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ABSTRACT

Understanding the interdependency of design, material, fabrication process, and
environmental stimuli in large-scale Additive Manufacturing (AM) processes is
significant. This study aims to assess the potential and limitations associated with
robotically assisted AM of scaffold-free shell structures at macro- and meso-scales. A
workflow consisting of four steps (design, fabrication, digital reconstruction, and digital
and physical analysis) was developed to study the impact of three process parameters (L,
the distance between hypothetical nodes on the toolpath, H», the standoff distance of the
nozzle, and T, the delay time at each point) on the interlayer bond strength of 3D printed
structures with a clay-based material.

This paper proposes a technical approach by manipulating process parameters
that alter the geometry of the layers on the meso-scale to emulate densification and to
enhance friction between consecutive layers in robotically assisted paste AM processes.
The difficulties related to simulating and predicting AM processes in a digital analysis
method are described, as are results from the standard flexural test performed on 95
printed specimens. Flexural tests showed that manipulating the H, parameter based on
the defined criteria improved interlayer bond strength under shear by 41.2% on average.
Since the results are inconsistent, however, it was not possible to detect any obvious
impact of the T parameter on interlayer bond strength.

Additionally, this dissertation delves into the details of a nested robotic

fabrication strategy at the macro-scale and discusses the design requirements for



constructing structures taller than the robot's maximum reach. According to the specified
design requirements, a case study was carried out in order to explore the possibilities and
challenges associated with constructing stackable geometries using nested 3D printing.
Clay was utilized for the first time in a robotic AM process to create a dissolvable
formwork. This research highlights the need to integrate cutting-edge technological
considerations into the design process, which can lead to design innovations and

structural integrity.
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3D Printing

3D Scanning

Additive Manufacturing

Cold Joint

GLOSSARY

“the fabrication of objects through the deposition of a
material using a print head, nozzle, or another printer
technology. (Term often used synonymously with additive
manufacturing; in particular associated with machines that
are low end in price and/or overall capability.)”?

“a method of acquiring the shape and size of an object as a
3-dimensional representation by recording X,y,z
coordinates on the object’s surface and through software
the collection of points is converted into digital data”?

“a process of joining materials to make objects from 3D
model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies.”?

“a joint or discontinuity resulting from a delay in

placement of sufficient duration to preclude intermingling

L ASTM International. (2013). F2792-12a - Standard Terminology for Additive Manufacturing
Technologies. Rapid Manufacturing Association, West Conshohocken, PA, p. 1.
2 ASTM International. (2013). F2792-12a - Standard Terminology for Additive Manufacturing
Technologies. Rapid Manufacturing Association, West Conshohocken, PA, p. 2.

Vil



and bonding of the material, or where mortar or plaster
rejoin or meet”®

Filament “a slender threadlike object or fiber”*

Paste “a thick, soft, moist substance typically produced by

mixing dry ingredients with a liquid.”*

3 ACI CT-13. (2013). ACI Concrete Terminology. American Concrete Institute, Farmington Hills, MI, p.
15.

4 Oxford English Dictionary Online. June 2021. Oxford University Press. http://www.oed.com (accessed
September 04, 2021)
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1. INTRODUCTION

Additive manufacturing (AM), commonly referred to as 3D printing, is a process
of constructing objects from three-dimensional (3D) model data, in which the material is
horizontally extruded and deposited layer by layer (ASTM International 2013; Guo and
Leu 2013). In contrast to its earliest stages of development in the late 1980s (Guo and
Leu 2013), AM currently offers broad applications ranging from small-scale fabrications
such as jewelry, pottery, and medical instruments to large-scale construction and
applications in the heavy manufacturing industry (Buchanan and Gardner 2019; Gosselin
et al. 2016; Khoshnevis 2004).

While traditional construction methods have established rules and regulations,
there is a lack of standards for evaluating large-scale AM processes. Examples in the
literature, however, show researchers' efforts to define a new set of regulations to bridge
this gap (Zareiyan and Khoshnevis 2017a). Moreover, precise computer-controlled
deposition of material has enabled AM processes to reduce resource consumption, speed
up construction processes, and reduce total construction costs compared to conventional
large-scale construction. However, Buswell (2007) argued that neither speed nor cost are
critical reasons for the growing interest in AM for large-scale construction; its popularity
is more likely due to enhanced functional performance and geometrically rich building
elements.

Concrete’s mechanical properties, broad availability, low price, and adjustable

setting time make it the primary candidate to be used in large-scale 3D printing projects.



The concrete industry, however, has raised some concerns about global carbon emissions
(IEA 2019). Researchers have addressed the issue by utilizing cement substitutes such as
fly ash, but the CO, emission remains substantial. One way to reduce the CO; impact of
large-scale AM is to use in situ resources. The minerals found in the Earth's crust
provide a naturally sourced material palette to create a clay-based material that has been
utilized in architecture throughout history and may be employed in contemporary
construction technologies such as large-scale additive manufacturing. Generally, with
regards to a clay-based material's mechanical properties being inferior compared to
concrete, both design and technical strategies are required to incorporate this kind of
material in large-scale AM successfully.

Robotic fabrication technologies have facilitated the production of nonstandard
architectural forms. The robot's reach and freedom of movement in the space, however,
have remained challenging, affecting the size and shape of the final product.

Solutions such as cable robots (lzard et al. 2017), gantry systems (Khoshnevis
2004), telescopic booms (Keating et al. 2017), and 6-axis robotic arms equipped with
one or more external axes (Zhang et al. 2018) have been developed to build large-scale
structures. Nevertheless, the size of the final product is still limited to the size of the
robot.

In this research, manipulation of process parameters in robotically assisted paste
printing will be studied at two scales: macro- and meso-. Additionally, the effect of

geometry on both structural features and new avenues of architectural design and digital



fabrication, along with the impacts of using the potentials of six-axis industrial robotic
arms, will be investigated in the robotically assisted AM of shell structures.
1.1. Research Problem and Questions

Two issues have been identified on macro- and meso-scale in this research:

First, the binding between horizontal layers that can be affected by manipulating
process parameters (e.g., the speed of the printhead, the rate of material deposition, the
distance between the nozzle and the print surface, to name a few). While these
parameters have been investigated by researchers (Bos et al. 2016; Buswell et al. 2018;
Gosselin et al. 2016; Zareiyan and Khoshnevis 2017b), the role of geometry with respect
to binding between layers has not yet been sufficiently treated in detail nor applied to
construction projects.

Second, the vertical range that the robot may move in determines the maximum
height of a 3D printed element. Several approaches to 3D printing large-scale structures
have been employed in the literature. However, the size of the final product is still
restricted by the reachable area of the robot.

The issue on the meso-scale has been addressed in this dissertation, and a case
study was conducted for the issues on the macro-scale in order to provide the
groundwork for future research. This research proposes to address the following
questions:

- How and to what extent do print parameters impact the bond strength

between successive layers in robotically assisted paste printing processes?



- How can an industrial robotic arm be leveraged to construct structures
that exceed the vertical reach of the robot?
1.2. Background
1.2.1. The history of architectural robotics

The concept of the artificial human and the idea of self-operating machines
originated in so-called primitive civilizations (de Monchaux and Goldberg 2016;
Moravec 2017). There are several examples in the literature of pneumatic, hydraulic and
mechanical machines resembling animals and humans, or just automata servants (Gera
2003; Needham 1991). The term robot, however, was first used in a play called
"Rossum's Universal Robots", written by the Czech writer Karel Capek in 1920. The
word derives from the Czech word robota, meaning forced labor or serf. Isaac Asimov,
later in 1942, used the word “robotics” in his short story, “Runaround,” and introduced
his three laws of robotics (Barthelmess and Furbach 2014; Moravec 2017).

Contemporary architecture frames a binary concept for robots in the field: first,
robot as a tool for fabrication purposes; and second, architecture as a giant robot or a
machine for living in. The former implies the role of robots to free architecture from the
traditional constraints of construction and their assembly by humans, while the latter
challenges those approaches that consider architecture to be rigid and fixed (Lynn 2016;
Mallgrave and Contandriopoulos 2006; de Monchaux and Goldberg 2016).
1.2.2. Architectural geometry

There is extensive literature on the history of architectural geometry, various

technologies, and approaches (Kostof and Castillo 1995), all of which demonstrates that
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enclosing a space has always been challenging. Based on available materials and
technologies, some cultures benefited from corbelling, whether by using stone or adobe
(Kostof and Castillo 1995; Rossi 2004). Others became proficient in building vaults and
domes (Elkhateeb 2012; Huerta 2001), and for still other cultures, structures in nature
along with biological systems have been rich sources of inspiration for tackling technical
problems in architecture and engineering (Magna et al. 2012; Vincent 2009).

Vaults and domes evolved markedly during history and made it possible to
construct masonry buildings with wider spans and higher spaces. This evolution includes
geometrical innovations such as pendentives, which are structural elements that facilitate
the transition from a rectangular space to a circular dome; and buttresses, which are
structural elements positioned against or projecting from a wall that support a vault or
dome (Elkhateeb 2012; Huerta 2001; Sectionnelle and Mosquées 2010). Indeed,
equilibrium is achieved through geometry and has made it possible to construct safe
masonry structures.

Inspired by nature, Vincent (2009) has pointed out the potential of biomimetics,
and its excellent applications in problem-solving by recognizing patterns in nature the
way problems are solved in biology and engineering. Mengez (2012) has provided the
definitions of morphogenetic and evolutionary computational design and has described
the differences between computer-aided and computational design in architecture. He
argues that computational design is about the process of design and defining systems

capable of adjusting the design process based on the feedback information, while



computer aided design is about the modeling of objects and designing static digital
constructs.
1.2.3. Paste additive manufacturing

Additive manufacturing has found a wide range of applications in the jewelry,
pottery, aerospace, motor vehicle, medical, and architecture industries (Bhardwaj et al.
2019; Buchanan and Gardner 2019; Gosselin et al. 2016; Khoshnevis 2004). When it
comes to large-scale AM with paste materials in architecture and construction, the
Contour Crafting project, concrete printing project at Loughborough University, and the
D-Shape project are considered the benchmark technologies over the last decade
(Gosselin et al. 2016). The Contour Crafting project, developed by researchers at the
University of Southern California (Khoshnevis 2004), utilizes a cementitious material.
This project is based on generating a formwork by 3D printing of two layers with 13mm
thickness and later, filling the formwork with concrete. The nozzle is mounted on a
three-axis crane designed for onsite construction. The concrete printing project at
Loughborough University (Buswell et al. 2007), like the Contour Crafting project, also
uses a nozzle mounted on a three-axis crane for material deposition. The nozzle size in
this project is 9mm in diameter, and the layer thickness is 4-6 mm. The D-Shape project by
Enrico Dini (Cesaretti et al. 2014) uses binder jetting technology. Binder jetting is an
AM process wherein a liquid bonding agent is deposited on a layer of powder (ASTM
International 2013). D-Shape technology also uses a three-axis overhead crane to deposit
a binding agent and selectively solidify a large-scale sand-bed. In this technique, the

powder material serves as the additional support in other mentioned technologies. Once
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the printing process is over, the printed piece is taken out, and the remaining powder
material can be used in the process again (Cesaretti et al. 2014; Gosselin et al. 2016). To
date, most research on AM with paste, concrete, cement-based materials, or clay, is
based upon one of those three mentioned projects, resulting in proposed amendments to
improve productivity and scale. Zhang et al. (2018) proposed to deploy a team of mobile
robots, and Keating et al. (2017) presented a platform composed of a large 4-degree-of-
freedom (DOF) hydraulic arm with a smaller 6-DOF electric robotic arm to expand the
reach of the system along with the work area. In terms of structural features in an AM
process, Zareiyan and Khoshnevis (2017) investigated the role of material in interlayer
adhesion and strength in a Countour Crafting process. Gosselin et al. (2016) mentioned
the geometric impact of the print strategy and the crucial role of nozzle orientation in the
binding between layers. However, they did not construct any specimen or structure using
the adjustment of the nozzle orientation.
1.2.4. Robotic 3D printing

Wau et al. (2016) challenged the productivity of the construction industry in the
US and appreciated AM technology as an innovative construction technique.
Nevertheless, the authors presented a critical review of AM processes and suggested
more research to consolidate the stability and expand the application of AM in the
construction industry.

