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Abstract

Toolpath planning has gradually beconreistegral part ofmanymaterial applicationsvithin

a wide range of fielg includingdigital fabricationThs mastethesisinvestigates a new mesh

based approach ofoveragetoolpath planningfor material applications orexisting non-

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

opens up possibilities fdretter control over the toolpath generation, including tleesation

of patterns and textures. Moreover, the method addresshe challenge of material and
structural optimizationthrough the application of materigd K SNBX A (1 Qa & GTR&zO G dzN.
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 threedimensional structure with a secondary materiddetpossibilities 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 ethed of the global energy
consumption and the energselated CO2 emissionsloreover, the industry also accounts for
around onethird of resources used and generates about @hied 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 regarBor 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 evidbat development and
integration of digital technologies into construction and architectaoelld 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 efficiengjeometries.

As aresponse 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 structBses
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 doukidyrved and rikstiffened shell§Popescu, Reiter,

et al., 2018).Currently, research is being conducted on lightweight fabric structures as an
alternative to traditional construction formwork systentsabrics in these systems are mainly
utilized to form a surface upon which additional layers of material with a greater loadbearing
capacity can be applie®epending on the structurehis may involve either aull coverage of

a given surface oonly 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 posasw challenges when it comes to the fabricatmfithese
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forms. Although the researchas beersuccessful in automation tfie form-finding and fabric
manufacturingaspects most remaining tasks in the fabricatigmocessare still performed
manually.One of the manual tasks includes the application of a secondary material onto the
fabric surface. fis thesisaims to target this research gap by focusing on enhancement of
existing surfaces with secondary materigdhrough an automated toolpath planning system

1.2 Problem statement

Manufacturing complex parts using numerical control machining grasnpted extensive
research in the area of toolpath generatiolmitial applications of toolpath methods were
found primarily in the automotive and aerospace industries, where molds reebe
manufacturedSarma & Dutta, 1997Recently, 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 procefses
subtractive process, such as milling, boring, or machining, involves the removal of material
from a solid block ofmaterial.In additive manufacturing, material is deposited layer by layer

in order to create a threglimensional objectlt is necessary for both subtractive as well as
additive processes to make use of some faioolpath planning.

There are several existing ways to generate toolpaths, most of whickurtsce operatios.

A common example is the intersection of a design surface with specified drive surfaces, which
enables the toolpath to be defineffom the intersectioncurves.lsoparametric curves can

also be used as toolpaths, but they result in aonform spacing between toolpath segments,
which can lead to oveor undermachiningGeneraingtoolpaths that yield a constant scallop
height on the manufactured surface (offset curye®sults 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
homogeneougoverageor representatiorof a given surface here are, however, reasons why

a nonhomogenous or selective approach to toolpath generation may be advantagébts

the rising demand for optimization of structures and resources, the deposition of material
needs to be more targeted to areas where it is structurally needsdditionally, some
applications require the use of multiple materials or layerstéotture orvisual enhancement
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of structures The selective approactvould enablethe 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 ththesis objectives relation to the stateof-the-art research and
summarizeshe fundamentals of toolpath planning on ngutanar surfaces. Furthermore, the
methods of tufting as well as KnitCrete astudied as potential material applications
employing toolpath planning methods.

To develop the toolpath algorithiwith a targeted approachquad mesh geometries are used
as a foundatiorfor their ability to discretize regions with distinct attributeBhe algorithm
logic is then base@n connecting mesh faces using a variety of neighbor seaitdria to
selectivelycover a given mesh surfac®Vith regard to a particular material applicatip
additional adjustments and refinements of the algorithm &ameplemented Finally, the
information contained in both the mesh surface and the generated jmthcorporatednto
afabricationworkflow.

The algorithm development is based on the 3D modelling software Rhinocét0sin
conjunction with the parametric modelling environment Grasshopper and the programming
language PythonWithin Python, he COMPAS framewofkr research and collaboration in
architecture,engineeringfabrication, anctonstructionis used COMPASonsists of a general
purpose core library, written in pure Python, and a growing collection of extensibascore
package of COMPASusedin the algorithm development in addition t6OMPAS FAB and
COMPAS RRRtensionsvhich areemployed in the simulation and fabrication.

To apply the developed algorithm and asses its feasibility, two case stadiedesigned,
employing different material applications. First includes thethod of tufting on a woven
fabric for the design of an acoustic ceilinfhe second casgudy builds onthe KnitQete
method using concrete extrusion on knitted formwork for the fabrication of a benéh.
physicalexperiment assesses the feasibility of the developdgrithm using therobotic
tufting case studyFor this process a custom esdfector is created, enabling a haiineld
tufting gun to be fully automated and mounted ar6-axisrobot. Theindustrial robotIRB 6700
from ABBwith the custom eneeffector is used totuft 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 planngnVarious path planning methods both planar and non
planar surfacesre explored as fundamentals for the development of the toolpath algorithm
in the thesis. Furthermore, the methods of tufting as well as &weiie are researched as case
studies for the application of the algorithm.

