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ABSTRACT

Initiated by significant carbon emissions of accelerating urbanization (United Nations

Enviroment Programme, 2021; United Nations, Department of Economic and Social Af-

fairs, Population Division, 2022), there has been increasing interest in large-scale additive

manufacturing (LSAM) and functionally graded design (FGD) in architecture. These

innovations prove the potential to speed up, simplify and optimize design pipelines as

well as manufacturing processes to contribute to a sustainable future (Ngo et al., 2018;

Wong and Hernandez, 2012; Mahamood et al., 2012). Yet, conventional computer-aided

design software frameworks lack facilitating and explicit modeling environments to utilize

LSAM and FGD in the industry (Oxman et al., 2011; Hasanov et al., 2022; Bhooshan

et al., 2018b,a). Furthermore, these domains get commonly separated because of their

difference in design scale. This dissertation outlines a novel design framework combining

LSAM and FGD. It introduces functionally graded, differential-grown, and discretized 3D

toolpaths of compression-only shells for extrusion-based LSAM. The framework builds

on this research’s outlined algorithm for graded differential growth (GDG), introducing

graded point relaxation. The dissertation also contains an overview of recent developments

and design frameworks for LSAM and FGD in an architectural context.

Keywords: Functional grading, 3D printing toolpath design, Large-scale additive manu-

facturing, Differential growth, Compression-only shells
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1. RESEARCH RATIONALE

Architecture in the 21st century needs design innovation — it constrains itself with frame-

works that address outdated needs (Oxman et al., 2011; Hasanov et al., 2022; Bhooshan

et al., 2018a). Manual analysis and human crafting still dominate contemporary design

thinking and shape Computer-Aided Design (CAD) in architecture which in its purest

form ignores any real-world feedback (Mitchell, 1990). As a result, the consumption of

materials is too high, inefficient, and unsustainable. In 2021, the building and construc-

tion industry contributed approximately 37% to the global CO2 emission, 10% from the

building construction alone (United Nations Enviroment Programme, 2021). Additionally,

urbanization is globally accelerating undistributed due to significant population growth

in low-income countries (United Nations, Department of Economic and Social Affairs,

Population Division, 2022; Müller and Harnisch, 2008), creating ecologic and economic

urbanization centers in challenging regions. Consequently, the lack of resources com-

bined with current frameworks forces a global trend of unsustainable, inefficient, and

material-consuming architectural design.

1.1. CHALLENGE

With increasing urbanization, architectural design needs to be optimized, lowering the need

for building materials, accelerating as well as facilitating construction, and simplifying

advanced design frameworks to aim for a sustainable future (Figure 1). However, the

spatial quality and comfort should be unaffected and possibly improved.

Figure 1: Left - Population estimates, 1950-2022, and projections with 95% prediction intervals, 2022-2050, by region; Right -
Buildings and construction’s share of global energy-related CO2 emissions, 2020. Images and captions from, Left - (United Nations,
Department of Economic and Social Affairs, Population Division, 2022), Right - (United Nations Enviroment Programme, 2021)
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1.2. ADDITIVE MANUFACTURING IN ARCHITECTURE

Additive manufacturing (AM) has received significant interdisciplinary research attention

in the last decade, reimagining fabrication by lowering costs, materials, and fabrication

time while increasing accuracy as well as complexity (Ngo et al., 2018; Wong and Hernan-

dez, 2012). In 2017 only 3% of the global applications of the AM industry were considered

architectural (Campbell et al., 2017). Even though the uptake of AM in the building and

construction industry is slow, it embodies the unprecedented potential to accelerate and

simplify construction processes while utilizing minimal material and introducing design

freedom. It eliminates formwork, automates construction, increases safety and health

conditions for workers, and enables mass customization. It shows the potential to bridge

the gap between design optimization and manufacturability to create a more efficient,

accelerated, and sustainable urbanization.

Figure 2: Additive manufacturing in architecture divide by material: a - Concrete, b - Plastic, c - Metal, d - Glass, e - Soil, f -
Chitosan(Chitin). Images from, a - (ZHACODE et al., 2021), b - (ZHACODE, 2017), c - (MX3D, 2021), d - (Klein et al., 2015), e -
(Mitterberger and Derme, 2020), f - (Duro-Royo et al., 2018)

AM in architecture opened up an entire research domain resulting in predominantly

material-driven studies with concrete (Bhooshan et al., 2018a), plastics (ZHACODE,

2017), metals (MX3D, 2021), glass (Klein et al., 2015), soil (Mitterberger and Derme,

2020), chitin (Duro-Royo et al., 2018), and many more (Figure 2). However, large-scale

AM is still constrained and not fully integrated into conventional workflows within the

Architecture Engineering and Construction (AEC) industry due to a lack of research in

explicit architectural geometry (AG) modeling for AM (Bhooshan et al., 2018b). The
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rife approach in architecture to develop top-down designs, unaware of their fabrication

technique, is still dominating the architectural industry and significantly barring the

uptake of large-scale AM. This design-thinking causes many printing failures and poses,

in general, a too big risk for architecture offices and clients to utilize AM in large-scale

projects. Indeed, large-scale AM in architecture requires domain-specific architectural

geometry, a novel design language in architecture. Yet it is indispensable to reimagine

CAD to provide a clear framework for this new design paradigm to get considered in the

industry and to lower carbon emissions globally.

1.3. FUNCTIONALLY GRADED GEOMETRIES

Functionally Graded Geometries (FGGs) caught many of AM’s attention by representing

high-performance designs that could only get achieved through AM. They constitute

another promising domain for sustainable architecture, extending architectural geometry

modeling and eliminating the need for material composites in multi-demanding conditions.

Figure 3: Functionally Graded Geometries in architecture and nature: a - Detail of durotaxis chair, b - Detail of aguahoja pavillion,
c - Section of bamboo, d - Section of bone. Images from, a - (SynthesisDesign+Architecture and Stratasys, 2014), b - (Duro-Royo
et al., 2018), c - (Obataya et al., 2007), d - (Simancik, 1999)

FGGs belong to the domain of Functionally Graded Design (FGD), which Japan’s

Science and Technology Agency first introduced in the 1980s in an aerospatial context

(Shinohara, 2013) and which received an ever-since increasing interdisciplinary research

attention (Gupta and Talha, 2015; Mahamood et al., 2012).

FGGs are conceptually based on nature, one example being mimicking the extracellular

matrix of human bones, which reinforces the bone’s structure with minimal material by

grading trabecular tissue (Wolff, 2012)(Figure 3.d). They generally re-model boundary

representations (BReps) on a mesoscopic, geometric level through graded, discretized

structures. The resulting geometry gradients form heterogeneous material properties, en-

hance the use for multi-demanding conditions, and maximize the efficiency of components.

Nevertheless, FGGs apply to homogeneous, single material designs and heterogeneous,

multi-material designs, which often blur the line between them and Functionally Graded
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Materials (FGMs) (Duro-Royo et al., 2018; SynthesisDesign+Architecture and Stratasys,

2014). Rather than geometry, FGMs functionally distribute two or more materials with

desired physical features to develop such gradients (Shinohara, 2013). However, the

material homogeneity of FGGs represents a desirable property for global application in

large-scale AM for sustainable urbanization because of their high recyclability, especially

in low-income countries (de Mello Soares et al., 2022).