There are many precedents for large-scale AM with paste. In terms of machinery,
there are four distinct categories in the literature. The first group uses a gantry system, an

overhead three-axis machine where the printhead is mounted on the bridge-like structure



(Khoshnevis 2004; Labonnote et al. 2016). Although this system provides decent access
to the work area, it must span the entire print area.

The second group comprises a mounted printhead on a telescopic-foldable boom
that was adapted from the existing concrete pump machines (“COBOD” n.d.;
Mechtcherine et al. 2019). The goal of the research, as the authors stated, was to develop
a technology for large-scale on-site 3D printing with existing concrete standards. The
stability and accuracy of this system in farther points relative to the base structure are
still under debate.

The third group engages a three-axis cable-suspended machine, which is a "type
of parallel manipulator in which flexible cables are used as actuators” (“Hybrid
INDustrial CONstruction” n.d.). This system is a three-axis machine that is relatively
dynamic and straightforward, and the fact that the structural frame should be noticeably
larger than printed objects makes the use of this system heavily dependent on the
available space around the work area. Additionally, the suspension cables create
significant constraints in the job site.

The fourth group of projects includes six-axis robot arms for 3D printing paste.
Due to abundant supply, along with relatively low prices, high precision, and easy-to-
control features (Mechtcherine et al. 2019), the fields of architecture and construction
have shown great interest in industrial robot arms in the last decade (“CyBe
Construction” n.d.; “XtreeE” n.d.; Lindemann 2018; Zhang et al. 2018). Although

limited working space has been introduced as a disadvantage of using robot arms, Zhang



et al. (2018) and Keating et al. (2017) have devised solutions to expand the work area of
this group of projects.

In all the projects mentioned above, the orientation of the nozzle is perpendicular
to the print bed. However, using a six-axis robot can offer the opportunity to adjust the
orientation of the printhead while printing complex geometries. This adjustment could
minimize or free the large-scale AM processes from making additional support, which is
both costly and time-consuming, and therefore, optimize resource consumption.

1.3. Research Objectives and Significance

From the preceding discussion, the following research objectives were defined:

A productive material deposition approach, along with smart material selection
and architectural geometry, should be deployed to create nonvertical surfaces when
using the AM process. In order to address architectural and structural issues, geometrical
manipulations in robotically assisted paste printing were tackled in two different scales,
macro- and meso-. It was expected that in meso-scale, manipulation of the process
parameters would impact the structural features of the final product in paste 3D printing,
in particular the binding between layers. It was also expected that, at the macro-scale,
devising solutions for the print strategy, e.g., adjusting the nozzle orientation based on
the curvature of the print surface, and designing compound geometries, would expand
the domain of possibilities and to some extent, would decrease the scale limitations of an
AM process with paste materials.

It seemed essential to establish a feedback loop linking geometry, material,

simulation, and manufacturing in order to make large scale AM structures. A design



approach that incorporates technical considerations in a robotically assisted AM process
can be advantageous to circumvent the size restriction of 3D printed elements.

The mentioned research objectives were addressed through design strategy,
technical strategy, or both as presented in Table 1.1.

Table 1.1: Research objectives and solution categories

Research objectives Design strategy Technical strategy

Improve interlayer bond strength -- Manipulating process parameters

Building structures taller than the

robot’s reachable area Nesting -

Scaffold free AM of nonvertical surfaces = Compound geometries  Adjusting the orientation of the nozzle

1.4. Research Methodology

The term reflection-in-action was coined by Donald Schon to highlight design
activity to solve problems arising out of practical life contexts (Groat, L. and Wang, D.,
2013). As Linda Groat (2013) clarifies, in research, action research that is derived from
Schon's concept is the logic of how factors within the situation relate to each other as the
process moves toward an experimental goal. Design-decision research, as she states, is a
more focused version of action research. Unlike in action research, in which the
researcher is still outside of the situation, however, in design-decision research a
researcher can be a player in the process. In this sense, a researcher not only makes
decisions but also assesses those decisions from the perspective of research (Groat and
Wang 2013).

It may be helpful for future scholars to know the route that was followed in this

dissertation. The author started working with an ABB robotic arm for the first time in
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August 2018. Due to the absence of a robot technician at the lab and a lack of online
resources on how to operate a robotic arm, the author had to self-teach how to jog the
robot (move the robot joints) using a device called flex pendant. It took him a few days
locate the enabling button on the back of the flex pendant that activates the robot's
motors. It is a safety feature embedded in the robot controller that ensures the operator is
present and watching the robot's movements.

ROS (Robot Operating System), the most widely used robot controller platform,
is a versatile platform for developing robot software. It is a set of tools, libraries, and
conventions designed to make it easier to create sophisticated and resilient robot
behavior across a broad range of robotic systems (“ROS” 2007). Similar to dealing with
low-level programing languages, however, programming with ROS is neither simple nor
desirable for architects. At the time, two plugins (Taco and HAL) for Rhino 5 (a 3D
modeling software) and Grasshopper (a visual programming environment that runs on
Rhino) were available that allowed users to operate an ABB robotic arm. The author
began using Taco and subsequently moved to the HAL plugin due to Taco's restrictions.
Later in December 2018, the author was invited to join a multi-disciplinary research
group researching in situ resource utilization for additive manufacturing in construction.
As an architect, the author was expected to develop design and technical solutions to 3D
print architectural forms using a novel material provided by the research group. A
medium-scale 3D printer (Delta WASP 4070) was operational at the Advanced
Infrastructure Materials and Manufacturing (AIMM) lab at the Center for Infrastructure

Renewal (CIR). The nozzle size, however, was insufficient for the project and the
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material delivery system was incapable of delivering enough material to the 3D printer.
Therefore, the author decided to attach an extruder to the ABB robotic arm and build a
material delivery system based on the rheological requirements of the provided material.
Robotically assisted AM is a relatively new technology, and we were unable to purchase

a reliable product on the market that can be used for the project. Instead, the author

designed, built & developed all of the required tools on my own (Figure 1.1).

Figure 1.1: Several extruders were designed and tested

All the tools used in this research, including end effectors and microcontrollers,
were designed, fabricated, and programmed by myself (Figure 1.2). Eight months were
spent to build and test several iterations to optimize the extruder and material delivery
system. While it was only possible to extrude the material in the first iteration, the fifth

iteration provided an adequate level of control over the material deposition process
12



(Figure 1.3). The first iteration of the material delivery system relied entirely on
pneumatic pressure without the use a diaphragm (Figure 1.3a), with the material tank
mounted on the robotic arm. This method not only resulted in inconsistent material flow,
but also restricted the size of the material tank owing to the robotic arm's load capacity

restriction.

Figure 1.2: The left figure provides some of the failed examples of the extruder
design, 3D printed with Acrylonitrile Styrene Acrylate (ASA), a thermoplastic
filament. The right figure shows an effort for programming a microcontroller

(Arduino Uno) that controlled the stepper motor in the extruder

The second iteration of the material delivery system was an upgrade to the first
(Figure 1.3b). To improve the consistency of the material flow, a diaphragm was added
to the material tank. The size of the material container was still restricted by the load
capacity of the robotic arm. In both first and second versions the nozzle was located far
from the mounting point. Consequently, each robot movement caused vibration in the

end effector, reducing the precision of the deposition process.
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The third iteration of the material delivery system consisted of a material tank
and a diaphragm inside it that was pressurized with a pneumatic system and connected to
the robot’s end effector through a hose (Figure 1.3c and Figure 1.3d). a bespoke extruder
was developed for the third iteration that featured a stepper motor that applied
mechanical pressure to ensure consistent and precise material flow. The fourth iteration
used the same material container in the third iteration, while the extruder was modified
to achieve a unified 3D printed body (Figure 1.3e and Figure 1.3f).

The optimized material delivery system and the extruder attached to the robotic
arm enabled me to 3D print several materials supplied by our research group. While
three-axis 3D printers have a restricted range of motion and the direction of the extruder
is fixed and always perpendicular to the print bed, using a six-axis robotic arm offered
greater flexibility and opportunities to explore design concepts and fabrication
techniques. Most AM processes use G-code (the most used programming language for
computer numerical control systems). A unique technique was devised for robot tool
pathing in Grasshopper and HAL; as a result, technical considerations for robot
programming and material delivery systems could be included in the architectural design

process.
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Figure 1.3: Several iterations were developed and tested in order to create an
optimal extruder for depositing the novel material supplied by the research group

After almost one year of experimenting with the design process and technical
considerations, two research gaps were identified in the literature. The dissertation
committee suggested that the focus should be on one issue that was more relevant to the

research group's work and discuss another research question (a topic that the author had
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been exploring with the students in the architectural and construction robotics class) as a
case study.

Outlining the research process workflow in collaboration with the engineering
department at Texas A&M University helped determine the indispensable skillset and
tools for project completion. Developing steps one and two of the process required
design, programming, and fabrication skills, while step three called for access to an X-
ray machine capable of scanning medium-sized samples.

There was an X-ray machine at the CIR at Texas A&M University, but only
samples with a maximum size of five inches could be scanned with that machine, while
specimens of eleven inches in length were required to be scanned. Additional X-ray
equipment was located on campus in the Petroleum Department. It was a piece of
customized medical X-ray equipment that was used to scan dense objects composed of
concrete and asphalt.

The outcome of the scanning step was a series of 2D images that could be used in
image processing procedure. Several experiments were conducted with ImageJ®,
SimpleWare®, and Mimics’, to name a few, which are often used in the medical,

dentistry, and additive manufacturing industries. Mimics was the best match for the

5 an image processing software written in Java that was created at the National Institutes of Health and the
Laboratory for Optical and Computational Instrumentation (Schneider et al. 2012)

6 a 3D image processing program created by Synopsys Inc.

"a 3D image processing program developed by Materialise NV
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current research requirements since it was simple to use, and the generated 3D model
was optimized to be utilized in COMSOLS,

The research questions mentioned above were tackled in this dissertation by
developing a workflow at the meso-scale and then conducting case studies at a macro-
scale. The second chapter is an expanded version of a previously published article that
elaborates on the suggested methodology for examining the effect of process parameters
on layer binding in an additive manufacturing process using paste. Additionally, the
chapter discusses physical and digital analysis techniques. The third chapter is a
forthcoming article that examines the effect of three chosen process parameters on the
interlayer bond strength at the meso-scale using paste AM, and contains detailed
findings and analysis. A nested robotic fabrication strategy, also previously published as
another article, is introduced in chapter four of this dissertation, which in a case study
explores the possibility of building a stackable object taller than the robot’s reachable

Z0ne.

8 a finite element analysis software
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2. IMPACT OF ROBOTIC 3D PRINTING PROCESS PARAMETERS ON BOND

STRENGTH: A SYSTEMATIC ANALYSIS USING CLAY-BASED MATERIALS

2.1. Overview

Additive manufacturing (AM), also known as 3D printing, offers advantages
over traditional construction technologies, increasing material efficiency, fabrication
precision, and speed. However, many AM projects in academia and industrial
institutions do not comply with building codes. Consequently, they are not considered
safe structures for public utilization and have languished as exhibition prototypes.

While three discrete scales—micro, meso, and macro—are investigated for AM
with paste in this paper, structural integrity has been tackled on the meso scale to
investigate the impact of process parameters on the bond strength between layers in an
AM process. Real-world material deposition in a robotic-assisted AM process is subject
to environmental factors such as temperature, humidity, the load of upper layers, the
pressure of the nozzle on printed layers, etc. These factors add a secondary geometric
characteristic to the printed objects that was missing in the initial digital model.

