces of the given 

mesh (Mesh.faces), represented by nodes of the Network class. In each loop, the algorithm 

looks for free neighbors of the current face and compares them based on set criteria. These 

criteria are a crucial part of determining the overall geometry of the path. After the free 

neighbors have been compared, one of them is selected and set as the following face. A 

network edge is then formed between the current and the following faces (nodes of the 

Network) and represents a single path segment. Each iteration ends by setting the following 

face as the current face of the next iteration. Gradually moving through all the mesh faces in 

this way results in a path that is fully covering the given quad mesh. 

 

The core structure of the toolpath algorithm can be summarized as follows: 

1. Look for free neighbors of the current face 

2. Select one of the neighbors based on set criteria 

3. Set the selected neighbor as the following face 

4. Create an edge between the current and the following faces  

5. Set the following face as the current face of the next iteration 

Figure 25: Scheme presenting the core logic of the algorithm based on neighbor selection using set orientation criteria.  
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3.2.3 Path orientation 

The criteria determining which neighbor is selected in each loop are responsible for the overall 

path geometry. Throughout the development of this thesis, various settings were explored, 

resulting in a number of path types. The ones that proved most useful are the Lowest-Axis-

Path and Boundary-Path. As a comparison, the Random-Path, which selects a random free 

neighbor in each loop, results in a high number of jumps. This is due to the lack of geometric 

orientation within the path, which often results in a dead end (no free neighbors).  

The Boundary-Path is a variation of the common contour pattern. The object of orientation in 

this path is the boundary curve of the mesh surface, resulting in a spiral-like geometry. The 

following face chosen in each loop is the one that is closest to the boundary curve.  Similar to 

the Boundary-Path is the Centroid-Path, which uses the centroid of the mesh as the point of 

orientation.      

The Lowest-Axis-Path is a variation on the typical zig-zag pattern, which aims to maximize 

straight, parallel lines, and minimize turns. The idea is to pick the following face so that the 

surface is gradually covered in layers and jumps are avoided. In the case of the Lowest-Axis-

Path, the orientation is defined through the XY, XZ, or YZ planes. At the moment one of the 

free neighbors is to be selected as the following face, their distance from the orientation plane 

(XY, XZ or YZ) is measured. The face that is closest to the orientation plane is chosen as the 

following face. The principle of comparing free neighbors and their distances to an object 

ensures that the path has a consistent orientation logic. The Lowest-Axis-Path was developed 

in more depth and is the path type featured in all of the following sections in this chapter. 

Figure 26: Various toolpath patterns based on different orientation geometries (x-axis, y-axis, boundary, corner, random) 
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3.3 Neighbors 

3.3.1 Neighbor types 

Faces have two types of neighbors, "directέ neighbors" and "diagonalέ neighbors. άDirectέ 

neighbors are faces which share an edge with a given face. For a regular quad mesh without 

singularities, a common face has four direct neighbors as seen in Fig. 27. If the face is located 

in the corner, the number of direct neighbors is two, if the face is on the boundary of a mesh, 

the number is three. These faces can be directly output from a Mesh class method - 

Mesh.face_neighbors.  

 

"Diagonal neighbors" share a vertex with a given face, but don't share an edge. For a regular 

quad mesh without singularities, a common face has four diagonal neighbors. If the face is 

located in the corner, the number of diagonal neighbors is one, on the boundary of a mesh, 

the number is two. To access diagonal neighbors, the Mesh class method 

Mesh.face_neighborhood is used. An input parameter for this method is "ring", which defines 

how many layers of faces around the given face are output. Ring value of 2 outputs the input 

face as well as all direct and diagonal neighbors. To sort out only diagonal neighbors, the 

algorithm picks neighbors which share exactly one vertex with the input face.   