FGGs represent a design optimization modeling technique that overcomes the need for

binders and multi-material designs and increases its component durability, structural

efficiency, and recyclability. In addition, it lowers the amount of material by functionally

distributing its density in gradients to fulfill the multi-demand as minimal as possible.

1.4. A SUSTAINABLE, ARCHITECTURAL, DESIGN FRAMEWORK

DRIVEN BY AM AND FGD

Contemporary CAD frameworks constrain AM and FGD through unexplicit architectural

geometry modeling environments and geometry data structures like BReps or meshes.

Hence, it prevents the uptake of these novel concepts, especially in architecture, and forces

material-consuming, inefficient, and unsustainable designs or time-consuming, expensive,

and custom-developed workflows. However, with increasing urbanization pre-dominantly

in low-income countries, a globally applicable design framework needs to be set up, increas-

ing the construction efficiency, ecology, and economy to have a long-lasting, sustainable

impact.

Figure 4: Concept: Functionally graded, differential grown, and discretized toolpaths for large scale additive manufacturing in
architecture working in compression.

This research investigates the intersection of large-scale additive manufacturing

(LSAM) and functionally graded geometries (FGGs) to bridge computational design

and manufacturing to lower carbon emissions in architecture by diminishing material
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waste and accelerating construction (Figure 4). The research aims to develop a com-

putational design framework utilizing and cross-connecting large-scale AM and FGGs

to extend CAD and ultimately unlock new architectural geometry to contribute to a

sustainable global AEC industry. The research concentrates on the following fields:

• graded differential growth as a modeling technique for heterogeneous and anisotropic

geometry

• development of a flexible and autonomous computational design framework, fa-

cilitating architectural geometry modeling for extrusion-based large-scale AM in

architecture

• functionally graded toolpath design for increased structural performance and archi-

tectural quality through optimized material exposure - tectonism in large-scale AM

(Schumacher, 2017)

• toolpath discretization for large-scale AM through differential grown, interlocking

panels

• compression-only shellular toolpath design
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2. PRECEDENTS

2.1. LARGE SCALE ADDITIVE MANUFACTURING IN ARCHI-

TECTURE

Automated, large-scale fabrication is a desired concept in the AEC industry that profes-

sionals have researched for decades. Vastly accelerating construction while reducing costs,

human resources, and materials have been the essential motivations ever since. Already

40 years before world-changing additive manufacturing technologies like Fused Deposition

Modeling (Crump, 1992) or Stereolithography (Hull, 1984) got invented and patented,

William E. Urschel pioneered large-scale additive manufacturing in architecture. Urschel

used the patented "Machine for building walls" to construct three full-scale architectural

prototypes on the site of Urschel Laboratories Inc. in Valparaiso, the United States (Mehl,

2021) (Figure 5). The machine used a funnel to manually fill lean concrete and a roller to

compress it to printed layers of approximately 18cm height while moving radial around

a central z-axis. The technique also allowed Non-planar AM by rotating the machine,

which enabled the construction of dome-like overhangs, working in compression (Figure

5.b and .d).

Figure 5: Urschels’ "Machine for building walls": a - Prototype #1, b - Prototype #2, c - Prototype #3, d - Machine, e - Patent.
Images from a-d (Mehl, 2021) and e (Urschel, 1944)

Nevertheless, AM finally caught interdisciplinary attention and research in the 1970

and 80s with the invention of STL technology, a rapid prototyping technique based on

photochemical processes to harden photosensitive liquids with light (Hull, 1984). However,

only FDM or so-called material extrusion in the 1990s made AM applicable for large-scale
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fabrication in architecture (Crump, 1992). It introduced robotic nozzle printing, which

allocates material to pre-defined 3D toolpaths in space, a concept first mentioned in 1945

(Leinster, 1945). Today it is considered one of the most widely used AM techniques

worldwide (Mohamed et al., 2022).

2.1.1. Toolpath design for material extrusion

With the increasing popularity of AM in multiple domains, its front-end gained significant

importance due to its useability and deployment. The conventional workflow for this is,

until today, a so-called slicer, which provides a software framework to translate CAD

designs into executable toolpaths (Dolenc and Mäkelä, 1994). Commonly these frameworks

create planar toolpaths by slicing boundary representations (BReps) or meshes parallel

to its XY plane without further consideration of the geometry topology (Figure 6.a). It

is a loss of information from a geometrical standpoint and still the same difficulty from

a manufacturing standpoint. However, planar toolpaths work for planar objects (Wolfs

et al., 2019) but significantly constrain conventional, curved shapes in their printability

and structural efficiency. This correlates with the brick masonry-like behavior of printed

concrete layers and their dependency on force flow-oriented, perpendicular compression

(Bhooshan et al., 2018b,a).

Figure 6: Material extrusion toolpath design concepts: Planar, Multi-Planar, Non-Planar, Segmented, Supported. Images from, a -
(Wolfs et al., 2019), b - (ZHACODE et al., 2021), c - (Anton et al., 2019), d - (Bhooshan et al., 2018a), e - (ZHACODE, 2017)

Toolpath design has recently received much research, explicitly focusing on the ap-

plicability of large-scale AM in architecture to bridge the gap between design, printing

execution, and structural efficiency. Studies with multi-planar (ZHACODE et al., 2021),

non-planar (Anton et al., 2019), segmented (Bhooshan et al., 2018a), and supported

(ZHACODE, 2017) printing paths (Figure 6), contributed to unprecedented large-scale
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additive manufactured projects in architecture during the last years. They pioneered new

architectural geometry, a design language in architecture driven by 3DP.

Figure 7: Striatus: Multi-planar 3D concrete printed masonry working through compression-only shells. Images from (ZHACODE
et al., 2021)

The Striatus bridge by ZHACODE et al. (2021) constitutes an architectural novelty,

proofing the ecological, economic, and tectonic qualities of AM architecture (Figure

7). Taking advantage of the brick masonry-like behavior of 3D concrete printed layers

(Bhooshan et al., 2018b,a) from the beginning of the design process, the bridge creates a

high-performance shellular structure out of 53 unreinforced, discretized, and multi-planar

printed concrete blocks, working in compression only. The bridge eliminated the complex

formworks of multiple unique blocks, the need for binder to connect the blocks, the

construction and dissemble time, and the carbon footprint by using AM technologies and

explicit architectural geometry. It showcases that an explicit design framework is needed

to execute large-scale AM projects in architecture and diminish carbon emissions in the

AEC industry.

2.1.2. Compression-only shells

Shell structures are lightweight, thin sectioned, and self-supporting geometries of struc-

tural high-performance defined and characterized by curvature. Throughout architectural

history, they got applied to large-scale constructions and shaped structural engineering

in architecture. However, during the last century, shells lost popularity in construction

due to their complexity, constituted through their expensive formworks and challenging

analysis and modeling (Tang, 2015).
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Figure 8: Shell structures historic and contemporary usecase: a - Prototype umbrella by Félix Candela (Las Aduanas, México,
1950), b - Unreinforced, discretized, stone-cut shell. Images from: a - (Scholzen et al., 2015), b - (Rippmann and Block, 2013)

Compression-only shells constitute an architectural geometry tailored for materials,

techniques, and discretized shapes characterized by compression strength (Rippmann and

Block, 2013). The Striatus bridge heavily relies on those, enabling the use of unreinforced

and 3D-printed concrete, characterized by its compression through its material properties

and printing layer behavior (Bhooshan et al., 2018b).