This paper introduces a heuristic workflow for investigating the impacts of three
selective process parameters on the bond strength between layers of paste in the robotic-
assisted AM of large-scale structures. The workflow includes a method for adding a
secondary geometrical characteristic to the initial 3D model by employing X-ray
computerized tomography (CT) scanning, digital image processing, and 3D

reconstruction. Ultimately, the proposed workflow offers a pattern library that can be



used by an architect, and potentially artificial intelligence (Al) algorithms in automated
AM processes to create robust architectural forms.
2.2. Introduction

There is no doubt that the future of architectural fabrication has strong ties to
climate-change concerns and breakthrough technologies and materials for sustainable
construction. Thirty-nine percent of global energy-related emissions come from the
building industry, and concrete industries are responsible for 8% of all CO2 emissions
(IEA 2019). Therefore, a reliable substitution is urgently needed to address these
concerns, and the challenges and opportunities of using local materials have become a
hot topic again (Bajpayee et al. 2020).

Additive manufacturing (AM), commonly referred to as 3D printing, is the
process of constructing objects from three-dimensional model data, in which the material
is horizontally extruded and deposited layer by layer (ASTM International 2013; Guo
and Leu 2013). The precise, computer-controlled deposition of material has enabled AM
processes to reduce resource consumption, speed up construction processes, and reduce
total construction costs compared to conventional large-scale construction. Buswell et al.
(2007), however, argued that neither speed nor cost are critical reasons for the growing
interest in AM for large-scale construction; its popularity is more likely due to enhanced
functional performance and geometrically rich building elements.

This paper is part of a more extensive study on robotic- assisted AM of scaffold-

free shell structures using a clay-based material. The main research introduces three
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scales—micro, meso, and macro—that are responsible for material properties, binding
between layers, and the geometry of architectural forms, respectively (Bajpayee et al.
2020) (Figure 2.1). This paper focuses on the meso scale (Figure 2.2) and introduces a
novel workflow to investigate impacts of process parameters on the bond strength
between layers of paste in robotic-assisted AM processes, evaluates the results, and

creates a reliable benchmark for future research.
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Figure 2.1: Three major areas for investigating AM with paste: material properties

on micro scale; process parameters on meso scale; and the geometry of a form on
the macro scale

The workflow elaborates a process to discover a pattern derived from the

manipulations of three selected process parameters and investigate their impacts on the
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bond strength between layers of paste in AM. Finding such a pattern will facilitate the

prediction of the properties of objects printed in similar conditions.
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Figure 2.2: The interface between layers is categorized on the meso scale in this
research

2.3. Background

During the last decade, AM has greatly improved and found several applications
in the jewelry, pottery, aerospace, motor vehicle, medical, and architecture industries, to
name a few (Bhardwaj et al. 2019; Buchanan and Gardner 2019; Gosselin et al. 2016;
Khoshnevis 2004). The use of AM in architecture and construction can be summarized
in the following three project categories (Gosselin et al. 2016):

1. The Contour Crafting project, developed by researchers at the University of

Southern California (Khoshnevis 2004), utilizes a cementitious material. This project is
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based on generating a formwork by 3D printing of two layers and then filling the
formwork with concrete.

2. The concrete printing project at Loughborough University (Buswell et al.
2007), like the Contour Crafting project, also uses a nozzle mounted on a three-axis
crane for material deposition.

3. The D-Shape project by Enrico Dini (Cesaretti et al. 2014) uses binder jetting
technology. Binder jetting is an AM process wherein a liquid bonding agent is deposited
on a layer of powder (ASTM International 2013).

D-Shape technology also uses a three-axis overhead crane to deposit the binding
agent and selectively solidify a largescale sand bed. In this technique, the powder
material serves as additional support to other mentioned technologies. Once the printing
process is over, the printed piece is taken out, and the remaining powder material can be
used in the process again (Cesaretti et al. 2014; Gosselin et al. 2016). In terms of
structural features in an AM process, Zareiyan and Khoshnevis (2017) investigated the
role of material in interlayer adhesion and strength in the Contour Crafting process.
Gosselin et al. (2016) mentioned the geometric impact of the print strategy and the
crucial role of nozzle orientation in the binding between layers.

The binding between horizontal layers has a significant impact on the structural
integrity of printed objects. The bond strength between layers can be adjusted by
manipulating process parameters (e.g., the speed of the printhead, the rate of material

deposition, the distance between the nozzle and the print surface, to name a few). While
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some of these parameters have been investigated by researchers (Bos et al. 2016;
Buswell et al. 2018; Gosselin et al. 2016; Zareiyan and Khoshnevis 2017), the geometry
of layers with respect to the binding between them has not yet been sufficiently treated
in detail, nor applied to construction projects.
2.4. Workflow steps

The proposed workflow is an experimental approach that hypothesizes that the
manipulations of process parameters impact the bond strength between layers in AM.
Three independent process parameters that have not been extensively studied in the
literature were systematically manipulated in this paper. The bond strength between
layers served as the dependent variable and was measured through the novel digital
analysis workflow. The workflow includes four distinct steps: design, fabrication, digital

reconstruction, and analysis (Figure 2.3).
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Figure 2.3: The proposed workflow includes four distinct steps: design, fabrication,
digital reconstruction, and analysis

2.4.1. Design

Eight process parameters in a robotic-assisted AM process were recognized and
are elaborated upon in a chart (Figure 2.4). Manipulations of the process parameters
have geometric impacts on printed objects. Indeed, designing an architectural form to be
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built with paste in an AM process provides the opportunity to include the process
parameters in the design phase. These process parameters consist of parameters related
to the programming of the robot, for instance, custom tool pathing and the speed of the
robot, as well as material deposition considerations such as the extrusion flow rate and
the distance between the nozzle and the print surface, to name a few. Among these eight
process parameters, five have been comprehensively investigated in prior studies (Bos et
al. 2016; Buswell et al. 2018; Wangler et al. 2016) and remained constant values in the
current work (Figure 2.5). The following three selected process parameters, however,
required additional study and have been systematically varied in this research to examine
their impact on printed prototypes:

e Dn: Distance between each node
e Ho2: Vertical distance between the nozzle and print surface

e T: Delay time at each node

Process Parameters

Dn= The distance between each node
Dr = The distance between each row
Hi= The height of the layers

He= The vertical distance between the
nozzle and print surface

T= Delaytime for each node
A= The angle of the nczzle
= The flow rate of extrusicn
= The speed of the robot

Figure 2.4: Eight process parameters
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Figure 2.5: Manipulation of only one process parameter, while the other
parameters remain constant, is shown in these images. The Hz parameter (the
vertical distance between the nozzle and print surface) is the only parameter that
differed between the top (H2=20 mm) and top (H2=6 mm) 3D prints

2.4.2. Fabrication

The material deposition process in a real-world environment is subject to
environmental factors. These factors add a secondary geometrical characteristic to the
specimens that is missing in the initial digital model. The second step in the workflow
was to physically build the digital models designed and programmed in the first step.

While most of the AM projects with concrete use progressive cavity pumps for
their material delivery system, the clay-based material used in this research was not a
self-flowing material. Therefore, a custom material delivery system consisting of both

pneumatic and mechanical pressures was employed to create a linear pressure and to
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guarantee a consistent flow of material at the extruder head. An ABB robotic arm was
programmed for this step, and the selected process parameters were systematically

manipulated to study challenges and potentials of each pattern (Figure 2.6).
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Figure 2.6: Manipulations of process parameters impact geometry during the
material deposition process, creating different patterns

While each parameter can span a range of values, applying values beyond a
defined interval can cause undesirable irregularities in the printed object (Figure 2.7).
For instance, since the interparticle adhesion of the clay is low, when the H, parameter is
more than 600% of the nozzle diameter, the vertical filament extending from the printer

head to the point of application can tear due to the local application of shear. Conversely,
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when the H> parameter is less than 40% of the nozzle diameter, it results in excessive

material deposition along the tool path. This happens because the yield stress of the paste

material is low while the pressure at the nozzle tip is high. Therefore, values less than
the defined minimum value create a pressure gradient and cause the material to squirt.
This will cause material accumulation around the nozzle, and when it continues along
the tool path, it will decrease the accuracy of material deposition and result in failure of
the print process. That means the H, parameter is limited to 40% of the nozzle diameter

< Hj, < 600% of the nozzle diameter.

__________________________________________________________

Hi1 ® 0.8 x Nozzle diameter H: ® 0.5 x Nozzle Diameter H: < 0.3 x Nozzle Diameter
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Figure 2.7: Schematic boundary of the H1 and Hz parameters

2.4.3. Digital Reconstruction

The third step is reconstructing a digital 3D model from the printed objects
(Figure 2.8). The main challenge here is that initial digital models generated in the
software are not adequate for reliable analysis since they lack the impacts of the
environmental factors as discussed in the previous step. Accordingly, the digital

reconstruction step that includes X-ray CT scanning, digital image processing, and 3D
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reconstruction was developed to attach secondary geometric characteristics to the initial
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Figure 2.8: Physical specimens printed at the lab before the 3D reconstruction step
2.4.3.1. Scanning

There are several techniques for creating a visual representation of an object.
While techniques such as photogrammetry utilize photographs to visualize the outer
surface of an object, other imaging modalities such as X-ray CT scanning and magnetic
resonance imaging (MRI) use X-ray, magnetic fields, and radio waves to produce more
detailed, cross-sectional images of both the inner and outer contours of an object
(Kalender 2011). X-ray CT scan technology was used for the 3D reconstruction of the
printed objects to create a detailed visualization of each specimen. The outcome of the
X-ray CT scanning is a series of 2D images and almost 1,100 gray-scale images for each
specimen in this paper, which were used to create voxel-based 3D models. The axial
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resolution of the scan (slice thickness) was set to 0.245 mm to create high-resolution
images. As a granular material, table sugar was used to improve the accuracy of the scan
process and provide a transition from a low-density environment (air) into a dense

material (clay) (Figure 2.9).

e —

Figure 2.9: Preparing specimens for X-ray CT scanning. As a granular material,
table sugar facilitated the transition from a low-density environment into a dense
one to increase the accuracy of the scan

2.4.3.2. Digital image processing

An algorithm was developed in Python to extract the object from the 2D images.
The algorithm used image segmentation techniques to create a mask that includes the
printed object in each image based on a given threshold. In other words, the created
mask contains only those pixels of the gray-scale image with a brightness value in the
range of the given threshold.
2.4.3.3. 3D reconstruction

Ultimately, a 3D mesh of each specimen was calculated from the defined mask.
Each pixel of the 2D image in the segmentation step defines a cube in a 3D space called

a voxel. The models in this paper had a voxel size of (x/y/z) 0.254/0.254/0.254 mm. The
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method of creating a polygon mesh from a voxel-based geometry has been explained by
Brown et al. (2019) and will be briefly described here. The voxel to mesh conversion
algorithm calculates whether a triangular surface passes through a voxel or not. This
procedure is also known as the “Marching Cubes” algorithm, where it creates a
triangular surface for a 3D model.

Since finite element analysis (FEA), a numerical method for analyzing
engineering and mathematical modeling, was performed in this paper, the reconstructed
mesh models should be optimized for the analysis step. The triangular surfaces created
in this step were slightly modified to fix small inclusions, inverted normals, small gaps,
and unconnected and intersecting triangles. Those modifications were necessary toward
the FEA, where an enveloping surface is required.
2.4.3.4. Analysis

What is significant about the final step is the emphasis of the workflow on
evaluating the bond strength between layers and creating a library based on the patterns
created in the previous steps. COMSOL Multiphysics (COMSOL Inc. 2020), a finite
element analysis software, was used for numerical simulations and the final analysis

(Figure 2.10).
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Figure 2.10: COMSOL Multiphysics, a finite element analysis software, was used
for numerical simulations and the final analysis

While the research objective was to assess the bond strength between layers, the
shear force was the most important area for the investigation. The flexural strength test
of concrete and mortar was adopted to evaluate each pattern. The primary test was the
standard test method of ASTM C78 (concrete) and C580 (mortar) (ASTM International

2013) that specifies the modulus of rupture in MPa (Figure 2.11).