3.3.2 Path Density 

The toolpath algorithm can create a number of path textures based on the neighbor types 

employed. The first option is to only consider direct neighbors. In a uniform quad mesh, all of 

the faces are equally sized squares. With a face edge length of "x", the simplest path of parallel 

lines would have a distance of x between lines. In a scenario with the same quad mesh and 

Figure 27: Diagonal neighbors (left), direct neighbors (middle), combination of direct and diagonal neighbors (right) 
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parallel path, but considering only diagonal neighbors, there would be a distance of sqrt(2)*x/2 

between lines, which is a visibly smaller value.   

 

With an algorithm that employs both direct and diagonal neighbors, the toolpath would have 

areas of two varying densities, which does not fulfil the requirement for an equidistant 

toolpath and would be visible on the final product as seen in an example path in Fig. . For this 

reason, a third option is explored, with direct neighbors being primarily selected, combined 

with occasional selection of diagonal or non-neighboring faces, as explained in the following 

section. 

 

3.3.3 Edge adjustment  

In case the algorithm only considers direct neighbors, the distance between lines is kept 

constant. However, as Fig.  shows, when covering an irregular surface or pattern with a non-

straight edge, the path along this edge generates steps. These steps then transfer throughout 

the whole toolpath, creating a  texture with repeating 90 degree turns. For the purpose of 

ŦŀōǊƛŎŀǘƛƻƴΣ ǘƘƛǎ ƪƛƴŘ ƻŦ ǇŀǘƘ ƛǎ ǳƴŘŜǎƛǊŜŘΣ ŀǎ ǘƘŜ ƭƛƴŜǎ ŀǊŜƴΩǘ ǎǘǊŀƛƎƘǘΣ ƳŀƪƛƴƎ ǘƘŜ Ǌƻōƻǘ ǘǳǊn 

repeatedly.  

 

To avoid this problem, the boundary of the surface to be covered has to be treated differently. 

Faces marked with yellow in Fig. are special points in the path, where not only direct neighbors 

are considered for selection, but essentially all faces that are still free. These yellow faces can 

be defined as faces which have only one or zero free direct neighbors at the point of selection.  

Figure 28: Comparison of ŘƛǊŜŎǘ ƴŜƛƎƘōƻǊ όƭŜŦǘύ ŀƴŘ ŘƛŀƎƻƴŀƭ ƴŜƛƎƘōƻǊǎΩ ǘŜȄǘǳǊŜ όƳƛŘŘƭŜύ ŀƴŘ ǘƘŜ ǾŀǊȅƛƴƎ ŘŜƴǎƛǘȅ ǿƘŜƴ ǳǎŜŘ 
for a single path (right)  
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When the algorithm reaches such faces, it applies a different method to search for the 

following face. In those instances, the algorithm searches for the closest free face with two, 

one or zero free neighbors. That results in the boundary of the surface covered with path 

ǎŜƎƳŜƴǘǎ ǘƘŀǘ ŘƻƴΩǘ Ŧƻƭƭƻǿ ǘƘŜ ƻǾŜǊŀƭƭ ƻǊƛŜƴǘŀǘƛƻƴΦ This approach both guarantees an 

equidistant path, as well as minimizes the number of jumps by broadening movement 

possibilities through diagonal neighbors and even non-neighboring faces.  

3.4 Discontinuities 

In most cases, the tool-path algorithm generates a path that is not fully continuous and 

contains jumps, as mentioned earlier in the text. When a jump occurs, the end-effector must 

retract from the surface, move to the location of the selected following face and approach the 

Figure 29 : By allowing only direct neighbors to be selected results in paths that are not straight 

Figure 30 :Neighbor selection on the special boundary faces is broadened to include also additional faces apart from direct 
neighbors  
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surface again. Especially in the tufting process, sufficient retraction of the end-effector is 

crucial since the tufting gun moves inside the fabric.  

 

There are multiple reasons for a path discontinuity to occur. One common case are toolpaths 

of patterns and images, consisting of separate islands or branches of pixels. For such cases the 

άƧǳƳǇ ǘƻ ƭƻǿŜǎǘέ ǎǘǊŀǘŜƎȅ ƛǎ ŜƳǇƭƻȅŜŘΣ ŘŜǎŎǊƛōŜŘ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǎŜŎǘƛƻƴΦ hǘƘŜǊ ŜȄŀƳǇƭŜ ŀǊŜ 

discontinuities introduced when the distance between a current and a following face is too 

long to still be considered a path segment. This strategy is described further in section 3.4.2 

Jump to closest. 