Concrete is globally the second most used material after water and, particularly in

architecture, the most utilized building material as of today (Barcelo et al., 2014; Wangler

et al., 2016). Therefore, the AEC industry and its architectural design frameworks

must adopt and support architectural geometry modeling for concrete, especially for

unreinforced, 3D-printed concrete, through compression-only shells to let large-scale AM

take off in the global industry.

2.1.3. Differential Toolpath Growth

Differential Growth (DG) belongs to the domain of morphogenesis, developing complex

and high-performance 3D geometry in plants like leaves and flowers (Huang et al., 2018).

For decades humans studied the rich expertise of morphogenesis in form (Rosenkrantz

and Louis-Rosenberg, 2014; Haeckel, 1899), optimization (Bendsøe and Kikuchi, 1988),

and patterns (Thompson, 1917; Prusinkiewicz and Lindenmayer, 1990; Dawkins, 1991;

Stevens, 1974), contributing to innovations across disciplines. However, simplifying the

biological concept of DG from 3D to 2D, for example, resulting in differential curve growth

(DCG) (section 3.3), constitutes potential for optimized and form-found 3DP toolpaths

for large-scale AM in architecture as shown in the Thallus installation by ZHACODE

(2017).
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Figure 9: Thallus Installation: Differential grown, supported 3D printed toolpaths on ruled surface. Images from (ZHACODE,
2017)

The project introduced a bottom-up toolpath design framework, creating explicit

curve geometry for 3DP by considering the topology of the base surface for generating

the freeform curve. A flat, pre-defined toolpath-curve, UV projected onto a ruled surface,

was grown differentially by relaxing and inserting control points, described similarly in

section 3.3. The resulting toolpath showcases the use of a boundary and z-axis density

gradient, ensuring structural stability. Nevertheless, the gradient is not uniform and

indicates some randomness, represented by non-linear density anomalies in the center of

the surface (Figure 9.c). Additionally, for architectural variations of the curve pattern,

ZHACODE (2017) explored the relation between start-curve and grown-curve, varying in

densities and structural performance and integrating some user-defined constraints in the

toolpath design framework. However, the differential-grown toolpath got printed supported

onto a curved formwork with premium polylactide plastics (PLA), and discretized into

three parts (Figure 9.b). It ensured accelerated assembly and disassembly on site and

maximum transportation flexibility.

2.2. FUNCTIONALLY GRADED DESIGN

Functionally Graded Design (FGD) is a domain that focuses on creating property gradients

to tailor components for unique and multifunctional conditions. The author divides the

domain into Functionally Graded Materials (FGMs) and Functional Graded Geometries

(FGGs). Functional grading is a concept derived from nature and occurring in the

extracellular matrix of bones and bamboo to reinforce their structure with minimal

material (Wolff, 2012; Simancik, 1999; Obataya et al., 2007)(Figure 3.c and .d).

2.2.1. Efficiency through grading properties

Japan’s Science and Technology Agency created the domain of FGD in the 1980s by

introducing FGMs to avoid losing the thermal protection tiles of its supersonic space plane,

which was exposed to significant heat while transitioning through the earth’s atmosphere
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(Kawasaki and Watanabe, 1997; Shinohara, 2013). The inside-outside thermal difference

of the plane was undistributed enough to result in thermal stress that outperformed

the panel’s joining strength. Therefore, the multifunctional demand was to develop a

material that supplies a moderate climate inside while resisting the heat outside and

providing a smooth transition from one condition to another, lowering thermal stress

and avoiding separation. Until then, these panels were a composite material based on

an additive approach. It created a multifunctional design by introducing new layers of

a different material, which added a new property. The resulting fundamental problem

was a feature matrix consisting of as many states as there were materials used in the

composite. Therefore, the physical property behaved like a stairstep graph, jumping from

one to another without any transition.

Functionally Graded Materials (FGMs) first introduced mixed property states within a

volume. They extend the property matrix from a given set of conditions depending on the

number of materials to a higher dimensional property space. They create new materials

(defined through unique properties) by blending multiple. Consequently, FGMs can grade

features within parts and accordingly influence the performance of solids (Figure 10).

Figure 10: Solving multi-demands: A comparison of layered composite (top) and functionally graded materials (bottom) for
thermal stress

FGMs created value in various domains, including next to aerospace, medicine, energy,

defense, and optoelectronics. They were predominantly used to eliminate physical weak-

nesses in existing designs, appearing through layered composites to solve multifunctional

demands. One example being bullet-proof vests at which FGMs could increase the ability

to inhibit crack propagation and protect its carrier through feature gradients (Mahamood

et al., 2012).
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2.2.2. Functionally Graded Geometries

Functionally Graded Geometries (FGGs) are based on the concept of FGMs (Gibson and

Ashby, 1997). They form the second of the two main branches within the domain of FGD.

Functionally Graded Geometries create feature gradients by altering the components’

discrete cellular geometries. They make new materials by creating cells of different

geometry, which result in other physical behavior, one example being decreased weight

and strength through cell shapes with a loss of mass (Figure 12).

The Durotaxis Chair designed by SynthesisDesign+Architecture and Stratasys (2014)

represents the concept of FGGs by altering the rigidity through local changes in the wire

mesh’s size, scale, and density. Similarly, Duro-Royo et al. (2018) created additive manu-

factured cell density gradients reacting to and harnessing hydration forces. Additionally,

Niknam and Akbarzadeh (2019) explored the bending behavior of FGGs exposed to a

thermo-mechanical load, synthesizing decreased or increased stiffness depending on the

geometric family of cells (Figure 11).

Figure 11: Functional Graded Geometries: a - Durotaxis Chair, b - Aguahoja Pavilion, c - Cellular beams. Images from: a -
(SynthesisDesign+Architecture and Stratasys, 2014), b - (Duro-Royo et al., 2018), c - (Niknam and Akbarzadeh, 2019)

However, the main difference between FGMs and FGGs is the number of involved

materials. FGMs have to have different materials that are getting mixed and graded

through space to the fulfill multi-demand, whereby FGGs only need one material. There-

fore, FGMs must be heterogenous, and FGGs can be homogenous materials (Figure

12). Alternatively, FGMs and FGGs could be interpreted as two different grading scales,

altering the nano- or mesoscopic structure.
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Figure 12: Functional Graded Design: A domain about grading physical features that divides into Functional Graded Materials
(top) and Functional Graded Geometries (bottom). Images from: top - (IGD, 2021), bottom - (SynthesisDesign+Architecture and
Stratasys, 2014)

2.2.3. Design homogeneity and recyclability

Recyclable architecture has recently gained much attention caused of AM’s opportunity

to fabricate recycled plastics and bio-degradable materials like shrimp shells (Duro-Royo

et al., 2018) and soil (Mitterberger and Derme, 2020). However, material heterogeneity

becomes especially relevant for the recycling industry and must be considered in a sus-

tainable design framework for large-scale AM in architecture. Compared to FGMs that

require multi-material additive manufacturing, FGGs create graded, high-performance

structures that are homogeneous and can be manufactured with single-material AM.