40



=
—
—— -
e e o -

Support Support

=)

o
 bd?

Load (P)

modulus of rupture (R)

R = modulus of rupture, MPa [psi]

P = maximum applied load indicated by the testing machine, N [Ibf]
L = span length, mm [in.]

b = average width of specimen, at the fracture, mm [in.]

d = average depth of specimen, at the fracture, mm [in.]

Figure 2.11: Customized flexural test, ASTM C78 and C580, to evaluate the bond
strength between layers of paste in AM

The flexural test was simulated in COMSOL to evaluate the bond strength
between layers for the 3D reconstructed models. The four-point load condition was
simulated, and associated load boundaries were applied to the 3D mesh models.
Simulating point forces are possible in COMSOL, where a force is applied to a single
point on the surface of the geometry, although point forces do not exist in the real world
and result in infinite stresses in theory. In the digital analysis step in this paper, forces
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are distributed over small patches on the mesh surface instead to simulate what happens
in the physical flexural test in the lab.

The test provides values for the modulus of rupture for each pattern applied to
the specimens.

R = P*Dn / b*d?

P is the maximum force applied, Dy is the length of the specimen, b is the
specimen’s width, and d represents the depth of the specimen. Higher modulus rupture
values reflect better bond strength between layers. Each pattern was evaluated based on
the given constraints, and a library was created accordingly for use in future research
(Figure 2.12).
2.4.3.5. Additional Step

One question remains to be answered: To what extent are the results of the
analysis close to reality? Although digital modeling, simulation, and analysis have made
it faster and easier to design and make predictions about the results for an architectural
fabrication, the accuracy of those predictions needs to be evaluated and generalized for
future applications. A series of physical tests were designed based on the four-point
flexural strength test to calibrate and evaluate the reliability of the proposed workflow.
The various patterns resulting from the three selected process parameters’ manipulations
were applied to a2 in x 2 in x 11 in beam-shape geometry to evaluate the bond strength

between layers. All the samples were robotically 3D printed with clay and were used in
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the physical tests. The comparison between digital and physical tests confirmed, with a

small margin of error, the reliability of the workflow.
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Figure 2.12: The proposed pattern library to be used by an architect or an Al
algorithm based on architectural forms and structural requirements
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2.5. Discussion

Extant research on improving structural features and expanding architectural
applications of large-scale AM processes address different scales of the topic. There is
no doubt that paste materials, due to their flexibility, have plenty of potential for creating
architectural free forms. However, some issues in using paste materials in AM processes,
such as cold joints, reinforcement, and aesthetics, need to be taken into consideration.
They can be addressed through approaches such as material optimization at the micro
scale, and geometrical considerations in design, form optimization, etc., at the meso and
macro scales. The binding between layers in AM can be improved at both the micro and
meso scales. The authors have offered a geometric solution for the issue by involving the
selected process parameters in the design process. It is worth mentioning that the
proposed workflow offers a pattern library, not just a final or ultimate pattern. There is
no single best pattern. Rather, there can be an optimum choice that an architect or an Al
algorithm can choose based on the given geometry and applied forces. For example, in a
surface with dominant shear forces, an optimum pattern would be different from a

vertical surface at the corner of a form, where compression forces are most influential.
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2.6. Conclusion

The main objective of this chapter was to investigate the structural integrity of an
AM process on a meso scale through manipulations of process parameters. A novel
workflow was presented to include process parameters in the design process and
introduce a digital analysis procedure for robotic-assisted AM with paste. In addition to
X-ray scanning, image processing techniques were employed to scrutinize the impacts of
environmental stimuli on the printed objects and reconstruct the digital model. The
impacts of manipulations of the three selected process parameters on binding between
layers were digitally analyzed, and they indicated that these manipulations did improve
the bond strength between layers in AM with paste. Finally, a pattern library was offered

for use in robotic-assisted AM processes with paste.
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The first article in the series focused on the development of a workflow that
outlined the required steps to design, fabricate the specimens, and evaluate the impact of
the three selected process parameters on interlayer bond strength in paste AM.

The following chapter details the methodology of the research and discusses the
equipment, material, and physical tests used in the study, as well as the test results and

findings.
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3. IMPACT OF THREE ROBOTIC 3D PRINTING PROCESS PARAMETERS ON
INTERLAYER BOND STRENGTH
3.1. Overview

While large-scale Additive Manufacturing (AM), often known as 3D printing,
appears to be a viable method for constructing architectural forms and structures, several
researchers aim to address the issues related to the layer-to-layer nature of printed
elements. One of the susceptible areas in this technology is the bond strength between
layers. The current paper seeks to expand upon the knowledge about the impact of three
process parameters (Dn, the distance between hypothetical nodes on the toolpath, Hz, the
standoff distance of the nozzle, T, the delay time at each point) on interlayer bond
strength in paste AM, since it provides a foundation for large-scale free form
architectural fabrication. Furthermore, concerns about global carbon emissions
associated with the concrete industry prompted the authors to consider replacing
concrete with a clay-based material in large-scale AM. This paper proposes a technical
approach by manipulating process parameters that alter the geometry of the layers on the
meso-scale to emulate densification and to enhance friction between consecutive layers
in robotically assisted AM with paste.

Difficulties associated with simulation and prediction of finite element analysis
approach have been discussed, and the standard flexural test was adopted to evaluate and
analyze 95 printed specimens. According to the findings of the flexural tests,

periodically manipulating the H> parameter based on the given criteria served as
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compaction in conventional concrete casting methods and improved the interlayer bond
strength under shear by 41.2% on average. Due to the inconsistency of the findings,
however, it was not possible to detect any obvious impact of the T parameter on
interlayer bond strength.

3.2. Introduction

The low productivity in the construction industry, in contrast to automated
sectors such as the automotive industry and the increase in shortages of skilled laborers,
has been a source of concern in the last decade (Schutter et al. 2018). The deliberate
digitalization and automation of all relevant phases, from planning and design to the
final construction process, appear necessary. Large-scale Additive Manufacturing (AM)
is a burgeoning area of technology that has garnered considerable attention from both the
construction industry and academics worldwide.

Concrete and cement-based materials are at the core of attention in the large-
scale AM industry because of their availability, extrudability, affordability, customizable
setting time, and significant mechanical properties (Khan et al. 2020; Paolini et al. 2019;
Schutter and Lesage 2018; Wangler et al. 2016). The concrete industry, however, is
responsible for 5-8% of global carbon emissions (IEA 2019). It is crucial to replace
concrete with a more sustainable material along with technological breakthroughs in the
construction industry. Cement substitutes such as fly ash, a blast furnace byproduct, have
decreased the average CO> footprint of the concrete industry, but the emission is still

significant (Uliasz-Bochenczyk and Mokrzycki 2020). Bos et al. (2016) brought up the
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fact that the lack of economic motivation due to the use of cheap raw materials in the
concrete mix makes it difficult to reduce concrete-related CO. emissions. In situ
resource utilization is one approach to decrease the CO; footprint of large-scale AM.
Minerals available in the Earth’s crust, however, form a naturally sourced material
palette that has been used throughout history and can be used in modern technologies
such as large-scale AM (Bajpayee et al. 2020). Concrete has remarkable compressive
strength and it is difficult, but not impossible, to completely replace it with a clay-based
material and achieve similar mechanical properties. Bajpayee et al. (2020) proposed to
harvest local materials, such as ordinary backyard soil, to configure an extrudable
material compatible with large-scale AM processes. The authors’ approach is intended to
decrease transportation costs, embodied energy in building materials, and CO>
emissions.

It is important to understand that material, design, process, and product all have a
tight connection in AM with paste. Layer-to-layer interface is the inherent nature of 3D
printed elements. A substrate (the deposited layer) should be hard enough to hold its
shape, carry the load of upper layers and be soft enough to adhere to overlays (new
layers). The mechanical properties of the interfaces depend on chemical and physical
states as well as the rheological and morphological features of both the substrate and the
overlay (Khan et al. 2020; Nerella et al. 2019). While the bond strength between layers
is considered the “Achilles’ heel” of 3D printed elements produced by extrusion-based

material deposition, several researchers investigated the issue on both meso- and micro-
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scales (Keita et al. 2019; Lu et al. 2021; Marchment et al. 2017; Marchment and
Sanjayan 2019; Nerella et al. 2019; Nerella and Mechtcherine 2017; Panda et al. 2019;
Sanjayan et al. 2018; Santos et al. 2012). This paper is part of a more extensive study
that introduces three scales in extrusion-based large-scale AM process: micro-, meso-,
and macro-, which are responsible for material properties, interlayer adhesion, and the
geometry of architectural forms, respectively (Bajpayee et al. 2020; Farahbakhsh et al.
2020).

Densification plays a crucial role in paste AM processes. According to Bos et al.
(2018) the quality of the layer interface and bond strength in paste AM processes
depends not only on the chemical reactions in material, but also substantially on the
physical compaction. Vibration and self-compacting materials have been used in
ordinary concrete applications to enable the physical intermixing of concrete layers and
achieve compaction. Per Hoornahad (2015), however, neither is possible in paste and
concrete 3D printing processes because of the layered nature of printed objects. They
stated that self-compaction and zero-slump are mutually exclusive goals that can only be
partially met at the same time.

Several approaches in the literature seek to improve the mechanical performance
of consecutive layers in paste 3D printing. Those approaches aim at addressing the risk

of cold joint formation on meso- and micro-scales.
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3.2.1. Micro-scale

At the micro-scale, chemical interactions are responsible for the adhesion
between layers. Several research groups attempted to address the absence of a cohesive
chemical bond between successive layers in paste AM. Nerella et al. (2019) studied the
influence of binder composition on the mechanical performance of 3D printed concrete
elements where they used two different mixtures, one with and the other without
pozzolanic additives. Verian et al. (2018) suggested spraying a primer (a chemical that is
meant to increase the adhesion between consecutive layers) on the substrate just before
depositing the overlay.

Similarly, in another study, a second substance (a polymer containing sulfur and
black carbon) was used as an adhesive between consecutive layers (Hosseini et al. 2019).
The researchers reported greater bond strength compared to ordinary 3D printing
procedures. Marchant et al. (2019) proposed a method for creating a mechanical
anchoring effect. They claimed that adding a cementitious paste to the top of the
substrate before the deposition of the overlay would result in greater interlayer bond
strength.

While the interlayer interval time has a correlation with the surface moisture
condition of the substrate, previous research has shown that the surface moisture content
plays a crucial role in the interlayer adhesion. The moisture content depends on the bleed
rate of the concrete (a phenomenon in which free water in the mix climbs up to the

surface) and the rate of losing moisture from the surface (owing to evaporation and
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chemical reaction) (Marchment et al. 2017; Sanjayan et al. 2018). They concluded that
the higher the moisture content on the substrate surface, the stronger the interlayer
adhesion.

3.2.2. Meso-scale

On the Meso-scale, process parameters and layer configurations affect the
interlayer bond strength. The time gap for printing successive layers increases with
printing larger structures and multi-session processes. Several researchers studied the
effect of interlayer interval time on the bond strength (Le et al. 2012; Nerella and
Mechtcherine 2017; Panda et al. 2018; Wolfs et al. 2019; Zareiyan and Khoshnevis
2017b). They reported that the bond strength between successive layers has an inverse
correlation with interlayer interval time.

There are some studies on the effect of the nozzle height (the distance between
the nozzle and the print surface, which is referred to as H in this paper) on the bond
strength between layers (Panda et al. 2019; Wolfs et al. 2019). The reported results,
however, are inconsistent. While one of the studies (Panda et al. 2019) reported that
bond strength increases significantly when H decreases, the others did not find any
relation between H» and the bond strength between layers. This paper has new findings
that confirm Panda et al. results and will be discussed in the result section.