3.4.1 Jump to lowest 

With meshes containing pixel islands or branches, the natural layering of the path geometry 

can be disrupted. In Fig. the path is oriented towards the x-axis. As seen on the image, when 

the mesh contains a second branch, the path first moves to the face with the lowest y value 

and then continues in the previous, dominant layering pattern. To maintain a single path 

pattern, a discontinuity is introduced at specific points where the path changes direction. 

 

Figure 31 : A jump is introduced at moments where the path changes direction. Path without jumps (left), an adjusted path 
consisting of two path segments (right) 

Figure 32:  The toolpath to cover the given shape is divided into six sub-paths to ensure a constant path orientation. 
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In the shown example, after selecting a following face, the algorithm checks if the chosen face 

has a lower y-value than the current face. If yes, this means that the path is not following a 

natural layering pattern. In such a case, the algorithm performs a new search and jumps to the 

lowest face with two, one or zero free neighbors, equal to the special faces in 3.2.2 Edge 

adjustment. This ensures that the path is always following the same logic. Fig. shows a path 

containing five jumps which divide it into six segments with the same path orientation.  

3.4.2 Jump to closest 

Section 3.2.2 Edge adjustment describes special faces for which not only direct neighbors but 

also all faces with two, one or zero free neighbors are considered for selection. That means 

that a short distance between the current and following faces is not guaranteed. For 

fabrication purposes, some of these path segments also need to be considered jumps. The 

reason is that long distances between faces create almost parallel lines, duplicating the path 

resulting in denser areas. Furthermore, these longer path segments can cross the existing path, 

which is undesired. 

Each material and fabrication method have different requirements to treat these atypical 

situations. For the tufting method, a length limit of 30 mm was set for path segments between 

two faces. All segments above this limit are automatically considered jumps and therefore not 

tufted.  

 

Figure 33: In exceptional cases, moving to the closest neighbor with two, one or zero free neighbors is too long and therefore is 
also considered a jump 
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3.5 Tufting toolpaths  

3.5.1 Face groups 

This chapter focuses on the method of tufting and the possibilities of the process in creating 

colorful patterns. As opposed to other material applications, the task of tufting isn't to fully 

cover a given surface it in one go, but rather to cover sections of it independently with different 

colors. Since the algorithm already operates with singular quad mesh faces, a pixelated 

image/pattern can be easily translated to the quad mesh grid. Quad mesh faces and pixels 

therefore work interchangeably.  

A colorful image in Fig. with areas of blue, yellow, and green serves to present how 

independent paths are generated. The image is first transferred into a pixel representation 

and translated onto a mesh, assigning each face a color of the respective pixel. This then allows 

the algorithm to generate a toolpath on blue, yellow, and green faces independently. In each 

of the three toolpaths, faces of a different color are not considered for selection as shown in 

Figure 34: Colorful image (left) turned into a pixelated representation (middle) covered with three independent paths (right) 

Figure 35: Three groups of faces based on the yarn color as an input for the toolpath generation 
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Fig. The algorithm loop essentially runs only through faces of one color, as if they were a mesh 

by itself that has to be fully covered. In this way, small islands of faces or even singular faces 

can be part of the toolpath. Through varied yarn colors and densities, the tufting technique 

allows the fabrication of virtually any pattern on a fabric surface. In order to develop a tufting 

pattern for a mesh geometry, computational tools can be utilized in a several ways. The 

following examples illustrate only a fraction of the possibilities that digital pattern making 

offers. 