Multi-material multilayer plastics in packaging are already problematic for current recy-

cling processes and block traditional waste management systems, which can not handle

heterogeneous composites. With an increasing need for recyclable or bio-degradable waste

to lower environmental pollution, trends in Europe already indicate the increased use

of mono-material packages for recycling (de Mello Soares et al., 2022). Even though

it is estimated that the development of advanced recycling systems for multi-material

plastics will increase in the next decade, it is expected to happen predominantly in

wealthy countries. Therefore, it does correlate with the growing population in low-income

countries, which will create the most significant demand for architecture in the next

century (chapter 1, Figure 1 left). Consequently, a design framework in the AEC industry

tailored for AM to lower carbon emissions must consider the conditions within the global

regions of demand, supporting recyclability and homogeneous materials.
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2.3. DESIGN-FRAMEWORKS

Utilizing research and innovation across disciplines and ultimately in the industry to have

a global impact requires straightforward and domain-tailored frameworks. Especially in

architecture, pioneering projects often unveiled analog or digital workflows and design

principles to incorporate new technologies and methods in future work. For example, in

the 19th and 20th century, Antoni Gaudí form-found optimal, structural-aware arches

using physical prototyping with catenaries informed by gravity to design the Sagrada

Familia. In the early 1970s, Frei Otto used soap film to explore and extract geometries

of minimal surfaces to construct lightweight structures with minimal material like the

Munich Olympic stadium. Moreover, in the 2020s ZHACODE et al. (2021) used large-

scale additive manufactured concrete in combination with in compression working shell

structures to construct the Striatus Bridge.

However, even though all of the mentioned projects above are based on concepts that were

studied and discovered before (Figure 13), they had to reveal their unprecedented design

frameworks, cross-connecting ideas and resulting in real-world architectural application

and integration to prove and unify research and practice. All of the design frameworks

are applied and existent until today.

Figure 13: Influential design research concepts in the history of architecture that built the foundation of contemporary design
frameworks : a - Catenary , b - Soap film , c - Large-scale AM with concrete. Images from: a - (Poleni and Poleni, 1748), b - (Yunis
and Watkins, 2015), c - (Mehl, 2021)

2.3.1. CAD constraints: AM and FGD

Computer-Aided Design (CAD) is, since its development in the 1960s, the conventional

interdisciplinary framework to create, analyze, and optimize designs. In architecture, it

has dominated design thinking ever since. However, even though unlocking a new design

paradigm back then, it constraints new research and innovations in the 21st century’s

AEC industry to fully take off and contribute to a sustainable future. Particularly in

domains like AM and FGD.

CAD is restraining architecture, resulting in multiple, custom-developed software frame-

20



works disrupting a distributed and global incorporation of FGD and AM. One fundamental

issue for FGD in CAD is the geometric concept of boundary representation (BReps) and

meshes, which store no volumetric interior information of solids, representing only the

envelope. Consequently, the computational structure of such geometries does not support

heterogeneous property modeling through discretized cells or materials and constitutes an

essential software gap for applying FGD and Multi-Material AM (Hasanov et al., 2022).

CAD forces the assignment of materials and properties per solid (Oxman et al., 2011).

On the other hand, CAD is too unconstrained in LSAM, as stated in subsection 2.1.1,

and requires design frameworks to contain fabrication restraints for feasibility and explicit

architectural geometry for 3DP (Bhooshan et al., 2018b,a)(Figure 14).

Figure 14: Design framework gaps for FGD and AM: left - FGD: BRep modeling without volumetric property information, right -
Large-scale AM: Unconstraint toolpath generation and unexplicit architectural geometry modeling

The lack of CAD reacting to those needs leads to the undistributed current trend for

large-scale AM or FGD designs to occur predominantly in research-heavy environments

with the time, money, machinery, and knowledge required. Indeed the demand for software

design tools to utilize the ecological values of LSAM and FGD in architectural design is

increasing. The advantages of these technologies to diminish carbon emissions will only

reveal if applied outside the labs, which desire widely applicable design frameworks.

2.3.2. Existing frameworks for AM and FGD

AiSync is a unique commercial, cloud-based software framework of the company AiBuild

to slice, analyze, optimize and control 3D prints to utilize large-scale AM across disciplines

(AiBuild, 2022). It got explicitly tailored for their custom large-scale 3D printer based

on polymer extrusion, AiMaker. The application uses a real-time bi-directional data

exchange with cameras and sensors to react and adjust the manufacturing process on

the fly, changing the toolpath, threading rate, heat, orientation, and position to aim for

successful and high-quality prints. Furthermore, the framework facilitates the execution

and generation of advanced toolpath designs, like multi-planar and non-planar (subsec-

tion 2.1.1), taking full advantage of robotic deployment and unlocking structural efficiency
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Figure 15: Design framework solutions for FGMs and AM: left - AM: AiSync, right - FGMs: GraMMaCAD. Images from: a -
(AiBuild, 2022), b - (prostep ivip Association, 2021)

in printed parts.

Graded Multi-Material CAD (GraMMaCAD) is a unique commercial software tool to

model graded material distribution for multi-material AM within CAD designs developed

by Frauenhofer’s Computer Graphics Research Department (IGD, 2021). It aims to

establish FGMs within the industry by constructing an intuitive interface. There are

three approaches to model the material gradients based on a CAD design: (1) Poly- or

mesh faces will get materials assigned, creating a customizable gradient between them

and inside the solid; (2) Custom-defined global planes act as gradient markers for the

solid; (3) Discrete parts of the CAD model get assigned desired properties, resulting in

an automated interpolation of the resulting to create a solid gradient fulfilling this unique

multi-demand (Korner, 2020). GraMMaCAD stores the gradient through half-toned slices

and manufactures the design with a VoxelPrint (prostep ivip Association, 2021).
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3. FUNCTIONALLY GRADED GROWTH

3.1. TECHNOLOGY STACK

All implementations of this research are done within the environment of the commercial

computer-aided design application software Rhinoceros 3D (RC) and its visual program-

ming language, Grasshopper 3D (GH), on the operating system macOS. However, the

actual algorithm itself represents a custom software extension in GH written in the

programming language C#, using the application programming interface (API) of RC

and GH.

The selected technological stack is in valuable proximity to computational design frame-

works used in the architecture industry today and constitutes, therefore, the potential to

be broadly applicable in practice.

Figure 16: Research specific technology stack selected for implementing GDG

3.2. GRADED DIFFERENTIAL GROWTH (GDG)

Graded differential growth (GDG) is an emergent and deterministic algorithm in compu-

tational geometry based on the morphogenetic feature of plant cells called differential

growth (Huang et al., 2018). It correlates and extends the computational work of Menges

and Nguyen (2018) and ZHACODE (2017).

The underlying system is a list of vectors individually representing points and collectively

representing a point cloud. The algorithm iteratively moves the point cloud differential

to solve a predefined multi-demand of geometric properties in gradients, like density.