Several researchers have reported that compaction and roughness of the substrate
enhance the friction with the overlay and, as a result, improves the cohesiveness of the

consecutive layers. According to Bos et al. (2016), moderately pressing the nozzle tip
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into the overlay can be beneficial to improving the printed product's mechanical
properties. The pressure applied to the product by the printer head should help with
compaction and interface adherence. Zareyan and Khoshnevis (2017) proposed an
interlocking approach to create macroscopic roughness and confirmed its positive impact
on interface bond strength of layered specimens. The high kinetic energy of the sprayed
material, which helps mitigate the risk of cold joint formation, is claimed to improve
layer interlocking and therefore, interlayer bond strength in a process known as
Shotcrete 3D Printing (SC3DP) technology (Kloft et al. 2020).

Eight process parameters were identified in a robotic-assisted AM process
(Farahbakhsh et al. 2020) and are elaborated upon in a chart (Figure 3.1). Among those,
the impacts of three process parameters (Dn, Hz, and T, which are explained in more
detail in the next section) on the interlayer bond strength have received less attention in

the literature.

Process Parameters

Dn= The distance between each node
Dr = The distance between each row
Hi= The height of the layers

He= The vertical distance between the
nozzle and print surface

T= Delaytime for each node
A= Theangle of the nozzle
F= The flow rate of extrusion
S= The speed of the robot

Figure 3.1: Eight process parameters in a robotic-assisted AM process are
illustrated in this chart (Farahbakhsh et al. 2020)
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This paper proposes a technical approach by manipulating process parameters
that alter the geometry of the layers on the meso-scale to emulate densification and to
enhance friction between consecutive layers in robotically assisted paste AM processes

(Figure 3.2).

Figure 3.2: Macro- and meso-scale are depicted in this picture. While the meso-
scale is related to the layer interfaces, the micro-scale includes the material
properties and behaviors

3.3. Method

The surface condition in a paste AM process can be manipulated on both micro-
and meso-scales. Theoretically, manipulating the selected process parameters affects the
geometry of the substrate's surface at the meso-scale. Therefore, the authors
hypothesized that those manipulations would imitate compaction and enhance the
friction between the substrate and the overlay. Three selected process parameters were

systematically varied in specified intervals, and three specimens were 3D printed for
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each parameter change to be assessed in a series of tests developed based on the existing
mortar and concrete flexural standard testing (see further discussion below).
3.3.1. Selected Process parameters
3.3.1.1. Dn Parameter

The first process parameter (Dn) investigated in this paper is the distance between
hypothetical nodes on the toolpath and depends on the other two parameters. For
example, a curve on the toolpath was divided into several segments with the length of
Dy, and consequently, at each node on the toolpath there were certain values for Hz and
T.
3.3.1.2. Hz2 Parameter

The second process parameter is the standoff distance of the nozzle from the
most recent substrate (Hz). Considering the thickness of the paste filament, varying H:
would create a bumpy surface rather than the flat one that is often observed in most 3D
printing processes. This is analogous to pushing the soft overlay material against the
semihard substrate on a periodic basis. In the literature, most of the researchers consider
a constant value for this parameter when 3D printing the specimens. In order to create a
bumpy surface, however, the manipulation of the H, parameter should happen in a
periodic pattern. When a value was assigned to H: in the current study, H> was varied in

the interval of zero and the given value at every other node (Figure 3.3).
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Figure 3.3: The manipulation of the Hz parameter should happen in a periodic
pattern to create a bumpy surface

While keeping the H> value in a meaningful range could potentially be beneficial
to improving the bond strength, values out of that range can either cause undesired
irregularities in the printed object or accumulate extra material around the nozzle,
making the print surface messy and decreasing the accuracy of material deposition,
which ultimately results in failure of the print process (Farahbakhsh et al. 2020). That is
mainly because of the low inter-particle adhesion of the fresh material. When the value
of Hz is more than 600% of the nozzle diameter, it leads to paste filament tears due to the
local shear application. Conversely, when the value of H: is less than 40% of the nozzle
diameter, it results in excessive material deposition along the tool path. The latter

happens due to the low yield stress of the paste material, while the pressure at the nozzle
59



tip is high. A pressure gradient shapes when values less than the defined minimum value
are assigned to H, and cause the material to squirt (Farahbakhsh et al. 2020). Those
limited the value of the H> parameter between 40% and 600% of the nozzle diameter in
this paper (Figure 3.5).
3.3.1.3. T Parameter

The third process parameter is the delay time (T) that refers to the period that the
robot and the printhead attached to it stop moving; still, the material flow and the
deposition process continue. This results in more material deposition at the stopping
points and potentially creates a larger contact surface between consecutive layers. As
with the H> parameter, it is critical to maintain T's value within an acceptable range to
prevent the print process from failing. The meaningful range of values for T in this study
was based on the printhead velocity of 35 mm/s and was limited between 0.6 sto 1.6 s.
While delays less than 0.6 s had little or a negligible impact, delays more than 1.6 s
resulted in excessive material flow on the print surface, resulting in either undesired
finishing or structural collapse due to unequal weight distribution (Farahbakhsh et al.
2020). Therefore, three values, 0.6, 1, and 1.6, were assigned to the T parameter to create

specimens for the destructive tests (Figure 3.4 and Figure 3.5).
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Figure 3.4: Increased material deposition at the stopping points theoretically
enhances the surface contact between successive layers

It is critical to highlight an issue that was expected and observed during the
manipulation of both H2 and T parameters. When values higher than the prescribed
intervals for H, and T and lower values for Dn were applied to the specified process
parameters, excessive material buildup occurred. This might decrease the accuracy of the
printed product and fail in the process. Softer pastes are more vulnerable to this

phenomenon.
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Figure 3.5: Value range for the selected process parameters

3.3.2. Material

While the focus of this paper is the impact of the selected process parameters on
the bond strength between layers in paste 3D printing, a comprehensive description of a
bespoke clay-based material that was used in this paper is provided in (Bajpayee et al.
2020). The clay-based material contained 32% silt, 30% sand, 23% gravel, 15-18% clay

(kaolinite), water, and a stabilizing agent.
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3.3.3. Equipment

The material delivery system used in this study comprised a hybrid of a
pneumatic and mechanical setup. The material was pushed via a diaphragm sustained by
80 to 125 PSI pneumatic pressure through a hose with 19 mm inner diameter and was
delivered to a custom-designed extruder at the printer head. The extruder included an
auger, controlled by a microcontroller and driven by a NEMA 23 stepper motor, that
created a linear mechanical pressure to supply consistent material at the nozzle tip. The
custom-designed extruder was mounted on an ABB IRB 1200 industrial robotic arm. A
circular nozzle with 8 mm diameter and 40 mm length was employed for material
deposition.
3.3.4. Testing method

To the best of the author’s knowledge, there is no standard procedure for testing
the interlayer bond strength for paste AM processes. Different methods have been used
in the literature. The interlayer bond strength determines the flexural strength when the
specimen is loaded parallel to the print direction. In line with other research (Marchment
et al. 2017; Nerella et al. 2019; Sanjayan et al. 2018; Weng et al. 2021; Wolfs et al.
2019), the testing procedure was borrowed from the existing mortar and concrete
standards and optimized to apply to 3D printed components.

The standard test method of ASTM C78 (concrete) and C580 (mortar) (ASTM
International 2013) were adopted to determine the flexural strength for each specimen in

MPa. The flexural test (four-point bending test) setup included a free span between two
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supports (W) that was equal to (9 %4”) 246 mm, and the loading was applied on two
points with the distance of (3 %) 82 mm in the middle of the span. The maximum load
(P) was recorded at the failure of each specimen and used to calculate the flexural
strength (R) of the samples (Figure 3.6 and Figure 3.7).

Due to the printing process, the specimens may be viewed as several thin strips
overlaying one after another. In extrusion-based 3D printing, the flexural test is
directionally dependent on the layer orientation (Feng et al. 2015; Le et al. 2012;
Wangler et al. 2019; Wolfs et al. 2019). According to Feng et al. (2015), applying the
load in different directions evaluates either the bond strength between layers, the bond
strength between strips, or the compressive strength of the bulk material.

When a load is applied in the X direction (Figure 3.6a), the bond strength
between strips is measured. When the specimen is loaded in the Y direction (Figure
3.6b), the compressive strength within the bulk material is evaluated. Finally, when a
load is applied parallel to the print direction (Z direction), a relatively smooth fracture
pattern develops at the interlayer interface, allowing the assessment of the bond strength
between layers (Figure 3.6¢). In this paper, the printed specimens were loaded parallel to
the print direction to evaluate and ensure that the printed object’s structural integrity
(interlayer bond strength in particular) is sufficient when subjected to lateral forces such
as wind, earthquake, etc.

According to the ASTM standard test (ASTM International 2013), each

experimental series required at least a minimum of three samples to obtain a reliable
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flexural strength value and to eliminate the possible errors. Ninety specimens regarding
the manipulation of the selected process parameters, as well as five specimens with
conventional layering, were 3D printed to evaluate the interlayer bond strength under

shear.

modulus of rupture (R)

R = modulus of rupture, MPa [psi]

P = maximum applied load indicated by the testing machine, N [Ibf]
W= span width , mm [in.]

b = average width of specimen, at the fracture, mm [in.]

d = average depth of specimen, at the fracture, mm [in.|

Figure 3.6°: The flexural strength of printed specimens was determined via a series
of tests (Farahbakhsh et al. 2020). This figure also illustrates the directional
dependency of the tests

° The original figure of the flexural test from (Farahbakhsh et al. 2020) is modified in this paper. Firstly,
the four-point bending test is adopted rather three-point bending test. Secondly, the L symbol is replaced
with W to avoid confusion, since L refers to length of the printed specimens.
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Figure 3.7: The flexural test (four-point bending test) setup

3.4. Results and analysis

All of the specimens in this study were 3D printed based on the required sample
size in the ASTM standard flexural test method. The flexural tests were performed on
specimens measuring 50.8 mm (2 in) x 50.8 mm (2 in) x 279.4 mm (11 in) with 10%
fluctuation due to the layered nature of paste 3D printing. The samples were printed in
one continuous process with an interlayer interval time of 30 s.

The mechanical tests were conducted in two groups. In one group (group A), T
remained constant while Dy and H2 were systematically varied. In the other set of
experiments (group B), H> was kept constant while D, and T were systematically
changed based upon. The flexural strength (R) was calculated using the peak loads from
the flexural tests according to:

R = P*W / b*d?

Where P is the maximum force exerted, W is the distance between two supports,
here equal to 246 mm, b is the specimen's width, and d denotes the depth of the
specimen (Figure 3.8).
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Figure 3.8: Applying the flexural test on the printed specimens

(Table 3.1) and (Table 3.2) present the average flexural strengths for each set of
parameters. The full data set can be found in the appendix.

It can be seen that in general, when the Hz parameter was periodically varied, the
flexural strength improved. In contrast, no clear impact of the T parameter on flexural

strength was evident since the results are inconsistent.
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Table 3.1: In group A, T remained constant while Dn and Hz were systematically
varied

Group A T (s) Dn (mm)  H; (mm) R (MPa)
Al-1 0 8 6 3.39
Al1-2 0 16 6 3.09
A1-3 0 24 6 3.46
Al-4 0 32 6 3.20
Al-5 0 40 6 3.26
A2-1 0 8 14 3.73
A2-2 0 16 14 3.02
A2-3 0 24 14 3.41
A2-4 0 32 14 3.10
A2-5 0 40 14 3.24
A3-1 0 8 22 3.70
A3-2 0 16 22 3.14
A3-3 0 24 22 3.41
A3-4 0 32 22 3.11
A3-5 0 40 22 3.32

Table 3.2: In group B, H2 was kept constant while Dn and T were systematically
changed

Group B T (s) Dn (mm)  Hz (mm) R (MPa)
B1-1 0.6 8 0 2.54
B1-2 0.6 16 0 2.37
B1-3 0.6 24 0 2.01
B1-4 0.6 32 0 1.72
B1-5 0.6 40 0 2.33
B2-1 1 8 0 3.13
B2-2 1 16 0 2.80
B2-3 1 24 0 2.21
B2-4 1 32 0 1.85
B2-5 1 40 0 2.83
B3-1* *The parameter values for this specimen resulted in an excessive accumulation of material
and failed to produce an acceptable printed object.