3.5.2 Image Sampler 

A Grasshopper component "Image Sampler" offers a way to convert chromatic information of 

an image into numerical values (Tedeschi, 2014). Rectangular images can be viewed as two-

dimensional domains ranging from 0 to 1. When the image is superimposed with a rectangular 

grid, each point defined by the UV coordinates provides an intensity value. This value indicates 

the color of the image point depending on the type of color model used, such as RGB or 

grayscale. For instance, a grayscale color model measures pixel intensity and outputs values 

from 0 (black) to 1 (white), with fractional grayscale values in between. The component 

requires an image and a set of points with UV coordinates to return a list of intensity values.  

As a means of generating paths for tufting, the component is used to divide faces of a mesh 

into color groups, each tufted with yarn of a different color. The mesh face center points/node 

coordinates are serving as an input for the component. Each of the nodes then receives a color 

attribute based on the value from the image sampler output and is assigned a group. In the 

example in Fig., faces of the mesh are divided in two groups, based on whether their color 

value is bigger or smaller than 0.5. The algorithm then runs through each group of faces 

separately and generates two independent toolpaths with different yarn colors. 

Figure 36: The Image Sampler component in Grasshopper and a generated two-colored path based on the image  
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3.5.3 Geometry mapping 

A color map relating to various properties of a 3D surface can also be informing the path 

planning algorithm. Similarly to the image sampler, faces are grouped based on their color, or 

specifically the interval for this color, creating separate color toolpaths. In Fig., a mesh surface 

was divided in regions using slope angle as the defining parameter. This value was not derived 

from a color map or an image as in the image sampler, but rather directly from the value of 

the face normal.  

 

In addition to geometric characteristics, variables relating to light, heat, sound, stresses or 

other properties can also inform pattern design. In order to obtain such values, it would be 

advantageous if the respective analysis could be calculated directly from the mesh to be 

covered. As in the case of the slope region path, the step of translating image values to mesh 

faces can then be omitted. 

3.5.4  Generative patterns 

Generative art is created in whole or in part by an autonomous system, which can determine 

its features independently. Due to their computable form, these rules can be implemented in 

an automated process of image generation [8]. An example in Fig. 38 shows the creation of a 

randomized pattern, following the core logic of the algorithm. However, as opposed to 

previous examples, the path in this case lacks geometrical orientation.  

 

!ǘ ŜŀŎƘ ǎǘŜǇΣ ǘƘŜ ŀƭƎƻǊƛǘƘƳ ǎŜƭŜŎǘǎ ŀ ǊŀƴŘƻƳ ƴŜƛƎƘōƻǊƛƴƎ ŦŀŎŜΦ ²ƘŜƴ ŀ ŎǳǊǊŜƴǘ ŦŀŎŜ ŘƻŜǎƴΩǘ 

have free direct neighbors, the algorithm jumps to another free face. This randomized 

approach results in a high number of jumps, but serves as a showcase of a different direction 

Figure 37: Gradient color map based on the slope of the geometry (left); mesh faces divided into three slope intervals 
represented by three color groups 
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in pattern making. Other strategies were not explored, but suggestions are mentioned in the 

final chapter (6.1.3 Patterns). 

3.6 Concrete extrusion toolpaths 

3.6.1 Filament size variation 

The section 3.1 Mesh generation points out the importance of uniform quad meshes in 

obtaining equidistant toolpaths. However, the algorithm presents new possibilities when used 

for other material applications such as concrete extrusion, shotcrete or plaster spraying. As 

opposed to tufting, these methods allow a control of the deposited filament size during 

fabrication. This lowers the requirement for equidistant toolpaths and expands the application 

of the algorithm to irregular quad meshes with singularities and faces of varying surface areas.  

 

Adjustment of filament sizes during material deposition can be achieved through a number of 

strategies All of them are employing information stored in the node attributes of the mesh-

based network. Firstly, when the end-effector is kept at constant velocity, the material flow 

can be adjusted to deposit more material on faces with a bigger surface area. When the 

ƳŀǘŜǊƛŀƭ Ŧƭƻǿ ŎŀƴΩǘ ōŜ ŎƻƴǘǊƻƭƭŜŘΣ ŀ ǾŀǊȅƛƴƎ ǾŜƭƻŎƛǘȅ of the robotic arm can serve to deposit 

less or more material.  Another approach is to control the distance from the target surface or 

the nozzle diameter, which is mostly useful for spraying applications.  

