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Abstract

ATCAM: Automated Testing and Characterization of Additive

Manufacturing

Arash Alex Mazhari

Additive manufacturing (AM) lends itself as a powerful tool which leverages

the automated fabrication of digital product definitions through the computer nu-

merical control of physical toolpaths. The process conventionally requires mod-

ification of these digital definitions for compatibility with the physics governing

that fabrication process; this commonly leads to unoptimized solutions due to

design-for-manufacturability constraints. I propose a process which empowers

this manufacturability as a multi-functional constraint to the input design itself

by sensing the performance of manufactured objects through the automated actu-

ation and testing of components as a function of their fabrication. The sensitivity

of AM to the variability of feedstock quality, machine calibration, and accuracy

drives the need for frequent characterization of fabricated objects for a robust

material process. The constant testing is fiscally and logistically intensive, often

requiring coupons that are manufactured and tested in independent facilities. By

modeling the expected performance of an object and comparing the differences

from expected to physical observations of the object through multiple dimensions

of sensing, one may start to infer, characterize, validate, and even potentially qual-

ify and standardize a component’s actual implemented realization. As a step to-

wards integrating testing and characterization into the AM process while reducing

cost, I demonstrate Automated Testing and Characterization of AM (ATCAM).

ATCAM is configured for Fused Deposition Modeling (FDM) and introduces the

concept of dynamic coupons to generate large quantities of basic AM samples.

An in-situ actuator is printed on the build surface to deploy coupons through
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impact, which is sensed by a load cell system utilizing machine learning (ML)

to correlate AM data. We test ATCAM’s ability to distinguish the quality of

three PLA feedstock at differing price points by generating and comparing 3,000

dynamic coupons in 10 repetitions of 100 coupon cycles per material. ATCAM

correlated the quality of each feedstock and visualized fatigue of in-situ actuators

over each testing cycle. Three ML algorithms are then compared, with Gradient

Boost regression demonstrating a 71% correlation of dynamic coupons to their

parent feedstock and provided confidence for the quality of AM data ATCAM

generates. Further, by employing ATCAM through the automated high-volume

testing of derivated fabricated objects capable of flight, I use the basis of ATCAM

to consider the aeronautical characterization and manufacturability of a design for

its environment through an automated network of systems comparing and charac-

terizing the performance of an aircraft they manufactured, deployed, and sensed

cooperatively.
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Chapter 1

Introduction

1.1 Motivation

There is currently a significant reliance on technical human labor to optimize

and validate design parameters for not only manufacturability, but field perfor-

mance. In many instances, these highly-nonlinear and interdependent considera-

tions overlap and constrain the design space to globally-defined parameters which

may not be optimal to individual applications.

By exploring the implementations of recent advances in localized sensing and

self-contained fabrication, one may decouple the problem by observing the per-

formance of objects fabricated in-situ and comparing expected outcomes to those

physically realized. This would allow for digital manufacturing processes to char-

acterize and autonomously program additional dimensions of environmental con-

siderations into their toolpaths for optimized designs automatically localized to

their exposed design spaces.

A novel realization of an inexpensive and adaptive manufacturing platform for

adaptive robotics is the automated exploration of a design space. Through this

rapid and iterative implementation of embodied intelligence, one may sense and
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physically validate a vast number of environmental characteristics through test-

ing. The work presented in this dissertation considers a wide range of automated

design-space exploration. An example is the characterization of flight-related vari-

ables, such as inducing the variables driving lift and drag coefficients through test-

ing a gradient of iterated components and their respective projectile paths. The

platform even allows for the determination of that projectile’s material properties

from the subsequently resulting deployment(s).

If nothing more, automating and integrating the engineering processes of de-

signing, fabricating, testing, iterating, optimizing, and validating objects in a

closed-loop manner significantly reduces the cost and logistical requirements for

tailoring individual components for their environment through the automated

exploration of a design space. This significantly frees technical bandwidth for

humans to focus on tasks of increased complexity.

1.2 Background & Setting

The ability to program dimensions of digital information into the manufac-

turing process has only been recently enabled through computer-numerically-

controlled (CNC) machines. With the advent of 4D printing, additional di-

mensions of information can be embedded within in a system [Ge et al., 2016]

[Tibbits, 2014] [Wehner et al., 2016]. The increased dimensions permit an in-

creased span of solutions for a given set of parameters, as per [Bender, 1987]

and [Wang et al., 2000]. The demonstration of physically actuating an object is

an example of designing a component with programmed dynamics to specifically

interact with and autonomously demonstrate kinematic performance characteris-

tics through the manufacturing platform. This allows the components to inter-

act with each-other while simultaneously automating the post-processing stage
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of single-gantry additive manufacturing. The result is a process which allows

for the possibility of a significantly larger span, or number of possible tests and

manufacturable outcomes without the need for additional or modified hardware

[Medina and Lawrence, 2008].

The applicability not only lies in the uniquely enabled autonomous physical

validation of a digitally-designed system, but also in the proposed capability of

characterizing the physics-embedded within a design through digital manufactur-

ing and actuation. The proposed method for achieving these tasks is to design

a process which would not only translate a component from a digital to physical

medium, but autonomously activate and demonstrate the performance character-

istics nested within the object’s physical implementation.

A prime novelty of this work is the ability to retrofit existing systems for auto-

mated actuation digitally. This allows for the manufacturing process to be phys-

ically augmented through encoding, without the addition of independent robotic

manipulators. To increase the applicability and adoptability of this technology,

the toolpaths were generated with respect to the most common additive manufac-

turing methodology at the time of publication, Fused-Filament-Fabrication (FFF)

[Griffey, 2014]. To further allow the ability to be adopted, the specific platform

utilized was the most common FFF system, RepRap[Moilanen and Vadén, 2013].

The specific configuration of RepRap was the Prusa i3 MK3, as it provided a

universal and reliable basis that contained features which increase the reliability

of the FFF process, such as auto-leveling [Attaran, 2017].

By pairing this automated fabrication and deployment technique with sensing

methods that track an object visually and determine their physical forces through

impact, a strategy was developed to automatically detect the actual performance

of a digital design. This integration of the manufacturing, deployment, and test-
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ing process itself yields numerous novel realizations. We can further the utility

by using this process as a platform for exploring the design space of an object

by implementing an evolutionary algorithm which detects the performance of an

object undergoing multivariable changes and defining local design optima. By

closing the loop from digital design through manufacturing, deployment, testing,

sensing, validation, and iteration over many generations of an object we can con-

verge a design for an optimized realization for its environment with respect to the

physical limitations of the manufacturing and deploying mechanisms utilized.

This process creates the analogous ability to define basic optimization criteria

(such as desired velocity, coefficient of lift), or mission definition (reach a certain

target, follow a trajectory, etc.), start the process with the press of a button, and

leave the system overnight. The following morning, many generations of an object

will have been created, physically validated, and converged to a design heuristi-

cally tailored for the performance or mission criteria with generated data defining

the design space explored along the evolutionary cycle with the performance for

each varied phenotype.

1.3 Identification of Problem

The open-loop nature of an object’s design cycle is relatively inefficient and

cost-intensive. The design, fabrication, integration, and testing of an object

can take months for a single iteration as demonstrated by Ref.[Wong, 2012],

[Harvey et al., 2005] and Ref. [Floreano, 2015]. It has been noted that one of

the limiting factors in designing robotic systems is the logistical constraint of

validating coupled multivariable design spaces through iterative protocols, as per

Ref. [Arias-Montano et al., 2012a], [Yang et al., 2018], and [Vargas et al., 2014].

To further automate the cycle, the author proposes the integration of multiple
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stages of an object’s design: fabrication, deployment, validation, and iteration.

By developing an analogous system which creates an object and tests the com-

ponent it has created autonomously, we can demonstrate that humans can be

removed from these stages of engineering an object and observe the design space

it governs. An in-depth literature review has validated that the consolidation

of these stages of design has never been previously demonstrated for the auto-

mated characterization of an object’s design space. With a combination of in-situ

fabrication, automated deployment, and autonomous sensing for validation with

subsequent iteration for global optimization through converging local optima, one

may realize the joint-considerations of these processes to employ a strategy for

automated exploration through a design space by deploying evolving robotic sys-

tems.

1.4 Contributions of This Work

This document develops a method to automate the exploration of a design

space by employing and automating digital object design, manufacturing, deploy-

ment, testing, sensing, and iterating protocols for evolutionary convergence to val-

idated optimization. By integrating the considerations of each these fields into the

computer-aided-manufacturing process, one may digitally embed, autonomously

actuate and even validate dimensions of kinematic information into additively

manufactured components as a function of the 3D-printing process.

The result also enables current systems to provide significantly-increased phys-

ical realizations through self-contained post-processing of digital manufacturing

toolpaths. By embedding physical additive process-specific interactions into the

manufacturing toolpath of a component, an object may be augmented with addi-

tional dimensions of information that provide the ability for a printed part to kine-
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matically interact with its environment without human intervention on conven-

tional Fused Filament Fabrication platforms. Additionally, multiple objects may

be processed to simultaneously interact with both the manufacturing-environment

and components fabricated on the same platform for an increased complexity of

interactions and a significantly-expanded range of outcomes otherwise impossible

from existing systems.

In this work a novel systematic algorithm is defined to program additively

manufactured objects to autonomously actuate and displace as a function of tool-

path modification. It then demonstrates the implementation through a physically

validated example, and simulates the modeling of the observed behavior to char-

acterize additive manufacturing-specific considerations. The work then defines an

evolution of the platform, modified for implementation as an automated high-

volume additive manufacturing and testing tool. The tool is then experimented

and validated for the development of locally-optimized, autonomously actuated

aircraft.

Additional discussion and overview of this document’s deliverables are pre-

sented in Section 7, with relevant locations of each deliverable identified in Section

7.3.

1.5 Definition of Terms

• Additive Manufacturing - Additive Manufacturing (AM) is a convention to

localize bulk material to create a physical object with respect to a product

definition through a cumulative process. Also commonly referred to as 3D-

Printing.

• Aerostructure - A pressure-regulating structure whose loading conditions
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vary with respect to localized reynold’s numbers accross the surface.

• ATCAM - Automated Testing and Characterization of AM. ATCAM is de-

fined as the entire system, integrating sensing into the ISD process to auto-

mate the characterization of AM.

• Build Surface - Also referred to as the build-plate or build-tray, is the plat-

form on which an AM machine conventionally processes material during

fabrication.

• Deployable - The ability for an object to successfully be subjected to ISD

from the AM build surface.

• Digital Product Definition - An AS9100-derived terminology for the digital

information describing an object. Typically, this information is embedded

within a computer-aided draft (CAD) existing in two or three dimensions.

The finalized definition is commonly formatted as a reference to be later

used for manufacturing purposes.

• Dynamic Coupon - A standardized AM object fabricated and subjected to

ISD. ATCAM senses properties from large quantities (1000+) of dynamic

coupons to generate a material database which can be used to characterize

the AM process.

• FFF/FDM - Fused Filament Fabrication (FFF), or Fused Deposition Mod-

eling (FDM), is a form of additive manufacturing localizing thermoplastic

filaments in a quasi-fusion process. The resulting components are mechani-

cally quasi-isotropic.

• gCode - Also referred to as the toolpath, gantry code (gCode) is a machine
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language which provides instructions for the AM process. ATCAM manip-

ulates gCode files to retrofit and execute ISD.

• ISA - An In-Situ Actuator (ISA) is a discrete retrofitted mechanism fabri-

cated onto a build-surface. An ISA can be used to store and impart me-

chanical energy onto an in-situ deployment (ISD) object.

• ISD - In-Situ Deployment (ISD) is the process in which an ISA or ISLS is

referenced to eject an object from the AM build surface. ISD is the method

this document uses to automate the AM process and eject dynamic coupons.

• ISLS - An In-Situ Linear Spring (ISLS) is a self-contained object capable of

ISD. ISLS are distinguished from other ISD objects because they have an

integrated deployment mechanism (a linear spring) built onto the bottom of

the deployable object.

• Reynold’s Number - Commonly referred to as the quantitative dynamic

interaction, or ’stickiness’, of an object translating with respect to a fluid in

a control volume.

• Slicing - The process of converting a volumetric digital product definition

into a cumulative series of lower-dimensional layers. The output of this

process is commonly referred to as a toolpath, and is a necessary component

for computer-numerically-controlled manufacturing.

• Tool Head - The subsystem on an FFF/FDM machine which contains the

extrusion nozzle. The tool head is used by ATCAM to deflect ISA and ISLS

through the ISD process. Also commonly referred to as the build head.
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Chapter 2

Literature Review

2.1 Introducing the Literature

To develop a method for automating the characterization of an aeronautical

design space through additive manufacturing, it was crucial to investigate and un-

derstand a wide-scope of relevant fundamentals within the fields of digital design,

computer numerical control of toolpaths, aerostructures, high-volume testing, and

the automated sensing of performance criteria. This highly broad set of fields de-

fines a multi-variable problem, where locally optimal solutions can easily maintain

globally-sensitive coupled implications.

This diverse and theory-heavy section consequently overviews a variety of pro-

cesses realizing multi-functional dimensions and provides context to the necessary

considerations of their respective applications. A review of aerospace design-

for-manufacturing is implemented to help uncover the requisites and concerns

regulating flight. Numerous fabrication methodologies and their respective tool-

pathing strategies are investigated to characterize their relevancy to regulating

the design of an aerospace system, where applicable. Autonomous systems en-

abled through novel prototyping methods are discussed, with their strategies and
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methods for solving functional design issues bottle-necked through manufacturing.

An overview is conducted of existing high-volume testing systems, followed by a

discussion on the state of automated sensing and current applications.

The section navigates through the necessity of a system capable of automating

the convergence of highly-correlated multi-variable designs by finishing with a

review of how scientists and engineers have been trying to solve this problem by

mimicking nature’s solution through evolution.

2.2 Digital Fabrication

2.2.1 Additive Toolpathing Algorithms of Digital Defini-

tions

The additive manufacturing process conventionally relies on the cumulative

processing of lower-dimensional layers or blocks of information as a function of

localizing bulk data [Steuben et al., 2016, Jin et al., 2014]. For Fused Filament

Fabrication, three-dimensional components are commonly sliced into stacks of

two-dimensional layers for fabrication [Jin et al., 2013]. Geometric and structural

data is typically lost along the toolpathed build-axis direction as a function of the

mechanically-bounded layering process [Liu et al., 2014, Tymrak et al., 2014].

The geometric inaccuracies of this process compile through errors accumu-

lated through the layered-toolpath following an additive manufacturing process

[Lensgraf and Mettu, 2016]. Systematic issues, such as quasi-isotropic mechanical

properties can arise with these compiled volumetric discrepancies. The asym-

metric properties can be primarily associated with the chronology of fabrica-

tion, with errors introduced via varying environmental conditions, material prop-

erties, algorithmic inaccuracies and gantry-based mechanical issues along the
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z-axis [Zou et al., 2016a] . Consequently, there exists a defined discretization

within three-dimensional components in regards to these two-dimensional lay-

ers, confirming implicit directionality as a function of the manufacturing process

[Shaikh et al., 2016, Tymrak et al., 2014, Lee and Huang, 2013]. This rendering

directly relates the macroscopic orientation of digital coordinates to physical, me-

chanical properties which may be tailored for directionally-complaint structures

[Garcia et al., 2012, Montero et al., 2001].

2.2.2 Multi-stage Manufacturing

Many conventional definitions of multi-process manufacturing systems utilize

independent robotic manipulators to progress an object through multiple stages

of fabrication [Mehrabi et al., 2000]. The Keck Center of the University of Texas,

El Paso has implemented this concept through a multifunctional component tool-

pathed on numerous machines, pending applicability of each desired feature or at-

tribute [Olivas et al., 2010]. There has been work conducted at Lockheed Martin

Corporation to create an autonomous storefront where an object’s digital model is

uploaded by an engineer through a graphical user interface, with a multi-physics

engine computing the most relevant manufacturing processes to manufacture the

object. A signal is then sent to a machine which controls a traversing belt, which in

turn localizes and translates a starting build-plate through a series of machines, se-

rially [Xu and He, 2004]. This ecosystem allows for the embedding of discrete sys-

tems; a common example is the integration of electronics into a structure, allowing

for uni-body components no longer requiring assembly [Macdonald et al., 2014]

[Espalin et al., 2014].

A prime factor for driving the development of this technology is the appeal-

ing reduction of relative cost and manufacturing time, primarily through the as-
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pect of significantly-reduced labor requirements for a given system. Alternatively,

Ref. [Kwas et al., 2014] suggests such platforms can be implemented to serve

a wide-range of applications, including but not limited to the ability to create

fully-functional weapon systems, in-situ. A common issue facing these platforms

are power and infrastructural requirements [Holshouser et al., 2013]. Both the

’Factory of the Future’ concepts from the Keck Center and Lockheed Martin

require dedicated and specialized facilities to be dedicated for the successful im-

plementation [Holshouser et al., 2013]. These logistical requirements are due to

the requisite for traversing platforms, and discrete robotic manipulators to local-

ize and move the object being fabricated [Quaid and Hollis, 1996]. Resulting in

part to these requirements, the driving factors for fast-paced innovation within

the field of digitally-enabled manufacturing seem to show no sign of decreasing

[Huang et al., 2015].

2.2.3 4D Printing

There has been an increasing number of investigations regarding the manufac-

turing of components containing information programmed to autonomously inter-

act with its environment, either during or after its fabrication[Momeni et al., 2017]

[Kokkinis et al., 2015] [Wehner et al., 2016]. This field, also commonly referred

to as 4D Printing [Tibbits, 2014], heavily revolves around the concept of shape-

deformation as a function of time [Gladman et al., 2016]. A specific consideration

of this design methodology is the single state encoding the functions these objects

serve[Felton et al., 2014] [Dickey, 2016]. A limiting factor of this constraint is that

they reach their programmed state with permanence, limiting the reprogramming

potential.

Additive curing processes, such as the derivative stereolithographic process
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referred to as polyjet printing, rely on time as a function of the polymeriza-

tion process with respect to exposure to ultraviolet wavelengths [Singh, 2011]

[Barclift and Williams, 2012]. Various shape memory polymers have been de-

veloped as a method of tailoring to the unique capabilities of the polyjet pro-

cess, embedding additional object dimensionality for increased component func-

tionality with respect to time [Ge et al., 2016]. Research has been conducted

note only to selectively cure the resin from the polyjet process, but to intention-

ally retain a portion of the resin in its fluidic form by housing it within cured

material [MacCurdy et al., 2016]. A functioning hydraulic actuator was created

with a modified Objet 260 polyjet machine. These actuators were implemented

as the thrust-generating medium for a walking robot, which is noted as one of

the few examples currently developed through additively manufactured compo-

nents containing the embedded dimensionality of repeatable kinematic actuations.

Work has also been completed within the field of pairing rigid materials with un-

cured resins as a function of designed compliance through additive manufacturing

[Meisel et al., 2013] [Meisel et al., 2015] [Stiltner et al., 2011]. These methods, al-

though extremely novel, required heavily on human labor for controlled postpro-

cessing techniques. It also required human-in-the-loop assembly for integration of

the energy-delivering variables which could allow it to demonstrate repeated au-

tomated motion. Various machines have come to market enabling an off-the-shelf

integration of previously independent systems. The Voxel 8 additive manufac-

turing platform cleverly utilizes lithography to embed electronics into polymers

by selectively depositing photo-sensitive resins where the user requires rigidity,

and conductive ink for circuitry [Silverbrook, 2010]. The novelty of this plat-

form lies in the ability to embed electrically-regulated dimensions of functionality

into a structure without human intervention. Unfortunately, this platform still re-
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quires post-processing to actuate the information due to its photo-sensitive nature

[Dizon et al., 2018] [Vanek et al., 2014].

Even as the number of lithographic 4d printing applications have continued to

increase over time with maturation of the technology [Kuang et al., 2019], ther-

moplastic fusing processes continue to demonstrate their utility in shape-morphing

applications [Rajkumar and Shanmugam, 2018]. The ability to selectively deposit

material that diminishes thermal energy to reach a solid-state within a fraction

of a second allows for novel applications regulating internal stresses as a function

of time [Ly and Kim, 2017]. By regulating these forces over defined dimensions,

one may program numerous dimensions of performance objectives as a function

of lower-order dimensions [Hu et al., 2017] [Bodaghi et al., 2018]. Although the

majority of 4D thermoplastic applications contain the ability to deform their own

geometry for functionality, the applicability of their structures are severly lim-

ited to low-energy applications, or those with limited repeatability [Pei, 2014].