B3-2 1.6 16 0 291
B3-3 1.6 24 0 2.58
B3-4 1.6 32 0 2.36
B3-5 1.6 40 0 2.84
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The average bond strength for specimens generated with conventional flat
layering was 2.3 MPa for various Dy, values, as shown in (Figure 3.9). The percentage
change for each series of specimens was calculated using the method below:

(Final Value — Initial \Value) / Initial VValue * 100

Table 3.3: Flexural strength change as percentage in Group A

Flexural strength for Flexural strength for

. . . . ) Percentage
Specimens the specimens in specimens with

Group A conventional layering change

Al-1 3.39 2.37 43.04
Al-2 3.09 2.31 33.77
Al-3 3.46 2.34 47.86
Al-4 3.20 2.31 38.53
Al-5 3.26 2.37 37.55
A2-1 3.73 2.37 57.38
A2-2 3.02 2.31 30.74
A2-3 3.41 2.34 45.73
A2-4 3.10 2.31 34.20
A2-5 3.24 2.37 36.71
A3-1 3.70 2.37 56.12
A3-2 3.14 2.31 35.93
A3-3 3.41 2.34 45.73
A3-4 3.11 2.31 34.63
A3-5 3.32 2.37 40.08
Total Average 41.20

The average of all results revealed the bond strength improved 41.2% on average
when Hz was periodically varied. The correlation between T and Dn, however, is not

clear so far (Figure 3.10).
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Figure 3.9: Flexural strength of the specimens in Group A

Once the loaded specimen fractured, the fissures propagated suddenly through
the entire section, located at the interface of successive layers. In the specimens with
conventional layering, the fracture was formed on a flat surface. However, periodically
varying Hz in Group A samples resulted in an uneven cracking surface as depicted in
(Figure 3.11b).

In the second study, the T parameter's impact was targeted and plotted in (Figure
3.10). It can be seen that the bond strengths have high variability when T has been
manipulated based on the prescribed range. One explanation might be that achieving an
optimum material flow at the nozzle tip for the given T values that aim at extending the
interlayer surface area is not compatible with the optimum deposition rate on the tool

path. Insufficient material flow in a circular nozzle may result in air cavities between
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filaments next to each other and weaken the bond strength either between layers,

between strips, or both (Figure 3.11c).
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Figure 3.11: Fracture surfaces in three groups of specimens
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3.5. Discussion

Several researchers have come up with different results in the literature. These
disparities in outcomes might be due to variations in materials, material delivery
systems, ambient conditions, and testing methods used in those studies. While Klof et al.
(2020) reported a bond strength of 3.7 MPa for extrusion base concrete 3D printing, Le
et al. (2012) found an average flexural strength of 7 MPa for the same layer direction for
specimens generated with time intervals of 0 minutes and 15 minutes. As prescribed, this
paper focuses on studying the impacts of the H. and T parameters on the interlayer bond
strength in a geometrical context. The process of manipulating the selected process
parameters and, as a result, the improved layer binding on the meso-scale were far more
intriguing than the highest bond strengths attained in this work.

The effects of the nozzle height on the bond strength between layers have been
studied previously, as mentioned in the introduction. On the other hand, the authors
investigated the impacts of the H, parameter on interlayer bond strength when it was
regularly varied between zero and a given value, as shown in (Figure 3.3).

External vibration of already-deposited layers is not recommended because it
disrupts structural development (Nerella et al. 2019). In the absence of external vibration
in paste AM, varying Hz on a regular basis not only contributes to the substrate's surface
geometry, but also pushes the fresh overlay material into the substrate. It is crucial to
clarify that the H, parameter in this study is defined as nozzle height (used in previous

studies) minus layer height (H1) (Figure 3.12). It means that the nozzle tip should never
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get too close to the substrate’s surface since it can cause the material to squirt out. This
occurs because while the paste material's yield stress is low, the pressure at the nozzle tip
is high. As a result, when the nozzle gets too close to the print surface (closer than 30%
of the nozzle diameter), a pressure gradient shapes in the material delivery system, and

material squirts out.

I
. | |
0 O

H1 > Nozzle diameter

[
10
1

Figure 3.12: Relationship between Hz, Hi, nozzle diameter, and nozzle height

The authors were able to include process parameters in the design phase using
the technological approach presented in this study. The print process created a few
unique patterns on the print surface as byproducts. While the test results indicated that
some level of bond strength enhancement can be accomplished, other patterns may be
created based upon as long as the process parameter is varied within the given range.
The most interesting finding was the geometrical pattern of layer interfaces during the
manipulation of Hz. The increase in the bond strength in Group A of the specimens can
be described due to the impact of H> on the geometry of the print surface. Following the

flexural tests, it became apparent that the diamond-like pattern of the fracture surface
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had formed an interlocking feature on the meso scale, which enhanced resistance to
shear pressures.

The authors agree with Khan et al. (2020) that using physics-driven models to
simulate and predict the whole 3D printing process and printed material performance is
not yet accurate, and consequently, data-driven models are in high demand.

3.6. Conclusion

It is vitally important to recognize that design, material, fabrication, environment,
and the final product are all interdependent in paste 3D printing. Furthermore, the
layered nature of 3D printing makes it more challenging for paste materials since it can
cause a possible vulnerability in the printed element known as “cold joints.” The current
paper investigated the impacts of three process parameters on the interlayer bond
strength in additive manufacturing with a clay-based material within the given ranges as
follows:

e Process parameters:
0 The distance between hypothetical nodes on the toolpath (Dn):
8 mm, 16 mm, 24 mm, 32 mm, 40 mm
0 The standoff distance of the nozzle from the most recent substrate (H>):
6 mm, 14 mm, 22 mm
0 The delay time (T):
0.6s,10s,165
e Mechanical properties to be evaluated: flexural strength.
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e Loading directions: parallel to the print direction

The results of the flexural tests revealed that manipulating the H. parameter
within the specified range resulted in an average improvement of 41.2% in the interlayer
bond strength under shear. So far, however, there has been no discernible effect of the T
parameter on bond strength since the findings have been inconsistent.

Following up on the conclusions drawn from both experimental and theoretical
approaches, it has been discovered that changing the geometry of the layers interface by
manipulating process parameters may alleviate one of the most concerning issues

associated with paste 3D printing.
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The studies provided in chapters two and three addressed the dissertation's initial
research question, which concerned interlayer bond strength in paste AM at meso-scale.
The third paper in the following chapter was presented and published at the CAAD
Futures 2021 Conference hosted by the University of Southern California. The focus of
the following paper is on the macro-scale and this question serves as the primary theme:
“How a new architectural aesthetic may emerge from robotically assisted additive

manufacturing.”
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4. PRINT IN PRINT: A NESTED ROBOTIC FABRICATION STRATEGY FOR 3D
PRINTING DISSOLVABLE FORMWORK OF A STACKABLE COLUMN
4.1. Overview
In this paper, the fundamentals of a 3D nested construction method for 3D
printing stackable tower-like structures are explained, taking into consideration the
transportation, storage, assembly, and even disassembly of building components. The
proposed method is called "PRINT in PRINT." This paper also documents the authors'
experience of and findings from designing and printing a column erected out of a series
of 3D printed components in a short stack. Employing the design principles of 3D
printing in a nested fashion, the authors showcase the main parameters involved in
dividing the column’s global geometry into stackable components. By converting
formal, technical, and material restrictions of a robotic-assisted 3D printing process into
geometric constraints, the paper describes how the column components are divided,
namely that one component shapes the adjacent one.
4.2. Introduction
In recent decades, architects have witnessed and facilitated the emergence of new
tools for digital fabrication to bridge the gap between design and fabrication. While the
relationship between conception and production has evolved significantly, there is still a
considerable gap between what we can draw and what we can build. At this point, the
process of fabricating a complex architectural form is relatively expensive and time-

consuming and often wasteful. Digital fabrication in architecture is evolving from
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building artifacts towards the construction of full-scale buildings. The size of available
tools, however, remains a challenge to the integration of digital technologies within
construction processes. In recent years, the implementation of larger tools into
mainstream construction has made significant contributions. Although employing large
tools has great relevance and value for some projects, it can prevent architects from
benefiting from the affordability, ease of use, and accuracy of digital fabrication
technologies.

While robotic fabrication technologies have enabled the building industry to
produce nonstandard architectural forms, the robot's reach and freedom of movement in
the space have remained challenging, affecting the size of the final product. Solutions
such as cable robots (lzard et al. 2017), gantry systems (Khoshnevis 2004), telescopic
booms (Keating et al. 2017), 6-axis robotic arms equipped with external axis (Zhang et
al. 2018) have been developed to address the issue. The size of the final product,
however, is still limited to the size of the employed robot. For instance, ICON, a 3D
printing company in the US, is using a 3-axis gantry solution. Their latest 3D printer can
print objects up to 15.5 feet tall (“ICON” 2021). To print an object larger than the actual
robot, it is possible to add linear rails that permit the robot to move forward or upward.
For instance, in an experimental project called Casa Covida, Emerging Objects, a
California-based architectural practice, used a 3-axis lightweight printer to construct
structures larger than itself while adding an external fourth axis to lift the printer in the Z

direction (Rael and San Fratello 2021).
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In this paper, the main objective is to leverage robots to enhance both the
sustainability and efficiency of large-scale construction and maintain a consistent
relationship between architectural expressions and making. Therefore, we propose a
nested 3D printing strategy as a novel method in large-scale robotic fabrication to
address the limited height of geometries per the current approaches in the literature
(Craveiro et al. 2019).

4.3. Methods

Nesting is not a new concept in the manufacturing industry. It is used to
minimize waste and maximize efficiency. The nesting strategy, however, has often been
referred to as cutting or shaping patterns on a flat surface (Nee et al. 1986). Here, we
proposed a nested fabrication method called "PRINT in PRINT" that emerged from the
constraints of existing paste-extrusion 3D printers. Our nested printing strategy
introduced a technique for robotic additive manufacturing of compound nonstandard
architectural forms that are taller than the robot’s reachable area. These compound
geometries consist of several smaller parts that nest within each other. By using the
proposed method, the global geometry of a tower-like structure is divided into stackable
components. When congruent surfaces are attained between the stacked pieces, the lower
component shapes the upper one to preserve the adjacent bodies' tangential continuity. In
other words, the inner side of a lower component in a stack is coincident with the outer
side of the upper one. The design criteria are explained in more detail in the following

design section.
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Previous research projects used thin plastic shells as formwork to cast concrete
(Burger et al. 2009; Naboni and Breseghello 2018). While the printed plastic dries fast
and is expected to make it easy to cast concrete right after the print process, it is still
wasteful and difficult to remove the plastic shell. Using a more sustainable material like
clay as temporary formwork has some advantages over plastic. In particular, clay
dissolves in water and can be easily removed and recycled.

Clay is a fragile material with mechanical properties that make it challenging to
use it as a final product in the additive manufacturing of architectural forms. However, it
does possess some interesting features that could be beneficial for temporary elements in
additive manufacturing processes.

Fresh concrete placed adjacent to clay absorbs the clay's moisture over time, and
consequently, the clay parts dry faster than air-drying. The fast-drying process results in
a cracked and shattered surface on the clay that can be easily removed by hand, pressure-
washed, or dissolved in water (Fig.4 c). This is similar to water-soluble materials used
for temporary supports in 3D printing with plastic-based materials (Doyle and Hunt
2019). The PRINT in PRINT strategy uses clay as a temporary material to 3D print
formworks for concrete elements.

Our method consists of three approaches, including Design Strategies,

Fabrication Processes, and Assembly of a nested column as follows:

85



4.3.1. Design Strategies

By using our method, two types of geometries can be easily nested as a 3D
composition, including closed and open forms. Here, a closed form refers to
a geometry with an enclosed area and continues mass when an empty space is left in
between. Such a geometry has a closed curve or polyline in its horizontal section. An
open form is a geometry with a non-closed area with no defined space between its mass.
Every closed form can be divided into several open forms. The focus of this paper is on
closed forms; open forms are the subject of authors’ future work. In this paper, we study
a conical column with a twisted enclosure. This lofted geometry has an empty core.