Figure 38: A randomized generative pattern using direct neighbors without additional search criteria   
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3.6.2 Thickness variation 

All of the approaches from the previous section can be used to cover a non-uniform mesh with 

paths of varying widths. Similarly, these strategies can also be utilized to fabricate paths of 

varying heights. This is useful for fabricating structurally and materially efficient elements, or 

to create visual effects and add texture to a surface. As shown in part 2.1.4 Stress line additive 

manufacturingΣ ŎǳǊǊŜƴǘ ǊŜǎŜŀǊŎƘ ǎƘƛŦǘǎ ƛƴ ŀ ŘƛǊŜŎǘƛƻƴ ƻŦ ŀǇǇƭȅƛƴƎ ƳŀǘŜǊƛŀƭ ǘƻ ŀǊŜŀǎ ǿƘŜǊŜ ƛǘΩǎ 

structurally needed, resulting in more efficient and light-weight forms. When analyzing a 

structure, it is possible to obtain information on the distribution of stresses and their visual 

representation using color maps. The information in the form of a gradient stress map can 

assign each face of the mesh with a color based on the tension/compression values. This color 

can then be translated to a desired material thickness of coating, addressed by strategies 

similar to filament width control. Other approach is to generate toolpaths in multiple layers 

on top of each to achieve a three-dimensional surface texture.  

3.6.3 Layering 

As opposed to tufting, a lot of covering processes such as concrete extrusion, shotcrete, 

painting or spraying can be applied in overlapping layers. When there is a requirement for a 

non-homogenous height along the surface, each face of the mesh needs to contain 

information about the thickness of the material at that location. This information can be 

obtained from a color map, or simply assigned as another attribute to each node.   
 

 

Figure 39: Toolpath employing a varying filament size on a non-uniform quad mesh with a singularity  
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Similarly to color toolpaths, for each layer the algorithm groups faces that need to be covered 

and disregards all of the other faces by not including them in the search. In the example surface 

in Fig. , faces have three different heights, meaning there will be three independent paths 

generated. In the first path, faces with the height of one module or more are covered. In the 

second path, only faces with the height of two modules or more are covered and in the third 

round, only faces with the height of three modules are covered.  

3.7 Fabrication input  

3.7.1 Frames  

The algorithm outputs a list of lines (Network edges) which serves as a visual representation 

of the generated toolpath. For fabrication, however, the robot requires a list of frames defined 

in three-dimensional space. The way frames need to be generated is determined by the 

fabrication method.  Unlike most common end-effectors, the tufting gun can move only in a 

Figure 41 : Three independent paths combined to form a 3D layered surface 

Figure 40: A 3D surface sliced into three layers of equal height, represented by a color map 
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specific direction. During the tufting process, the gun tip is perpendicular to the fabric 

(represented by the quad mesh), and always adjusts its orientation based on the following 

movement. Fig. shows the comparison of a tufting gun end-effector and a concrete extruder 

and the consequences on the frame orientation. 

Figure 42 : Comparison of the fabrication frames orientation using the tufting gun end-effector vs. a concrete extruder  
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The concrete extruder with a round nozzle deposits material in all directions equally. The 

frames can therefore be oriented the same way and only translated along the toolpath. The 

tufting gun requires a specific orientation to operate, resulting in frames that are not only 

translated, but also rotated. The next paragraph describes the process of generating frames 

for the tufting method. 