Therefore the process of ’growth’ is defined by adding a new point to the point cloud,

which is evaluated and executed in repetitive cycles infinitely. These cycles get divided

into three operations: (1) grading; (2) relaxing; (3) growing.
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Figure 17: Graded differential growth (GDG): Grade, relax, and grow

(1) At the beginning of every iteration, the algorithm constructs a new or updated

R-Tree, clustering the point cloud (Beckmann et al., 1990). Additionally, each point gets

assigned a unique numeric value G, through the multi-demand representative gradient

map. G determines the targeted minimum distance to all other points and contributes to

the overall movement of the point cloud relaxation. G correlates in this research with the

distance between the point itself and the nearest point on the closest stress or boundary

curve but could describe any other holistic measurable condition that applies to the entire

point cloud.

(2) Given G for each point, every point’s translation vector gets evaluated. The algorithm

utilizes the R-Tree for the nearest neighbor search. It accelerates the required local

translation vector calculation. Nevertheless, the differing value of G increases or decreases

the final translation vector by multiplication. While applied to the points in the point

cloud, this undistributed vector transformation causes variable velocities for the point

relaxation emerging in differential densities (Figure 18).

The following equations describes the graded relaxation processes in explicit mathematics.

Let p̂1 equal the calculated, updated next point and p̂0 equal the current point of the

point cloud. Let subset k = î0...̂in equal the points surrounding the current point p̂0 for

the given radius G and found through the RTree.

Distance between two 3D points:

d(p̂, î) =
q
(px � ix)2 + (py � iy)2 + (pz � iz)2

Graded relaxation of points:

p̂1 = p̂0 +

Pîn
k=î0

0.5 ⇤ ( p̂0�k̂
d(p̂0,k̂)

⇤ (G0 � d(p̂0, k̂)))

n

Figure 18: Formula for graded point relaxation

As a result, the overall shape of the cloud gets altered. However, within the relaxation
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process, the vector calculation and addition are explicitly executed after another to create a

clearly defined cycle. As Menges Nugenyem (2018) described, this separation avoids rapid

movements within the point cloud and ensures data structure independent transformations.

In comparison, a biased system would evolve following the point chronology of the cloud,

translating top-down and causing a shape that originates from that. Furthermore,

since every translation vector gets calculated with its nearest neighbors, an unseparated

calculation and movement execution would initiate local vector translation anomalies

propagating through the entire cloud, affecting already all following calculations and

blurring the line between clearly defined cycles.

(3) The point cloud gets organized by defining point pairs. They represent the system

on the highest geometric level and are essential for its evolutionary behavior. Each

pair length gets calculated by measuring the translation vector from one point to the

other. If a pair distance exceeds G of one of the pair’s points, it gets classified as relaxed.

Subsequently, all relaxed pairs will be divided into two following point pairs, growing the

cloud by adding a new point in the middle of the old pair. The iteration starts again.

Figure 19: Iterating GDG point cloud, based on a NURBS curve control point structure and an attractor curve grading: left -
inital point seed, middle - 150 iterations, right - 300 iterrations

Graded differential growth could be applied to any system based on or translatable

into vectors of any dimensionality. This research investigates the concept in a three-

dimensional geometric context, applying it to control-point based NURBS-curves and

vertex-based meshes.

3.3. 3D PRINTING TOOLPATHS: NURBS-CURVE GDG

Modeling and designing bottom up, with the actual material extruded toolpath in AM, is

an unconventional design framework, yet it indicates potential for increased printing fea-

sibility, structural performance, and architectural quality if fully controlled (ZHACODE,

2017). The author proposes discretized functionally graded differential curve growth

(GDCG) in a 2D to 3D channel for compression-only shells to optimize, constrain, and

ultimately utilize a design framework for large-scale AM in architecture. The framework
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is based on GDG. A Non-uniform rational basis splines curve (NURBS curve) represents

the toolpath in the algorithm. It is a computational geometry structure defining a curve

with knots and three-dimensional vectors as control points, which allows geometric trans-

formations of the curve by translating its control points. Therefore the control points of

the NURBS curve are the point cloud interface for the GDG.

Figure 20: 2D functionally graded differential curve growth by interfacing the control points of a NURBS curve

Figure 21: Graded differential curve growth: Grade control points; Relax control points; Grow control points

The design framework for functionally graded toolpaths consists of six steps. (1) The

process gets initiated by providing a pre-designed compression-only shell. It represents

the key design driver and gets converted into an optimized 3D printing toolpath. (2) The

supplied shell gets unrolled, creating a 2D to 3D pipeline through UV translations. (3)

With the UV map as a base layer, a multi-demand gets formulated, creating gradients.

The gradient gets defined by using, for example, principle stress lines of the shell to

spatial divide the UV map into regions of differential structural demands. However, the

framework can generate gradient layers with any holistic measurable values of the shell.

Furthermore, the UV gradient can be extended with multiple and dynamic updating layers,
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ultimately being flexible enough to define sophisticated multi-demands for the toolpath

impossible to formulate with a single layer. (4) According to the shell’s multi-demand, the

toolpath gets grown graded and differential. The framework also discretizes the toolpath

for LSAM feasibility into smaller panels to be assembled on-site, taking advantage of

in compression working shells. (5) The final grown toolpath panels get printed while

supported (subsection 2.1.1) by formwork to ensure the manufacturing of curved profiles.

(6) Lastly, the panels get assembled on site.

Figure 22: Functionally graded, differential grown, and discretized 3D printing toolpaths framework and applicability to architecture

3.3.1. Developable shells and point cloud seed

The framework is based on compression-only shells to create structurally and AM applica-

ble large-scale geometries, taking advantage of the compression strength of the widespread

building material concrete and the force-flow behavior of printing layers, working best in

the perpendicular alignment of compression forces. The shell gets unrolled to create a

bi-directional mapping flow between its UV coordinates and the global XY plane, defining

a 2D to 3D channel. Therefore, the surface and its UV map represent the most significant

and form-giving design influence for the grown curve and constitute the framework’s main

design interface.
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Figure 23: GDCG point cloud seed, represented through a start curve, has deterministic influence on the grown curve

Furthermore, an initial structured point cloud seed for the GDG gets defined through a

first NURBS curve, which will evolve and grow. The control-point pairs will determine the

connections of the GDG point cloud and the position of new inserted points, consequently

contributing to the curve’s shape and defining another framework input guiding the

growth. For example, figure 23 showcases three point cloud seeds in the same growth

condition, developing differential curve patterns. However, the GDG is a deterministic

emergent algorithm, and the same initial structured point cloud seed in combination with

the same parameters will result in the same growth, which enables the framework to

recreate curves fully.

3.3.2. Functional UV gradients

The gradient of the toolpath curve and subsequently the AM design is a gradient of

solidity. The curve gradient of the GDG gets achieved by differentially altering the curve

control point cloud’s local densities. This happens accordingly to a pre-defined or dynamic

updating multi-demand, represented by the author through gradient maps, illustrating

demanding dense regions in black and demanding loose regions in white. This research

investigated three measurable holistic features of the shell to grow functionally graded

NURBS curves: (1) distance to principal stress lines/attractor curves; (2) slope; (3) shell

boundary.
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Figure 24: GDCG with principle stress lines of shell geometry

(1) Attractor curves could be rationalized as any curve or line on the UV map. That

gives the framework the freedom to incorporate attractors of spatial and artistic quality

next to structural relevant attractors. However, in the context of large-scale AM and

this research, they represent principle stress lines of the 3D shell unrolled onto the UV

map. Given this structural curve network describing compression and tension forces, the

gradient gets calculated, defining the distance of every possible location of the unrolled

UV map to the closest principle stress curve point among all curves. Simplified, it maps

out the principles stress curves proximity on the UV map. It enables a graded reinforce-

ment of structural relevant regions of the shell by solidifying them while eliminating the

exposed material in irrelevant structural regions. Nevertheless, since the gradient is based

on proximity, the provided attractor curve network must be sparse enough or highly

contrasted to create gradients. Therefore, the framework simplifies the principle stress

lines by reducing them to 12,5% to filter for regions of significant structural relevance

(Figure 24).