Efforts have been made to increase the longevity of these functions by utiliz-

ing composites [Dudek, 2013] and polymers demonstrating elastomeric proper-

ties [Baker et al., 2019]. However, it is clear that the applications of repeat-

able, fatigue-resistant 4D printing of thermoplastics are highly limited and not

well-demonstrated [Kuang et al., 2019]. The field of programming the sequential

fabrication of repeatably ejected, semi-compliant thermoplastics as a function of

additive manufacturing is relatively under-investigated.
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2.3 Manufacturability Considerations for

Aerospace Applications

2.3.1 Aerospace Loading Conditions

The manner in which expected loads traverse throughout a structure are typ-

ically amongst the first considerations engineers take when designing a pressure-

regulating component [Tumer and Stone, 2003a]. Conventionally, aerospace vehi-

cles and their freestream-facing components must be able to withstand relatively

large pressure differentials within a span of millimeters of material-thickness. By

integrating streamers, forces can be diverged throughout load-bearing structural

members without increasing the thickness of an entire structure, allowing for sig-

nificant savings in weight and consequently gliding efficiency. Optimal load dis-

placement is especially critical for wing structures, as their compliance is finely

tuned to several parameters which can differ greatly across various portions of

flight. A common example is the tuned dihedral angle for an aircraft, as a func-

tion of speed and altitude. As an aircraft is stationary, aircraft wings require

relative compliance with respect to ground-clearance to mitigate physical dam-

age. As the freestream surrounding a wing increases in relative velocity, the lift

generated and consequent applied load increases at a disproportional rate. Con-

sidering a common elliptical lift distribution seen in steady, level flight is applied

along a wing, the structure must be able to deform with regards to the aerodynam-

ically optimal dihedral angle at that given velocity. An analogous aerostructure

following similarly multi-variable design parameters are turbine blades.
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2.3.2 Designing for Directionality

Isotropic structures can have wide-ranging implications and resulting con-

siderations for aerospace applications [Harris et al., 2002] [Hueber et al., 2016].

Common relevant applications for digital fabrication include the manufactur-

ing of complex geometries pertaining to pressure-regulating components, as per

[Williams and Starke Jr, 2003]. Such aeronautical systems typically pertain pro-

pellers, fans, and wings [Murr, 2016] [Brans, 2013]. Astronautical applications in-

clude nozzles, fairings, and pumps [Leach, 2014] [Joshi and Sheikh, 2015]. These

components have historically been fabricated in either subtractive methodolo-

gies from raw material stock or cast from fabricated molds and conjoined into

assemblies [Shen and Furrer, 2000] [Liu, 1995]. Due to the relatively homoge-

neous aspect of stock materials conventionally used for subtractive manufac-

turing, structural considerations have traditionally been taken as mechanically

isotropic [Cheng et al., 2006] [Totaro and Gürdal, 2009]. Pressure-regulating sur-

faces such as wings typically have highly-directional loading patterns and are

structurally-validated with respect to mechanical testing of the expected loads,

iterating accordingly [Kimberlin, 2003]. Due to these design variables, specific

considerations must be integrated into the components composing these sys-

tems for developing predictable structures and controlled manufacturing pro-

cesses to help alleviate uncertainties that can be perpetuated through layer-

based manufacturing techniques [Kassapoglou, 2013] [Murr, 2016]. Because of

the highly-cyclic loading patterns experienced with pressure-regulating structures

[Greenhalgh and Hiley, 2003], mechanical tolerances [Vogelesang and Vlot, 2000]

for aerospace implementations must be defined and well-characterized.
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2.3.3 Failure Modes and Manufacturing Considerations

of Aerostructures

Investigating the various failure modes commonly applicable to pressure regu-

lating structures provides correlations of mechanical performance to input design

parameters [Frangopol and Maute, 2003]. Most aerostructures are reinforced with

beams and bars specifically designed to compress under sufficient loading. Stream-

ers are integrated into the design to transfer loads. These considerations require

additional weight with respect to unibody configurations. Manufacturability has

typically limited the implementation of low-weight unibody aerostructures. The

current state of the art is implemented through carbon-composite laminate tech-

nology [Shanyi, 2007]. The manufacturability and load predictability of these

systems are of upmost concern, as these structures are highly quasi-isotropic.

Although the current state of the art for the additive manufacturing of aerostruc-

tures allows for unibody implementations of conjoined and integrated systems

that reduce weight, they must still be highly proof tested, like their composite

counterparts. NASA currently considers additive manufacturing for aerospace

applications to be point-design, requiring uniquely developed inspection and eval-

uation criteria for additive part qualification. The agency is currently working on

further-standardizing the process [Russell and Hall, 2008].

2.4 Bio-Inspired Robotic Systems

2.4.1 Platforms for Automated Evolution

The field of automated evolution has a rich spectrum of applications, varying

from the self-optimization of an antenna for its environment, to adaptively tai-

loring the metaheuristic features exhibited by robots. Humans have increasingly
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adopted nature’s method of converging to complex yet functional designs through

semi-controlled deformations, and are dedicating increasing resources to automate

and apply the method to otherwise labor-intensive applications. [Bongard, 2011]

defines a necessary strategic thrust within evolutionary robotics as self-contained

development through automated design, manufacturing, and deployment. Various

semi-automated deployments of robotic assemblies are demonstrated in Figure 2.1.

It is noted that all of the physical implementations required human interaction

for deployment, post-fabrication.

[Eiben and Smith, 2015] suggests that the method to realize automated con-

siderations could come through the development of rapid prototyping, and in

particular, 3D-Printing. They discuss the unique progression of digital evolution

to physical evolutionary systems. Evolutionary robotics is specifically challenging

due to noisy correlations between intended functionality and environmentally-

conditioned convergence [Watson et al., 2002]. The paper concludes by describ-

ing the differences between various protocols for evolution, distinguishing between

artificial and natural derivatives.

[Borenstein and Moraglio, 2014] applies the utility of evolutionary algorithms

to address multi-functional issues with novel solutions, particularly as a function

of naturally-occurring problem solving. The work describes this bio-inspired opti-

mization as a function of exhausting numerous parameters, rendering through

trial-and-error. The work conducted by [Eiben et al., 1999] provides the fun-

damental strategy by noting the inefficiencies of conducting highly-iterative ap-

proaches with evolutionary computation. It addresses the basis for choosing a

decision while simultaneously computing and realizing a solution.

[Brest et al., 2006] furthers the discussion through a numerical benchmark nar-

rative for self-adapting parameter control in differential evolution. The focus of

18



Figure 2.1: Various examples of semi-automated deployments of robots devel-
oped through evolutionary algorithms [Bongard, 2011]
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decision making operations through individual iterations and mutations is de-

scribed through the lens of mutation rates and the permutation representations

within genetic algorithms by [Serpell and Smith, 2010] [Bredeche et al., 2012] and

[Watson et al., 2002]. These works explore a property that is demonstrated in na-

ture, describing mutations as not relevant to a single globally-optimal parameter,

but a dynamically-shifting one which changes per iteration. This conclusion is also

supported by the machine learning approach provided within [Filipic et al., 1999].

Serpell discusses a novel realization regarding the interwoven aspects of self-

adaptation, considering mutations as an intrinsic process within evolution. A

benefit of this characterization is the removal of specific mutating aspects from

necessitating user-input, resulting in a reduction in computational intensity for

each generation of mutation. Trends within parameter control are summarized

by [Karafotias et al., 2014], presenting the topic by describing trends and their

optimal use-cases. The investigation outlines the difficulty of proper parameter

control within evolutionary computing through a comparison of computational in-

tensity with respect to accuracy and time. The framework hierarchy of parameter

tuning is demonstrated in Figure 2.2.

Figure 2.2: A definition of parameter tuning hierarchy through (a) control flow,
and information flow (b). [Karafotias et al., 2014]

Highly influential work was conducted within the field of multi-objective opti-

mization through specific considerations of increased complexity within parameter
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mutation through evolution. By considering parameters with four or more objec-

tives, many-objective optimization criteria could be defined for a system requiring

multi-functional tailoring through an evolutionary algorithm [Deb and Jain, 2013].

The term evolutionary multi-objective optimization (EMO) was defined in this

work, permitting widely increased applicability of evolutionary algorithms for

complex, real-world problems [Deb, 2014]. EMO has served as a platform for com-

plex applications ranging from railway networks [Fang et al., 2015], load demand

testing for smart grids [Raza and Khosravi, 2015], to Kalman filters, and bee

colonies [Luo et al., 2017] [Chugh et al., 2016]. Although none of these platforms

fed data through design space sensing for automated, physical iteration through

manufacturing, the work still serves as a premise for our document’s own highly

diverse multi-opmitizaion design strategy. EMO provides a basis for employing

evolutionary algorithms with specifically-defined mutations to alter higher-order

traits and characteristics through integrated iteration. Further bio-inspired con-

text for evolutionary algorithms are provided through [Schmidt and Lipson, 2009].

Schmidt and Lipson discuss the barriers to automating evolution and provide sup-

port for the nontrivial aspects of characterizing these complex systems. They pro-

pose an algorithm which can define underlying dynamics through observed results,

an example of which is demonstrated in Figure 2.3.

Decision-tree inductions of evolutionary algorithms are proposed as an alterna-

tive to computationally-intensive divide-and-conquer approaches. Barros’ method

compares the state of criteria for varied heuristic metrics with respect to parti-

tioning technique [Barros et al., 2011]. The work then compares strategies for

initializing populations, and defines fitness protocols over a wide variety of work.

A conclusion of the findings are that when attempting to find global optimizations,

evolutionary algorithms aid in avoiding convergence to local optima. They also
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Figure 2.3: Inferred laws from experimental data generated by physical systems
[Schmidt and Lipson, 2009]

find that induction trees can bias the search in potential solutions through EMO

[Kalles and Papagelis, 2010] [Secretan et al., 2011]. Concluding remarks are made

reaffirming that although novel solutions can be found through evolutionary al-

gorithms, they are highly resource-intensive. It is suggested that parallel com-

putation for characterization of members speed evolution, and are proposed as

the most common method to support this method of heuristics [Cantú-Paz, 2001]

[Van Veldhuizen et al., 2003]. Applicability of EMO’s for aerospace applications

are outlined by [Arias-Montano et al., 2012b]. Arias discusses the current neces-

sity to validate EMOs within the fields of aeronautics and astronautics due to

aerospace design redundancy. Driven by necessary factors of safety, the work

urges that while EMOs are highly useful for the multi-objective optimizations

present in many aerospace applications, progress must be made for proving that

solutions are optimal and improved. This urges the current requirement and

opportunity for a platform demonstrating the fitness of specimens [Yao, 1999] un-

dergoing multi-objective evolution through physical validation within the field of

aerospace [Wang et al., 2002] [Arias-Montano et al., 2012a].
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2.4.2 Automated Testing

The increasing automation of testing protocols for both digital and physical

implementations has been historically driven from a cost-saving perspective for

detecting defects and managing logistics [Hoffman, 1999] [Albus et al., 1983]. As

per [Thummalapenta et al., 2012], the automation of testing promises to disrupt

the rate at which correlative insights are made through data generated through

automated testing.

By allowing observations through conducted tests to drive the method in

which tests are themselves implemented, the applicability of AI-driven valida-

tion will evolve into roles otherwise impractical to implement [Endres et al., 1998,

Vogel-Heuser et al., 2015]. As per [Mao et al., 2017], much of the development

of automated testing has been conducted within the fields of software develop-

ment for optimized deployment within development protocols [Kehoe et al., 2015,

Iqbal et al., 2015].

Strategies for deploying these methodologies within cyberphysical systems has

recently increased in importance as hardware deployment and localized computing

capabilities increase in performance [Winkler and Biffl, 2012] [Garcia et al., 2018]

[Vogel-Heuser et al., 2015]. The shifting requisites for industrial automation ap-

plications are contingent on the development of strategies for overcoming complex-

ities caused by hardware errors introduced by software [Hametner et al., 2011].

Hametner suggest implementing semi-autonomous systems for automated deriva-

tions of tests. Winkler suggests that a protocol for implementing automated

multi-variable quality assurance lies within the hierarchy of testing. Figure 2.4

demonstrates that by regulating the levels and output flow of observations, one

may test across multiple variables and integrate tests as a function of technical

system design [Winkler and Biffl, 2012].
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Figure 2.4: Automation of Testing Across Disciplines As a Function of Hierarchy
[Winkler and Biffl, 2012]

Increasing research is being conducted within the fields supporting industrial

automation [Grau et al., 2017] by adopting capabilities such as automated sensing

[Wollschlaeger et al., 2017], assembly [Tellaeche et al., 2015], point-to-point mo-

bilization [Wu et al., 2015], and machining [Prestes et al., 2016].

As seen in Figure 2.5, the number of active robots utilized within industrial

applications has and is forecasted to continue increasing non-linearly as adoption

of automated systems continues. Optimizing robots for the the design spaces they

will serve has remained to be addressed, and argues for the necessity of a platform

automating that process.
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Figure 2.5: Number of deployed robots working in industrial applications [Heer,
2018]
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Chapter 3

Augmenting the Additive

Manufacturing Process to Enable

Automation

Literature review sections 2.1 through 2.4 describe both the state-of-the-art

and conventional techniques implemented in the fields of automated design, au-

tonomous robots, aerostructures, adaptive manufacturing, performance sensing

through computer vision, 4D printing, and high-volume testing.

This chapter will lay the foundation for the work that has been done over the

past four years to develop ATCAM. The basis this section builds (1) The model-

ing and design of digital springs, (2) Automated programming and actuation of

kinematic dimensions as a function of toolpathing by converging on the concepts

of ISLS and ISA, and (3) The development of a repeatable, high-volume additive

testing platform through ISA. The latter sections of this dissertation reference

ISA as the method for ISD to create ATCAM and autonomous aircraft that fly

off of the machine that built them. The specific deliverables can be described as
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(4) The development of performance sensing and validation techniques for addi-

tive components manufactured and deployed in-situ, and (5) Characterization of

autonomous aircraft capable of flying off of the build-platform.

As previously stated, the open-loop nature of an object’s design cycle is rel-

atively inefficient and cost-intensive. To further automate the cycle, I propose

and demonstrate the integration of two important stages of an object’s design

cycle, fabrication and testing[Wong, 2012]. By developing an analogous system

which creates an object and tests the component it has created autonomously,

we can demonstrate that humans can be removed from these two stages of com-

ponent engineering, reducing expenditures of human energy and other costs. An

in-depth literature review has validated that the integration of these two stages of

design have never been previously demonstrated with an additive manufacturing

platform at the time of this document’s writing.
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3.1 Introduction

To develop an additively manufactured component that after fabrication would

be automated to launch off of the machine that made it, I investigated various
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methods to translate energy through fabricated components on the build-platform.

From taking advantage of gravity by elevating the build platform, to storing in-

ternal stresses through varying the layer-by-layer geometry of the components

fabricated, it was eventually determined that the most sustainable method to

translate the electrical energy drawn from an additive machine into mechanical

potential would be through the interaction of the physically-moving components

within the manufacturing process.

3.1.1 Physical Realizations of Digital Kinematic Dimen-

sions

In designing the mechanical interactions as an embedded dimensionality of the

fabricated components themselves, one can remove the need for hardware modifi-

cations to translate mechanical potential for physical actuation. A novelty of this

discovery is the ability to remove the necessity of introducing other processing

stages by manufacturing the desired physical capabilities, in-situ.

In determining the necessary interactions required to transform electrical en-

ergy into mechanical potential, and subsequently into the thrust required for a

projectile, the clearly non-linear translation can be broken into a series of linear

systems for an investigation of given input variables for the observed output. This

process was done partially to characterize the physical requirements necessary to

actuate an object, and consequently define the additive platforms and materials

required to demonstrate and validate the concept. A comparison of the hardware

configurations of conventional additive manufacturing processes is demonstrated

in Table 3.1.
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Table 3.1: A comparison of dynamic components over additive processes.
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Figure 3.1: A Strategy for Modification of Volumetric Information for Desired
Actuation. Object 1 and 2 reference the projectile and paddle, respectively.

3.1.2 Programming A Toolpath For Kinematic Interac-

tions

To characterize and validate the physics embedded within fabricated compo-

nents, a manufacturing process was utilized which utilized digitally-generated in-

formation within a build-file. This information would later be physically-relevant

(with regards to its environment) within a serially-defined line of code within the

same file. This programming is commonly referred to as ’4D-Printing’, with the

fourth-dimension being a single external-to-manufacturing-process variable (such

as time, temperature, humidity, etc.). Our process takes this a step further,
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Figure 3.2: A comparison of additive processes with respect to total power
consumption over print time

by embedding physical information that would autonomously enable kinematics

and object validation through physical testing. By designing to-be-printed com-

ponents with respect to material and manufacturing-specific variables such as

specific-stiffness and Young’s modulus, and cleverly utilizing the building process

to enable physically-embedded information, the system is able to excite objects

into new modes autonomously.

To change the mode of a fabricated object, physical mechanisms were em-

bedded in the layer-design to be physically-actuated at a later point of the man-

ufacturing process. We printed a sphere, with the intention of autonomously

launching it off of the platform as part of the manufacturing process, without
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human-intervention.

An investigation was conducted regarding the transfer of energy from an ad-

ditive manufacturing gantry nozzle into an object the platform has fabricated by

exciting a linear spring it creates and displaces. The spring’s actuation trans-

fers elastic energy into a simultaneously fabricated sphere via projectile motion,

which are described and analyzed through Finite Elemental Analysis (FEA) and

confirmed through numerical analysis with linearized equations of motion.

A catapulting linear spring was designed to be printed simultaneous to the

sphere. This spring was intended to be physically excited via cantilever elasticity.

The end of this spring would be pushed by the FDM machine’s material-extruding

tip, novelly translating a xyz g-code vector coordinate into elastic bending of

the printed gate. This process transfers kinetic energy from the FDM machine’s

moving nozzle into potential energy stored elastically by the spring. The lever

on which the FDM nozzle pushes upon was specifically tapered to actuate at a

certain deflection angle for the spring. At this angle, the object would detach itself

from the FDM nozzle, generating a pendulum which would physically contact the

printed sphere with the purpose of transferring momentum. The fabricated ball

is launched with respect to programmed collision-based physics, whose difference

to calculated values allow the characterization of a design through automated

manufacturing and testing.

The spring was iterated numerous times as we converged to a system that

would detach from its static manufacturing mode, while still storing sufficient

energy to launch an independent yet simultaneously fabricated object. We may

characterize the theoretical elastic strain energy of our spring as a function of a

point load provided by the FDM nozzle onto the cantilevered beam.
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Figure 3.3: A Method to Modify the Toolpath of a Manufactured Object For
Autonomous Actuation

3.1.3 Designing a Model

I proposed, converged, and compared the response of two representative models

for an investigation of the design space through numerical methods.

The first representation was built upon the linearized spring-mass system de-

rived above, tracing constraints from manufacturing-specific considerations with

projectile equations of motion. The latter was conducted by isolating the relevant

physics into two sub-models that would interact with one another. The first model

consequently defines the interaction of the fabrication nozzle with the fabricated

spring to embed potential mechanical energy into the system. The second model
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Figure 3.4: Examples of embedded information within deployer

demonstrates the kinematics of the spring contacting and catapulting the sphere

manufactured within its proximity.

The second representation of the system is also divided into two separate

interactions for the same reasons mentioned above. The differences are with re-

spect to the method in which potential energy is embedded into the objects on

the build-platform, and the considerations and assumptions characterizing the

system. The first interaction represents a deforming cantilever beam driven by

manufacturing variables and constraints, transferring strain energy to a sphere

through an impulsed contact. The sphere’s flight is characterized by a mixture of

manufacturing-specific variables, such as normalized build-plate adhesion forces

and a ballistic coefficient driven by the manufacturability of a sphere through

FFF.

34



Nozzle-Spring Model

The interaction of the nozzle and spring can be considered as implicitly non-

linear, with [Armero and Romero, 2001] describing elasticity related to the bend-

ing of the spring. The order of this system can be reduced by assuming the spring

to be a beam with an applied torque [Phillips and Costello, 1972]. One may fur-

ther simplify this model by considering the torque as a point force applied on a

mass connected to a linear spring, as demonstrated in Figure 3.5.

Figure 3.5: Free Body Diagram of Linearized Spring

In our model, the point-force F1 is analogous to the nozzle pulling the mass

M1 connected to the spring KS a distance of X with a damping coefficient of Cd.

We take the assumptions that normalized friction forces are linear, and that aero-

dynamic drag and adhesion forces are consolidated into the damping coefficient

of the spring.

To reduce the order of the system for insights to the underlying physics, we

can investigate the state space:
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(3.1)

This results in the system of equations

ẋ= Ax+Bu

y =Hx
(3.2)

As we previously inferred,

A=

 0 I

−M−1K −M−1C

 ,B =

 0

M−1

 ,H = I (3.3)

The resulting motion can be described by the second-order ordinary differential

equation (ODE) in Equation 3.4:

M1ẍ+Cdẋ+Ksx= F1 (3.4)

We may subsequently linearize this kinematic equation by reducing the order of
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the ODE through substitution of the state variable, as demonstrated in Equation

3.5:

ẋ1 = x2(t) (3.5)

Leaving a reduced-order ODE for the state mass-damper system in Equation

3.6:

M1ẋ2 +Cdx2 +Ksx1 = F1 (3.6)

Taking manufacturability with respect to FDM provided insight to optimized

values that would allows for the overlap between generated thrust, contact me-

chanics, minimum feature sizes for specific layer-requisites, manufacturing time,

and the quantitative surface area requirements.