 

As the algorithm iterates over all mesh faces, it is possible to define one frame for each of the 

faces. A frame can be defined by a point and three orthonormal vectors x, y, z. The point is 

always the center point of a current face, described by coordinates stored in the node 

attributes. The vector άȊέ ƛǎ ǘƘŜ normal of the face, which can be obtained through the 

Mesh.face_normal method and is equally an attribute of the current node. The ǾŜŎǘƻǊ άȄέ ƛǎ 

corresponding to the toolpath and is defined as the vector connecting the following and 

ŎǳǊǊŜƴǘ ŦŀŎŜ ŎŜƴǘŜǊ ǇƻƛƴǘǎΦ CƛƴŀƭƭȅΣ ǾŜŎǘƻǊ άȅέ ƛǎ ŀ ŎǊƻǎǎ ǇǊƻŘǳŎǘ ƻŦ ǾŜŎǘƻǊǎ Ȋ ŀƴŘ ȄΦ 

 

Apart from frames defining the path for the robot in 3D space, additional attributes can be 

stored for each node and inform the fabrication process. These attributes are especially 

applicable in processes using concrete as described in 3.6 Concrete extrusion toolpaths. Some 

of these attributes include material flow, velocity, nozzle diameter and nozzle distance. 

3.7.2 End-effector jumps 

As opposed to the six-axis industrial robot used in this thesis, commercial robotic tufting 

applications such as the eTuft system by EFAB (2.2.2 Robotic Tufting) operate with cartesian 

robots. A key advantage of these robots is their ability to make 180 degrees turns quickly, 

which is essential for zig-zag toolpaths. However, the use of cartesian tufting robots is limited 

to planar surfaces. In contrast, a six-axis robotic arm is capable of tufting on non-planar 

surfaces but requires an adjustment of multiple joints to perform sharp turns. As a result, these 

turns take longer than those performed by a cartesian robot. Since the gun tip needs to be in 

constant speed motion during the tufting process, it is necessary to turn off the gun during 

these turns. Tufting at one location without movement not only wastes yarn, but also tears 

fabric when it is repeatedly punched at the same spot.   

 

The path in Fig. consists of multiple path segments. Whenever the robot moves from one 

segment to another, it retracts 10 cm from the fabric along the normal, moves to a new 

location, and inserts the tufting gun at the beginning of the next segment. It is important that 

the gun tip is inserted perpendicularly to the fabric to prevent tearing.  
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Figure 43: Scheme of a generated tool path including discontinuities and different switch modes 
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4. Design 

4.1 Case Study 1  

4.1.1 Meeting room acoustics 

As a first case study, a meeting room at the chair of Digital Fabrication at TUM is selected for 

the development of an acoustic ceiling (Fig. 44). To employ the toolpath planning algorithm, 

the method of tufting on a woven three-dimensional fabric is selected. Similarly to other textile 

forms, woven fabrics with embedded tufting are very suitable for the application as sound 

absorbers. The sound requirements for every functional program are highly specific, which for 

meeting rooms includes controlling noise levels, flutter echoes, and room resonances to 

ensure proper speech intelligibility (Peters et al., n.d.). The selected room has a high ceiling, 

where sound travels a longer distance before it is reflected, thereby resulting in a high 

reverberation time. Additionally, the amount of hard surfaces in the meeting room causes the 

sound to reflect, making speech difficult to understand due to echoes. As a solution, 

implementing a tufted ceiling structure would increase the absorbent area, thereby improving 

the undesirable phenomena. 

Figure 44: Meeting room selected for the fabrication of the acoustic ceiling 
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4.1.2 Decorative ceilings 

The tufting method can expand the functionality of an acoustic ceiling also to decoration, 

which is arguably the earliest function of non-structural ceilings. Examples from as early as the 

4th century AD show the use of suspended ceilings and additional ceiling structures as 

canvases for religious depictions and iconography (Fig. 45) (Koolhaas, 2014). Freed from 

ǎǘǊǳŎǘǳǊŀƭ ŘǳǘƛŜǎΣ ǘƘŜǎŜ ŎŜƛƭƛƴƎǎ ŘƛŘƴΩǘ ŀƭǿŀȅǎ Ŧƻƭƭƻǿ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ǊƻƻŦΣ ƭŜŀǾƛƴƎ ŀ ǾƻƛŘ 

above them. They altered the spatial qualities of the building's interior, creating a discontinuity 

between the outside and inside forms of a building. Unnoticeable from the outside, false 

hanging dome ceilings can be often found in churches, as canvases for decoration using paint 

or plaster (Fig. 46).  