The third chapterprovides a detailed explanation dhe development of the toolpath
algorithm. An overview of the overall logic is presented, along with details regaspagific
challenges and solutions that were implemented for various material applicatiassly, the
chapter provides information necessduoy translating a toolpath intdabricationdetails

The fourth chapter focuses on the designtwb case studiesa textile acoustic ceiling using
the method of tufting on a woven fabriand a benchemploying the Knfrete method by
concrete extrusion on knitted formwork.

The fifth chapter focuses on the fabricationtbg first case study t@resent the application
of the developed toolpath algorithm on a demonstrator objektcustom tufting enekffector

is manufactured and tested with thedkxis robotic arm.

The sixth and last chapter summarizes the results and discusses the develetiextlin the
contextof future applications.
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2.State of the Art

2.1 Path Planning

2.1.1 2D PathPlanning

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 patstywith directiorparallet

based and contouparalletbased being mainly employégig 1) (Jin et al., 2014)Similarly to
additive manufacturing, the tufting method, in which patterns for differectlors are
predefined, involves a type tdolpath 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 awatiat harvesters. Because of

its wide-ranging scope, there has been a considerable amount of research and algorithms
developed to address the proble(@alceran & Carreras, 201%or most CPP algorithms, the
target space is divided into obstadiee subregions that are then covered using a simple
motion, such as the zigzag pattern.
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Figure 2: Coverage Path using the wavel

Figure 1: Ziggag and contour ath types(Jin et al., 201< )
g a9 ah types( algorithm (Galceran & Carreras, 2013)
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2.1.2 3D PathPlanning

In the transition from planar to 3D, the toolpath generation becomes more comflbg
challengeof approximatng an object with a set of nowverlapping curves that respect
fabrication constraintdias been researched for variousbotic applications. Studies in this
area focus on tasks such as surface spray painting (Fig. 3ylestmuctive testing (Fig. &r
Fused Deposition Modellindrig. 5) all of which requirea 100% area coverage.

An approach commonly used is to slice the 3D surface along a fixed direction, which, however
offers limited freedom and accuracly incorporating other factors, such as the thickness of
the print paths and their alignment,it is possible to improve this approximatidfig.5)
(Chakraborty et al., 2008%everal 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 geomed(ki@seo et al., 2015)

Figure 3:Robotic spray paintin{Verind, 2022) . Figure 4: ND(Mineo etFigure 5: Curved Layer Fused Depo:
al., 2015) Modeling(Chakraborty et al., 2008)

2.1.3 Non-planar layered robotic FDM printing

Recently published research conducted by loanna Mitropoulou at ETH explores the possibility
of non-planar FDM printing with-@is robotic armgMitropoulou et al., 2022)Asopposed to

2.5D printing, where materials are accumulaiadlanar layers sliced along a fixed direction,
non-planar print paths can vaiyoth in theirorientation and layer heightn addition, realizing
shapes with nosplanar layers opens up novel possibilities, as the design process not only
focuses on the overall form, but also on how the paths are organ&dubrizontally layered
aesthetic is often dominant in 3D printed structures architectural scaleControlling print
orientations during desigtherefore requires new methodologies

State of the Art 6



In this paper, a method is presented for creating fmanar print pathso approximatean

input mesh surfacewithout creatinggaps, intersections, or overlaps of patfiis method
utilizes geodesic distances angerprovided targets which areanterpolated with the
intermediate curve lyingn the mesh surfacef 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 alog principal stress directions.

Figure 6 : Overview of the process for the fabrication of a bifurcating shape. (a) Surface segmentation. (b) Printg)
Final prototypgMitropoulou et al., 2022)

2.1.4 Stress line additive manufacturing

Stress Line Additive Manufacturing (SLAM) is a new method of material application in which
filament is deposited@long paths derived from principal stress lifdam & Mueller, 2017A

key premise of this research by Kawiing Mark Tam and Caitlin T. Mueller is tlsttuctural
optimization techniques developed for additive manufacturing often fail to consider the
mechanical behavior of printed part$he authors conceive the general design of an AM
printed part in three scales: (1) global geometry; (2) topology; and (3) layer pattern. At present,
performanceoriented AM design and optimization methods do not simultaneously consider
all three scales, Bding to an inconsistent structural behaviofhere are msalignments
between filament orientation and structural actias well as potentiahnisotropy caused by

the layerbased fabrication process
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SL-DL Disvibuted Loading

Figure 7: Prototypes fabricated with a new method of material deposition called Stress Line Additive Manufacturin
which deposits filament along paths derived from principal stress(lirees & Mueller, 2017)

In order tosolve the challenges mentioned above, toolpaths are generated based on stress
lines derived fronthe geometry under a specified log#ig. 7) On a visual level, stress lines
indicate directions of space where stress is purely akiaé to this, any elementary section
orientated along principal stress lines will not be subject to any sbeadingor stressesThe
stress lines create contoured and parallel fields of curvatures, which are consistent with
filament layouts produced by conventional path filliktpweveras opposed to traditional CPP
methods,the SLAM generated patheccurately convey both geometry and the structural
performance expected for the intended application.
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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 ofided

stitching adopting a single thread and a single neéde St f Q! y vy 2 HiSatically,ithé®@ > H n
fabrication method involved a manual punch needle, which was handled by an artisan to push
and pull yarn threads through pimeoven grids (Fig3). In the 1930s, the first mechanical
tufting machine was invented to speed up the process and achieve mass production of carpets
(Haines, 2018)