(2) Having a 3D shell, the slope gradient gets calculated and mapped out with the

curvature of the UV map.

(3) To ensure the printability and durability of the architectural design, the boundary

edge of the shell gets reinforced by using the outline of the unrolled UV map like an

attractor-based gradient, increasing the point cloud’s density proportional to its proximity

to it.
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Figure 25: GDCG with a multi-layered and weighted gradient defining the unique multi-demand for the shell

The curve design framework also takes advantage of weighted functionally multi-

layered grading, combining (1)-(3) into a single, unique gradient map, which represents a

higher dimensional multi-demand. Changing the weighting of the gradients or extending

the gradient set enables the framework to formulate complex multi-demands to be solved

through curve growth (Figure 25).

This research investigated two gradient functions based on attractor curve grading:

(1) exponential; (2) linear.

f(x) = e�x f(x) = mx+ b

(1) Exponential gradient mapping requires no specific value domain and succeeds with any

positive numeric value, consequently giving the framework independence and flexibility.

However, because of this infinite gradient, it never reaches the set minimum value, and

due to the mathematical nature of an exponential function, peaks in its gradient steps

at the very beginning. After a short distance, the gradient values become so proximate

that the resulting gradient seems to fade into an almost homogenous area. Indeed, an

exponential gradient is characterized by significantly contrasting regions, reducing the

actual gradient to a minimum if applied on a large scale (Figure 26 top).

(2) Linear gradient mapping requires an initially defined value domain and works only

with numeric values within that domain. Even though this framework is constrained, it

gets tailored more explicitly, enabling more control of the created gradient. One example

is the adjustable linear blending from domain start and end, resulting in an interface that

can fade the contrast (Figure 26 bottom).
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Figure 26: GDCG gradient mapping effect: exponential (top) and linear (bottom)

The two explored gradient functions differed mainly in their resulting contrast intensity,

constituting the physical transition distance on the gradient domain while transitioning

from start to end. The correlation between the gradient contrast and GDCG got examined

in further depth by linearly defining four gradients with differential intensities of contrast

by adjusting the gradient domain end (Figure 27).

High contrasting gradients in GDCG, similar to exponential gradients, created curve grains

perpendicular to the initial attractor curve and increased the amount of self-intersecting

curve anomalies, which contradict the AM feasibility. Furthermore, the grown curve

almost replicated the attractors and generated an overall homogeneous pattern with

almost no visible gradient in the curve itself (Figure 27 left).

Low contrasting gradients in GDCG formed curve patterns without any geometric anoma-

lies and resulted in visible gradients, emphasizing the heterogeneity of the curve. However,

the grain flow and direction of the pattern is more chaotic and not visibly influenced by

the initial attractors or anything else (Figure 27 right).
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Figure 27: GDCG and the effect of gradient contrast intensities, caused and controlled through the value domain for linear grading.

The gradient contrast analysis showcased more AM feasible and geometric valuable

results with low contrasting gradients. However, since the attractor curves only define

regions of high demand and a gradient-domain start, the design framework numerically

interfaces the gradient domain end, changing the gradient transition distance to control

the curve pattern and grain flow for the same multi-demand by blurring or sharpening

the contrast.

Dynamic updating gradients, for instance, changing with the GDCG itself got pro-

posed in the context of solidifying panel boundaries in subsection 3.3.4. They opened up a

new time and simulation-depending layer to formulate more sophisticated multi-demands

within the framework updating over time and impossible with static gradients.

3.3.3. Gradient remapped relaxation

The gradient map constitutes the framework’s interface to formulate a multi-demand for

the shell to be solved through GDCG. As showcased in the previous chapter (subsec-

tion 3.3.2), the gradient contrast significantly contributes to the pattering of the curve

by defining the physical transition distance from domain start to end. Further, this

domain gets accessed and remapped to a set relaxation distance domain. These relaxation

distances are captured through every point’s specific and updating value G in GDG and

are used to influence the translation of the point cloud. Therefore, the set relaxation

distance domain constitutes another control channel for GDCG, increasing or decreasing

the relaxation step sizes within the graded point relaxation.
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Figure 28: The correlation between the gradient remapped relaxation distance and the resulting curves of GDCG

A study of four prototypes with the identical gradient map was done to analyze the

behavior of GDCG by shrinking the gradient remapped relaxation domain (Figure 28).

Results show that narrow relaxation domains numerically blur the curve’s pattern, creating

an almost homogenous toolpath, even though the initial gradient map provides enough

contrast. Narrow relaxation domains do not optimize material use through functional

toolpaths and are, therefore, less suitable for LSAM.

Increasing or decreasing the relaxation distance domain ultimately influences the growth

scales of the point cloud and its resulting total point cloud size. Nearest neighbor search

in large point clouds requires much computational power and decelerates the growth

process. The conducted GDCG reveals an exponential increase in computation time

to grow the curve for the entire UV map by lowering the relaxation domain start and

ultimately enlarging the point cloud size. However, the toolpaths with a large remapped

relaxation distance domain and high computation time respond the best to the desired

multi-demand (Figure 28).

3.3.4. Discretization: Interlocking panels

AM and, in particular, large-scale AM introduce multiple feasibility constraints to be

considered in the framework, one of which being the maximum dimensions for designs to

get printed at once, caused by the size and amount of axes of the robotic arm. Therefore,

the framework explored multiple approaches to discretize the shellular toolpath in printable

and efficient panels through multiple, simultaneous graded, differentially grown curves

originating from multiple-point clouds structured in an array. However, the aggregation of

point clouds is acting as a whole, influencing and moving each other without intersecting.

This research examined the following discretization techniques for GDCG: (1) stress

grid cell discretizations; (2) evenly distributed, stress-informed discretization; (3) evenly
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distributed, diagonally reinforced stress discretization ;(4) panel border reinforced and

stress-informed discretization.

Figure 29: DGDCG through multiple simultaneously grown point clouds, represented through curves, based on principle stress
grid cells and informed by a multi-layer gradient.

Figure 30: Discretization techniques for GDCG

(1) The principle stress analysis of the shell geometry creates an irregular grid of

compression and tension curves, dividing the shell into stress-informed tiles. These

inconsistent stress grid cells got extracted and used for discretizing the AM design and

its printed toolpath in a reasonable structural way. For every grid cell, a new initial point

cloud was fed to the GDCG, creating an array of curves growing simultaneously and trying

to fulfill the defined multi-demanding gradient map as a whole. The curves themself were

not constrained to their representative grid cell. However, they constituted the varying

density and proximity of the stress grid cells resulting in differential competitive growth

regions.