 

A similar approach can be traced in Islamic architecture and the complex geometries of its 

vaulted ceilings (Fig. 47). The elaborate patterns, called muqarnas, serve as smooth, decorative 

zones of transition in a bare structural space. Muqarnas are made of brick, stone, stucco or 

wood and clad with tiles or plaster. The earliest forms were primarily structural but later 

developed into purely decorative surfaces. As non-structural additions, the ceilings could often 

be removed and relocated from one building to another (Koolhaas, 2014).   

4.1.3 Ceiling design 

After the exploration of references and design studies, an acoustic ceiling design was selected, 

employing the method of tufting on a three-dimensional woven fabric. A visual inspiration for 

the geometry were Muqarna ceilings, which serve as structures of transition between various 

geometries of a room.  

 

Figure 45: Constantine ceiling painting in 
Trier (Hoppe, 2022) 

Figure 46:  Byzantine Baptistery in Ravenna      
(Italy this way, 2009) 

Figure 47:Alhambra Palace  
in Granada (Omrania, 2022) 
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The tufting method requires a fully stretched woven fabric as a primary base, essentially 

behaving like a tensioned membrane. The geometric freedom of tensioned fabric systems is 

limited to anticlastic geometries, although bending-active systems or inflatable components 

can provide additional options (Popescu, Reiter, et al., 2018). To model and simulate tensile 

structures, the form-finding plugin Kangaroo in Grasshopper was employed. The plugin allows 

to control various load and stress scenarios on an input mesh geometry. After the initial form 

finding, the output mesh is adjusted using the QuadRemesh component in line with the mesh 

requirements for the respective fabrication method, as explained 3.1 Mesh generation.  

 

Fig. 48 illustrates  the designed acoustic ceiling, consisting of ten equally sized panels with a 

varying height of the stretched fabric elements. The colorful pattern for the ceiling is derived 

directly from the mesh geometry and its slope values, represented by the normal vectors of 

each face as in section 3.5.3 Geometry mapping. To fabricate the pattern, the toolpath 

algorithm generates six separate toolpaths based on different slope intervals. These intervals 

are not linearly distributed, but rather defined heuristically to achieve an optimal visual effect 

with color areas of approximately equal size. As a measure of the z-value of the normal vectors, 

the interval boundaries are as follows: 0, 0.45, 0.8, 0.9, 0.96, 0.99, 1. The generated toolpaths 

are of the Lowest-Axis-Path type, orientated either towards the XY-plane or the YZ-plane. Fig. 

49 shows one of the ceiling panels covered by six separate toolpaths. 

Figure 48: Axonometry of the acoustic ceiling consisting of o ten equally sized panels (1,2 x 1,7 m) 
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Figure 49: One ceiling panel covered in six separate toolpaths of different color  
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Figure 50: Visualization of the acoustic ceiling in the meeting room 
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4.1.4 Ceiling fabrication 

Unlike knitted formwork, the woven fabric used as the primary tufting base ŘƻŜǎƴΩǘ ŀƭƭƻǿ for 

direct creation of 3D geometries without the requirement of tailoring or stitching. Therefore, 

to fabricate a woven 3D surface, a sewing pattern needs to be developed to prepare the 

primary fabric base. The woven fabric is cut accordingly and sewn to form a single textile base, 

which is then stretched to the required geometry with the help of additional elements. To 

enable the tufting gun to reach all parts of the surface, the fabric is turned inside out for the 

tufting process. Robotic tufting is then performed on top of this surface, following the 

developed toolpath. Finally, the tufted fabric is flipped to its original orientation and resin is 

applied on the backside, to form a stiff form and keep the inserted yarn in place.  