3.1.4 Manufacturing for Mechanical Potential

From analyzing and weighing the various additive processes in Table 1 against

one another, methods of translating energy were investigated with respect to the

moving components of each manufacturing process. The rationale behind this

bounding factor is to limit the translation of mechanical potential purely through

physical movement. This allows for the relatively simple spatial actuation of the

fabricated components through non-chemical, non-thermal processes. Although

processed thermosets intrinsically allow for the thermal and photo-manipulation

of fabricated objects post-cure, the postprocessing required to attain a state of

physical conformance was deemed to be not self-contained or easily designed-for.

The ability to actuate a fabricated component purely through a physical tool-

path allows for the implementation of well-defined translating mechanical fea-

tures, such as springs and levers. Removing the additive processes that have
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limited capacity for spatial interactions on their build platform directly after fab-

rication refines the list to just FDM. As a process whose post-processing stages

are driven by the detaching of any generated (gravity-relevant) support structure

and physical removal of the component from its build tray, FDM was deemed as

the most favorable process at the time of this publication for automated trans-

lation of mechanical energy through an additive build-volume. Additionally, the

physical necessity for component support structure was removed from the pro-

cess purely through design-for-manufacturing methodology, as demonstrated in

[Thrimurthulu et al., 2004] and [Attaran, 2017].

3.1.5 System Development and Characterization

The problem of integrating fabrication and testing is the highly-nonlinear as-

pect of the multiple forms of physics required to do such a process. This complexity

can be illustrated by observing the transfer of the electrical energy from a high-

voltage source, into a series of motors which convert the energy for fabrication

and subsequent physical interaction for testing. By developing relevant models

of each stage and solving them through numerical methods, we can relate the

behavior of kinematic models to physical observations. The differences of values

obtained by these methods can provide insight into the validity of the implied

system characterization and methods utilized.

3.1.6 Defining the Analogous System

As defined above, the driving constraint was to fabricate the ability to launch

an object off of the manufacturing build-platform. For increased simplicity and the

ability to more-easily relate the kinematics with respect to well-defined projectile

motion, it was determined that the launched projectile would be spherical. By
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placing this constraint, the sizing consideration was consequently conducted with

respect to the amount of thrust required to propel a sphere off of the build-platform

after its fabrication. Although the manufacturability of a sphere through FDM is

conventionally well-defined, the complexity of the problem became evident when I

considered that the component would need to be static during the manufacturing

process, but be easily launched afterwards. As a control, the sphere was designed

to have a one-inch diameter.

Figure 3.6: Proposed System Configuration

To integrate the mentioned stages, I proposed the analysis of two objects fab-

ricated onto the same stage. The first object would be a test-specimen, intended

to characterize the fabricated system by providing insights through exposure of

kinematic physics and aerodynamics. This component would be catapulted by a

simultaneously manufactured second object. The second object would translate

energy from the manufacturing system into potential energy required to actuate

the second object. The proposed system configuration is demonstrated in Figure

3.6.

The two objects can be classified as a torsional cantilever spring and a sphere,

respectively. Realizing this configuration relies on the convention of FFF, leverag-

ing the printing process which deposits layers of thermoplastic through a heated

nozzle via a stepper motor mounted on a gantry [Ahn et al., 2002]. In our imple-
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(a) Demonstration of process-specific deployer toolpathing methodology implemented
for FFF

(b) Completion of toolpath resulting in nozzle placement at deployer lever

Figure 3.7: Bridging Technique for Deployer

mentation, the nozzle would build the spring and sphere simultaneously. Once the

objects are fully fabricated, the nozzle would traverse towards the spring, pulling
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a lever designed to deflect the spring.

At a prescribed angle, the nozzle would release from the spring. This re-

lease simultaneously allows the embedded elastic potential energy to head to-

wards equilibrium, contacting the sphere in front of the object. The conservation

of momentum from the spring would then theoretically launch the sphere off of

the build-platform, allowing for the object to provide useful aerodynamic data to

complement the system characterization and implied physics of the component

through projectile motion. This portion of the system is demonstrated in Figure

3.8, with the the arrows demonstrating the dynamic trajectory of motion.
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Figure 3.8: Spring-Ball Interaction, Visualizing the Projectile Motion Chrono-
logically
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3.1.7 Prototyping to Investigate the Design Space

For increased simplicity and the ability to define the kinematics through obser-

vations related with projectile motion, it was determined that the target projec-

tile would be spherical. To constrain the spring’s variables, sizing considerations

were primarily conducted with respect to the amount of thrust required to con-

sistently propel a sphere off of the build-platform. The manufacturability of a

sphere through FFF is conventionally well-defined, however the complexity of the

problem became evident when I considered that component would need to be

static during the manufacturing process, but be easily launched afterwards. As a

control, the sphere was designed to have a one-inch diameter.

Iterating the sphere for both optimized contact area with the build-plate and

logistical manufacturing efficiency provided a ball with medium-density rectangu-

lar fill at 5.1 grams of weight. To constrain the problem, a desired velocity of 10

meters / second at an acceleration of 1 meters / square second was defined. This

drove the thrust requirements for the object to be roughly .005 Newtons. It was

determined that the thrust would be physically imposed onto the object through

conservation of momentum from a separate object.
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Figure 3.9: Investigation of spring functionality
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3.2 A Solution for Repeatable,

High-Volume Testing

3.2.1 Introduction

An investigation was conducted on various methods for in-situ mechanical

actuation with respect to manufacturability. To store potential energy mechan-

ically, I bound the design space to a system which could physically compress to

elastically store energy. By designing a spring system specifically tailored for in-

teraction with and compression from the manufacturing process which made it,

one can fabricate and enable the novel ability for a machine to store different

forms of mechanical potential without hardware modifications. To sustainably

manufacture an elastic spring which could maintain one end of its position on

the build-platform, while having the ability to partially deform meant carefully-

tailored design-for-manufacturing considerations. Literature reviews for linear

elastic gates provided a fundamental basis for an initial approach to solving this

problem. As the material considerations were defined by the intrinsically-defined

manufacturing constraints, Finite-Elemental-Analysis (FEA) was able to be uti-

lized for quickly iterating a vast array of designs. Through the rapid iteration of

3D models with respect to conducted Von-Mises stress calculations, and observed

deformations and deflections, I proposed and converged on a tailored spring-mass

system. A novelty of this solution is the ability to characterize the state-space

with the well-defined spring-mass-damper system. Furthermore, the sizing of a

spring-mass-damper could be conducted through numerical methods, allowing for

a design study between required and realizable-through-manufacturing deflection

and physically-observed damping. Although such a design approach is typically

highly error-prone due to the effects quasi-isotropic additive manufacturing has
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on physical objects, the ability to rapidly iterate and physically validate designs

allows for the tuning of the system’s state-space for manufacturing.

3.2.2 Designing The Repeatable Transfer of Mechanical

Energy Through Manufacturing

The feasibility of both generating and manufacturing a spring that exhibits

desired mechanical characteristics additively proved to be a complex challenge.

The theoretical equations were linearized for correlative insights to specific man-

ufacturing variability within the design space. This unconventional methodology

allowed for explicit correlations that a review of current literature suggests is rela-

tively uncharted research. Through linearization, the spring mass damper system

was described by its underlying principles. This principle defined the mass of

the spring as a function of the tool-path the additive process follows through

layer-based fusion.

An observation I noted was the validation of the connection between infill

patterning and wall-thickness layering techniques to modified and highly-tuned

spring rates, damping ratios, and stiffness through the quantity of and center of

the spring’s mass. By creating a linear, torsional spring whose center of mass was

tailored to be located at its free-end, the spring’s moment of inertia was desirably

increased. Tuned to deflect four inches from equilibrium, the spring was observed

to generate roughly .01 Newtons of force at four inches of deflection. To cancel

the angular momentum, a base was generated which would provide a counter-

moment to absorb the energy generated by the spring. The design consideration

taken into the base was for manufacturing efficiency through reduced mass, while

maintaining enough stability for the FDM process to be successful. The early

evolution of this deploying mechanism is demonstrated in Figure 3.10.
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Figure 3.10: Early evolution of deployer, Gen: 1 - 6

Specific manufacturability considerations were taken with respect to the tool-

pathing requirement of support structures [Fernandez-Vicente et al., 2015]. The

slicer’s automatic support-structure generating settings were not used; tailored

design was leveraged for overhangs. Taking the .4mm FDM nozzle at a .2mm

layer thickness, the theoretical maximum overhang angle threshold is 45 degrees
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with respect to the conventional build-plane [Lensgraf and Mettu, 2016]. To gen-

erate the spring design observed in Figure 3.16, a toolpathing technique was uti-

lized to aggressively cool material as the build-gantry quickly accelerates paral-

lel to the build-plane. This process is commonly referred to as bridging, and

serves as a relatively advanced design-for-additive technique [Dumas et al., 2014]

[Volpato et al., 2014]

The base of the spring and the high moment of inertia through the pendulum

design cleverly allow tapered starting and ending coordinates for the bridging, con-

trolling the process through geometry. By radiusing the inner sections observed in

Figure 3.16, the toolpath accelerates the bottom-most layer of the spring linearly,

allowing for the solidification of the material between the two bases. The resulting

effect generates a few layers of geometrical error, however this section proves stiff

enough to fight gravity and support its own weight. After initially printing on air,

the first few layers of the spring act as in-situ support structure, fighting gravity

and allowing for the subsequent layers of the FDM process to sustainably take

place with minimal error.

A comparative study was done to observe the effects of the bridging technique

versus conventional support structure with respect to their effect on the realized

spring constant. It was concluded that the effect on spring constant is negligible

(due to the error-induced layers only consisting of a fraction of a single-digit

percentage of the overall spring volume), and thus was a sustainable method for

additively fabricating a linear torsional spring.

To allow the weighted-end of the spring to detach from the build-plate, a

mixture of the model’s tapering and radiusing was conducted near the initial

base-layers of the print.

By implementing a high-aspect ratio torsional spring, the amount of surface
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area in contact with the build-plate was minimal when compared to square or

spherical compression springs. This design consideration proved highly advanta-

geous, as it provided the ability to further reduce the contact area with the build

plate through applying a variably filleted gradient.

It was found that on a conventional TPU build-tray, .8mm2 of PLA contact

area provided desirable build characteristics as a platform for maintaining stability

of its subsequently fabricated layers, while releasing from the build-plate with

minimal force when physically contacted. The resulting configuration served as

the base for all surfaces which were required to be released when actuated by the

printer.

To automate the actuation of the spring such that it would transfer energy to

its neighboring component, a variety of methods were implemented. By designing

a lever to be fabricated as a function of the spring, we attained the fundamental

ability to interact with the FDM printing head. This head is easily controllable

through g-code, and as such could be used to actuate and deflect the torsional

spring. By placing the lever on top of the spring, physical contact would generate a

moment which could detach the base of the weighted spring through the generated

moment arm.

3.2.3 Design of Test Sphere

The sphere was designed employing many of the same conventions applied to

the paddle. The primary considerations of the sphere were FFF manufacturability

and optimization for collision with the paddle as a function of the toolpath. It

was designed to be manufactured serially, after the fabrication of the paddle.

This meant that the sphere needed to be fully additively fabricated without being

impacted by its proximity to the paddle, but still be within its radius of motion
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once actuated. Rapid prototyping methodology proved crucial to the iterative

optimization of these constraints. After dozens of iterations, it arrived at the

configuration demonstrated in Figure 3.18

3.2.4 Automating Object Deployment

Once a design was converged for the sphere with respect to the normal force

acting on the object from the build-plate, the toolpathing considerations of FFF,

and the deployer’s kinematics, efforts were taken to standardize the process that

was undertaken to optimize the design for deployment. The results are visualized

in the algorithm demonstrated in Figure 3.3. By writing a script which replaces

the base of an object with a geometry compatible for deploying off of the build-

platform, the applicability of launching numerous objects was realizable.

The first approach for implementing this process was to demonstrate that a

standardized base could be applied to the bottom of any object without removing

any of the geometry existing within that object’s volume. This is visualized in

Figure 3.19. This concept is analogous to the generation of a tee platform used to

maintain and elevate golf balls for contact with the club. Alteration was required

due to the nature of FFF requiring a 45 degree overhang threshold for sustainable

fabrication without toolpath acceleration and retraction requirements. The second

iteration tapered the geometry with the deployable base for manufacturability,

while keeping a second deployable base on the platform to be detached from

the manufacturing platform, and the deployed object through momentum. The

implementation for the deployed object is visualized in Figure 3.21.

Although the design was functional, the base was not reliably serving the

function of maintaining stability for the object supports, deploying with the sup-

ported object, and detaching from the deployed object without interfering with
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its dynamics once contacted.

While this iteration provided interesting and novel functionality for a manufac-

turing platform (a machine creating a sacrificial platform for launching an object

off of itself), it was shelved due to variability caused in object deployment. The

platform was too inconsistent for repeatable high-volume testing. Considerations

were taken to alter the geometry of the deployed object itself by replacing a stan-

dardized section of layers off of the volume through a script which would input

toolpathed layers as an automated digital post-processing technique for a given

gantry code. By defining the design criteria for a deployed object to be within a

certain range, we can create a range of automated deployments to maintain the

repeatable aspect of the process. A visualization of this toolpathing process is

demonstrated in Figure 3.19.
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(a) Initial layers of thermoplastic solidification between base and paddle, removing the
need for support structure generation

(b) Bridged layers, demonstrating only minor associated geometric errors arising from
the lack of support structure.

Figure 3.11: Bridging Technique for Deployer
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Figure 3.12: Visualization of Deployer Deflection Functionality
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Figure 3.13: Evolution of Deployer, Gen: 7 - 14
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Figure 3.14: Evolution of Deployer, Gen: 15 - 22
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Figure 3.15: Evolution of Deployer, Gen: 23 - 27
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Figure 3.17: Evolution of Sphere, Gen: 1 - 8
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Figure 3.18: Technical Drawing of Test Sphere in ASME Standard; all units are
in inches.
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Figure 3.19: Visualization of the toolpath processing script used to implement
a repeatable deployment platform

Figure 3.20: Printing of the sphere demonstrating the results of the toolpath
processing script necessary for integrating a base to elevate the height of the object
for deployment
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Figure 3.21: Printed sphere demonstrating the results of the toolpath processing
script necessary for integrating a base to elevate the height of the object for
deployment
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3.3 Automated Platform

3.3.1 Spring-Sphere Model

The forces applied to the sphere are resultant forces from the nozzle acting on

the spring in section 3.1.3.

The force F2 in Figure 3.22 can be described through the conservation of

momentum through the kinetic energy transferred by the spring. Through con-

servation of energy, we have the elastic potential PEe related to kinetic energy

KE by

1/2mv2 + 1/2kx2 = Constant (3.7)

This energy can be translated into aerodynamic forces that describe the tra-

jectory of the ball with respect to axial forces, as seen in Equation 3.8.

(3.8)

Assuming simple pendulum oscillation, we can linearize the problem and show

that v = Lω, and k = mh/L, with x = Lθ. Taking our spring at equilibrium

Figure 3.22: Simplified Free Body Diagram of Sphere

62



and applying the maximum displacement allowed through x, we can simplify the

problem into the form of

vm =
√
k/m(x) (3.9)

Using this equation to calculate a maximum velocity for the sphere, we can

implement the velocity into a projectile motion of equation to calculate the drag

force, D.

D = 1/2(Cd)ρV 2A (3.10)

Cd is the geometrically-dependent coefficient of drag, ρ is density, V is velocity,

and A is reference area area. We can linearize this system by taking the root-

mean-square of the only higher-order term (V 2) into Vrms. [Sohankar et al., 1998].

D = 1/2(Cd)ρVrmsA (3.11)

Taking the equations of motion described in 3.1.3, we develop the linearized

state-space equations.

3.3.2 Linearized State-Space Representation of Model

We linearized the equations of motion representing the ODE’s referenced in

3.1.3. To implement numerical methods, we require the equations in state space

format. These equations can be described by the following matrices:

(3.12)
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Figure 3.23: Simulink Representation of Linearized Spring Mass Damper Model

(3.13)

Equation 3.12 represents the linearized dynamical mass damper system, and

Equation 3.13 is the state space output.

3.3.3 Numerical Methods and Simulation

The equations in Section 3.3.2 provided the fundamentals for the implementa-

tion of numerical methods. The chosen solver was Matlab, utilizing Simulink for

a nodal representation of the system, as seen in Figure 3.23

Simulating this model provided insight regarding the spring’s bounding pa-

rameterization. Taking the spring as having a mass of 10 grams and a spring

constant of 0.5, we observe the range of possible dampened motions in Figure

3.24a.

The color-scale represents a range of damping ratios to help tune the system,
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(a) Spring Displacement and Response over Varied Damping Ratios

(b) Spring Displacement and Response over Tuned Damping Ratios

Figure 3.24: Bridging Technique for Deployer
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with blue representing small C, and red large C, respectively. After investigating

the system further, three damping ratios reflecting physically-observed values were

chosen to parameterize and tune the model. These three ratios are visualized in

Figure 3.24b.

This figure is extremely helpful for determining the visually-observed response

of the actual system. The maximum deflection for each response was calculated

numerically in Matlab, with the relevant time to reach maximum deflection in-

tegrated into acceleration. Utilizing this acceleration with respect to mass, force

was calculated through F =ma.

Although the error of simulated acceleration was found to be within single

digit percentage of observed spring acceleration (.878m/s2 versus .881m/s2), this

is likely due to bias of the linearizing assumption that the drag acting on the

spring into the damping coefficient. I further investigated the simulated versus

observed values by characterizing the interaction of the spring-sphere system.

3.3.4 Spring-Sphere Calculations

Taking the linearized drag in equation 3.11 at standard temperature and pres-

sure, we plug in the observed and calculated values from above. As a function of

a geometry’s fluid-viscosity interaction with respect to velocity, the unitless coef-

ficient of drag for a sphere at our range of velocities can be assumed to be .5. This

assumption was validated by Abraham’s work on sphere-drag observations over

various Reynold’s numbers [Abraham, 1970]. Standard temperature and pressure

assumptions provide the density ρ as 1.2 kg/(m3). The Vrms is calculated at

0.421m/s, and reference area A simplified to πr2.

To determine the collision reaction force, we utilized an inelastic impulse-

based contact model defining friction through Coulomb’s Model [Lötstedt, 1981]

66



[Stewart and Trinkle, 1996]. The collision between the paddle and sphere was

recorded with a 960hz camera and found to have an impulse of approximately

300hz, transferring the energy from the paddle to the ball within .003 seconds.

At a radius of 1in, we have A = 3.14in2. This provides us with a D of .0006N .

Taking the F2 through idealized conservation of momentum of the spring, we

obtain F2 = .0081N . The residual force from our model is consequently taken as

F2−D, giving us .0075N .

The projectile’s path was calculated through the equations of motion in Section

3.2, and is visualized in Figure 6.1.

Figure 3.25: Projectile Path of the Ball As Per Linearized Spring Mass Damper
Model
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3.4 Printing and Programming In-Situ Actua-

tors (ISA)

3.4.1 Introduction

The research presented in this section enables novel kinematic interactions on

the additive build platform through the fabrication of hardware which is selectively

designed to deflect elastically and deploy, while maintaining stability on the build

plate for repeated usage. The in-situ actuator demonstrated in this paper provides

a method for storing mechanical potential energy on the build platform in the

deflection of a linear spring printed onto the platform by programming the additive

manufacturing gantry to pull the spring using the print head nozzle. A novelty

of this approach is the ability to repeatably pull and deploy the actuator without

the need for a separate robotic manipulator, as the process is fully contained

within a common off-the-shelf additive platform. This method provides a basis

for unique interactions on the build platform. A proof of concept is provided using

a Prusa MK3S 3D printer, demonstrating the deflection and release of an in-situ

actuator to interact with a simultaneously-fabricated object within the actuator’s

proximity.

Section 3.4.2 describes the proposed modeling and design approach. Section

3.4.3 shows the integrated methods and physical results and Section 3.4.4 con-

cludes the work on printing and programming ISA’s.
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3.4.2 Modeling and Design

Design of Actuators for Additive Manufacturing

On a fundamental level, a mechanical actuator must have an energy source

and a control signal (input) in order to produce a mechanical motion (output).

The work in Ref. [Gomis-Bellmunt and Flavio Campanile, 2010] was considered

for the implementation of an actuator for an additive manufacturing platform.

Ref. [Huber et al., 1997] further assisted in distinguishing the design criteria as

follows:

• The physical properties (e.g. geometry, material, weight) and range of mo-

tion are known;

• The actuator positions (translational and rotational degrees of freedom) are

known and controllable at all times;

• The functional mapping, from inputs to outputs, is well-characterized and

robust to external factors;

• The actuator meets its specifications (e.g. required speed, force, expected

life cycle, etc.);

• The actuator retrofits into the system without major design change;

• The actuator is safe for human operations.