(2) The irregularity of the stress grid provokes the emergence of broadly diversified cell

sizes, resulting, in approach one, in an increased number of pre-dominantly small tiles
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complicating the design assembly. Instead of using the grid cells, approach two feds an

even distributed grid of individual point clouds to the GDCG. The initial point clouds

are located independent of the stress grid but grow according to the stress gradient. This

generates a tileset with small varieties in panel sizes and avoids significant small or big tiles,

simplifying the design’s assembly. (3) The approach was adjusted in a third technique to

inhibit sparse panel regions constraining the feasibility of AM. The discretization itself is

similar to approach two. However, the stress gradient and relaxation domain got extended

to reinforce the tiles diagonally and achieve a more solid curve behavior.

(4) This approach introduces dynamic updating multi-demand representing gradient

maps. The technique avoids loose printed panels caused by unconstraint panel borders,

permitting crack propagation and structural weaknesses during the shell assembly. The

multi-layer defined gradient gets extended by another layer, continuously updating itself

throughout the GDCG. Every cycle creates with the new array of curves an attractor-

based gradient map of those for those, allocating demanding dense regions at the border

of the curves and resulting panels. However, to avoid growth singularities, at which the

curve is creating a density demanding region for itself, an individual and updated gradient

map gets generated for every curve in the array with all other curves except for itself

(Figure 31). Nevertheless, over multiple iterations of the GDCG, this approach leads

to a solidifying edge between all panels while still mimicking the stress gradient to be

structurally feasible and applicable to architecture. However, anomalies are significantly

increasing, represented by self-intersecting curves, which challenge the material extrusion

and manufacturing of the toolpath.

Figure 31: Dynamic gradient that updates every growth iterraion accordingly to all other point cloud transformations, creating
dense panel borders.
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3.4. ARCHITECTURAL SOLIDS: MESH GDG

Functionally graded differential mesh growth (GDMG) is a framework based on GDG

for solid geometry datatypes. It investigates the optimization and form generation of

multi-demanding solids in architecture. A mesh is a computational geometry structure

representing a shape through vertices, which get organized into edges, and solid faces.

Simplified, it is a structured point cloud consisting of three-dimensional vertices. This

fundamental geometric feature makes a mesh applicable to the GDG algorithm, interfacing

and growing the vertex cloud, which ultimately alters its edges, faces, and compositional

shape.

Figure 32: 3D graded differential mesh growth by interfacing the vertices of a mesh

Figure 33: Graded differential mesh growth: Grade vertices; Relax vertices; Grow vertices

The GDMG framework represents a second use case for GDG in architecture. However,

it was not studied in full depth and proposes a similar framework as GDCG (section 3.3)

to explore graded grown meshes.
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The framework consists of four steps: (1) An initial, solid design representation in the form

of a BRep needs to be provided, defining the 3D volume to form-find and constraining

the growth. The boundary shape is the virtual interface of the GDMG and enables

the graded mesh growth for explicit design contexts and forms. (2) A 3D gradient gets

calculated and defined with attractors or other holistic measurable information for the

whole boundary shape, differentiating the local regions of the 3D volume and formulating

the multi-demand. (3) A point cloud seed gets set by providing a low-resolution start

mesh, representing the origin of the growth. (4) The mesh grows over multiple iterations

the vertex cloud, resulting in a graded, complex folded mesh fulfilling the multi-demand.

Figure 34: Graded differential mesh growth framework

3.4.1. Boundary shapes and functional 3D gradients

The provided boundary representative shape is the most significant interface of the GDMG

and creates its compositional design. This BRep conversion channel enables the framework

to create specific, optimized shapes rather than random mesh emergence. The constraint

is implemented by decelerating the point cloud relaxation exponentially to the distance of

the boundary design. That causes the vertices to reach a movement singularity towards

the boundary, eventually forcing them to stop moving, hitting a specified threshold.

Consequently, this process divides the point cloud into regions with differential growth

speeds and only allows particular areas to continue growing within the initial shape.

The framework separates between new and old areas of the mesh, representing the time

chronology of the mesh from black, old, to new, magenta (Figure 35).
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Figure 35: Architectural application of GDMG: Furniture (left), Pavilion (right)

The 3D gradient for the GDMG uses the gradient design framework of GDCG. A 3D

multi-demand is formulated through attractor curves (subsection 3.3.2).

Figure 36: 3D gradients through attractor curves for GDMG
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4. EVALUATION

The outlined algorithm for graded differential growth (section 3.2) proves the potential

for solid geometry modeling and advanced toolpath design to create high-performance

geometries out of base geometries through graded point relaxation. Prototypes for a

column were created using graded differential mesh growth (GDMG)(section 3.4) and

graded differential curve growth (GDCG)(section 3.3)(Figure 37). Results validate mass

reduction to up to 97% of architectural components compared to their conventional solid

counterparts while responding to the structural multi-demand through density gradients.

For GDCG, a pre-modeled shell was provided to the algorithm with a multi-layered

gradient utilizing the shells slope, boundary, and principal stress lines to formulate a func-

tional multi-demand (subsection 3.3.2). The toolpath representative curve was initiated

and discretized following an even panel distribution (subsection 3.3.4). The resulting

LSAM toolpath design diminishes 97% of its solid and 22% of its thin-shell geometric

counterpart.

For GDMG, a pre-modeled boundary representation (BRep) of a column was used in

combination with a z-axis-based 3D gradient to form-find an optimized geometry of the

provided design (section 3.4). The result utilizes 48% of the BReps volume and increases

its geometric details and branching scale in a tree-like shape from bottom to top.

Figure 37: Comparison: Material reduction through GDMG (left) and GDCG (right)

4.1. CONTRIBUTION AND DISCUSSION

Both prototypes fully mimic their boundary representation and showcase the design

conversion workflow in an architectural context to be considered the framework’s general

design interface. The design optimization pipeline entirely depends on the provided
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geometry and its formulated multi-demand in the form of a gradient and facilitates the

integration of GDG in conventional design workflows. It heavily relies on its user and

enables controlled design diversity within the same computational framework.

The results of GDMG and GDCG demonstrate the potential of both techniques to

optimize geometries for decreased and more efficient material use. However, GDCG

reveils significantly more relevance in light of recent research, challenges, and sustain-

able qualities in LSAM and FGD in architecture. GDCG bridges LSAM and FGD to

overcome both of their CAD constraints (subsection 2.3.1), thus, enabling the utilization

of AM broadly in architecture to lower carbon emissions of the AEC industry. GDCG

contributes to a sustainable design paradigm in architecture driven by extrusion-based

AM and constitutes a facilitated design framework for 3D printing in architecture by

diminishing building material up to 22%, taking full advantage of the manufacturing

tectonics. The entire framework is based on geometry modeling, material deployment, and

building materials with high compression strength due to the widespread use of concrete

and the brick-masonry-like behavior of unreinforced 3D printing layers (Bhooshan et al.,

2018b).