[ VAVAVATAVAY,

CUT PILE
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oflaflof)
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uuuuu

A Tufting Gun
and
Cross Section of

A Tufted Rug

Figure8: Manual punch needle Figure9: Handheld Tufting Gun Figurel0: Loop types
(Azia rugs, 205) (Hofmann HandtuftTechnji2022) (EC Carpet018)

Nowadays, electric tufting heads can be operated manually, as-halitiguns (Fig9) or
automatically, mounted on robotic arms and gantries. Depending on their type, tufting
machines are classified into epile, looppile, or a combination of both (Fi$j0). Additionally,

they can be either mechanical, creating short piles of high density, or pneumatic, producing
longer piles up to around 60mCutloop 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 highh companfEFAB GmbH based in Dusseldorf, focusing
on CAD/CAM tools and robotic tuftifgFAB, 2022)n 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 (Figd).

State of the Art 9



In addition to automatic machines, the company also develops software for design and
operation, providing a comprehensive tufting syste@me such example is the software for
turningimages into tufting paths. In the closeupFig. 12it is evident that each path segment

is defined by a single contour line and filled in with azag pattern in one direction.

Figure1l: eTuft- Robotic Tufting Machir Figurel2: eHMI- Human Machine Interface for Tufting Rob{f&\B GmbH.
(EFAB GmbM.

2.2.3 3D Tufting

As of now, tufting on 3D geometrieshich constitutes an important aspect of thisesis, 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 localestiify (Fig.13). Since this
technology requires access from only one side of the preform, it is ideally suited for tailored
reinforcement of complex thredimensional shapes. The typical setup for 3D tufting involves
a tufting head attached and interfaced to za&is rdot arm (Figl4)6 5 St f Q! yy 2 S

Figure 13:Tutfting applied on a 3D composite componeffaff Industrial, 202;  Figure 14:6-axis tufting robot
658ttt Qlyy2 SG o
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Unlike the compositelominated research, Bettina Loger's master's thesis at the Vienna
University of Applied Art applies robotic 3D tufting to the fabrication of textildse 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-axs robotc arm was used

for the fabrication of 3D acoustic elements (Rif) (Loger, 202).

Figurel5: Robotic tufting fabrication of 3D acoustic elemetitéger 2021)

The research presented in the previous sections demonstrates the full feasibility of robotic
tufting technology applied to twalimensional fabrics. Although there are existing robotic
techniques for threadimensional surfaces, such as composite stiffenthgy can still be
expanded to the production of more complex thrdenensional components. Bettina Léger's
thesis advances this idea, yet it focuses mostly on the fabrication of a specific tufted pattern,
without addressing the challenge tfolpath planning.

2.3 KnitCrete

Figure 16 : Bridge prototype fabricated using the KnitCrete method(fefpescu, Reiter, et al., 201&oncrete spraying
top of the KnitCandela shell, employng the KnitCrete formowork system (Pigh&scu 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 lakducing formwork
system for casting doubly curved geometries in conc(@epescu, Reiter, et al., 2018)he
technology employs custom, 3Eknitted, lightweight technical textileon which a special
cement paste is applied to create a rigid molhce the selsupporting mold reaches the
required stiffness, it is used as a base for concrete casting or sprayiagstructure can also

be supported by additional falsework elements such as a tensioned -cedtler bending
active splines. The systemoffers several advantages over traditional concrete formwork
approaches, such as its lightweight construction, ease of manufacture, transport, and
assembly Additionally, the use of a knitted textit@n 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 potentialstadg for the
proposed coverage path planning method on faanar surfaces. Currently, many processes
in the KnitCrete technology workflow are automated. Concrete, howevspy&yed or applied
manually on top of the stiffened mold, presenting opportunities for automation

(a) s (b) 2

Figure 17 : Knitting pattern for a quarter sphere: a generated courses on the quarter sphere; and b 2D knittin
schematiqPopescu, Rippmann, et al., 2018)

Knitting allows for direct creation of 3D geometries without the requirementaiforing or
stitching(Popescu, Rippmann, et al., 20189 fabricate weftknitted textiles, a CN&nitting
machine is required to follow a twdimensional knitting patternAn 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.
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This process with its boundary conditions is similath& challenge of noiplanar coverage

path planning. Both problems require a 3D geometry to be represented with a uniform pattern
as seen in Fig. 1€onsidering 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 aliign thie final
structure, its logic and force flow.

Design Knitting Tensioning Formwork

Figure 18 : Schemes showing the KnitCrete workfloa hysical prototype of minimal surface k(ftopescu, 2015)
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3.Tool Path Algorithm

Thedevelopedtoolpath algorithmoperates on meshesepresented byneshfaces as three
dimensionalpixelated canvasThroughthis approach, a path is constructed by connecting all
the meshfaces, much as some Coverage Path Planning algorithms connect points onpixels
two-dimensioral grids A summary of the three main stages of the algorithm is presented in
Fig. 19The 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 propertiesally, using the
optimized mesh as a basis, the toolpath is generaiadop and directly correlatedo the

mesh topology.