Design of In-Situ Actuators for Additive Manufacturing

This section proposes that by designing mechanical interactions as an embed-

ded dimensionality of the fabricated components themselves, one could remove

the need for hardware modifications to extend the functionality of the platform
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to include physical actuation and deployment. A novelty of this concept is the

ability to remove other processing stages by manufacturing the desired physical

capabilities in-situ, such that they would not require removal from the build plate

to provide functional utility. This work concurrently demonstrates a manufac-

turing platform, programmed for fabrication and subsequent actuation by virtue

of programming interactions within the build platform. To demonstrate these

objectives through the general mechanical actuator design framework, specialized

criteria for additively manufactured in-situ actuators are defined:

• The actuator stores mechanical energy from the moving components of the

additive manufacturing platform (in the form of a functional spring);

• The actuator is able to transfer energy into objects fabricated within its

proximity;

• The actuator is fabricated directly by its parent machine and functions with-

out further processing.

The first and second design criteria are proposed as the simplest method to

transfer the electrical energy of the machine into mechanical potential energy for

the actuator. The third design criteria imposes limits on the actuator geometry

and material selection and also enables automated deployment. For the Prusa

printer, the following parameters bound the above design criteria:

• Build Volume: (25×21×21 cm) ;

• Minimum feature size: 0.4 mm diameter nozzle, 0.05 mm layer height;

• Material: Ultimaker PLA;

• Desired force generated by spring: 2.5 N;
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• Degrees of freedom: Three translational degrees of freedom (two in the

conventional xy-plane of the build platform, and one along the vertical z-

axis of the nozzle).

Note that energy can only be transferred to the actuator through nozzle motion

in the xy-plane or a downwards push of the nozzle in the negative z-direction; the

nozzle design scheme was tailored to provide minimal non-axial loading on any

fabricated components. The printing-specific conditions are summarized in Table

3.2.

Table 3.2: Additive manufacturing printing conditions.

To mechanically store potential energy, the in-situ actuator was designed such

that it could be physically compressed. This would enable it to store energy in

elastic deformation from interactions with the 3D printer itself. By designing a

spring system with properties specifically tailored for interaction with compression

from the same manufacturing process that made it (Fig. 1), one can enable the

novel ability for a machine to store different forms of mechanical potential energy

without hardware modifications. Early iterations and implementations of these

in-situ actuators are demonstrated in the following section.

Printing for In-Situ Actuation

To implement the physics embedded within the fabricated components, a man-

ufacturing scheme was utilized which references digitally generated information
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(a) Loading condition visualization on FEA model of actuator base

(b) Simulation of base undergoing resultant torsional force from actuator deployment.
Red signifies concentrations of Von-Mises, with blue accounting for the lack-of stress.

Figure 3.26: FEA conducted to confirm design space for actuator stability and
force concentrations on the build-plate

within a build file. This information would later be physically relevant (with re-

gards to its environment) within a serially defined line of code within the same

file. This process redefines the scope of what would be typically defined as 4D

Printing [Khoo et al., 2015] by embedding physical information that would enable

kinematics as a functional extension of the manufacturing platform. By design-
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Figure 3.27: A comparison of spring force output with respect to displacement
length over a range of spring constants, K ranging from 10 to 40 Newtons per
meter. The graph demonstrates the necessary spring constants to generate the
desired force with respect to distance.
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ing to-be-printed components with respect to material and manufacturing-specific

variables and uniquely utilizing the building process to enable physically embed-

ded information and interaction, the system is able to excite objects into new

modes autonomously.

To change the mode of a fabricated object, physical mechanisms were em-

bedded in the layer-design to be actuated at a later point of the manufacturing

process. By utilizing the gantry on the additive manufacturing platform to deflect

the spring mechanism after its fabrication, one may actuate and deploy an extra

dimension of functionality, in-situ. A tap-lever was placed onto the spring that

allowed for the extruder nozzle on the FFF platform to pull the spring through an

insertion of gantry code which synchronized the nozzle with the lever’s location

on the build-platform.

As FFF requires human involvement to remove any support structure gen-

erated through the additive process, novel toolpathing techniques that allow for

conditional compliance of the spring were utilized. Generation 6 - 7 in Fig. 3.28

demonstrate an evolution that enabled the removal of support structure from the

manufacturing process. By placing mass on the end of the cantilever spring, the

actuator was able to both generate larger angular momentum through the addi-

tional mass and overcome the requirement of support structure by bridging the

mass to the base of the spring in a series of profiled layers. A visual of this process

is demonstrated in Fig. 3.29.

3.4.3 Implementation and Results

Rapid Prototyping to Evolve Design

Repeatable manufacturing of an actuator in which one end of the system

maintains stability on the build platform while the rest of the system has the
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Figure 3.28: Consolidated Evolution of In-Situ Actuator, Generation 1 - 27
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(a) Toolpath visualization of the first bridged layer

(b) Physical demonstration of bridging 10 layers

Figure 3.29: Bridging technique utilized to remove the necessity of support
structure for in-situ deployment. The bridge was designed to act as a cantilever
spring between the mass and base.

ability to partially deform and actuate drove the necessity for tailored design-

for-manufacturing considerations. The design space presented in sections 3.4.2

and 3.4.2 guided criteria for developing the in-situ actuators. As the material

considerations were defined by the intrinsic geometric constraints, Finite Element

Analysis (FEA) was utilized to iterate an array of designs. An example of the

conditions utilized for the FEA are demonstrated for the simulation within in-situ

actuator generation 27, in Table 3.3 and and further visualized in Fig. 3.31.

Table 3.3: FEA conditions utilized for generation 27 in-situ actuator deflection
simulation

An evolutionary milestone from generation 12 - 15 significantly reduced the

error of the bridging process demonstrated in generation 7 - 11. The design in

generations 12 - 15 converged the concept of connecting a free-ended mass to a

base through a linear spring. This design is visualized in Fig.3.30a. By tuning

this design as a function of length, thickness, and starting layer to introduce the

spring, the physically-observed geometric error associated with the first layer of
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the spring from generation 15-onward proved negligible.

(a) Simulation of generation 14 emulating loading from nozzle, deploying the ac-
tuator

(b) Physical demonstration of generation 14 undergoing actuation

Figure 3.30: Simulation and physical demonstration of generation 14 actuation.

The physically-validated actuation in Fig. 3.30b also demonstrates the utility

of an introduced lever, enabling the printer’s nozzle to control the deployment of

the actuator. The design choice placed the lever mid-spring to deflect large angles

with relatively small physical movement, for more efficient spring deflection. This

process simultaneously led to an additional coupling moment along the lever from

the center of mass, and proved unreliable, ultimately leading to the shear of the

lever during actuation of the spring by the nozzle. In response, the lever was

thickened and extended to occupy a longer portion of the spring.

The primary manufacturability considerations were taken with respect to the

toolpathing requirement of support structures [Fernandez-Vicente et al., 2015].

The 3D model’s toolpath was modified to remove support structure and enable the

bridged-spring design. Taking the 0.4mm FFF nozzle printing at a 0.05mm layer

thickness, the theoretical maximum overhang angle threshold is 45 degrees with

respect to the conventional build-plane. To generate the spring design observed in
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(a) Simulation of final configuration emulating loading from nozzle actuating lever

(b) Simulation of final configuration at maximum deflection

Figure 3.31: Simulation of the final iteration of the actuator demonstrating elas-
tic deflection through loading emulating the gantry nozzle pulling the deployment
lever.

Figure 3.32: Functionality of In-Situ Actuator

Fig. 3.32, a toolpathing technique was utilized to aggressively cool material as the

build gantry quickly accelerates parallel to the build plane (commonly referred to

as bridging) [Lensgraf and Mettu, 2016].

Through geometry, the base of the spring and the high moment of inertia

through the pendulum design cleverly allow tapered starting and ending coordi-

nates for the bridging. By radiusing the inner sections observed in Fig. 3.32f and

Fig. 3.29, the toolpath accelerates the bottom-most layer of the spring linearly,

allowing for the solidification of the material between the two bases. The resulting
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effect generates a few layers of geometrical error; however, this section proves stiff

enough to support its own weight. After initially printing on air, the first few

layers of the spring act as in-situ support structure, resisting gravity and allowing

for the subsequent layers of the FFF process to repeatably occur with minimal

error.

To allow the weighted end of the spring to detach from the build plate, a

mixture of the model’s tapering and radiusing was conducted near the initial base

layers of the print, and is demonstrated in Fig. 3.32b and g. By implementing

a high aspect ratio cantilever spring, the amount of surface area in contact with

the build plate was minimal when compared to square or spherical compression

springs. This design consideration proved highly advantageous, as it provided the

ability to further reduce the contact area with the build-plate through applying a

variably filleted gradient.

Referencing the previously defined additive adhesive forces necessary to de-

velop a base to absorb the rotational force of the actuator, it was found that on a

conventional polyethermide build-tray, 0.8mm2 of PLA contact area provided de-

sirable build characteristics as a platform for the features in Fig. 3.32a,b,d, and f

for maintaining stability of its subsequently fabricated layers, and demonstrated

the necessity for the nozzle’s interaction with the lever to generate enough force

to release the actuator’s free end from the build plate when contacted. The re-

sulting configuration served as the premise for all surfaces that were required to

be released when actuated by the printer.

Programming The Actuator

A variety of methods were implemented to automate the deployment of the

actuator such that it could be programmed to store and release energy through
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machine code. By designing a lever to be fabricated as a function of the spring, e.g.

Fig. 3.32c, the actuator attained the fundamental ability to interact with the FFF

printing head. This actuator is easily controllable through G-code, and as such

could be used to store and deploy energy through deflecting the bridged spring

without human interaction, satisfying the previously defined design requirement

for autonomous deployment. By placing the lever on top of the spring, physical

contact would generate a moment which could detach the base of the weighted

spring through the generated moment arm. To synchronize the nozzle’s loca-

tion with the correct starting point for pulling on the lever through its actuation

scheme, a geometry of the minimum feature size was placed at the desired origin

to have the toolpath always finish the object and place the nozzle at a specific

location. This design feature is visualized in Fig. 3.32e.

To provide a proof of concept for the actuator’s ability to deploy an object, a

2.54cm (1in) diameter sphere was printed simultaneous to the actuator. The tool-

path contained information to synchronize the nozzle with the actuator’s lever,

deflect the spring by 5.4cm from its equilibrium position, and subsequently de-

liver enough force to successfully deploy the sphere. This physical validation is

demonstrated in Fig. 3.33.

Observations from In-Situ Actuators

The feasibility of both generating and additively manufacturing a spring mech-

anism that exhibits desired mechanical characteristics proved to be a complex and

challenging task.

Observations between common additive-specific FFF considerations and the

physical performance of in-situ actuators are discussed below. The correlations

are as follows:
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Figure 3.33: Demonstration of In-Situ Actuation of Sphere. Fig. 3.33A demon-
strates the steady-state of the platform, post-fabrication (taken at the end of fab-
rication for both the in-situ actuator and the sphere). Fig. 3.33B demonstrates
the nozzle pulling on the actuator’s lever, releasing the cantilever end from the
build-tray, with Fig. 3.33C and 3.33D validating the sphere’s deployment and a
return of the actuator to its undeployed position
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• Variations with infill patterning techniques (e.g. rectangular, hexagonal,

etc.) do not have a measurable effect on actuator performance;

• There must be at least 20% infill density for consistent fabrication of perime-

ters. This includes springs;

• The nozzle must travel at least 30mm/s for 1.75mm filament to successfully

bridge the spring for the perimeters outlined in this paper;

• The correlation of layer height with spring constant was negligible from

0.05mm (minimum tested) through 0.2mm. Layer heights of 0.3mm - 0.4mm

(maximum tested) provided errors within the fusion process and subsequent

delamination upon actuation;

• The nearest perimeter of the weighted end of the actuator must not be

greater than 120mm away from the edge of the base. This effectively dictates

the maximum spring length as a function of bridging capability;

• There must be at least 10 sacrificial layers of bridging to accommodate for

the lack of support structure between the base and the weighted end of the

actuator. This is visualized in Fig. 3.32f.

To counter the rotational moment generated about the spring-axis by the

nozzle pulling the lever, feature in Fig. 3.32a was implemented, which was the

final iterative consideration from generation 25 to 27 in Fig. 3.28. This design

feature allowed the actuator to rotate only along the xy axis, satisfying the last

required feature defined in Section 3.4.2.

The scored results of individual generations with respect to desired actuator

functionality is demonstrated in Figure 3.34
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Figure 3.34: Score of Desired Functionality Per Generation of Actuator

3.4.4 Conclusion

This section presented the physical implementation of an in-situ actuator

retrofitted onto an additive manufacturing platform. By programming a tool-

path to create and subsequently deploy the actuator in-situ, the functionality and

consequently number of physical realizations of an object is extended as a function

of manufacturing. By achieving this without the need for modified or additional

physical hardware, one may deploy this retrofit purely through software, enabling

the extension of additive manufacturing platforms to incorporate in-situ actua-

tors digitally. The concept was successfully demonstrated through iterative rapid

prototyping, referencing simulations with respect to physically-validated designs

of over 27 generations of actuators. The final generation of the actuator allows

for synchronization from the 3D printer’s nozzle to deploy the actuator, storing

energy in a cantilever spring without the necessity of human interaction. By pro-
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gramming the nozzle to deflect the lever on the actuator to store and subsequently

release energy through machine code, one may introduce a low-cost and unique

kinematic functionality into the additive manufacturing platform. The actuator

may also be utilized to program the deployment of subsequently manufactured

objects through nozzle-actuator interactions. This concept provides the potential

for automated high-throughput additive manufacturing that no longer involves

human interaction to clear the build plate post-fabrication.
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Chapter 4

Automating Sequential Additive

Manufacturing

4.1 Introduction

As academia and industry continue to respectively develop and adopt addi-

tive manufacturing (AM) processes [Ramola et al., 2019, Delic et al., 2019], novel

methods to increase the functionality [Shakor et al., 2019, Urhal et al., 2019] and

utility of the AM process by virtue of toolpathing methods are continuously be-

ing proposed [Niaki et al., 2019, Wiberg, 2019, Heikkinen et al., 2020]. A specific

request is a method to the reduce the labor cost for polymeric AM, as demon-

strated by Ref. [Baumers et al., 2016] and Ref. [Thomas and Gilbert, 2014]. Ref.

[Najmon et al., 2019] supports that despite significant technological advances and

mainstream industrial usage [Li et al., 2019], the economical sustainability of the

AM process has yet to be adequately addressed [del Mar Espinosa et al., 2019,

Jiménez et al., 2019] due to the need for manual labor [Meng et al., 2019]. As a re-

sult, the throughput of AM technologies for a sequential [Macdonald et al., 2014],
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repeated object fabrication is severely limited, as demonstrated by [Tibbits, 2014].

This limitation is exacerbated when the number of serial fabrications becomes

large [Hicks et al., 2019, Zadeh et al., 2019], due to the need to constantly remove

fabricated objects from their build volumes by hand [Bhushan and Caspers, 2017,

Götzelmann et al., 2017]. When discrete mechanical systems are incorporated

into the AM process to remove fabricated objects [Nelaturi et al., 2019], the the-

oretical maximum throughput [Dilberoglu et al., 2017] of the process is limited

due to the need for a human-in-the-loop to monitor and control the process

[Attaran, 2017]. Some AM processes are limited in throughput due to the need

for additional post-processing [Prendergast and Burdick, 2019], such as the re-

moval of support structures [Serrano et al., 2019] and cleaning or treatment of a

build-surface [Brockmeier, 2000]. Furthermore, sequential fabrication within the

same build process requires fabricated parts to have sufficiently small volume,

such that they do not interfere with the motion of the printer’s toolhead and sub-

sequent objects occupying volume on the same build-surface [Aroca et al., 2017,

Jiang et al., 2018a, Jiang et al., 2018b].

The current state-of-the-art AM automation addresses the sequential through-

put bottleneck through two common protocols [Whitten et al., 2020] which are

provided in Table 4.1. The most common method utilizes a wide revolving

belt [Günther et al., 2014], as the build surface to translate components off of

a fabrication area [Schurmann, 2020, Brown, 2020, n.a., 2020b, Pax et al., 2012,

Wu, 2020], acting as a precision conveyor belt. When a part finishes, it is trans-

ported to the end, detaches physically, and falls off. Although the process was

patented in 2012 [Pax et al., 2012], it has not yet achieved commercial scales of

production [n.a., 2020b]. Utilizing a flexible, translatable build surface is not ideal;

it is both difficult to maintain at a desired temperature and difficult to maintain
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consistent adhesion across different thermoplastics [O’Connell, 2020]. The other

common method uses a robotic arm to carry the fabricated component off of

the build surface, such as in [Aroca et al., 2017, n.a, 2020, n.a., 2020a]. Though

this method can in theory be inexpensive, precision robotic arm positioning is

difficult without active control systems; the cost of such a system increases ex-

ponentially due to R&D costs. Consequently, these configurations are out of

reach for the majority of AM users [Rylands et al., 2016, Steenhuis et al., 2020,

Woodson et al., 2019].

Widely accessible improvements in software-defined automation have allowed

retrofitting of in-situ deployment (ISD) into common and open-source fused fila-

ment fabrication (FFF) platforms. This has the potential to provide significant

cost reductions in sequentially fabricated parts by increasing AM throughput. As

the proposed methods are entirely software based, the applicability of the proposed

ISD concept offers low risk testing across a diverse set of research fields that are

reliant on high throughput iteration. The following design specifications provide

guidelines for assessing successful implementation of the automation retrofits:

• AM process shall be free of human involvement;

• Fabricated object shall deploy from its build-surface;

• Fabricated object shall not collide with printer throughout deployment pro-

cess;

• The printer toolhead shall act as a robotic manipulator;

• AM process shall not require additional hardware or hardware modifications;

• AM process shall have no support structures;
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• A fabricated object shall be greater than the minimum feature size, bounded

by nozzle diameter and layer height.

We investigated ISD methods to address these requirements and developed a

preliminary method that matures to a second method. Section 2 describes this

first method, referred to as an in-situ leaf spring (ISLS), which utilizes the concept

of self-deployment through elastic deformation. The method leverages the gantry

code (G-code) to allow an FFF toolhead to be used as an in-situ robotic manip-

ulator [Attaran, 2017, Nycz et al., 2018, Wimpenny et al., 2017]. This method

was previously demonstrated by Ref. [Katakura et al., 2019], however it relied

on physical modifications that were not purely software-based, such as with an

ISLS. We modified this technique by fabricating and immediately deploying the

leaf spring using the printing toolhead as a manipulator. The printer’s tool-

head was lowered onto the printed leaf spring, deflected to a certain degree,

and traversed off to release the ISLS from the print volume and allow a tra-

jectory away from the build surface. This automated deployment would enable

a new component to be fabricated without human intervention. Based on the

ISLS concept, the method matured into a separate, in-situ leaf spring actuator

(ISA), which was fabricated onto a designated location on the build surface. Af-

ter printing an object along the path of the ISA, the toolhead was lowered onto

the actuator and translated to elastically deflect it along a predefined G-code

trajectory. The toolhead was raised to release the leaf spring actuator, which

allowed it to impart its spring potential energy onto the fabricated object, de-

ploying the object from the build surface. The concepts were mathematically

modeled, printed, tested, and iterated upon to improve the concept’s maturity. In

particular, in order to demonstrate the applicability of the proposed autonomous

deployment solutions, the open-source based Prusa i3 [Bowyer, 2020] FFF plat-
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form was utilized with polylactic acid (PLA), one of the most ubiquitous materi-

als in AM [Cotteleer and Joyce, 2014, Ishengoma and Mtaho, 2014, Evans, 2012,

Wohlers, 2019]. As per Ref. [Kuznetsov et al., 2018], the combined configuration

has heritage and is widely adopted by industry and academia [Wong, 2012].

The ISLS was able to partially meet the design specifications, but was limited

in scalability due to the large overhang angle from the build-plate, however it

served as a successful initial proof of concept. The ISA evolved from the ISLS and

through testing demonstrated that it met the design specifications and demon-

strated a greater than 99% reliability, deploying over 4,500 AM objects. This de-

sign was standardized into high-level algorithms to summarize the ISD process and

increase the portability of the concept for other machines, as described in Section

4.4. The empirical results from the ISA testing were modeled for demonstrated

cost and throughput. These results were compared to non-retrofitted platforms

which accounted for labor-in-the-loop. This analysis demonstrates the utility of

the retrofit as more than just a proof of concept, showing realized cost savings and

increased throughput over non-retrofitted platforms. This chapter subsequently

provides discussion regarding the novel implications of this technology, in addition

to current limitations of the system configuration and future work.
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Printer Company
Location Process Price

(USD)

Rep-Rap FFF Open
Source

In-Situ
Leaf
Spring

<1 for
retrofit.
<1k for
printer.