The general design step is to intersect a geometry with a series of planes. In this
paper, we use surfaces that are parallel to the initial construction plane. The number of
the planes (n) and the distance between them (H) determine the number of nested
components and the height of each component respectively (Figure 4.1 a). PRINT in
PRINT strategy requires a few design criteria and can create any geometry that follows
all below criteria:

- Each slice of the compound geometry should be slightly smaller than the one
underneath, so they can nest within each other. In other words, the horizontal
section of nested components at any height in the stack should not intersect the
adjacent one (Figure 4.1 b).

- The global geometry can include zero, negative, positive, and double curvatures.

If the curvature changes in the Z, the geometry should be sliced and fabricated in
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separate stacks. In other words, all nested components in a stack must have
consistent surface curvatures. The reason for this is that nested components
should be taken out of their stack to be assembled later. A component with both
positive and negative curvatures along its height can be created in this method
but cannot be taken out of the stack (Figure 4.1 c). In their stack, nested
components should be designed in a way that we can easily slide them out.
Besides sliding the component linearly, it is possible to take out the nested pieces
while rotating and moving them simultaneously.

- Animportant aspect of the proposed method is to design every component to be
matched with its adjacent pieces, creating the desired form once assembled.
Therefore, a given free-form geometry should be sliced when the top face of a
lower component (S1) has the same shape as the upper module's bottom face (S2)
(Figure 4.2). In this case, the seamless assembly of the final product is
guaranteed.

The workflow in this paper includes a parametric algorithm for designing and
slicing the geometry in Rhino and Grasshopper. HAL, a plugin for Grasshopper, was

used to program the robot and create the toolpath.
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Figure 4.1: a) A series of horizontal planes slice the main geometry and break it
into several components (n). The fixed distance between planes (H) defines the
height of the nested mass. b) Com-ponents in a stack should not intersect. c) The
curvature of the surface in each stack should be consistent, otherwise, the
components cannot be taken out of the stack

Figure 4.2: The lower component's top face (S1) and the upper component’s bottom
face (S2) are identical
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4.3.2. Fabrication Processes

The nested components were created in two steps. A fast-setting concrete was
cast between a series of shells that were robotically 3D printed with clay. The logic be-
hind the design and fabrication of the nested components is that each piece of the
compound geometry includes a thin outer shell, which, when nested within other pieces,
creates the inner shell of the next component, and those shells together de-fine the
boundaries of concrete cores (Figure 4.3). The outer shells were later dissolved in water
so the concrete cores could be extracted for the assembly step. The concrete's thickness
depends on both the design of the main geometry and the number of nested components
(n). As the number of nested components increases, the resulting concrete cores are
thinner, and the nested elements are shorter (H is smaller). The prototype presented in
this paper had six components (n) with a height of 23 cm (H) in the nested stack. The
thickness of the concrete in most of the components was 3 cm and the smallest one in the
center of the mass was fabricated with a 1.5 cm thickness of the concrete to host the 5
cm steel structure.

The authors observed failure in building geometries with long straight segments
in their horizontal section (Figure 4.4 a, b). Fabricating thin shells with long and tall
straight segments resulted in either collapse or deformation of the printed object. One
solution is to substitute straight segments with smaller zig-zag or chevron pat-terns in the
design. Similarly, Burger et. al (Burger et al. 2020) reported a delamination issue with

3D printing a shell with plastic filaments. While clay remains soft for a while, pouring
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concrete right away will destroy the soft shells. One solution is pouring concrete in

multiple steps with limited height during or after the print process.

Outer‘ Se” (made outof clay)seeeees =
"... h...... Core made out of concrete)
Ir‘lnel“ Se” (made out of clay) ssssesa .

Figure 4.3: The clay shells create a temporary formwork for the concrete cores

Figure 4.4: a, b) Zig-zag patterns are applied to increase the stability of the thin
clay shells. ¢)The dried clay can be easily detached
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IRB 1200 industrial robot, one of the smallest ABB robots, was used in this
paper to 3D print a twisted column as proof of concept. The maximum height of the

robot while holding an extruder perpendicular to the print bed is 70 cm. The column was

built with 40 cm in diameter and 140 cm in height (Figure 4.5 a).

140 cm

70 cm

Figure 4.5: a) Height comparison between the robotic arm and the designed
column. b) 3D Printing temporary shells, casting concrete, and removing the clay

shells
In this experiment, after 48 hours, the concrete cores completely absorbed the

clay shells' moisture in the lab environment, which had decent ventilation. Most of the
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outer clay surface was removed manually while nested components were left in a bucket
of water for 24 hours to dissolve the clay shells. While only 70% of the clay dissolved in
water, the result was promising, and the concrete parts were extracted with gentle force
and ultimately pressure-washed to remove the remaining clay (Figure 4.5 b).
4.3.3. Assembly

Since each concrete piece's bottom surface (S2) was identical to the top surface
of the module underneath (S1), the assembly process was straightforward. The nested
components were sequentially lifted, giving shape to the main geometry. Three scenarios
can be imagined designing the connection between stacked components: First, the
printed components can be connected to a network of cables to create a post-tension
structural system. Second, concrete is cast in the hollow core of the com-pound
geometry and reinforced with steel bars to shape a single homogenous com-ponent
(Anton et al. 2019). Finally, a separate steel structure can be employed to bear the
structural loads and hold the compound geometry pieces together. The third approach
was used in this paper, wherein an independent steel structure was de-signed, and the
concrete components were fixed in place using bolts and steel spacers.

The flat surface under the nested components during the printing and casting
process resulted in a clean flat surface at the bottom of concrete pieces. There were some
minor imperfections on the top surfaces of the concrete components that re-quired a thin

(2mm) gap between each piece to make it visually pleasing during the assembly process.
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Steel spacers with a 10 mm offset from the edge of the concrete were used to create the

gap and fix the parts in place (Figure 4.6).

Figure 4.6: The quality of the concrete elements and the detail of the independent
steel structure

The assembly process was relatively easy and could be accomplished by a single

individual on the Texas A&M University campus. (Figure 4.7).

Figure 4.7: Two twisted columns with a total height of 280 cm were robotically
fabricated
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4.4. Discussion

In this project, the goal was to establish a feedback loop between geometry,
mate-rial, simulation, and fabrication. The design criteria explained in section 2.1 are the
results of technical considerations in the proposed nesting method. Those rules push
toward designing a tapered geometry with either negative or positive curvature or both,
so the sliced components can easily nest within each other and be taken out of their stack
later.

We were aware of the challenge of matching the concrete cast pieces together in
the column when each of them came out of the nested mass and addressed the aesthetic
concerns by adding steel spacers in the assembly process.

While HAL plugin was used to generate the robot toolpath, the degree of
conformity to the desired geometry was afforded through the proposed algorithmic
method, which translates the impacts of manipulation of successive layer width,
thicknesses, and buildup rates into the robot's operation. Besides the size of our robot
and the printing frame, the final printed geometry was influenced by various deposition
parameters. Factors included controlling the rheology of the clay paste (Mansoori and
Palmer 2018), deformation of a wet material deposited under a load generated by the
subsequent layer deposition (Bard et al. 2012), surface contact between consecutive
printing layers (Farahbakhsh et al. 2020), and restricted corbeling slope of overhanging
sections to control structure buckling, as well as the drying time of the concrete mix

(Buswell et al. 2018). While accomplishing the ease of transportation and cost reduction,
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the entire twisted column and its stackable components were affected by the robot's size
in the XY plane. Mounting the robot on an external axis will push the boundaries even
further. The form, final look, and architectural expression of the column emerged from
clay and concrete material properties.

Nesting components have three benefits: first, they minimize material
consumption and waste, as each piece shares at least one surface with others. Second,
this technique can be more affordable, as a robot can create complex geometries that are
taller than the maximum reach of the robot in the Z direction. Third, the nested printing
approach minimizes the length of the toolpath, where the robot does not extrude any
material. In traditional fabrication approaches where the toolpath is not continuous,
moving from one path to another adds to the total fabrication time. Nesting components
minimize the travel time between separate paths.

Nesting a tall structure in shorter stacks decreases the volumetric dimensions*®
and consequently facilitates transportation in terms of the required space. In the
prototype presented in this paper, the assembled column had a bounding box of
280x40x40 cm. Nesting the column in four stacks required a bounding box of 92x40x40

cm. This means the components can be carried out to the installation site with an SUV

10 In the original paper (previously published at the CAAD Futures 2021 Conference), it was concluded
that the surface area decreases as the result of nesting components. Later after the discussion with the
dissertation committee members, “surface area” was replaced with “volumetric dimensions” in this
dissertation.
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with a small cargo space rather than using a truck with a minimum 280 cm bed in length

or height. (Figure 4.8).

280 cm

92 cm

a0

Figure 4.8: The nesting strategy decreases the volumetric dimensions and
consequently requires less space for transportation

As long as the design criteria explained in this paper are followed, a designer can
adopt a wide variety of geometries to make stackable tower-like structures in a nested
fashion (Figure 4.9).

This paper aims to establish a link between the geometry of stackable
components and clay 3D printing of a series of centric shells. While serving as the

column surface constituents, these shells can be used as formworks of concrete bodies.
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In this research, the printed clay serves as the formwork for concrete casting with
promising results. While clay's moisture adjacent to cast concrete benefits the concrete's
curing process, the dried clay shell can be easily removed. The authors will examine the
possibility of using clay as a dissolvable support material for real-scale concrete printing,
with plans to expand this work to a larger scope. Also, the authors aim to promote the
following aspects in the future:

Use the method to 3D print different building components on a larger scale,

- Investigate the best technique to reinforce components in the final assembly,

- Address the best way to joint adjacent components while providing the
opportunity to disassemble the structure.

- Study the most convenient approach to assemble the component when using
fewer tools, scaffolds or lifting mechanisms.

- Simulate the structural behavior of printed components and analyzing their

performance.
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Y YARE X

Figure 4.9: Various design options are explored and depicted in this picture

4.5. Conclusion

In addition to introducing the potential of nested 3D printing, the authors discuss
the opportunities and challenges of using a small robot to fabricate an artifact larger than
itself. By examining the merits of clay as a medium, hardware, and software details of
the robotic system involved, this paper introduces the process of discretization of a
twisted column into a limited number of uniquely shaped stackable components,
showcasing a close tie between the column overall geometry, its final form, the number
of its components, and the method of its fabrication.

The proposed method allows for constructing diverse 3D printed structures with
complex surfaces, including zero, negative, positive, and double curvatures. The method
can be applied to different types of components such as structural elements, cladding,

complex shell structures, and interior surfaces.
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On a broader scale, our proposed method can significantly reduce material waste,
fabrication time, and production area while using a smaller printer to create artifacts
larger than itself. Subsequently, lower investment in tools, facilities and resources will
required. Since the method can generate the most compact components, the fabricated
pieces occupy minimal storage space, and the pieces can be transported to the site in

stacks. This process reduces both transportation and construction costs.
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5. CONCLUSION

In addition to highlighting the importance of replacing concrete with a more
sustainable material for large-scale additive manufacturing, this research investigates the
opportunities and challenges of robotically assisted additive manufacturing of shell
structures on both the macro- and meso-scales.

The first paper presented in Chapter two, set out to better understand the required
steps to involve technical considerations in the design phase and to assess their impact
on the structural integrity of 3D printed components. A four-step workflow (design,
fabrication, digital reconstruction, and digital and physical analysis) was implemented to
investigate the impacts of three process parameters on the interlayer bond strength in
robotically assisted AM using a clay-based material. Three discrete scales—micro,
mezzo, and macro—were introduced for investigating paste AM. Process parameters
impact the bonding between successive layers at the meso-scale. These parameters can
be involved in the architectural design and robot programming phase. In robotically
assisted AM with paste, real-world material deposition is susceptible to environmental
factors, which add a secondary geometric feature to the printed elements that was not
included in the original digital model. A digital analysis method was introduced in the
first paper to allow a deeper insight into impact of three selected process parameters on
the interlayer bond strength. To further verify the validity of the digital analysis method,

a destructive method based on the ASTM standard flexural tests for concrete and mortar
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was used in conjunction with the digital analysis approach to compare and validate the
results.