Figure 19 : An input geometry (left) is turned into a mesh representation (middle), upon which a tool path is genergt

The toolpath algorithm is developed for quadrilateral meshes, which are topologically
continuous surfaces of-dorner primitives. Quad meshes were chosen over triangular ones,
as their grid form allows for the development of direct, equidistant pa#fgart from covering

a surfacethis method allows the creation of various patterns and material textures, extending
conventional toolpath generation techniqueBor processes such as concrete extrusiod
spraying, the method can be employfat local stiffening of some areas on the surfacethe

case of tuftingjt is possible tayenerate toolpathdor the fabrication ofcolorful patternsand
images

3.1 Mesh generation

The filament size variation is limited in most material applications, with tufting beingucte
example With a constant filament widthsurfaces can be completely coated in homogeneous
layers of materialonly if the toolpaths areroughly equidistant. Obtaining an equidistant
toolpathisdetermined by the uniformity of the mesh and the sizes ofsimgular mesh faces.

Tool Path Algorithm 14



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 modpigat to the
generation of toolpaths in order to approximate these properties.

S o—~——o

Figure 20 : A toolpath with a constant filament width on a uniform quad mesh

The challenge of creating or alteringeshes has already been explored for various
applications, e.g. conversions of meshes into SUWTNURBS objects as well as for CFD and
FEA analysiés described later in sectidh6.1Filament size variatigrthere is some flexibility

in generating noruniform 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 t@pproximatea uniform mesh.

3.1.1 QuadRemesh

The newest version of the Rhinoceros softwé@Robert McNeel & Associafetargets the
problemof remeshingvith a QuadRemesh featurelhis command creates a quatksh with
optimized topology from existing surfaces, meshes or SuQdadRemeslapproximates a
uniform mesh through a multitude of parameters, wilfargetEdgelLengtbeing the most
relevant tothe toolpathplanningproblem This valués determined by the fabrication method

and should be equal to the filament width. Furthermata&daptive Size (000)"indicateshow
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, whistems from the doctoral research of Robin Oval at
Université PariEst(Fig. 21) Mesh singularities change the topology of a quadrangular grid by
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having unique connection characteristi(Baverel et al., 2019Regular vertices have four
adjacent vertices (or three if they are on the boundary), whereas singularities can have more

or fewer adjacent vertices.

e
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Figure21 : This figure shows that even for a simple shape like an elliptic dome, a rich combinatorial design spac
explored regarding compas_singulariti@ock Research Group, 2022)

In the context of this thesis, singularities are a key topological attribute of patmdscan
directly affect and inform the path generation. Controlling them is therefore crucial for
optimizing the final toolpathwhether it is to represent a materialized structure, force
equilibrium, orsurface mapFig. 22 shows how different mesh topologies of the same elliptic
dome affect the orientation, density and overall appearence of a toolpath fully covering it.

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

The QuadRemesh command provides a sufficient level of mesh uniformity for the application
and precision required for the tufting proceSherefore, mesh operations with singularities
are not further explored in this thesis, but outline a potential area for future research

described ir6.1.1 Mesh topology finding
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3.2 Algorithmlogic

The tootpath algorithm isinitially developed for a uniform quadchesh with square, equal
sized faces. The problem is considered first in a-@imoensional space but can be directly
applied to a threedimensionakurface The COMPAS Framework provides a set of useful mesh
methods, whichare essential for the development of the algorithm. The core logic is similar to
Coverage Path Planningethods which is gorocess of determining a path that passes over all
points of an area while avoiding obstaclesthis caseall points of the surface are represented
by mesh faces, specifically their cenfmints (Mesh.face_centdr A toolpath is constructed

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

3.2.1 Nodes

Figure 23 : Schemes representing the transition logic from a mesh to a toolpath: 1. Mesh edges and vertices, 2. !

3. Mesh face center points, 4. Network nodes and potential edges, 5. Nodes connected by edges forming a toolp:

Nodes of the Network class in COMPAS are assigned for each facepmntasf the given

mesh. A path is then generated by creating edges between the nodes in a specific order. A
single face, its centgyoint and the node defined from this centpoint always bear the same
index and are therefore practically interchangeable. Nodes, cqragnts, and faces are often
referred to as "faces" for simplicity.

— —

Figure 24: Network node representing a face center point with multiple attributes (coordinates, neighbors, coloi
area, normal vector)

When initially generating nodes of the network, it is possible to store multiple attributes which
are needed for theoolpath algorithm as well aghe fabrication (Fig24). Each node has an
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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
includeneighbors ofaface 3.3 Neighbor$, color ofaface 3.5 Color Pathg surface area cd

face 8.6 Concrete Extrusion Pajledavector ofaface normal 8.7 Fabrication Inpyt

3.2.2 Search

Figure 25: Scheme presenting the core logic of the algorithm based on neighbor selection using set orientation criter

The structureof the algorithm isbased on an iteratiorover the list ofall faces of thegiven
mesh (Mesh.facesyepresented by nodes of the Network class each loop, the algorithm
looks for freeneighborsof the current fae andcompares thembased onset criteria. These
criteria are a crucial part of determining the overall geometry of the path. After the free
neighborshave been compared, one of them is selected and set as the following face. A
network edgeis then formed between the current and the following facdaodes of the
Network) and represents a single path segme#achiteration endsby setting the following

face as the current facef the next iteration Gradually moving throughll the mesh faces in

this way results in a path that is fully covering the given guagh

The ore structureof the toolpath algorithncan be summarized as follows
1. Look for freeneighborsof the current face

2. Select one of theeighborsbased on set criteria

3. Set the selectedeighboras the following face

4. Createan edgebetween the current and the following faces

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

Tool Path Algorithm 18



3.2.3 Path orientation

The criteria determining whicheighboris 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 L-Awisst
Path and BoundarPath. As a comparison, the Rand®&ath, which selects a random free
neighborin each loop, results in a high number of jumpkis is due to the lack of geometric
orientation within the path, which often results in a dead gimd freeneighbos).