Rep-Rap FFF Open
Source

In-Situ Ac-
tuator

<1 for
retrofit.
<1k for
printer.

Rep-Rap FFF
[Aroca et al., 2017]

Open
Source

Robotic
Arm 1-5k

Figure 4 [n.a, 2020] Somerville,
MA USA

Robotic
Arm 25-50k

Form Cell
[n.a., 2020a]

Rock Hill,
SC USA

Robotic
Arm 25-50k

CR-30 PrintMill
[Wu, 2020]

Shenzhen,
China

Revolving
Belt 1k (est)

White Knight
[Brown, 2020]

Open
Source

Revolving
Belt 1-5k

BlackBelt
[Schurmann, 2020]

Belfeld,
Nether-
lands

Revolving
Belt 10-25k

Continuous Build 3D
Printer [n.a., 2020b]

Eden
Prairie,
MN USA

Revolving
Belt

Not For
Sale.

Cincinnati SAAM,
SAAMHT [n.a., 2020]

Harrison,
OH USA Scraper 10-25k

Tiertime X5
[n.a., 2020c]

Beijing,
China

Build-
Surface
Swap

1-5k

Table 4.1: Comparison of various systems with automated sequential AM.

90



F
ig
ur
e
4.
1:

D
em

on
st
ra
tio

n
of

th
e
no

ve
lm

et
ho

ds
to

au
to
m
at
e
se
qu

en
tia

lA
M

th
ro
ug

h
IS
D
.T

he
to
p
ro
w

de
m
on

st
ra
te
s

an
IS
LS

de
pl
oy

m
en
t.

T
he

bo
tt
om

ro
w

pr
ov
id
es

de
pl
oy

m
en
t
w
ith

IS
A
.T

he
au

to
m
at
ed

de
pl
oy

m
en
t
pr
oc
es
s
flo

w
of

ea
ch

IS
D

m
et
ho

d
is

vi
su
al
iz
ed

on
th
e
rig

ht
co
lu
m
n
of

ea
ch

ro
w
.

91



4.2 Retrofitting In-Situ Leaf Springs

The ISLS refers to an additively manufactured object that exists as a de-

tachable actuator from a fabricated object, or a fabricated object bounded by

the power delivery capabilities of the gantry stepper motors and the maximum

allowable elastic deformation of PLA.

4.2.1 Modeling of In-Situ Leaf Springs

To develop a model for this configuration, the ISLS was treated as a flat

leaf spring with a weighted end [Wielandt, 1982]. Given that the potential en-

ergy stored in the cantilever spring was highly dependent on the material selec-

tion, extruded PLA characterized the theoretical design space of an AM ISLS

[Shokrieh and Rezaei, 2003]. The build geometry of the FFF ISLS had a direct

correlation to stored energy; consequently, unique AM properties such as layer

thickness and infill were defined as fixed parameters as shown in Table 4.3. This

reduced the dimension of the design space, allowing for exploration of the utility

of an ISLS [Kessentini et al., 2019, Garanger et al., 2018].

To find the stored potential energy of the ISLS, u, a cantilever beam structure

was assumed, and hence could be found using the process shown in Fig. 4.2. In

this visualization, p is the force applied by the toolhead, E is the spring’s modulus

of elasticity, I the spring’s moment of inertia, L the spring length, and leaf spring

deflection is taken as ∆ [Wielandt, 1982, Shokrieh and Rezaei, 2003].

As part of the trade-off study, the parameters for the final iteration of the ISLS

were provided as EP LA = 2 GPa, I = a4/12, and a = 1.34 mm. This particular

design point is Generation 5 as shown in Figure 4.4.

Given the stored potential energy, the jump height h can be modeled by using
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Figure 4.2: Flow diagram for calculating the stored spring energy of ISLS.

the equation for gravitational potential [Anderson and Pandy, 1993], i.e.

h= α
u

mg
(4.1)

where m is the spring mass, and α denotes the mechanical efficiency of the spring

[Wegst and Ashby, 2004]. This represents the effective stiffness, strength, and

elasticity of the material, which is a function of manufacturability. To gauge this

efficiency, the theoretical jump height of the spring configuration is compared

with the empirical data and estimated at α≈ 0.6 [Kessentini et al., 2019]. Given

this jump height, kinematics may be used to find the initial jump velocity V0

[Samozino et al., 2008] as

V0 =
√

2gh. (4.2)

The initial acceleration a0 can then be determined by observing the time tr, nec-
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essary for the leaf spring to release from the build surface, given by

a0 = V0/tr (4.3)

Note that tr is experimentally determined through analyzing still images taken

at 960 hz of the physical object deployment, as shown in Figure 4.5. The initial

jump force, Fj , can then be given by

Fj =ma0 (4.4)

As demonstrated in Figure 4.4, at a given spring length, increased tip displace-

ment is proportional to an increased jump height. Additionally, for a given tip

displacement, a shorter spring would store more energy and thus greater jump

height bounded by elastic deformation limits [Besnea et al., 2018]. These visual-

izations provide insights into sizing of the spring and its design space, and whether

it meets the automated sequential AM specifications.

4.2.2 Simulating In-Situ Leaf Springs

Due to the high overhang angle between the build-surface and the leaf spring,

the adhesion between these two contact surfaces would inherently generate torque

[Sanatgar et al., 2017, Pan et al., 2016] over the extremely small footprint of the

spring. Therefore, understanding the characteristics of this adhesion force be-

comes critical. After physical design space exploration and consideration of the

maximum overhang angles possible with FFF, as per [Gaynor and Guest, 2016]

and Ref. [Fernandez-Vicente et al., 2015], a nonlinear FEA was performed using

NASTRAN’s solver wrapped in Autodesk’s user interface on the ISLS to gauge

the compressive forces generated at the base of the leaf spring. The final design is
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denoted as Generation 11 and is shown in Figure 4.4. The FEA’s structure mesh-

ing utilized an adaptive-to-curvature methodology, which provided reliable results

while maintaining an efficient, convergent computation [Zhang and Zhao, 2007].

A grid independent study was conducted by running the mesh with an order of

magnitude higher - approximately 8,400 nodes - with the output of the maximum

and the minimum differs only by approximately 3%. This meshing method is

popular for non-linear FEA, and provides adequate fidelity given the number of

nodes required for a high-level overview of the forces on the base of the spring

[Centin and Signoroni, 2018]. A 0.2 cm deflection along the Z-axis was applied at

the tip of the spring to emulate the physical deflection required for deployment

from the theory, with the constraint being a fixture at the base to configure the

spring’s as-built surface area constrained on the build-surface. The material se-

lected for the FEA is orthotropic FFF PLA, and its mechanical properties were

taken from samples made from similar print settings in [Rajpurohit, 2018]. In

summary, the parameter settings for FEA can be found in Table 4.2.

As shown in Figure 4.3, it was assumed that the entire leaf spring base was in

contact with the build-surface, then the compressive force is mostly concentrated

along the right-hand side of the spring base at the minimum force indicator, while

the opposing adhesive tensile force is distributed over the central portion of the leaf

spring base. This spatial force difference generates a torque, enabling automated

removal of the leaf spring upon releasing of its potential energy. This particular

leaf spring can theoretically generate a stored energy of 69.3 mJ.

In retrospect, this is a telltale sign of a design flaw: the overall force distri-

bution throughout the build-surface contact area. Because the tensile force is

concentrated near the center area of the base, this means that either a design

iteration to spread the tensile force throughout the contact area could have been
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made or a design iteration to reduce the contact area to the concentrated tensile

force could have been made. A benefit of the former would allow the centroid of

tensile force to be moved further from the centroid of compressive force, resulting

in a larger moment arm. The latter iteration would have kept the centroids of

tensile and compressive forces the same, but a reduced contact area by cutting off

part of the left-hand side would potentially result in a smaller obstruction for the

spring to jump forward.

As discussed in the following section, these solutions would have at least partly

addressed some of the shortcomings of this in-situ deployment method. However,

iterations on this aspect would have substantially increased the dimensions of the

design space, which was not desirable.

Table 4.2: Parameters used in FEA design iterations as in Figure 4.3.

4.2.3 Iterating In-Situ Leaf Spring Design

As highlighted previously, it is important to relate an object’s contact area

on the build platform to its adhesive force, and the subsequent amount of force

required to displace the object from its as-manufactured position. The configura-

tion settings were held consistent throughout the AM process in order to maintain

a controlled toolpathing environment. These settings are given in Table 4.3.

Table 4.3: AM print settings used to generate ISLS.
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Figure 4.3: FEA modeling of the ISLS, visualizing reaction force in z-axis after
applying 0.2cm deflection.

The physical prototypes displayed an elastic deflection mode, but required

iterations to embed manufacturability considerations, such as overhang angle,

thickness of the spring, build-surface contact area, and amount of mass placed

atop the actuator. Various configurations of ISLS are visualized in Figure 4.4, with

a successful deployment of Generation 5 shown in Figure 4.5. This experiment is

conducted by applying a 2.0 mm deflection onto the spring. Upon release, enough

angular momentum to overcome the opposing torque induced by build-surface

adhesion force is generated, deploying the object.
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Figure 4.4: Design space simulated for ISLS. The indicated point shows the
performance of milestone design configurations.
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Figure 4.5: Example of a manual deployment sequence of the final generation
ISLS taken from high speed video. A) ISLS at rest. B) ISLS loaded four frames
before release. C) ISLS at instant of release. D) 0.0125 seconds (three frames)
after release, ISLS is rotated clockwise 90 degrees and translated to the right.
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4.3 Retrofitting In-situ Actuators

Based on the ISLS design, this section documents a novel object deployment

concept. This additively manufactured ISA is completely decoupled from the

fabricated object and is used to impart kinetic energy onto the object on a build

platform to deploy it, enabling sequential AM process. Similar to the ISLS in

Section 4.2, the extruder toolhead deflects the leaf spring upon completing a

print. On release of the leaf spring, impact with the object deploys it off the build

surface as illustrated in Figure 4.6.

Figure 4.6: Visualization of deflected ISA with relevant parameters in mathe-
matical model.

4.3.1 Modeling of in-situ actuator

As a cantilever spring, the theoretical performance of the ISA was modeled

using beam energy methods [Chen, 2010, Ou et al., 2010, Chung and Yoo, 2002].

Figure 4.6 visualizes the parameters regulating the following equations. To calcu-
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Figure 4.7: Design space demonstrated for ISA on the PRUSA FFF platform.
The actuator designed for this investigation was chosen to allow for a large build
volume and a modest pull distance, so as to not excessively plastically deform the
spring after each actuation, allowing for higher endurance.

late the strain energy of the actuator (Ua), the bending inertia (Ib) must first be

taken as a function of the spring’s geometry:

Ib = width3×height
12 (4.5)

This, and the actuator’s linear deflection distance in Equation 4.6b, is substi-

tuted into Equation 4.7 with respect to the printer interface tab (Sp in Equation

4.6c), the pull force by the printer on the actuator’s tab ((Pf ) in Equation 4.6a),
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and the modulus of elasticity (E).

Pf = 3EIbδmax

S3
p

(4.6a)

δmax = Pf (Ls +Lp)3

3EIb
(2Ls + 3Lp) (4.6b)

Sp = 3
√

2L3
s + 7L2

sLp + 8LsL2
p + 3L3

p (4.6c)

Ua =
P 2

f S
3
p

6EIb
(4.7)

The rotational inertia (Ir) of the spring was determined as

Ir = msL
3
s

3 +
mp

(
W 2

p +L2
p

)
12 +mP

(
Ls + Lp

2

)2
(4.8)

Ls is the length of the spring, ms is the mass of the spring, Lp is the length

of the paddle, Wp is the width of the paddle, and mp is the mass of the paddle

section. The cantilever spring was assumed to be an ideal rod, and the paddle

section was assumed to be a rectangular prism [Lee, 1995].

With rotational inertia known, the angular velocity of the actuator can be

found, expressed as

Ua = αUdepl +
Irω

2
depl

2 (4.9)

Equation 6.40 can be used to find the angular velocity of the actuator (ωimp)

on impact with the printed object. The energy at the impact point, Udepl, was

found using Eq. 4.7, with δdepl taken as the distance to the object impact location

as opposed to δmax in Eq. 4.6a.
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The angular velocity at impact is used to find the velocity of the paddle during

deployment, where rdepl is the radius to the impact point. When paired with the

mass of the deployable object (mdepl), Eq. 6.41 was used to find the deployable

object’s kinetic energy (DKE) the moment after deployment [Kane et al., 1987].

DKE = 1
2mdepl(ωdeplrdepl)2 (4.10)

The initial velocity of the deployable object could then be found. Velocity loss

from overcoming the adhesive force was modeled using Equation 6.42,

Vloss = AdeplµDb

mdepl
(4.11)

where Adepl is the contact surface area of the deployable object on the build-

surface, an adhesion coefficient µ [Sanatgar et al., 2017, Pan et al., 2016], and Db

is the break time. The normal frictional force at the manufacturable, deployable

scale of objects for sequential FFF is significantly smaller in total force contribu-

tion than the adhesive forces and was consequently neglected as an assumption

[Arakawa, 2017, Coogan and Kazmer, 2017, Spoerk et al., 2018].

Work energy equations can then be used to find the force on the deployable

object. This distance was taken to be equivalent to the radius of the object due

to its spherical geometry. Eq. 4.12 gives the impact force and Eq. 4.13 gives the

equivalent impact force if losses are taken into account.

Fimpact = DKE

rdepl
(4.12)

Fresultant,equivalent =
mdepl

(√
2DKE

mdepl
−Vloss

)2

2rdepl
(4.13)
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The design space of the ISA modeled through the equations above is visualized

in Fig. 4.7.

4.3.2 Configuration and Operations for Automated De-

ployment

The deployment configuration of the ISA is visualized in Figure 4.8. Figure

4.8A describes the ISA with major features and dimensions. The ISA automat-

ically deploys an object in Figure 4.8B. The object - a sphere with a flat base -

is created as a representative object meeting the criteria in Equation 4.14, and to

create as simple of an object as possible to reduce print time. The max pull back

distance (δmax), occurring at the point labeled 2 in Figure 4.8C, corresponds to a

normal distance of 5.0 cm and an angle (θ) of 60 degrees along the arc. While a

larger pull back would provide more energy and thus be more desirable, it was a

compromise providing a reliable release from the printer toolhead and was more

controllable and repeatable through G-code. Figure 4.8D demonstrated the release

of the ISA by the printer toolhead, visualizing the trajectory of both the actuator

after toolhead release and the demonstration object [Laplume et al., 2016].

Several assumptions influenced the design of deployable objects for use with

ISAs. Concerning the build surface, the parameters presented to the demonstra-

tion object are applicable for smooth polycarbonate (PC) with a thin (approx 0.1 -

0.2 mm) layer of polyvinyl alcohol (PVA) adhesive applied on the build surface to

ensure repeatable adhesion - these materials are very common for FFF platforms

[Laplume et al., 2016]. It is also assumed that the density of the object is low

enough that the normal-frictional force is negligible with respect to the adhesive

force holding the object to the build surface. To fit the actuator in its current

configuration, it is assumed that 25 cm by 20 cm is available on the build surface
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A. ISA design. All units are in cm.

B. Example set-up for automated deployment, utilizing ISA to eject the
deployable test object. Features are individually labeled, and units are in cm.

C. Visualization of the toolhead’s toolpath to deflect the ISA, storing energy
utilized for deployment.

D. Toolhead releases actuator at specified point, deploying the fabricated object
by impacting, detaching, and consequently ejecting it from the build-surface.

Figure 4.8: Concept of operations for the ISA deploying the demonstration
object.
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for the test to be performed successfully.

Deployable objects are primarily limited by geometric constraints. The de-

ployable object must have a striking surface configured such that the force of the

paddle can be directed through the objects’ center of gravity to maximize the

efficiency of energy transfer. The object must also be no taller than the top of

the tab of the actuator. This is due to physical interference by the print head

assembly on the adjacent deployable object. For example, the actuator used in

this section imposes a maximum object height of 2.5 cm. Another limitation is

that the build surface contact area with the deployable object needs to be small

enough such that the resulting force in Equation 4.12 is positive. Rearranging this

equation for a given impact force gives the maximum contact area as Equation

4.14. If the conventional contact area is too large, standoffs may be inserted into

the object design to reduce the contact surface area to comply with the following

design rule:

Acontact ≤
Fimpact

µ
(4.14)

Additional limitations for deployable objects are driven by the location of the

object on the build surface, as demonstrated in Figure 4.9. The entirety of the

object must be located within the object range. This ensures that fabrication

of the object does not interfere with the actuator. The center of gravity of the

object must also be within the center of gravity (CG) range indicated by Figure

4.9. This area is normal to the motion of the actuator’s paddle, and enables the

energy stored in the actuator to be transferred through momentum. The homing

and actuator ranges indicate zones that must not be occupied by the deployable

object as they are used by i3 FFF printers for both homing and calibrating, and the

actuator’s necessary surface area during the energy storage stage for deployment.
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Any rotation, mirror symmetry, or translation on a larger build surface can be

easily utilized so long as the toolhead calibration path lies within the homing

range or outside of any of the highlighted regions. A 2.5-cm sphere was utilized

as a geometric basis for the sequential deployment test object. This was due

to the relatively simple and well-defined mechanical dynamics and aerodynamics

associated with a sphere [Cross, 1999]. The test object’s deployment sequence is

demonstrated in Figure 4.10.

The actuator was designed to impart 2N force onto the test object, while

the test object was designed to release at 1N force to provide a reliable deploy-

ment which accounted for error. A flat standoff with appropriate contact sur-

face area was used to achieve both of these design goals, and was accomplished

by tailoring the surface area of the sphere in contact with the build-surface per

[Mazhari et al., 2020b]. Rapid prototyping methodology proved crucial to the it-

erative optimization of these constraints [Zhou et al., 2015, Kokkinis et al., 2015].

The resulting toolpath test configuration and physically prototyped implementa-

tion is provided in Figure 4.11.

4.3.3 Digital Modifications to Synchronize the Platform

for Deployment

The synchronization protocol for pairing a toolhead to the ISA’s printer in-

terface tab involved inserting a G-code subroutine into the actuator and demo

object routine. Pairing the toolhead with the interface tab was conducted by

first localizing the FFF nozzle after actuator manufacturing had been completed.

By inserting G-code commands to create a cylindrical extrusion of the machine’s

minimum feature size on the last layer of fabrication, the toolhead always finished

at the same coordinate location. This is crucial as the following process amounts

107



Figure 4.9: Visualization of regions on the build surface for an ISA. The test
configuration utilizes a Prusa i3 FFF printer build surface. The red region provides
the surface area a deployable object can occupy, so long as its center of gravity lies
within the the green region for ensured contact with the ISA and deployment from
the build surface. The yellow region is the homing range and is required by the
printer to recalibrate its axes, and must be clear of any objects. The blue region
indicates the surface area covered by the ISA and toolhead during deployment
stage, which also must be clear of objects.
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Figure 4.10: Deployment sequence of ISA taken at 960 frames per second. The
yellow and blue dots indicate the original positions of the deployed object and ISA,
respectively. The line along the ISA demonstrates the movement of the paddle
during deployment. The figures are sequentially presented as follows: A) actuator
released, B) actuator impacting fabricated object, C) one frame after impact, and
D) fabricated object deploying from platform.

to dead reckoning. From there, the toolhead translated to the interface tab, where

a trial and error process to develop the arc of movement along the actuator de-

flection path followed, which was then inserted as a series of commands to make

as smooth of an arc as possible. These commands deflected the actuator up until

the predetermined θ. The head was then programmed to slide parallel along the

interface tab, releasing the actuator and dislodging the demo object.

4.3.4 Digitally Automating Sequential AM

To repeat the fabrication and deployment of an object and to standardize the

modifications such that any object could be repeatably automated for deployment,

MATLAB scripts were written which modified an object’s toolpath to retrofit the

capabilities. The script takes a user’s toolpathed object and inserts a subroutine

to manufacture an actuator, rotated and positioned to deploy the object off the
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Figure 4.11: (Top) Toolpathed configuration of the ISA and deployable test
object. (Bottom) Manufactured result from toolpathed geometry.

platform. The script then inserts commands to synchronize the deposition head,

deflect the spring after fabricating both objects, and deploy the deployable object

off of the build platform, as seen in Algorithm 1. The script interacts with the

user by inquiring for the number of desired copies of an object.

The scripts can either be programmed to directly begin manufacturing the

sequential objects after printing of an actuator, or reprogrammed into the plat-

form after a deployment by toolpathing and sending new G-code to the printer.