Figure 38: DGDCG framework for a new, sustainable architecture language enabled through LSAM and FGD

The synthesized lack of explicit design software for LSAM (Bhooshan et al., 2018a),

decelerating the take-off of AM in architecture, and the lack of modeling software for

FGD (Hasanov et al., 2022; Oxman et al., 2011), blocking the efficient use of building

material, got recognized and approached by developing a design framework contributing

and fulfilling both domain gaps for a greener design language in architecture. Moreover,

the design framework is highly flexible and automated, creating toolpath designs for

provided shapes and multi-demands while reducing costs and construction time with
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minimal prior knowledge. Additionally, AM enables the usage of local materials like

clay or soil and only requires a robotic printer, whereas other construction techniques

for example out of timber, depend on expensive machinery and specific environments.

The facilitated appliance is significantly relevant to low-income countries representing

global urbanization centers that depend heavily on cheap, fast, and low-tech architectural

solutions like GDCG for functionally graded AM.

Figure 39: Concept rendering: functionally graded 3D printing toolpaths in architecture

4.2. FUTURE WORK

Functionally graded 3D printing toolpaths have been rarely researched, yet they show

potential to optimize AM further and contribute to a unique design paradigm shaped by

and impossible without 3D printing. Further investigation of the intersection of FGD and

AM is necessary.

4.2.1. Functionally graded 3D printing toolpaths

The presented design framework requires large-scale prototypes to get tested and evaluated

for ultimate architectural applicability. Specifically, studies with relevant architectural and

compressive materials like concrete are required to assess functionally graded toolpaths

for LSAM.

New mathematical concepts for GDG improving the transformation of large structured

point clouds should be explored to enable high-resolution toolpath detailing without
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significantly increased computation time (subsection 3.3.3).

However, the current design framework limits itself to the outlined algorithm for graded

differential growth, contributing significantly to the resulting toolpath’s overall shape and

behavior. Functionally graded 3D toolpaths constitute a promising sub-domain within

the field of AM, especially LSAM. Additional studies should be done approaching those

with new concepts.

Further, algorithmic tailoring for explicit and robot-depending constraints has to be

done, extending GDCG to incorporate additional forces in the toolpath growth to ensure

printing feasibility. The full potential of GDCG for toolpaths has yet to be discovered

by increasing the multi-demanding matrix with other channels driving the toolpath growth.

The current framework is based on curve-like shapes creating toolpaths with limited

control of their direction or alignment next to the gradient contrast and initial point cloud

seed, provided through a set gradient transition distance and start curve. The direction

of the toolpath grains in the pattern is relevant for the compression flows within the

shell and shows potential to be controlled further, enhancing structural performance and

unlocking thinner panels to reduce material. Additionally, these intentionally directed

grains could be reinforced with fibers during the 3DP manufacturing process. However,

the behavior and optimization of these printed grain structures need to get investigated

further from a computational, material, and structural standpoint.

4.2.2. Graded differential growth

However, besides the dominant focus on functionally graded toolpaths, GDG needs more

research with other geometries to unveil potentials in new contexts.

Utilizing the GDG for printing infills in AM could be relevant and needs exploration.

It represents an easy interface to generate functionally graded geometric profiles for

extrusions and solids in current design environments and would enhance the use of FGD.

It requires further analysis of the correlation and applicability between GDG and other AM

technologies, like powder-based AM and binder-jetting. With that, the 3D interlocking

behavior of GDMG could be studied and used for advanced discretizing.
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5. CONCLUSION

5.1. RESEARCH SUMMARY

Additive manufacturing (AM) and functionally graded design (FGD) represent histori-

cal, interdisciplinary design and manufacturing techniques that receive ever-increasing

attention in architecture to achieve sustainability, mass customization, and construction

acceleration for global urbanization. As stated in the introduction, it is required to

facilitate the digital incorporation of these in the architectural industry (chapter 1).

Contemporary large-scale additive manufacturing (LSAM) in architecture was analyzed,

presenting state-of-the-art toolpath design principles (section 2.1) through groundbreaking

projects like the striatus bridge (ZHACODE et al., 2021) and the thallus installation

(ZHACODE, 2017). Furthermore, functionally graded design (FGD) got introduced and

explained by means of architectural precedents like the durotaxis chair (SynthesisDe-

sign+Architecture and Stratasys, 2014) and the aguahoja pavillion (Duro-Royo et al.,

2018). The author divided the domain of FGD into functionally graded materials (FGMs)

and functionally graded geometries (FGGs), differing material quantity and recyclability

(section 2.2). Finally, historic architectural design frameworks got presented and examined

along with their task of unifying research and practice to create innovation in construction.

Ultimately, the design lack of computer-aided design (CAD) for LSAM and FGD got

unveiled and examined with recent software solutions for it (section 2.3).

An algorithm for graded differential growth (GDG) got outlined, deterministically and

iteratively creating graded point clouds (section 3.2). The algorithm got extended and

further investigated with graded differential curve growth (GDCG), showcasing the novel

technique of generating functionally graded toolpaths for extrusion-based AM. It created

a facilitated design framework for AM in architecture by cross-connecting FGD, as a mod-

eling technique, and LSAM, as a manufacturing method (section 3.3). Additional studies

with GDG in the context of solid geometry modeling were done, exploring functionally

graded differential mesh growth (GDMG)(section 3.4).

Architectural prototypes with GDMG and GDCG were analyzed, indicating significant

mass loss by reducing conventional, solid architectural components up to 3%. The rele-

vance and contribution of GDCG in the context of facilitated toolpath design frameworks

in architecture was outlined, discussed, and analyzed for future work.
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5.2. CONCLUSION

A computational design framework to functionally grade toolpaths for extrusion-based

large-scale additive manufacturing got outlined. It aims to extend contemporary CAD

software and bypass its revealed modeling constraints for functionally graded design

(FGD) and large-scale additive manufacturing (LSAM) to contribute to a more ecological

and economical architectural design paradigm. The framework combines, for the first

time, functionally graded geometries (FGGs) and LSMA to introduce a new, sustainable

tectonism in architecture driven by 3D printing. It utilizes the research’s presented

algorithm for graded differential growth (GDG) to create functionally graded 3D tool-

paths for compression-only shells, elaborating a facilitated toolpath design optimization

framework to fulfill the globally, ever-accelerating urbanization with LSAM. The workflow

bridges the gap between design and manufacturing by form-finding toolpaths according

to the topology of pre-defined shells. Single layered, multi-layered and dynamic updating

gradient maps get explored and analyzed for formulating complex multi-demands of

shells to be solved through FGGs. Additionally, stress-aligned, distributed, and dy-

namic discretization techniques get investigated to divide large toolpath designs into

smaller, printable panels, incorporating the dimension limitations of robotic printing.

The framework entirely abandons conventional, planar slicing of geometries for AM as

well as LSAM and provides an unprecedented, facilitative control channel for creating

toolpaths, following a bottom-up approach. The toolpath representing NURBS curve

gets iteratively form-found to fulfill the desired multi-demand. The design framework

constitutes a novelty for advanced toolpath creation due to its flexible optimization

process, synthesizing uniquely tailored toolpaths for custom-provided demands and shells.

Results proved the potential to significantly diminish material by reducing conventional

solid shells up to 22% of their original mass.

The dissertation demonstrated the potential and novelty of graded, high-performance,

and sustainable architectural geometry only feasible through additive manufacturing and

functionally graded design by introducing a new design language in architecture, a new

tectonism.
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