The BoundarPath is a variation of theommoncontour pattern. The object of orientation in
this path is the boundary curve of the mesh surface, resulting in a $ieajeometry. The
following face chosen in each loop is the one that is closest to the boundary csiwdar to

the BoundaryPath is the CentroiPath, which uses the centroid of the mesh as the point of
orientation.

The LowesiAxisPath is a variation on the typical zgg pattern,which aims tomaximize
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-Raigest
Path, the orientation is defined through the XY, XZY&arplanes. At the moment one of the
free neighborss to be selected as the following face, their distance from the orientation plane

—

Figure 26: Various toolpath patterns based on different orientation geometreggxyaxis, boundary, corner, random)

(XY, XZ or YBmeasured. The face that is closest to the orientation plane is chosen as the
following face. The principle of comparing fraeighborsand their distances to an object
ensures that the path has@nsistentorientation logic.The LowestAxisPath was developed

in more depth and is the path type featured in all of the following sectinnkis chapter
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3.3 Neighbos

3.3.1 Neighbor types

Faces hae two types ofneighbors "direct neighbor$ and "diagona neighbors dDirect
neighborsare faces which share an edge with a given f&oe.a regular quad mesh without
singularitiesa common face haf®ur direct neighborsas seen in Fi@.7. If the face is located
in the corner, the number of direct neighborstvgo, if the face is on the boundary of a mesh,
the number isthree. These faces can be directly output from a Mesh class method
Mesh.face neighbors.

e

Figure 27: Diagonal neighbors (left), direct neighbors (middle), combination of direct and diagonal neighbors (right)

"Diagonalneighbors$ share a vertex with a given face, but don't share an edge. For a regular
guad mesh without singularities, @mmonface hasfour diagonalneighbors If the face is
located in the corner, the number of diagonaighborsis one, on the boundary of a mesh,

the number is two. To access diagonaheighbors the Mesh class method
Mesh.face neighborhoois used. An input parameter for this method is "ring", which defines
how many layers of faces around the given face are outRirntgvalue of 2 outputs the input
face as well as all direct and diagom&ighbors To sort out only diagonaleighbors the
algorithm picksheighborswhich share exactlgne vertex with the input face.

3.3.2 Path Density

The toolpath algorithm can create a number of path textures based omémghbortypes
employed. The first option is to only consider diraeighbors In auniform quadmesh, all of
the faces are equbl sizedsquares. With &ace edgdength of "x", the simplest path of parallel
lines would have a distance of x between #nk a scenario with the same quatesh and
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parallel path, but considering only diagoma&ighbors there would be a distance of sqrt(2)*x/2
between lines, which is a visibly smaller value.

With an algorithm thatemploysboth direct and diagonaieighbors the toolpath would have
areas oftwo varying densities, which does not fulfil the requirement for an equidistant
toolpath and would be visible on the final produas seen in an example path in Eigor this
reason, a third option is explored, with direct neighbors beanignarily selected combined
with occasional selection of diagonal or apeighboring faces, as explained in the following
section

Figure28: Comparison oRA N3 Ol ySAIAK02NJ 6f SFGEO FyYyR RAFA2y It ySA3
for a single path (right)

3.3.3 Edge adjustment

In case the algorithm only considers direct neighbors, the distance between lines is kept
constant. However, akig. shows,when covering a irregularsurfaceor patternwith 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
FILONAROFGA2YZ (GKA&A (AYR 2F LI GK Aa dzyRSEAANSF
repeatedly

To avoid this problem, the boundary of the surface to be covered has to be treated differently.
Faces marked with yelloin Figare special points in the path, where not only direct neighbors
are considered for selection, but essentially all faces that are still Titeese yellow faces can

be defined as faces which have only one or zero free direct neighbors at the point of selection.
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Figure 29 : By allowing only direct neighbors to be selected results in paths that are not straight

When the algorithmreachessuch 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 neighbordhat results in the boundary of the surface covereith path
aS3avySyda GKIG R2y Qi ¥ 2 This2approack Both uaraitlest dan 2 N.
equidistant path, as well as minimizes the number of jumps by broadening movement
possibilities through diagonal neighbasd even nomeighboring faces

i)

Figure 30 :Neighbor selection on the special boundary faces is broadened to include also additional faces apart

neighbors

3.4 Discontinuities

In most cases, the togdath algorithm generates a path that is not fully continuous and
contains jumps, as mentioned earlier in the text. When a jump occurs, thee#acdtor must
retractfrom the surfacemove to the location of the selected following face approach the
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surface againEspecially in the tufting process, sufficient retraction of the -efféctor is
crucial since the tufting gun moves inside the fabric.