This allows the user the ability to either preprogram the repeatable, automated

sequential fabrication and deployment of a certain set of desired components, or

wait for the command to start a new object after each deployment. The latter

configuration introduces the possibility of automated iterative testing configura-

tions, fabricating a set of differing prototypes manufactured sequentially. This

process is demonstrated in Algorithm 2.
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Algorithm 1: Retrofitting In-Situ Deployment
Input: Object geometry file to be deployed
Output: G-code file to deploy object
Use slicing program to get G-code file of object located at coordinate
system origin
if Add ejection base to object then

Translate object z coordinates up
Add ejection base to G-code file

else
Replace bottom of object with ejection base G-code

end
Translate coordinates in G-code file
if Add actuator then

if Default actuator orientation doesn’t fit on print bed then
Translate and rotate leaf spring or actuator as needed

end
Add ejection actuator to G-code file

end
Add ejection pull to G-code file
if Add repeats then

Append number of copies of object to G-code file
end

Algorithm 2: Fabrication Workflow and Deployment Execution
Input: G-code file to deploy object
Output: Deployed object(s)
Upload G-code file to printer and start print
if Multiple objects to be printed then

Set up receptacle
end
Printer prints actuator and first object
Printer deploys object
while Multiple objects left to be printed do

Printer prints subsequent object
Toolhead deflects actuator
Printer deploys object

end
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4.4 Testing Retrofitted Deployment for Auto-

mated Sequential AM

Reliability becomes a challenge when addressing automation of ISD methods.

The systems need to be robust enough to remove humans from the loop with-

out posing negligent harm to the machine, as per Ref. [Parasuraman et al., 1993]

and Ref. [Parasuraman and Riley, 1997]. To test this, an experiment was con-

ducted to measure the repeatability and reliability of the deployment methods.

The design of this experiment consisted of executing each method and observing

whether the printer was able to deploy the object from the platform successfully

and clear the build surface. To determine the life cycle of an ISA, thirty tests

were conducted with the same configuration of sequentially deploying the sphere.

This demonstrated a maximum of 200 sequential fabricated components. The

criteria for a successful sequential object was similar to the reliability experiment;

the objects were collected in a bin shown in Figure 4.12 and counted at the end

of the test. In Figure 4.13, we provided the results of the 30 ISAs, each allowed

to sequentially fabricate and deploy objects until they failed. We limited each

actuator to 200 deployed objects to conserve PLA feedstock.

As noted in Table 4.4, the leaf springs were not reliable and unable to be au-

tomated. They consequently received a 0% reliability mark. The manual hand

deployment proof of concept described in Section 4.2.3 provided an average of only

2 per 100 leaf springs fabricated manually deploying off of the platform through

the process. As the utility for sequential AM comes as a virtue of automation,

precisely actuating the leaf spring 0.2 cm reliably proved to be difficult. Approx-

imately one in three of the failures that occurred required human intervention to

continue operation without damaging the machine. This failed the basic automa-
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Table 4.4: Comparison of design metrics of the two deployment techniques, with
preferable results for sequential AM outlined in red. Results are provided with
respect to requirements per object deployed, unless stated otherwise.

tion criteria, resulting in the development of the ISA.

4.4.1 Modeling the Cost and Throughput of In-Situ De-

ployment

The cost of producing batches of retrofitted automated deployment of sequen-

tial parts is provided from an economic and logistical perspective below. We note

that these equations do not account for initial machine cost, as retrofitted deploy-

ment enables software defined sequential AM and adds no additional cost aside

from feedstock material. Benefits of such automation are provided with respect

to machines that are already procured by a user, are not covered already in Table

4.1, do not have automated capability and can be expressed as the following:

Ca =NaCo (4.15)

Cm =Nm(Co +Cl) (4.16)

where Ca is the cost using the retrofitted automation, Na is the number of
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Figure 4.12: Experimental setup retrofitting deployment. The ISA and example
of the test sphere is on the right, with the deflection area visualized. The test
sphere’s typical trajectory into the collection bin is also displayed, demonstrating
the method to collect the deployed objects.

objects made with the automated system, Co is the cost of the objects, Cm is the

cost using a manual (non-automated) system, Nm is the number of objects made

with the manual system, and Cl is the effective cost of labor per object.

Similarly the volume of parts manufactured per unit time can be obtained

using the following:

Yauto = WaRvTo

To +Tc,auto
(4.17)

Ymanual = WmRvTo

To +Tc,manual
(4.18)

where Yauto is the throughput of the automated method in a sample window

(e.g. 24 hours), Wa is the time within the sample window where the automated

method is running, Rv is the volumetric print rate of the printer, To is the time

to print an object, Tc,auto is the time to cycle to the sequential object with an

automated system, Ymanual is the throughput of the manual method in a sample
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Figure 4.13: Results of life cycle testing of retrofitted automated sequential
manufacturing with the ISA test configuration.

window, Wm is the time within the sample window where the manual method

is running, and Tc,manual is the time to cycle to the sequential object in a man-

ual system. Additionally, the number of objects capable of being fabricated over

time by the system is modeled below. A human in the loop system is provided

for comparison to gauge the effectiveness of the automation method. To numeri-

cally illustrate this, the following equations describe sequential deployment of the

demonstration object:

Ta =
ISAi∑
i=1

(TISAi+
Na∑

n=1
TNan) (4.19a)

Ta =
ISAi∑
i=1

(82.5i+
100∑
n=1

30.15n) (4.19b)

Tm =
Nm∑
n=1

TNmn=
Nm∑
n=1

35n (4.20)

Tm is the time to make Nm number of objects with manual removal, and Ta

is the time to make Na number of objects with automated removal and Tai initial
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set-up time. The actuator required 82 minutes of fabrication time, accounting

for the time required to heat the extender’s hot end and a 30 second interval to

re-calibrate the platform. The demo object required 29 minutes for each fabrica-

tion, and a 30 second interval to cool down the hot end prior to deflecting the

actuator. The printer was then programmed for another 24 second calibration

interval and continued with fabrication of the next copy. The time required to

fabricate and deploy a certain number of objects for this configuration becomes

Equation 4.19, with conventional AM utilizing manual labor to remove the demo

objects in Equation 4.20.

It is observed that the shorter the cycling time, the higher the throughput of

the system will be. For the manual system, it is assumed that the time to remove

the object and prepare the print environment takes exactly the same amount of

time, which is only a best-case scenario. With an automated system, the delays

are highly uniform and efficient. For a time window that exceeds a standard

work day or other similar environment where a technician cannot be at a printer

during completion (e.g. multiple printers or very fast print cycles), it may not be

practical or financially viable to have enough technicians on hand to quickly attend

to each object. These considerations are illustrated over a work week in Figure

4.14 to evaluate the logistical performance and benefits of the automated system

with respect to manual removal. After extensive experimental observation, it was

determined that the average time for a technician to prepare an AM system for

a new job was approximately 5 minutes. This was used to provide a comparison

of a manual versus retrofitted automation for printing the test sphere on both

methods over a Monday through Sunday, 9am - 5pm full work week, rotational

shifts providing manual labor for the entirety of the week (168 hours), and the

automated AM system described.
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From the figure, we can see that the benefits of the automation method become

superior at 10 objects or greater. This is because the retrofitted printer must

fabricate an actuator for the first 82 minutes. Each demo object takes 30.15

minutes each, which results in a throughput of 45 completed objects per day, a

significant increase due to the increased window for serial fabrication due to the

automated process.

Similarly, the throughput of the systems is provided in Figure 4.15 as a func-

tion of volume deposited with respect to cost. The cost of labor is taken conserva-

tively, at USD$20 per hour in addition to material cost of USD$30 per kilogram,

as outlined in Table 4.4. Each demo object requires 23.95cm3 of PLA, regardless

of automated or manual methods. As the retrofitted automated AM platform

is able to clear the build surface and continuously fabricate components without

labor costs, Figure 4.15 shows that it has a higher throughput for the same cost

than non-retrofitted methods. The cost savings for the automated method con-

tinue to grow as the required volume increases. It should be noted that these

figures represent sequential fabrication of the demo object configuration. These

figures jointly support that cost and time savings for automated sequential AM is

proportional to increased build-cycling frequency and the quantity of objects fab-

ricated sequentially. The demo part provides a baseline metric, and consequently

objects requiring less time to fabricate would result in greater cost savings through

automated removal. Similarly, fabricating an increased number of objects sequen-

tially increases cost-savings as well versus manual removal by virtue of reliable

automation.

It must be noted that the primary drawbacks from in-situ methods are the

necessity for embedding deployability onto the sequentially fabricated objects,

limiting the design space as defined in Sec. 4.3.2. As visualized in Fig. 4.9 the
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actuator requires quite a large occupied space for full utilization and consequently

constrains the usable deployable object range further. Additionally, the durability

of the ISA limits automation to no more than 200 cycles until it must be removed

by hand and re-retrofitted. Although the in-situ leaf spring method provided a

favorable force-to-mass ratio, it could not scale past the designs provided and

was not controllable by the printer; this method was only demonstrated by hand

as a proof of concept. The ISA’s reliability and ability to provide enough force

demonstrates why the embedded leaf-spring method is not suitable for automated

sequential AM.
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Figure 4.14: Comparison of sequential additive manufacturing throughput over
seven days, under three paradigms. The solid line represents the number of se-
quential objects fabricated over a week in the testing configuration with automated
removal through the ISA, with the two dotted lines representing two manual con-
figurations. The first represents if labor was scheduled to continuously remove
objects over 24-hour periods, and the other shows with labor present during typi-
cal 8-hour workdays, including weekend shifts. Due to the reliability demonstrated
by the ISA, labor was only required to remove the ISA after 100 objects in the
test configuration.
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Figure 4.15: Comparison of additive manufacturing throughput of PLA on an
i3 FFF platform versus cost under three paradigms. The solid line represents
the volume fabricated over a week with retrofitted automated removal, with the
two dotted lines representing labor present to remove objects over 24-hour periods
and another with labor present during typical 8-hour workdays, including weekend
shifts.
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4.5 Conclusion

This section has presented designs, demonstrated prototypes, and compared

novel and low cost methods for retrofitting ISD to enable sequential AM on FFF

platforms. By printing two different configurations of springs onto the build sur-

face and utilizing the printer toolhead as a software-defined robotic manipulator

for deflection, ISD can be implemented onto common open source platforms. With

this concept, a printed object on an FFF printer required minimal human inter-

action in order for it to be removed from a build surface for high-throughput

sequential AM. The first method utilized ISLS, and integrated leaf springs onto

to objects which would deploy through deflection. While bringing the benefit of a

relatively small deployment footprint, the modeling and subsequent prototyping

for this method provided an initial a proof of concept which partially met the re-

quired design specifications. The ISLS method was evolved into the ISA as it was

limited in scalability and unreliable within its design envelope due to the small

and precise deflection required by the toolhead.

The second ISD method was the ISA, which was also modeled and tested in

an experimental setup. The ISA evolved from the ISLS, but met all of the design

specifications and successfully demonstrated over 4,500 PLA test spheres fabri-

cated, deployed, and collected in cycles of up to 200 objects per batch without

human intervention. This removal of labor from the manufacturing process en-

ables a high throughput platform which costs less than USD$1 and roughly 82

minutes to implement, while providing up to 99% reliability when limited to 100

automated objects. I predict that this ISD platform may be easily adopted due

to the portability of the digital ISA retrofit. The implemented design framework

allows for one of the most common additive platforms to deploy objects off of the

build platform purely through toolpath modification, as no physical hardware is
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modified on the machine. We successfully demonstrated that external hardware

is not required to enable automated removal or deployment. The drawbacks of

the ISA stem primarily from the footprint it requires for ISD, constraining the

surface area available to deployable objects. Additionally, ISA’s have a limited

lifespan for each actuator and can reliably deploy 100 sequential objects prior to

requiring a human to cycle the ISA and repeat the process.

Because of the robust nature of the second method, the experimental perfor-

mance of the ISA were investigated further, modeled, and compared to manual

labor schemes which required a technician present to otherwise remove the ob-

jects off every cycle of the non-retrofitted platforms. It was found that the ISA’s

retrofitted automation enabled a more reliable cycling of the build surface. This

allowed for more objects to be fabricated than otherwise possible from a non-

retrofitted system with a human-in-the-loop paradigm. In addition to increasing

the throughput of sequential AM, these results significantly reduce the cost of

object removal and automate the cycling of FFF platforms. Future work includes

evolving the platform to allow for the automatic removal of the ISA at its end-

of-life, which would further decrease the need for a human in the loop to increase

throughput to the maximum capability of an FFF system printing sequential

components.
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Chapter 5

Automated Testing and

Characterization of Additive

Manufacturing
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5.1 Introduction

This section demonstrates the techniques utilized to investigate methods for

characterizing individual iterations of an object’s deployed performance. The

ability to automate the sensing of objects allows for rapid and successive itera-

tions of each variation in an object’s evolution. By leveraging different sensing

protocols, one may increase the fidelity of performance-altering phenotypes for a

given criteria. By physically deploying objects, translating momentum through

the deployment spring, this section describes the methodology for sensing the per-

formance of the objects once they have become airborne and detached from their

build-plate.
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5.1.1 Sensing physical loads

To sense physical force, a single ended sheared loading cell was placed onto the

build-tray to characterize kinetic energy through the ISA impact force through

contact. Initially, the loading cell was used to provide a platform for detecting the

ISA forces through repeated impact over thirty different paddles, each actuated

100 times. These insights allowed for not only characterization of the average

deployment force from the paddle, but the deployer’s fatigue through inspecting
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the useful duty cycles.

To conduct this experiment, the paddle was pulled to its deployment deflection

angle of 45 degrees, and released for a spring deflection of 2.75 inches. The loading

cell was located two degrees from the origin, with the centroid of the loading cell,

aligned with a complimentary two degree paddle centroid offset. This process was

repeated for 100 cycles per paddle to provide insights to the life-cycle and force

variability of each paddle in characterizing the error due to manufacturing.

It was found that after 100 cycles of deployment, the amount of force generated

by each paddle was reduced linearly over the number of the cycle. This provides in-

sight to the internal stresses compiling micro-fractures within the micro-structure

of the thermoplastic PLA over the cycles. This testing was repeated for thirty pad-

dles, identical in geometry, but varying in the batch of raw material used in their

fabrication. The thirty paddles were composed of ten batches of thermoplastic

PLA, with three paddles from each set of filament.

The strategy allows for investigating the conformance of error across multiple

copies of the same component. This simultaneously allows for identification of

error not only due to the precision of reproducing the geometry over the entirety

of the paddle’s life cycle, but also for insights to the variability of material lots.

To characterize the variance of material lots, lot certification certificates were

obtained from different vendors, tracing the PLA back to their original resin lots.

The resulting data demonstrated the invariability regarding the precision of

making the paddle from the same batch of material provided a linear regression

within two grams of force for a 98 percent confidence interval. The range between

the different batches of the PLA was within 10 percent. The range of grams force

generated by the lowest-performance paddle and highest from different material

lots was under 25 percent. This maximum variance over the life cycle of the
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paddles was surprisingly low, given the well-documented mechanical differences

arising from thermoplastic filaments [Dudek, 2013]. A similar test was repeated

for detecting the grams force of the deployed objects, utilizing a loading cell to

detect force through impact. As seen in Figure 5.1, the load cell was relatively

small, and a solution was required to ensure that the deployed objects would

reliably and repeatably be registered by the cell’s internal strain gauge.

Subsets of the results from this work inspired a higher fidelity directed study

on automated characterization, whose results are provided in the ATCAM section.

Figure 5.1: Example of 100g single ended shear beam loading cell utilized for
physical sensing

To aid this process, the surface area sensed by the load cell was increased by

laser-cutting a plate and attaching it to the load cell. This system is demonstrated

in Figure 5.3. The subsequent error due to the induced moment and plate’s

dampening effects was characterized over a series of tests, spanning the range of

the plate and a correction factor was accounted for. The modified loading cell was

placed within the deployment trajectory.

A script was written with respective hardware implemented to automate the

data capture of the loading cell. In the original configuration of this recording
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Figure 5.2: Sensor flow decision tree for data logging process

strategy, a microcontroller was actuated at the beginning of the automated man-

ufacturing and deployment cycle. Through physical testing, the frequency of the

data sampling rate was converged to 10hz, taken as the minimum threshold to

capture the data correctly without generating redundant noise. The selection of

10hz was also a hardware limitation, serving as the blend of data fidelity and

polling rate of analog-to-digital conversion. To store this data, code was gener-

ated to output the signal received from the loading cell to an independent file

placed on the microcontroller’s storage.
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As the manufacturing and deployment intervals were well-defined, an investi-

gation was done on methods to turn off the sampling during manufacturing slots,

and turn it back on to capture the data as the platform was ready to deploy. Vari-

ous methods were compared in regards to the necessary autonomy of the platform

and the hardware the Prusa contained. In observing the manufacturing process of

the printer, it was characterized that the machine’s firmware regulated a command

which would follow a homing sequence after a print and subsequently inform the

printer’s user of successful fabrication process completion with an audible alarm.

To attain that signal as the indicator for initiating the sensing microcontroller’s

signal capture, the platform was disassembled and the alarm’s signal line was

traced to its origin. It was determined that due to the electrical considerations

taken into the alarm at that point of the circuit board, it would be impractical to

utilize the alarm trace as the regulator of initiating physical sensing.

Ideally, a digital command from the toolpath would be the initiator of such

sensing. Due to the complexity of controlling a separate machine as a func-

tion of a toolpath on-board a non-networked system, a workaround was found in

wiring a physical switch which would allow for a user to press the button once the

printer’s audible alarm was heard to start the sensing. This would be automated

by employing a microphone as an audible sensor for initiating the physical sensing

subsequent to the print in preparation for a deployment.

A major issue with this configuration was with respect to the audible threshold

for starting the data capture, which provided a source of error from false signals

due to background noise. Although the necessary amplitude of initiating signals

was increased, the false signals due to even conversations taking place around the

machine proved to dictate a more sustainable solution. This issue was addressed

by developing and integrating a method to connect the printer through a network
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regulating multiple digital platforms.

After investigating existing solutions to network 3D printers in regulating and

monitoring toolpaths, Octopi was utilized. This open-source software serves as a

networking interface between multiple 3d printers and the sources which control

them. The platform was developed to serve for remote fabrication monitoring,

and as such its interface, APIs, and functionalities are tailored and limited to

receiving information from the manufacturing process more-so than transmitting

and actuating it.

(a) System view of modified physical
sensing platform

(b) Side view demonstrating attachment
mechanism for the loading cell modification

Figure 5.3: Modifying the physical sensing of deployed objects by increasing the
applicable surface area in contact with the loading cell.
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Figure 5.4: Microcontroller for sensing physical force of deployed object

130



(a) Example of scripted toolpathing of a
varied phenotype. The object defaults to
the xyz origin.

(b) Example of toolpathing a varied phe-
notype, automatically shifted for deploy-
ment.

(c) Example of toolpathing a varied object phenotype, automatically shifted for
deployment.

Figure 5.5: Visualization of toolpathing scripts varying phenotypes and shifting
object for deployment, respectively.
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(a) Top of object, demonstrating slight
under-extrusion as a function of layer-
ing effects.

(b) Bottom of object, demonstrating
success of deployment platform and tool-
pathing strategy

Figure 5.6: Visualization of toolpathing scripts varying phenotypes and shifting
object for deployment, respectively.

132



5.2 ATCAM

As an emerging material process, additive manufacturing (AM) continues

to increase in industry adoption due to its versatility to realize novel geome-

tries, provide highly tailorable object performance, and reduce costs by virtue

of digital dependencies and automation [Bourell et al., 2014, Tofail et al., 2018,

Babu et al., 2015]. These realizations are not only highly dependent on precision

within the manufacturing process parameters, but require tight control of the

AM feedstock material as well [Hassen and Kirka, 2018, Lu and Wong, 2018]. It

has been well-documented that low-quality AM feedstock can reduce predictabil-

ity within the fabrication process [Yang et al., 2018, Vargas et al., 2014] and ac-

count for a large contribution to the inertial error that engineers account for

within the design-for-manufacturing process [Tofail et al., 2018, Chua et al., 2017,

Arias-Montano et al., 2012a]. This has the knock-on effect of frequently bur-

dening AM designs with redundancies [Wood et al., 2012, Sanatgar et al., 2017,

Hadley and McCarthy, 2011], numerous iterations [Wong, 2012, Floreano, 2015,

Harvey et al., 2005], and proof testing [Hilton et al., 2015, Coccia et al., 2015] to

accommodate the lack of engineering authority as per Ref. [Miller et al., 2016]

and Ref. [Demoly et al., 2011]. Consistently generating and testing material

coupons is critical to characterizing [Chua et al., 2017, Forster, 2015] and main-

taining [Kim et al., 2018, Seifi et al., 2016] the AM process; however, this itself is

both cost and time inefficient due to the relatively slow and laborious nature of

fabricating materials and testing them on other platforms [Costabile et al., 2017,

Koester et al., 2016]. Sensing platforms have been integrated into AM as a method

to control the processing parameters in-situ, such as by Ref. [Trapp et al., 2017,

Wang et al., 2017] and [Anderegg et al., 2019]; Ref. [Everton et al., 2016] notes

that these methods have difficulty maintaining the tractability of errors within
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the material process. Ref. [Cotteleer and Joyce, 2014] and [Kennedy et al., 2019]

specifically note the difficulty of correlating AM directly to material qualities and

reference the need for more research in this area.