 

 

 

 

 

 

Figure 51: Visualization of the acoustic ceiling in the meeting room 
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4.2 Case study 2 

4.2.1 Bench design 

The second case study focuses on the method of KnitCrete developed by prof. Mariana 

Popescu (Popescu, Reiter, et al., 2018). For the case study, a design of a bench is selected, 

employing a knitted fabric formwork upon which a concrete extrusion following a developed 

toolpath is performed. The bench design takes advantage of the knitting process by essentially 

creating two connected layers of fabric. The bottom part serves as a formwork for the 

application of an additional material, while the fabric on top is in direct contact with the users, 

functioning as a kind of stretched hammock. Similarly to the acoustic ceiling, the design of the 

knitted fabric is obtained through a tension membrane form-finding process. Once the mesh 

geometry is developed, a remeshing operation is performed to fit the fabrication requirements 

for concrete extrusion.  

4.2.2 Bench toolpath 

Fig. 52 presents the three main stages of the toolpath generation process of the bench. Based 

on its radially symmetric design, the Centroid-Path type was selected, directly influencing the 

appearance of the bench. As opposed to traditional slicing method, the generated toolpath 

offers a different logic and consequentially a new pattern aesthetic.  

 

As described in 3.6 Concrete extrusion toolpaths, concrete extrusion allows a control of the 

deposited filament size during fabrication. This simplifies the requirements for equidistant 

toolpaths and allows the algorithm to work on irregular quad meshes with singularities and 

varied face surface areas. In Fig. 53, the materialized representation shows areas with a higher 

and lower thickness of toolpath segments, which can be achieved by adjusting a variety of 

fabrication parameters.  

Figure 52 : Schemes showing the desired surface geometry, its mesh representation, and the generated centroid toolpath 
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Figure 53: Representations of the materialized toolpath generated by the algorithm with a centroid orientation  
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Figure 54: Axonometries of the bench 
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Figure 55 : Elevations of the bench showing varying sitting possibilities 
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5. Case study 1 - Fabrication 

5.1 End-Effector 

5.1.1 Tufting gun  

The purchased tufting gun is a regular cut-pile model, likely the most common hand-held gun 

for personal use on the market. The gun allows several adjustments such as the control of the 

tufting speed through a potentiometer on the bottom of the handle, change of the pile height 

or resizing of the yarn hole at the gun tip. Additionally, the scissors for cutting the yarn after 

each punch can be shifted to avoid the cutting motion, making the gun produce loop-piles. As 

the gun needed to be robotically controlled and interfaced to the 6-axis industrial robot, a 

custom mounting solution was developed.  

5.1.2 Mounting 

The tufting process has a number of specific requirements compared to processes such as 3D 

printing or spraying. Firstly, the orientation of the gun tip needs to be aligned with the tufting 

path. If the tip is not oriented according to the path, the primary fabric starts to tear. To 

compare, a 3d printing end-effector with a round nozzle performs in all directions equally and 

doesn't require the movement freedom of a tufting end-effector. 

 

  

 

Figure 56: Axonometries of the custom mounting solution for a hand-held tufting gun 
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This fact has a direct effect on the way the gun has to be mounted. Since the tool-path 

algorithm generates paths with turns of 180 degrees around the gun-tip axis, the robot with 

the end-effector has to enable this rotation. The turns occur frequently and on a very small 

scale, due to the zig-zag pattern. The chosen orientation of the tufting gun is therefore aligned 

with the 6th axis of the robot, which allows a turn motion of +-360 degrees. The gun-tip axis 

passes through the center of the robot gripper.  

 

As the gun is designed for manual operation, some qualities had to be translated to the end-

effector to achieve the same behavior when operated robotically. During the tufting process, 

the tufting gun doesn't stay still but bounces due to the yarn insertion. When operated 

manually, the hand is applying an inconstant force to the primary fabric and allowing some 

level of flexibility. For this to happen also with the 6-axis robot, the tufting-gun needs to be 

allowed movement in the axis of yarn insertion (normal to the fabric). This problem is solved 

using a commercially available miniature linear guide rail system with the addition of springs. 

The gun is connected to two sliding carriages on the rail through custom-made aluminum 

plates. The whole system is then mounted to the gripper through a number of extra steel and 

aluminum plates custom produced to ensure the desired position of the gun tip. 

Figure 57: Custom-made tufting end-effector 




