There are multiple reasons for a path discontinuity to oc€ume common case are toolpaths

of patterns and imagesonsisting of separate islands brancheof pixels.For such cases the
Gedzyld 2 t26Saié aidNlrGS3e Aa SYLX28SRI RSaC
discontinuities introduced when the distance betwearturrent anda following face is too

long to still be considered a path segment. This strategy is desdiuipéer in section3.4.2

Jump to closest

3.4.1 Jump to lowest

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

With meshes containing pixel islands or branches, the natural layering of the path geometry
can be disrupted. In Fig. the path is oriented towards tfexis 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 spg&c points where the path changes direction.

e 1

V[ |

Figure 32: The toolpath to cover the given shape is divided into spathibto 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 yalue than the current face. If yes, this means that the path is not following a
natural layering pattern. In such a case, the algorithm perfaimew 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 pathalways following the same logic. Fig. shows a path
containing five jumps which divideinto sixsegments 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 goaranteed.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 segmentsroas the existing path,
which is undesired.

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

Each material and fabrication method have different requirements to treat thagpical
situations For thetufting method, alengthlimit of 30 mmwas set fopath segments between
two faces. All segments abotkas limitare automatically considered jumps and therefore not
tufted.
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3.5 Tuftingtoolpaths

3.5.1 Face groups

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

This chapter focuses on the method of tufting and guessibilitiesof the process irtreatng
colorful patterns. As opposed to other material applications, tteesk of tufting isn't to fully
covera given surfac# in one ggbut ratherto cover sections of it independently with different
colors. Since the algorithm already operates with singular quaesh faces, a pixelated
image/pattern can beeasilytranslated to the quadnesh grid. Quadnesh faces and pixels
therefore work interchangeably.

Figure 35: Three groups of faces based on the yarn color as an input for the toolpath generation

A colorful image in Fig. with areas of blugllow, 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 toofgh 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
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Fig.Thealgorithmloop essentiallyruns only through facesf one coloras ifthey were amesh

by itself that has to be fully covered. In this way, small islands of faces or even singular faces
canbe 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 geometrycomputational tools can be utilized in a several ways. The
following examplesllustrate only a fraction of the possibilities that digital pattern making
offers.

3.5.2 ImageSampler

A Grasshopper component "Image Sampler" offers a waptwert chromatic information of

an image into numerical valué¥edeschi, 2014Rectangular 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 pat depending on the type of color model usesuch asRGBor
grayscaleFor instance, a grayscale color model measures pixel intensity and outputs values
from 0 (black) to 1 (white)with fractional grayscale values in betweefhe component
requires an image and a set of points with UV coordinates to return a list of intensity values.
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Figure 36: The Image Sampler component in Grasshopper and a generatedldvenl path based on the image

As a means of generating paths for tufting, the component is teelivide faces of a mesh

into color groupseachtufted with yarn of a different coloiThe mesh face centg@oints/node
coordinates are serving as an ingat the component Each of the nodethen receives a color
attribute based on the value from the image sampler outpad 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 independdablpaths with different yarn colors.
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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 ctdotpaths. In Fig., a mesh surface
was divided in regions using slope angle as the defining parameter. This value waswed

from a color map or an image as in the image samplerrather directly from thevalue of

the face normal.

N

Figure 37: Gradient color map based on the slope of the geometry (left); mesh faces divided into three slope
represented by three color groups

In addition to geometric characteristics, variables relating to light, heat, sosinelssesor

other properties can also inform pattern design.order to obtain such values, it would be
advantageous if the respective analysis could be calculated directly thhermesh 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 Generativepatterns

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 rulsbe implemented in

an automated process of image generation [8h example in Fi®g8 shows the creation of a
randomized pattern, following theore logic of the algorithm. However, as opposed to
previous examples, the path in this case lacks geometrical orientation.

g SIFOK aidSLl GKS ft32NAGKY aStSoda || NIFYyRz

have free direct neighbors, the algorithm jumps to another free face. This randomized
approach results in a high number of jumps, but sela®s showcase of a different direction
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in pattern makingOther strategies were not explored, but suggestions are mentioned in the
final chapter 6.1.3 Patternk
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Figure 38: A randomized generative pattern using direct neighbors without additional search criteria

3.6 Concrete gtrusiontoolpaths

3.6.1 Filament size variation

The section3.1 Mesh generatiorpoints out the importance of uniform quacheshes in
obtainingequidistanttoolpaths However, the algorithm presents new possibilities when used
for other material applicationsuch as concrete extrusion, shotcrete or plaster sprayisy
opposed to tufting, these methodallow a control of thedepositedfilament sizeduring
fabrication. This lowers the requirement for equidistant toolpaths and expands the application
of the algorithm to irregular quad meshes wahngularities and faces of varying surface areas.