This section presents a method that assists AM characterization by leverag-

ing automation and machine learning to quickly generate and test large sets of

data for Automated Testing and Characterization of Additive Manufacturing (AT-

CAM). The development of the method required the ability to generate and sense

large amounts of empirical AM data. To attain this, the concept of a dynamic

coupon and in-situ actuator [Mazhari et al., 2020b] are demonstrated, which al-

low AM material to be automatically fabricated and ejected sequentially for a

high-throughput FDM process. Ejected coupons impact a load cell to generate a

data point. Logging and repeating the process automatically allows for the rapid

accumulation of a database, enabling many automated applications. This includes

systematically identifying a feedstock’s quality control, standardizing the calibra-

tion of a machine’s processing parameters, understanding the sensitivities of an

AM material under various conditions, recognizing a machine that is drifting from

its intended material process, determining if a material is from a specific vendor

or origin, embedding and detecting counterfeiting protocols, potentially adapting

a design for its environment through repeated iteration and exploration of design

space, among many others.

To test ATCAM’s utility, three polylactic acid (PLA) feedstocks at differing

price-points and effective quality were utilized to generate, deploy, and capture

data from 3,000 dynamic coupons in batches of 1,000 coupons per feedstock,

conducted with 100 coupons per in-situ actuator. The machine utilized was an

open-source and widely available Prusa MK3S. Coupon impact force was logged

through a load cell connected to an analog-to-digital converter attached to a mi-
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crocontroller. The data was analyzed, correlated, and compared through three

machine learning algorithms (deep learning, support vector machine, and boost

gradient) supported by cloud computing with the DisplayR platform. At the

time of writing, the entirety of this AM material testing setup costs less than

USD $1,000. This made the test widely adoptable, portable, low risk, and highly

cost-effective. Section 2 provides the methods utilized for creating ATCAM, with

Section 3 presenting the data generated by the system and the machine learning

correlations. Section 4 provides an analysis of the results, potential sources of

error within the data, and discusses ATCAM’s main findings. This work aids

Section 5 by demonstrating the novel processes ATCAM introduces to AM test-

ing and characterization within the limitations of the current configuration and

provides potential next steps to improve the system.

5.2.1 ATCAM’s Framework, Method for Implementation,

and Testing Procedure

The concept of ATCAM was developed to integrate AM fabrication and testing

into a single consolidated process. Fig. 5.7 provides an overview of the system’s

components, configuration, and process flow to automate the translation of AM

feedstock into characterized data. In the following section, we present the sys-

tem’s framework and components in detail by their subsystem, describe how the

platform functions, discuss the data output and provide the testing procedure

used to analyze ATCAM’s performance.

5.2.2 AM Platform

The additive manufacturing process utilized to develop ATCAM was FDM.

This decision was primarily to increase the applicability of the platform, as FDM
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Figure 5.7: Rendering of ATCAM setup, including process framework. (A) is
the feedstock material, (B) is the 3D printer, (C) is the in-situ actuator after
deploying the dynamic coupon (visualized in (1 - 3) chronologically in the top
left), (D) is a dynamic coupon under deployment following the black trajectory
to impact the load cell, (E) is the load cell unit for physical load sensing of the
impact of the dynamic coupon, (F) is a Wheatstone bridge equipped with a 24-bit
analog-to-digital converter, (G) is an Arduino Uno to read and log the Wheatstone
bridge data, (H) is a Raspberry Pi 3B to analyze and correlate the data.
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is a widely accessible [Sells et al., 2010, Inoma et al., 2020] and relatively mature

AM process [Jones et al., 2011, Galantucci et al., 2019, Nazir et al., 2020]. Addi-

tional consideration for selecting FDM was the wide variety of vendors available to

source feedstock materials as demonstrated by [Stansbury and Idacavage, 2016],

the relative low cost of the platform [Costabile et al., 2017], and the flexible na-

ture of both the machine language (G-code) [Bowyer, 2020] and its firmware

[Popescu and Amza, 2017, Sells et al., 2010, Jones et al., 2011]. Due to the open-

market nature of FDM [Steenhuis and Pretorius, 2015], a wide variety of ma-

terials are available for the process [Sa’ude et al., 2018, Mazzanti et al., 2019].

The quality control of these materials typically varies significantly with price

point and origin [Hassen and Kirka, 2018], making characterization of FDM ma-

terials a highly relevant challenge [Chua et al., 2017, Seifi et al., 2016]. Of the

FDM machines available on the market, the Prusa MK3S [Prusa, 2020] was se-

lected due to the robustness of the machine [Sierra et al., 2020], portability, cost

[Brus and Barvíř, 2015], and ease of reconfiguration [Nasirov, 2019].

5.2.3 Dynamic Coupons and In-Situ Actuation

Developing a method to automate a high throughput characterization of

coupons was not trivial; it proved to be the most difficult task in creating AT-

CAM. This was primarily due to the lack of reference, as a literature review

concluded that there is no practical integrated solution to fully automate the cre-

ation and testing of AM coupons. The association of mechanical properties with

AM processing parameters has been documented in reviews by [Mandache, 2019]

and [Rodríguez-Panes et al., 2018]. Works by Ref. [Lu and Wong, 2018] and Ref.

[Chua et al., 2017] provide the critical need for consistent AM coupon testing to

control mechanical properties and process quality, with Ref. [Honarvar, 2020] pro-
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viding a novel strategy to use ultrasound for AM control. Ref. [Smith et al., 2018]

discusses a method to integrate printed circuitry into structures for AM part

health monitoring and crack detection, however this method of testing was not

demonstrated as directly applicable for determining the quality of AM materials

or processes and is highly object-specific. These works demonstrate that although

constant testing is crucial for increased industry adoption of AM, there currently

exists a testing throughput limitation for AM characterization due to lack of au-

tomation.

The premise of automation by in-situ actuation has been previously demon-

strated through programmed interactions between AM platforms and printed

parts, such as by [Aroca et al., 2017] and [Katakura and Watanabe, 2018]. In

both examples, the modifications to the printers are not purely software-based,

as physical modifications are made to machines to provide new capabilities. Our

method allows for the retrofits to be printed and manipulated entirely in-situ

through programmed revisions. We removed the need for physical modifications

that were ex-situ to reduce the inertial error which can accumulate into the system.

This is especially important for deducing the origination of an error source. Addi-

tionally, extensive physical modifications limit the adoption and portability of the

system. [Besnea et al., 2018] provided insights into functional AM leaf springs,

including associations regarding their deflections and energy storage. The springs

in the results were not automated, nor were they deflected on the AM platform

themselves, but they were referenced as a validated method for printed energy

storage.

We developed dynamic coupons to address the technological gap between these

different fields, allowing a large quantity of AM objects to be printed and tested

entirely in-situ. The process works by printing an in-situ actuator (ISA) onto
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the build surface [Mazhari et al., 2020b]. This allows for the printer to print and

pull back the ISA on the build platform to eject objects and clear the surface

for further parts. ATCAM leverages this by printing a 25.4mm (1-inch) sphere

onto the build surface, utilizing the tool head and ISA to transfer energy to the

coupons through high-force impact. This ejects and transports them to a load cell

which detects the force of the coupon’s impact. The cleared build surface is then

used to print a subsequent dynamic coupon, and the ejection process is repeated.

This process is repeated 100 times per ISA before manual removal, which was the

experimentally determined non-destructive lifespan [Mazhari et al., 2020b]. One

cycle of this process is visualized in the top-left (1-3) of Fig. 5.7.

The dynamic coupon was designed as a sphere for compatibility with the ISA

to achieve reliable deployment within the 2N of force generated. A base was

implemented on the bottom of the coupon to provide a tailored surface for de-

ployment. This base also increased the coupon’s manufacturability, as the surface

area of the sphere’s base was too small for the printer’s configuration. The base’s

edges were integrated onto the dynamic coupon through a radius to decrease the

overhang angle and increase manufacturability. An infill density of 20% was used

in a rectangular configuration to increase the platform’s throughput and minimize

thermal issues occurring from dense raster patterns. This resulted in the coupon

having a designed mass of 4 grams. A diagram of the dynamic coupon is provided

in Fig. 5.8.

5.2.4 Physical Sensing and Data Logging

An aluminum 1kgf-rated single-ended shear loading cell was utilized to col-

lect dynamic coupon impact force through contact. The load cell was calibrated

against the manufacturer datasheet, providing measurement linearity of +/-0.5%.
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Figure 5.8: Technical drawing of the dynamic coupon. All dimensions given are
in millimeters. Note A is a cavity in the base to reduce the surface area in contact
with the build plate and ISA force required for deployment. Features B, C, and D
describe a channel embedded within the dynamic coupon to reduce the material
consumption and printing time per coupon. Feature B is the interface between the
base and the channel in Feature C. Feature D is a cut that removes the need for
the support structure which would be required if the channel was enclosed within
the coupon. Feature E is the base on the bottom of the coupon which creates
a tailored surface area and aids object deployment. Feature F demonstrates the
base’s external geometry, notably an incorporated radius to reduce the overhang
angle from the base to the rest of the coupon to increase manufacturability.
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Figure 5.9: Process flow diagram of ATCAM’s physical sensing capability. The
data file generated from this process contains the load cell readings and time
stamps of each impact, enabling force readouts. Temporal and force resolution
are dependent on hardware.

The process flow for data logging is shown in Fig. 5.9. After a coupon is ejected,

it impacts the load cell. This is registered as strain; the change in resistance is fed

into a Wheatstone bridge and is digitized by a 24-bit analog-to-digital converter.

This digital data is then read by an Arduino Uno microcontroller. The Arduino

saves the value to a text file, formatting the coupon’s data as a force within a row

of comma-separated variables including the timestamp and the number within the

test cycle. After logging these values, the microcontroller then waits for the next

data point. Fig. 5.9 demonstrates that a minimum force threshold is imposed

onto the load cell’s reading to reduce the likelihood of erroneous data occurring

from ATCAM’s environment; a minimum of 1N force was required to log a data

point as a dynamic coupon.
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As seen in Fig. 5.7, the load cell is relatively small at 80.0mm x 12.7mm x

12.7mm (3.15"x0.50"x0.50"), so a solution was required to ensure that the dynamic

coupons would reliably and repeatably be registered. The surface area sensed by

the load cell was increased by affixing an acrylic plate. This provided a highly

reliable target for the dynamic coupons. The modified load cell was placed within

the average deployment trajectory, shown in Fig. 5.7.

5.2.5 Machine Learning and Cloud Computing to Analyze

Dynamic Coupon Data

To analyze the information from the deployments at the end of a testing cycle,

the dynamic coupon data logged by the Arduino Uno is captured by a Raspberry

Pi 3B due to its networking and processing capabilities. Data is converted from

comma-spaced variables accumulated by the text document into columns of data

sets associating dynamic coupon forces and uniquely identifiable information by

their deployment number from their testing cycle. This information is formatted

in association with each feedstock OEM, vendor name (where applicable), and

batch number (e.g., feedstock material, vendor 1, batch 1). The consolidation of

these identifiers serves as ATCAM’s database, which allows for dynamic coupons

to be correlated with feedstock information.

Analysis of ATCAM’s database relies on machine learning (ML) algorithms to

systematically associate intrinsic material information with extrinsic parameters.

This process allows for larger sets of data with altered parameters to be paired

to differences within the intrinsic data, as per Ref. [Myers and Myers, 1990] and

Ref. [Poole and O’Farrell, 1971]. These correlations generally benefit from analy-

sis through statistical regression [Preacher et al., 2006, Regulski et al., 2019], and

are consequently adequate methods for analyzing [Qi et al., 2019] and correlat-
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ing otherwise complex multi-variable properties from lower-dimensional values.

An example of this form of analysis is the printed electronics characterization

demonstrated by [Mubarik et al., 2020]. They compared multiple ML algorithms

such as decision trees, support vector machine, and logistical regression for ap-

propriateness to their low dimensional AM and electronics data. The work in

[Goh et al., 2020]’s overview of the status of ML for AM specifically notes the

emerging need for automated data handling and libraries for in-situ processes,

such as the method by [Delli and Chang, 2018]. Additionally, Goh references ML’s

utility for AM material characterization [Goh et al., 2020]. ML’s usage in AM

extends into toolpathing considerations within the work of [Conev et al., 2020],

where optimized orientations for fabricating scaffolding is considered. Similarly,

[Elbadawi et al., 2020] investigates the applicability of ML in the loop for opti-

mized AM of medicines. These papers discuss the ML link between AM char-

acteristics and the final object’s performance; however, both processes have a

relatively small data library to pull from compared to ATCAM and consequently

do not fully leverage the capabilities of linear ML models.

5.2.6 ATCAM Testing Procedure

An initial test of ATCAM is provided to gauge the automated platform’s AM

characterization performance and identify potential error sources for improvement.

Three 1.75mm PLA feedstocks from different manufacturers were tested by the

system in 10 batches of 100 dynamic coupons per feedstock. PLA dictated a stan-

dard 215 C 0.4 mm extruder and 60 Cuild surface temperature. The toolpath was

configured for 0.2 mm layer height with 20% rectangular infill due to the thermal

considerations previously noted. The resulting settings provided an average vol-

umetric flow rate of 5mm3/s at 2mm/s feedstock extrusion speed. This created
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a dynamic coupon that required an average of 4.5g of material and took approxi-

mately 30 minutes to fabricate. The initial cycle with the ISA generated a tool-

path which required 82.5 minutes for the first test cycle and a subsequent cycling

frequency of about 2 dynamic coupons tested per hour, which made the testing

regime require a little over two days of automated fabrication and testing per

100 coupons generated. The three feedstocks were selected by their price points,

USD$60/kg, USD$30/kg, and USD$20/kg, identified as Feedstock 1, 2, and 3. To

gain a basic understanding of the generic quality control parameters taken by the

feedstock OEM’s, the feedstocks were each measured for filament diameter consis-

tency at 30 points taken at random along the spool during the AM process with

a Mitutoyo 500-464 dial caliper of 5-micron tolerance. Weight was measured per

each 1kg quoted spool of filament with an OHAUS V31XH2 bench scale, which

had 0.1-gram readability. These two parameters were utilized due to their im-

portance in the FDM process; filament diameter consistency creates variability of

mass flow rate in the extrusion process [Cardona et al., 2016, Gilmer et al., 2018].

The considerations of these filament issues are consolidated and outlined in

Table 5.1. The weight was measured and taken for the average filament diameter

to understand the material density to provide an indicator of the material’s mois-

ture content. This parameter is one of the leading sources of print variance in

FDM [Kakanuru and Pochiraju, 2020], as water vapor cavities are formed in the

FDM tool head, causing sputtering, the variability of mass flow rate, and incon-

sistent print results [Minh and Tuyet, 2020, Leite et al., 2018, Kim et al., 2016].

To provide an additional metric for material performance, the surface roughness

of three dynamic coupons fabricated from each feedstock were measured with a

digital profilometer, the Sunnen SP-211. As per [Townsend et al., 2016]’s review

of surface texture metrology, conducting this profile topography with a contact
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Type Issue Effect

Filament diameter
Variation of di-
ameter below ex-
pected mean

Diameters below the expected
value lead to under-extrusion.
This produces low-density
regions within the bulk ma-
terial [Cardona et al., 2016,
Gilmer et al., 2018]

Filament density

Variation of
weight due to
feedstock mois-
ture absorption

When wet filament is utilized
for FDM it flash steams and
creates cavities in the print.
This leads to geometric errors,
increases surface roughness, and
reduces the overall strength
[Kakanuru and Pochiraju, 2020,
Minh and Tuyet, 2020,
Leite et al., 2018,
Kim et al., 2016]

Table 5.1: Various filament issues and their potential correlations to the dynamic
coupon data spread.

stylus provides a measurement that is both widely accepted and utilized in both

industry and academia. The testing scheme followed along the top of the coupon

and recorded the roughness every 5mm of the height for a total of five data points

per test. Each test was repeated 10 times, generating 150 data points per feed-

stock. These results are provided in Table 5.2. Basic mechanical properties of

the three feedstock were derived by conducting a three-point bending test to the

ISO 178:2019 standard for the determination of flexural properties of thermoplas-

tics. Three 80mm x 10mm x 4mm coupons for each feedstock were fabricated

to the standard in a planar orientation, with the longest axis printed parallel to

the build-plate. The printing parameters were taken as the same as the dynamic

coupons. The bending test was conducted on a Chatillon TCM 201, fitted with

a 2.22KN Interface 1110AF-500 strain gauge. The loading rate was set to .3175

millimeters per minute. The fixturing was fitted with 6.35mm diameter pins, with
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the base set to 25.44 mm apart to follow a conventional 16:1 ratio for the length of

the tooling to the specimen’s thickness, respectively. The tests’ results were taken

from a customized lab-view interface to gather physical load, time, and displace-

ment. These measurements were used to calculate properties for each feedstock,

with the results consolidated in Table 5.2.

Feedstock Cost
(USD/kg)

Flexural
Strength
(MPa)

Modulus
of Elas-
ticity
(GPa)

Surface
Rough-
ness
(RMS
Microns)

Diameter
Tolerance
(Microns)

Density
Toler-
ance
(g/cm3)

1 60 48.21 2.35 .37 14 .023
2 30 44.96 2.12 .42 18 .036
3 20 39.79 1.86 .49 41 .062

Table 5.2: Measured feedstock properties.

Force measurements from the 3,000 dynamic coupons were collected through

the deployment and sensing process described above and processed through three

different machine learning algorithms for comparative purposes. Deep Learning,

Support Vector regression, and Gradient Boost regression were selected to provide

a diverse assessment of the data. Due to the computationally intensive nature of

Deep Learning, we decided to process the data through cloud computing. The

Raspberry Pi leveraged the DisplayR cloud platform through an internet connec-

tion due to its simplicity, accessibility, and visualization capabilities. This process

allowed for the intensive ML computations to be performed in DisplayR’s servers.

Deep Learning was processed under multiple parameters until the accuracy proved

consistent and independent of training errors from the data set. This converged

to 1,000 epochs with predictors normalized and 1 hidden layer to prevent over-

fitting. To gauge ATCAM’s ability to generate correlating data between dynamic

coupons and feedstock, 100 randomly selected data points were obtained and
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removed from each feedstock’s 1,000 coupon database to be processed through

each algorithm and observe whether they could be correlated back towards the

data. Success would demonstrate ATCAM’s ability to generate uniquely identi-

fying coupons that could be automatically characterized and originated back to

their feedstock source, paving the path for further correlations. The output of

these tests was visualized by prediction-accuracy tables comparing the predicted

force values 100 data points would theoretically have from the previous 900 data

points to the 100 observed values. An additional ML test was conducted using

simple linear regression to determine if 100 data points from a random feedstock

could be compared to 2,700 data points (100 removed from each to provide the

same library for each feedstock) and utilized to identify the parent feedstock. Di-

agnostic plots were created to analyze the constant variance of the input data and

gauge the ML data’s sensitivity to external variables. Histograms demonstrating

frequency distribution of force by the number of occurrences were also generated

over the 1,000 coupons per feedstock, with a complimenting scatter plot of the cu-

mulative dynamic coupon data to provide an additional perspective of correlating

information.

5.3 Results

The results of ATCAM’s testing configuration are provided in this section.

The flexural properties and qualitative metrics of coupons from each feedstock

are provided in Table 5.2. The histogram depicting the frequency distribution of

the dynamic coupon force measurements is visualized in Fig. 5.11. To present

the dynamic coupon readings over the index of each testing cycle, Fig. 5.10

demonstrates results by feedstock. Trendlines and 5% error bars are provided of

each feedstock’s average force reading per respective index point to display the
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Figure 5.10: Scatter plot demonstrating ATCAM’s fatigue distribution of dy-
namic coupons within each feedstock. The data is presented with a trendline and
error bars correlating to each feedstock’s average force over the index.

resulted grouping.

A comparison of the three algorithms on Feedstock 2 is presented in Fig.

5.12. This comparison is presented for Feedstock 2 as a concise indicator for the

accuracy and applicability of ATCAM for material characterization due to this

AM material providing the preliminary average between cost and quality control

as per the frequency distribution demonstrated histogram in Fig. 5.11.

The diagnostic plots in Fig. 5.13 and 5.14 of the simple regression model

are provided. These are used for determining whether a randomized collection of

dynamic coupons could be correlated back to their parent feedstock. It gauges

whether the data’s dimensionality is correct or if there existed external influences

(such as temperature differences for dynamic coupon numbers), which could alter

the data. The sensitivity of these plots correlates to the linearity of the trend
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Figure 5.11: Histogram demonstrating ATCAM’s frequency distribution over
1000 dynamic coupons within each feedstock. The average force and standard
deviation of force ATCAM generated from each feedstock are provided.