The second paper in Chapter three expanded on the destructive tests discussed in
Chapter two. The difficulties associated with simulating and predicting AM processes in
a digital analysis operation were described, and a series of destructive physical tests
were employed to evaluate the 3D printed specimens and analyze the test results. Three
selected process parameters (L, the distance between hypothetical nodes on the toolpath,
Ho, the standoff distance of the nozzle, T, the delay time at each point) were
systematically varied in the defined intervals and ninety-five components were 3D
printed with a clay-based material. Manipulation of the process parameters was
predicted to change the geometry of the layers at the meso-scale, simulate densification,
and increase friction between successive layers in robotically assisted AM using paste.

Flexural test results revealed an average improvement of 41.2% when the H;
parameter was varied within the specified range. The experiment did not detect any
discernible effect of the T parameter on interlayer bond strength.

The first two papers that were presented in Chapters two and three focused on
one of the most challenging issues at meso-scale related to the structural integrity of 3D
printed objects using paste. The third paper detailed a problem at macro-scale in
robotically assisted AM and delved into specifics of a nested robotic fabrication method
that offers a design strategy to address the second research question in this dissertation.

A case study was conducted to investigate the potential and challenges associated with
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creating stackable geometries taller than the robot used. To the best of the author’s
knowledge, this was the first time a dissolvable formwork was made out of clay in a
robotic additive manufacturing project. This study emphasized the significance of
incorporating technical considerations of cutting-edge technology into the design phase,
leading to design innovations and structural integrity.
5.1. Significance of the findings

The findings of the flexural tests and the analysis in Chapter Three revealed that
periodically varying the H> parameter impacts the surface of the substrate at meso-scale
and adds an interlocking-like feature between successive layers, increasing interlayer
friction under shear. Several studies in the literature seek to improve the interlayer bond
strength at the micro-scale. The results of the current study provide insights into the
effectiveness and significance of geometrical approaches at meso-scale that have the
capacity to serve even greater purposes when used in conjunction with micro-scale
strategies.
5.2. Limitations of the research

The initial objective of this study was to use digital analysis techniques to
evaluate the impacts of process parameters on the interlayer bond strength in AM with a
clay-based material. The available finite element software, however, is currently limited.
As the technology continues to improve, it will become much more feasible to simulate
and predict the additive manufacturing processes and the performance of the printed

material using physics-driven models. Furthermore, because the bonding between
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successive layers of cement-based materials is affected by more intense chemical
reactions than those between layers of the clay-based material used in this dissertation,
additional research is required to expand and apply the findings of the current study to
cement-based materials or similar materials that undergo chemical reactions while
setting.

5.3. Future work

A foundation for research on large-scale robotically assisted additive
manufacturing at the macro-scale has been presented.

That said, because Portland cement is currently the extrusive material of choice
for large-scale 3D printing, it is important to also look into the effects of process
parameters on interlayer bond strength for materials that experience chemical reactions
during setting, such as cement.

Additionally, while this research included a case study for creating a stackable
closed geometry using nested printing, future work should explore criteria that can

provide opportunities for a greater variety of geometries.
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APPENDIX

FLEXURAL STRENGTH TEST RESULTS

The following tables display the results obtained from the flexural tests of the 3D

printed specimens and the mean (average) flexural strength for each series of specimens.

As previously discussed in Chapter three, ninety-five specimens were 3D printed with a

clay-based material. Specimens were first air-dried in the lab environment and then fired

in the kiln at 1800 degrees of Fahrenheit for eight hours. In Group A, the impact of the

H> parameter was studied, and in Group B, the impact of the T parameter was

investigated.

Table 5.1: AO series flexural test results

Mean
AO Serles n T B D M?:)((;;Egm Strength D, T H2 Specimens S':\r/leer?grlch
Test## Specimen (mm) (mm) (mm) (mm) (KN) (MPa) (mm) (s) (mm) (MPa)
1 la 8 0 54 53 1.32 2.39
2 1b 8 0 58 56 1.64 2.48 8 0 0 AO0-1 2.37
3 1c 8 0 53 53 1.21 2.24
4 2a 16 0 60 58 1.72 2.34 16 0 0 £0-2 5 2
5 2b 16 0 59 56 1.53 2.27
6 3a 24 0 55 52 1.4 2.59 " 0 0 203 2 2
7 3b 24 0 61 59 1.62 2.10
8 4a 32 0 72 54 1.66 2.17 3 0 0 £0-4 5 2
9 4b 32 0 70 52 1.69 2.46
10 5a 40 0 56 58 1.33 1.94 40 0 0 705 5 a0
11 5b 40 0 51 55 1.57 2.80
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Table 5.2: Al series flexural test results

Mean

Al Serles Dn H. b d Maximum Strength  H: Dn  Specimen Mean

Force Strength
TZSt Specimen (mm) (mm) (mm) (mm) (KN) (MPa)  (mm) (mm) (MPa)
1 la 8 6 56 55 1.95 3.17
2 1b 8 6 61 61 2.98 3.61 6 8 Al-1 3.39
3 1c 8 6 55 56 2.13 3.40
4 2a 16 6 55 57 2.46 3.79
5 2b 16 6 55 56 1.86 2.97 6 16 Al-2 3.09
6 2c 16 6 61 61 2.09 2.53
7 3a 24 6 57 55 1.9 3.03
8 3b 24 6 61 59 3 3.89 6 24 Al-3 3.46
9 3c 24 6 55 56 2.17 3.46
10 4a 32 6 56 77 3.8 3.15
11 4b 32 6 54 72 3.32 3.26 6 32 Al-4 3.20
12 4c 32 6 55 73 341 3.20
13 5a 40 6 50 55 1.77 3.22
14 5b 40 6 51 55 1.85 3.30 6 40 Al-5 3.26
15 5c 40 6 50 56 1.86 3.26
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Table 5.3: A2 series flexural test results

Mean

= Serles Dn H. b d Maximum Strength  H: Dn  Specimen Mean

Force Strength
Test Specimen (mm) (mm) (mm) (mm) (KN) (mm) (mm) (MPa)
# (MPa)
1 la 8 14 68 69 4.18 3.55
2 1b 8 14 68 67 4.43 3.99 14 8 A2-1 3.73
3 1c 8 14 69 68 4.22 3.64
4 2a 16 14 67 65 2.83 2.75
5 2b 16 14 67 67 3.6 3.29 14 16 A2-2 3.02
6 2c 16 14 67 64 3.01 3.02
7 3a 24 14 61 68 2.76 2.69
8 3b 24 14 66 61 3.68 412 14 24 A2-3 341
9 3c 24 14 64 66 3.46 3.41
10 4a 32 14 78 62 3.11 2.85
11 4b 32 14 79 61 3.58 3.35 14 32 A2-4 3.10
12 4c 32 14 77 62 3.32 3.08
13 5a 40 14 60 57 2.28 3.22
14 5b 40 14 57 56 2.12 3.26 14 40 A2-5 3.24
15 5c 40 14 56 59 2.3 3.24
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Table 5.4: A3 series flexural test results

Mean
A3 Series Dn H, b d M?g?g:m Strength  H: Dn  Specimen S':\r/leer?gnth
TZSt Specimen (mm) (mm) (mm) (mm) (KN) (MPa)  (mm) (mm) (MPa)
1 la 8 22 80 80 6.89 3.70
2 1b 8 22 Failed Failed NA NA 22 8 A3-1 3.70
3 1c 8 22 Failed Failed NA NA
4 2a 16 22 77 77 5.31 3.20
5 2b 16 22 74 70 4.07 3.09 22 16 A3-2 3.14
6 2c 16 22 74 75 4.74 3.13
7 3a 24 22 75 67 5.17 4.22
8 3b 24 22 75 69 3.38 2.60 22 24 A3-3 3.41
9 3c 24 22 73 69 4.3 3.40
10 4a 32 22 90 68 5.38 3.56
11 4b 32 22 86 62 3.21 2.67 22 32 A3-4 3.11
12 4c 32 22 84 66 4.14 3.11
13 5a 40 22 63 58 2.6 3.37
14 5b 40 22 59 59 2.44 3.27 22 40 A3-5 3.32
15 5c 40 22 57 56 2.16 3.32
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Table 5.5: B1 series flexural test results

Mean

= Serles Dn b d Maximum Strength T D,  Specimen Mean

Force Strength
T:ft Specimen (mm) (s) (mm) (mm)  (KN) (MPa) (s) (mm) (MPa)
1 la 8 06 56 55 1.67 2.71
2 1b 8 06 55 57 1.65 2.54 1 8 B1-1 2.54
3 1c 8 06 58 57 1.63 2.38
4 2a 16 06 55 51 0.12 Failed
5 2b 16 06 51 54 1.27 2.35 1 16 B1-2 2.36
6 2c 16 06 55 52 1.28 2.37
7 3a 24 06 55 52 0.95 1.76
8 3b 24 06 61 58 1.49 2.00 1 24 B1-3 2.01
9 3c 24 06 51 53 1.18 2.27
10 4a 32 06 71 52 1.21 1.73
11 4b 32 06 74 59 1.58 1.69 1 32 B1-4 1.71
12 4c 32 06 70 51 1.13 1.71
13 5a 40 06 47 50 1.01 2.36
14 5b 40 06 58 56 1.52 2.30 1 40 B1-5 2.32
15 5¢ 40 06 50 55 1.26 2.29
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Table 5.6: B2 series flexural test results

Mean
= Serles Dh T b d Mgm:m Strength T D,  Specimen S':\r/leer?g?th
Tfft Specimen (mm) (s) (mm) (mm)  (KN) (MPa) () (mm) (MPa)
1 la 8 1 59 58 2.13 2.95
2 1b 8 1 55 59 2.18 313 1 8 B2-1 3.13
3 1c 8 1 55 53 1.86 3.31
4 2a 16 1 58 56 1.89 2.86
5 2b 16 1 60 58 2.04 278 1 16 B2-2 2.79
6 2¢ 16 1 58 58 1.94 2.73
7 3a 24 1 61 56 1.33 1.91
8 3b 24 1 57 55 1.38 220 1 24 B2-3 221
9 3c 24 1 62 57 1.84 251
10 4a 2 1 76 57 1.66 1.85
11 4b 32 1 71 59 1.65 184 1 32 B2-4 1.85
12 4c 32 1 74 57 1.62 1.85
13 5a 40 1 54 56 2.16 351
14 5b 40 1 60 59 2.13 280 1 40 B2-5 2.82
15 5¢ 40 1 58 56 1.42 2.15
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Table 5.7: B3 series flexural test results

Dn

T

Specimen (mm) (S)

Mean
Maximum . Mean
b d Force Strength T D,  Specimen Strength
(mm) (mm) (KN) (MPa)  (s) (mm) (MPa)

B3 Series

Test
#
1 la
2 1b
3 1c
4 2a
5 2b
6 2C
7 3a
8 3b
9 3c
10 4a
11 4b
12 4c
13 5a
14 5b
15 5¢

8

8

8
16
16
16
24
24
24
32
32
32
40
40

40

1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6

1.6

The parameter values for this specimen
resulted in an excessive accumulation of

material and failed to produce an acceptable 2 8 B3-1 NA
printed object.

63 62 2.27 2.58
59 57 2.02 2.90 2 16 B3-2 291
62 58 2.46 3.24
65 63 2.27 2.42
61 59 1.98 2.56 2 24 B3-3 2.57
66 62 2.52 2.73
83 66 3.21 2.44
84 66 3.13 2.35 2 32 B3-4 2.36
78 69 3.09 2.29
64 65 2.88 2.93
60 59 2.13 2.80 2 40 B3-5 283
61 59 2.12 2.75
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