Adjustment offilament sizesluring material depositiocan be achieved through a number of
strategiesAll of them areemployinginformation stored in the node attributes of theesh

based networkFirstly, whenthe endeffector is kept at constant velocity, the material flow

can beadjustedto deposit more materiabn faces with a bigger surface ared/hen the
YEOGSNRLEFE Ft2g OFyQi 0 Dfthezofdlidanicdn SERVE to ldepddit NE A
less or more materialAnother approach is to control the distance from the target surface

the nozzle diameterwhich is mostly useful for spraying applications.
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Figure 39: Toolpath employing a varying filament size on auniform quad mesh with a singularity

3.6.2 Thickness variation

All of the approaches from the previous section can be used to cover-amtarm 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 antenaly efficientelements or

to create visual effects and add texture to a surface. As shown in daft 2tress line additive
manufacturing OdzZNNBy i NBaSFk NOK aKAFTGa Ay | RANBOL
structurally needed, resulting in more efficient and ligiright forms. When analyzing a
structure, it is possible to obtain information on the distribution of stressesthed visual
representation using color map¥he information in the form of gradient stress magan
assigreach face of the mesh withicolor based on the tension/compression vadu€his color

can then be translated to a desiradaterial thickness of coatingaddressed by strategies
similar to filament width control. Other approach is to generate toolpaths in multiple layers
on top of each to achieve a thremensional surface texture.

3.6.3 Layering

As opposed to tufting, a lot of covering processes such as concrete extrusion, shotcrete,
painting orsprayingcan 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
obtainedfrom a color map, or simply assigned as another attribute to eamie.
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Figure 40: A 3D surface sliced into three layers of equal height, represented by a color map

Similarly tocolor toolpaths, for each layer the algorithm groups faces that need to be covered
and disregards all of the other fadegnot including them in the sch 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
secondpath, only faces with the height of two modules or more are covered and in the third
round, onlyfaces with the height of three modules are covered.

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

3.7 Fabrication input

3.7.1 Frames

The algorithm outputs a list of linebl¢twork edge¥ywhich serves as a visual representation
of the generated toolpath For fabrication, however, the robot requires a listraimesdefined

in three-dimensional spaceThe way frames need to be generated is determined by the
fabrication method. Unlike most common endffectors, the tufting gun can move only in a
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specific direction. During the tufting process, the gun tip is perpendicular to the fabric
(represented by the quadhesh), and always adjusts its orientation based on the following

movement.Fig. shows the comparison of a tufting gun esftector and a concrete extruder
and the consequences on the frame orientation.

Figure 42 : Comparison of the fabrication frames orientation using the tufting guaféawdor 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 alontptipath. The
tufting gun requires a specific orientation to operate, resulting in frames that are not only
translated, but also rotatedThe next paragraph describes the process of generating frames
for the tufting method.

Asthe algorithm iteratesover all mesh faced, is possible talefine oneframefor each of the

faces. Aframe can be defined by a point and three orthonormal vestet y, zThe point is

always the center point of a current face, described by coordinates stored in the node
attributes. The vectora I ¢  hdérmalkiok e face, which can be obtained through the
Mesh.face_normal methodnd is equally an attribute of the current nodéhe@ S O i 2 NJ & E ¢
corresponding to the toolpath and is defined as the vector connecting the following and
OdzZNNBy i FI O0S OSYiSNI LRAydGao CAylLfftes @gSOG2N

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@xtagpaths. Some

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

3.7.2 Endeffector jumps

As opposed to the siaxis industrial robot used in this thesis, commercial robotic tufting
applications such as the eTwystem by EFAR.2.2 Robotic Tuftingoperate with cartesian
robots. A keyadvantageof these robots is their ability to make 180 degrees turns quickly,
which is essential for zigagtoolpaths However, the use of cartesian tufting robots is limited

to planar surfacesin contrast, a skaxis robotic arm is capable of tufting on nplanar
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 nedasin
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 segmentintgertant 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 a&oustics

As a first case study, a maag room at the chair of Digital Fabrication at TUM is selected for
the development of an acoustic ceiliigig. 44)To employ the toolpath planning algorithm,
the method of tufting on a woven thredimensional fabric is selectefimilarly 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 l&yeflutter echoes,and room resonanceto
ensure proper speech intelligibilifpPeters et al., n.d.)rhe 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 echoés. a solution,
implementing a tufted ceiling structungould 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 nstructural ceilings. Examples from as early as the

4th century AD show the use of suspended ceilings and additionhgeestructures as
canvases for religious depictions and iconogragfiy. 45)(Koolhaas, 2014)Freed from
A0NHzOG dzNF £ RdziASasxs GKSasS OSAfAy3aIa RARYQO I f
above them. They altered the spatial qualities of the building's interior, creating a discontinuity
between the outside and inside forms of a loling. Unnoticeable from the outside, false
hanging dome ceilings can be often found in churches, as canvases for decoration using paint
or plaster(Fig. 46)

Figure 45Constantine ceiling paintinig Figure 46 Byzantine Baptisterin Ravenna Figure 47Alhambra Palace
Trier (Hoppe, 2022) (Italy this way, 2009) in Granada (Omrania, 202:

A similar approach can be traced in Islamic architecture and the complex geometries of its
vaulted ceiling$Fig. 47) The elaborate patterns, called muqgarnas, serve as smooth, decorative
zones of transition in a bare structural space. Mugarnas are made of brick, stone, stucco
wood and clad with tiles or plaster. The earliest forms were primarily structural but later
developed into purely decorative surfaces. As+structural additions, the ceilings could often

be removed and relocated from one building to anotlféoolhaas, 2014)

4.1.3 Ceiling design

Afterthe exploration of references argksignstudies an acoustic ceiling design was selected,
employing the method of tufting on a thre#éimensional woven fabric. A visual inspiration for
the geometry were Mugarnaeilings, which serve as structures of transition between various
geometies of a room.

Design 35



The tufting method requires a fully stretched woven fabric as a primary, bessentially
behaving likea tensionedmembrane The geometric freedom of tensioned fabric systems is
limited to anticlastic geometries, although bendiagtive systems or inflatable components
can provide additional optiongPopescu, Reiter, et al., 2018p model and simulateensile
structures theform-finding pluginKangaroan Grasshopper was employethe plugin allows

to control various load and stress scenarmosan inputmeshgeometry. After the initial form
finding,the output mesh is adjustedsing the QuadRemesh componemtine withthe mesh
requirements for the respective fabrication method, as explaiBeddMesh generation

Figure 48: Axonometry of the acoustic ceiling consisting of o ten equally sized panels (1,2 x 1,7 m)

Fig. 48 illustrate the designed acoustic ceiling, consisting of ten equally sized panels with a
varying heighof the stretchedfabric elements The colorful pattern for the ceiling is derived
directly from the mesh geometry and its slope valuepresentedby the normal vectors of
each faceas in section3.5.3 Geometry mappinglo fabricate the pattern, lie toolpath
algorithm generatessixseparate toolpathdased on different slope intervals. These intervals
are not linearly distributed, but rathatefinedheuristicallyto achieve an optimal visual effect
with color areas of approximately equal si2es a measure of thevalue of the normal vectors,

the interval boundaries are as follows: 0, 0.45, 0.8, 0.9, 0.96, 0.99elgenerated toolpaths

are of the LowestAxisPath type, orientated either towards the »Yane or the Ylane. Fig.

49 shovs one of theceilingpanek covered by six separate toolpaths
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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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Figure51: Visualization of the acoustic ceiling in the meeting room

4.1.4 Ceiling fabrication

Unlike knitted formwork, the woven fabric used as the primary tufting ldgeS a y Qfdr | £ £ 2
direct creation of 3D geometries without the requirement of tailoring or stitchiftierefore,

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 half additional elementsTo

enable the tufting gun to reach all parts of the surface, the fabric is turned inside out for the
tufting process.Robotic tufting isthen performed on top of this surface, following the
developed toolpath. Finallyhe tufted fabric is flipped to its original orientation amesin is

applied on the backsidéo form a stiff formand keep the inserted yarn in place
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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 byMaoéna
PopescuPopescu, Reiter, et al., 2018&por 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 performedThe 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 hammo&kmilarly to theacousticceiling, thedesignof the
knitted fabric isobtained through aension membrandorm-finding processOnce 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, tl@&ntroid-Path type was selected, directly influencing the
appearance of the benclAs opposed to traditional slicing method, the generated toolpath
offers a different logic and consequentially a new pattern aesthetic.

Figure52: Schemes showing the desired surface geometry, its mesh representation, and the generated centroid t

As described i13.6 Concrete extrusion toolpathsoncrete extrusiorallows 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
variedface surfacareas.n 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.
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Figure53: Representations of the materializémblpath generated by the algorithm with a centroid orientation
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Figure54: Axonometries of the bench
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Figure 55 : Elevations of the bench showing varying sitting possi
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5.Case study 1Fabrication

5.1 EndEffector

5.1.1 Tufting gun

The purchased tufting gun is a regular-pile model, likely the most common haiteéld gun
for personal use on the market. The gun all@gseraladjustments such as the control of the
tufting speed through a potentiometer on the bottom of the handidange othe pile height
or resizing of the yarn hole at the gun tiadditionally, the scissors for cutting the yarn after
each punch can be shifted to avoid the cuttimgtion, making the gun produce logules.As
the gun neeéd to be robotically controlled and interfaced to theakis industrial robot, a
custommounting solutionwasdeveloped.

5.1.2 Mounting

The tufting process has a numbersgecific 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 enekffector with a round nozzle performs in all directions equally and
doesn't require the movement freedom of a tufting eedfector.

Figure56: Axonometries of the custom mounting solution for a hdwett tufting gun
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This fact has a direct effect on the way the gun hadbeomounted. Since the togdath
algorithm generates paths with turns of 180 degrees around thetguaxis, the robot with

the endeffector has to enable this rotation. The turns occur frequently and on a very small
scale, due to the zigag pattern. Thehosen orientation of the tufting gun is therefore aligned
with the 6th axis of the robot, which allows a turn motion 6860 degrees. The gttip axis
passes through theenterof the robot gripper.

Figure57: Custommade tufting endeffector

As the gun is designed for manual operation, some qualities had to be translated to the end
effector to achieve the samieehaviorwhen 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-dkis robot, the tuftinggun 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 additisprioDQs

The gun is connected to two sliding carriages on the rail through custade aluminum
plates. Tle whole system is then mounted to the gripper through a number of extra steel and
aluminumplates custom produced to ensure the desired position of the gun tip.
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