Figure 5.12: The prediction-accuracy tables are presented comparing various
machine learning results correlating feedstock 2’s automated dynamic coupon data
to its database. The tables present a heat map to visualize the frequency in
which a predicted measurement was observed and correlated successfully within
the data. The accuracy is provided below each table to demonstrate the precision
of the respected method for correlating 100 dynamic coupons to its raw feedstock
allowing for automated characterization.
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lines. Polynomial relationships indicate the model’s sensitivity to lack of variabil-

ity within the data, a condition that reduces the accuracy of the results.

Figure 5.13: Diagnostics of the machine learning regression model characterizing
AM feedstock. The data presents the correlation between Feedstock 2’s developed
material library and 100 dynamic coupons. The top figure distributes the studen-
tized residuals over the coupon cycle index, while the middle figure demonstrates
the hat-values, and the bottom visualizes the sensitivity associated with Cook’s
distance.
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Figure 5.14: Sensitivity of the machine learning model characterizing AM feed-
stock. The data presents the correlation between Feedstock 2’s developed ma-
terial library and 100 dynamic coupons. Subfigure A provides Cook’s distance
with respect to the leverage each of the 100 data points have on correlating to
the feedstock material. Subfigure B demonstrates a quantile-quantile plot of the
data which indicates whether there are independent errors, or whether the errors
are normally distributed and have constant variance within the relationship be-
tween the x-and y-axis. Subfigure C is plotted with the standardized residuals
being compared to the data’s leverage over the model prediction, while Subfig-
ure D compares the residuals against fitted values to analyze potential external
correlations or bias introduced into the model.
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5.4 Discussion

The results from ATCAM’s testing configuration provide highly relevant in-

sight into the novel capabilities associated with relatively large amounts of AM

coupons. Although the coupons only generated one data point at a time, cumu-

lative data indicated the inherent quality of the feedstock. Fig. 5.11 provides a

high-level perspective of a feedstock’s apparent manufacturing tolerances, as the

spread of the distribution was lower compared to a material’s price point. The

standard deviation of force distribution of Feedstock 1, 2, and 3 were 0.17N, 0.19N,

0.27N, respectively. The average deviation of each feedstock from its mean was

0.14N, 0.15N, and 0.22N, respectively. The various filament quality-related issues

that can cause variability with the impact force were outlined in Table 5.1, and

section 5.2.6. When paired to these generic empirical filament quality indicators,

Feedstock 1 provided an average filament tolerance of +/- 14 micron, Feedstock

2 had a tolerance of +/- 18 micron, and Feedstock 3 was +/- 41 micron. When

filament mass was compared, the average density tolerance of Feedstock 1 was

consequently +/-0.023g/cm3, Feedstock 2 had +/-0.036g/cm3, with Feedstock 3

at 0.062g/cm3. Table 5.2 provides additional metrics for analyzing the quality of

the feedstock. Feedstock 1 demonstrated the highest flexural strength, modulus

of elasticity, filament diameter tolerance, density tolerance, and smallest surface

roughness. These results demonstrate a highly controlled manufacturing process

as the deviations of the material’s characteristics were the smallest. The respec-

tively high flexural properties indicate that the printer had minimal underextru-

sion and moisture content. Feedstock 2 provided results that demonstrate lower

tolerance than Feedstock 1, but higher than Feedstock 3. The flexural strength,

modulus, surface roughness, diameter tolerance, and density tolerance were con-

sistently impressive given the material’s pricepoint. Feedstock 3 demonstrated
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the lowest mechanical properties, and the least control over the density and feed-

stock diameter. This material also demonstrated the highest surface roughness,

agreeing with the loose diameter tolerance and indicating geometric errors within

the manufacturing process. As the flexural strength and modulus of elasticity of

FDM PLA under the described configurations for Feedstocks 1 and 2 were within

the range of the expected values [Ahmed et al., , Travieso-Rodriguez et al., 2019],

but lower than those from Feedstock 1, it is considered that the lower mechan-

ical properties and tolerancing of Feedstock 2 and Feedstock 3 are primarily an

indicator of their comparative quality.

The average force generated by Feedstock 1 was comparatively lower than

Feedstock 2 and 3. We speculate that this is due to the reduced dampening of

the ISA generated by Feedstock 2 and 3, increasing the force generated upon its

release. Another causation that would increase the force of lower quality feedstock

is the reduced adhesion to the build plate from lack of an initial uniform layer.

The underextrusion and resulting cavities would effectively reduce the dynamic

coupon’s surface area in contact with the build plate, subsequently reducing the

force required for deployment. The deviation of ATCAM’s detected forces followed

the trend observed regarding the quality of the feedstock materials, implying that

the average mechanical properties can not be independently referenced as a direct

indicator of the average expected force through this experiment alone. However, it

is noted that the deviations of these forces are correlated to the measured flexural

properties, with higher quality feedstock generating smaller force deviations sensed

through ATCAM, and better mechanical properties through testing. The agree-

ment of the measured quality controls of the feedstock fabrication with ATCAM’s

independent data demonstrates an initial utility for automatically indicating the

grade of a feedstock.
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These results agree with those displayed for the testing cycle in Fig. 5.10.

Feedstock 1’s data grouping was the tightest with respect to both an R2 trendline

correlation of its average data per index point of 0.961, with Feedstock 2 provid-

ing an r2 of 0.943 and Feedstock 3 at 0.910. Visually, the data point and error

bar grouping cumulatively indicate a higher quality process for Feedstocks 1 and

2 than 3. Interestingly, Fig. 5.10 also clearly demonstrates that ATCAM can

register material fatigue, identifying differences for effective performance degra-

dation that occurs throughout ISA use. This result indicates an additional utility

of ATCAM provided by gauging the life cycle of a test setup, catching when a

machine is falling out of calibration, or at a minimum providing an extra dimen-

sion of data. The observed decay in Fig. 5.10 is relatively consistent between

multiple ISA operating of the same feedstock, meaning that there are likely no

significant variations within the batches of feedstock. The Prusa MK3 printing

platform is configured to re-home its axes between the testing of each coupon and

to fully self-calibrate between actuators. This allows for it to impart very consis-

tent actuation, making it unlikely to be the source of the drift. The drift in the

impact force of the ATCAM system over the testing-life of a particular actuator

is predominantly due to the drifting of the experimental setup due to the mechan-

ical wear fatiguing the ISA’s spring. As the actuator is taken to full deflection

and released, there will be residual plastic deformation that causes a reduction in

overall elasticity and maximum energy the spring section can store. This slight

decrease over each of the actuations causes the decaying drift of the impact force.

We consider that because ATCAM can detect the drifting of its own experimental

setup, characterizing and filtering the drifting factor from the test results would

allow for increased sensitivity and potential insights into the drifting of the AM

process itself. Future work for ATCAM would leverage this filtering to vary both
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printer processing parameters and materials intentionally and gauge the effective-

ness of potential correlations. The figure also shows a low-fidelity measurement

of the inertial manufacturing errors introduced by each feedstock undergoing the

same material process under the same parameters.

Fig. 5.12 gauges the relevancy of three machine learning algorithms to corre-

late 100 dynamic coupons from Feedstock 2 to its database, scaling their accuracy

in the bottom right when the predicted data paired with the observed data. The

diagonal heat-map in Gradient Boost regression displays a 71% accuracy at pre-

dicting the dynamic coupon to a deviation of tolerance of force over 100 data

points, with Support Vector dialing at 56%, and Deep Learning measuring at

35%. These results concur with Deep Learning’s general requirements for larger

data sets to be effective correlating tools at describing phenomena. Consequently,

the Deep Learning results do not provide initial confidence in their relevance for

correlating the dynamic coupon data in its current configuration. The Support

Vector data provided better results than Deep Learning but tended to overshoot

the results. Utilizing Gradient Boost regression exhibits promising preliminary

results to serve as ATCAM’s primary correlation method.

In observing the sensitivity of the machine learning results to potential ex-

ternal factors driving the variability in the outcome, Fig. 5.13 provides valuable

insights. The studentized residuals of the dynamic coupon results demonstrate

the desirable constant variance required by regression over the coupons’ index

[Hosmer et al., 1997, Jarque and Bera, 1987]. For example, coupon 9’s residual

lies at a magnitude of -2N, while 12’s residual lies at a magnitude of +2N. This

magnitude of outlying error is displayed at random intervals throughout the index

and is demonstrated by coupons 51, 71, and 95 all having nearly equal adjacency

to opposite residuals. There does not exist a trend of increasing magnitude in
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the hat-values or Cook’s distance over the span of the index, providing confidence

over numerous perspectives of the validity of the machine learning results for a

constant variance [Stevens, 1984, Brown et al., 1975].

Due to the intrinsic reliance of regression on the quality of the data, Fig. 5.14

provides an additional diagnostic analysis of the output and is required to identify

any potential dependence or patterns within the predictions and observations

[Williams et al., 2013, Hocking, 2013]. Comparing the Cook’s distance from the

leverage each data point provides on the model displays potential issues individual

results can imply [Stevens, 1984, Kannan and Manoj, 2015]. Subfigure A displays

that the grouping of the data is near the trend, and visualizes that the model is not

overly sensitive to any specific data-point altering the characterization. Subfigure

B’s quantile-quantile plot comparing the standardized residuals to the theoretical

quantiles designates desirable linearity and packing of individual data points to

the trendline [Williams et al., 2013]. Subfigure C and D compare standardized

and regular residual to leverage and fitted values, respectively. The data from

both subfigures indicates a primarily flat trendline that seems to overshoot when

standardized and undershoot when not. The random spread of the residuals

and the seeming inverse correlation over the two subfigures is a good sign that

the values are not overly influenced by external variables, systematically bias,

or indicate signs of heteroscedasticity, in which the variance of the data is time-

dependent [Poole and O’Farrell, 1971]. Consequently, the results in Fig. 5.13 and

Fig. 5.14 cumulatively indicate that there is minimal unexplained phenomena with

high leverage within the data and regression serves as a statistically appropriate

method to analyze this data and draw conclusions from its correlations.

It is crucial to note that ATCAM’s results are a virtue of not only the error

associated with the manufacturing process and quality control of AM feedstock
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but significant limitations from the test setup and configuration as well. The

accuracy of the generated data has multiple points of introduced ambiguity, in-

cluding but not limited to the inherent control of the FDM process on a desktop

machine, the in-situ actuator’s tolerance, the cleanliness of the build-surface po-

tentially altering the friction imposed on a deployed dynamic coupon, the dynamic

coupon’s susceptibility to the variability of the contact from the in-situ actuator,

the dampening and induced moment from the physical load cell extension board,

algorithmic computational errors associating the AM process to coupon perfor-

mance results, and even variability of an unenclosed platform such as changes

in temperature, humidity, and UV from sunlight over the number of days of the

testing cycle of 3,000 dynamic coupons. Given these limitations, the quality of

the results associated with ATCAM’s automated testing of the three feedstocks is

still statistically distinguishable, with data able to be traced and associated with

its parent feedstock with the assistance of machine learning and sheer quantities

of coupons to train and reference from.

5.5 Conclusion

Given the discussed limitations, the results automatically generated, tested,

and characterized by ATCAM’s dynamic coupons provided statistically relevant

information that can identify and correlate data output by the AM process. The

results presented are confined to automatically implying the quality of FDM feed-

stock, demonstrating drifting of the AM process and visualizing the life cycle of a

part retrofitted onto the build-surface, fingerprinting the material process system-

atically through a single dimension of data, and demonstrating the initial applica-

bility of Gradient Boost regression as an ML correlation tool for large quantities of

AM data with low dimensionality. The significance of these initial results demon-
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strates promise for ATCAM’s continued testing and development as a low-cost

test-bed for characterizing the AM process. The output from ATCAM’s current

experimental configuration are not inherently compatible with current testing in-

dustry standards, as the results do not imply a comparable value or metric that is

currently used in industry. The results do, however, provide an additional novel

metric that consolidate manufacturability as an empirical metric which is implied

over the characterized grouping of thousands of coupons. Additionally, the ability

of the algorithms to identify a strong correlation of a set of dynamic coupons to

their feedstock source imply that new uses for cybersecurity and traceability are

capable of being generated by ATCAM. In its current FDM-specific configura-

tion, ATCAM’s future tests can be conceptualized as maintaining a consistent

feedstock material and intentionally altering process-parameters to identify sensi-

tivities of the material process potentially identifiable through large quantities of

controlled coupons. This consideration requires the characterization and filtering

of the experimental drift referenced in the discussions to increase the sensitivity

of the testing configuration to controlled variables. Another test that is of inter-

est is to vary the feedstock’s material (such as printing ABS, Nylon, etc.) and

observing the quality of the generated data. Additionally, leveraging the portable

in-situ methods and low-cost sensing platform can allow the current ATCAM test-

ing procedure to be automatically conducted in intervals of production printing to

catch if a machine’s calibration is potentially drifting from its optimal parameters.

Although this would limit the build-volume to the space unoccupied by the in-situ

actuator, this result would be an extremely low-cost method for ensuring an FDM

machine is performing to specification. Conversely, by controlling the calibration

and material process, the dynamics introduced by the retrofitted in-situ actuator

may be exploited for testing large quantities of iterated geometries to potentially

158



allow for automated design space exploration by AM. Improvements to increase

the precision of ATCAM are to add additional dimensions of systematic testing

to complement the physical sensors, retrofit an enclosure for the printer and the

sensing setup, develop a robust automated method to remove an ISA at the end of

its life cycle, develop a larger database for improvement in regression performance,

and conceptualize the ATCAM process for non-FDM platforms.
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Chapter 6

Autonomous Aircraft Which Fly

off of the Machine that Made

Them
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6.1 Introduction

With the validation and characterization of autonomously-deployed objects

undergoing projectile motion, drag-induced considerations were characterized and

paired to manufacturing-related variables. To further the investigation of au-

tonomous design-space exploration, I developed a protocol to autonomously pair

and optimize the computer numerical control of lift-generating surfaces. Through

a novel implementation of bio-mimicry, an auto-rotating lift-generating vehicle was

autonomously deployed by imparting momentum onto a manufactured Samara

seed. By leveraging the design knowledge previously gained from creating, deploy-

ing, and characterizing spherical objects undergoing ballistic motion, we refine the

existing models for increased applicability in aerodynamical design space. Due to

the increased complexity of the physics regulating lift-generating vehicles, a model

with higher-fidelity theoretical characterization to tune physical observations was

required with respect to those defined in earlier sections.

I start by pairing digital product definitions to toolpath-derived variables for

automated deployment, then develop a lift-regulating aerodynamics model taking

into account for asymmetrical volumetric considerations. To tune this model,

a mixture of sensing protocols were utilized including automated loading-cells

detecting impact forces from the spring and their deployed objects. Computer

vision was implemented through embedded systems to observe physical trajectory-

based object-fluid interactions. Integrating the joint-observations of both physical-

loading and visually observed trajectories allowing for multi-physical insights to

the sensitivity of theoretical laws defining an object’s motion. By automating

the process of sensing a design’s performance and integrating the data as a basis

for optimizing an object’s deployed implementation in-situ, one is provided the

powerful ability to automate the exploration of a robot’s design space.
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6.2 Modeling ISD of Aircraft

6.2.1 Cantilever Strain Energy Model for ISD

This model defines the in-situ deployment kinematics of aircraft as a contri-

bution of energy through physical contact. The moment of inertia capable of

generation from the linear spring is calculated through the elastostatics of a rect-

angular beam and translated to the internal energy strain of a cantilever beam

undergoing deflection:

I =
∫ a

−a
dx
∫ b

−b
y2dy = 4

3ab
3 (6.1)

This moment of inertia allows us to calculate the axial stress over the direction

of moment and simultaneously allows us to affirm the design choice of bending

the linear gate about it’s longest axis.

U

V
= u= (σ2

x)
(2E) (6.2)

Taking

U =
∫ L

0

(σx)2

2E dV (6.3)

with

σx = My

I
(6.4)
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Simplifies to

U =
∫ L

0

M2

2EI dx (6.5)

Taking the integral provides us with

(P 2)(L3)
6EI (6.6)

Given that

WE = 1
2P∆ (6.7)

We get

WE = UI = ∆ = P (L3)
3EI (6.8)

At this point, we reference the previously defined geometry of the deployer

through an alternative perspective accounting for the spring and its paddle in-

dependently to account for strain-energy and computer-regulated geometric vari-

ables.

Defining the mass of the aircraft as a function of its geometry through the

printed density:

Ma =Wa ∗La ∗Ha ∗ρa (6.9)

and the deployer similarly with spring and paddle considerations regarding printed

density:

Mp =Wp ∗Lp ∗Hp ∗ρp (6.10)

Ms =Ws ∗Ls ∗Hs ∗ρs (6.11)
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With the moment of inertia for the spring’s cross section as:

Iscs = (W 3
s ∗Hs)
12 (6.12)

For the spring’s end:

Is = MsL
3
s

3 (6.13)

Considering the contact is through the center of the paddle:

Ipc =
Mp(W 2

p +L2
p)

12 (6.14)

The force being calculated through:

F = 3EIscsDs

Loc3n
(6.15)

Providing the assembly’s moment of inertia:

Ia = Is + Ic +Mp(Ls + .5Lp)2 (6.16)

Allowing us to calculate the relevant angular frequency:

ω =
√

2U
Ia

(6.17)

Leading to an impact velocity at the aircraft’s impact origin through

Vimp = ωOair (6.18)
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and a consequent kinetic energy:

(KE)air = 1
2V

2
impMpEt (6.19)

for a subsequent theoretically-defined aircraft deployment velocity by:

Va =
√

2(KE)a

Ma
(6.20)

6.2.2 Requisites of Lift-generated Flight

As a process which takes advantage of pressure differentials generated through

a finite volume of fluid, gliding conventionally translates potential energy into

controlled flight. A form of non-powered aeronautics, gliding relies on geometry

specifically tailored to maintain attached flow along the majority of a body (typ-

ically referred to as a wing) traveling through a surrounding fluid at a specific

range of Reynold’s numbers:

Re= ρvc

µ
(6.21)

Lift generated over the cross section of a surface can be calculated by taking

into account for Cl the amount of pressure differential a geometry can conditionally

produce), the relative velocity the geometry is traveling through fluid at, the

density of the surround fluid, and the surface area of the cross section.

L= Cl ·
v2 ·ρ

2 ·A (6.22)

Similarly, we find the corresponding and penalizing drag force along the same

cross section, acting perpendicular to the lift generated above, in steady, level
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flight:

D = Cd ·
v2 ·ρ

2 ·A (6.23)

Unpowered thrust generation is typically nonexistent in steady, level flight.

The equivalent translational force counteracting the induced drag imposed by lift

on a gliding body is provided by the glideslope of the system. The corresponding

angle is proportional to the incidence of the wing relative to the surrounding

freestream of fluid. The downward angle rotates the lift vector, providing it with

an axial component that thrusts the body forward.

Figure 6.3: Investigating Lift-generating Spheres
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Increasing the Cl by varying the relative angle of attack to generate a geom-

etry and Reynold’s number-specific Clmax allows conventional airborne objects

to land predictably and repeatedly. This angle of attack is typically generated by

means of a pitching moment generated by varying geometry. Altering the camber

along the lifting body will move the center of pressure, and alter the differential

pressure imparted on the surrounding fluid. The resultant forces are increased lift

and drag imparted over the body. Naturally occurring structures (such as maple-

seeds) follow this process to decrease their glideslope for a gentle landing through

a cambered wing, shifting the center of gravity, and increasing the otherwise angle

of attack to near Clmax through a permanent, induced angle. The aerostructure

in this document follows a mixture of the same convention, but without the ben-

efits of the favorable weight/drag ratio and variable elasticity encountered in its

biological format.

6.2.3 Rapid Prototyping of ISD Airacraft

The considerations from the modeling of lift-generating sphere above were

taken to iterate through numerous generations of ISD aircraft. As the primary

objective for this airplane was ISD, the lift-to-weight ratio was as important as

the friction and deployment mechanics described in earlier sections for the print-

ing and programming of ISA’s and ATCAM. Translating the ISA’s defined force

into aerodynamic variables and sizing to generate sufficient lift provided baseline

configurations that are visualized in Figure 6.4. The aircraft in this figure repre-

sent modifications for manufacturability and compatibility with the ISD process

more-so than for optimal aerodynamics. Further generations of these aircraft were

tailored with respect to span-wise wing-loading and static stability after referenc-

ing plenty of literature. The final generation of the aircraft was selected due to
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locally optimal performance, as characterized by its ISD trajectory and velocity

through the CV system. The parameters of this aircraft are referenced to char-

acterize the aerodynamics of the aircraft in the next section for the purpose of

generating a model and comparing physically sensed values to simulated values.

6.2.4 Implementing the Aerodynamics

Although the effective airfoil altered through the various milestone iterations

of the mapleseeds, an airfoil capable of generating the required Clmax of 1.7 at the

impending α and Reynold’s number calculated above was selected as a desirable

design. As seen in Figure 6.6, the AG38 was taken as the baseline and modified for

a more-favorable mean aerodynamic camber line. The resulting airfoil is analyzed

later in this paper via a computational fluid dynamics simulation.

To size the surfaces intended to generate auto-rotated lift, the intended scope

of the aircraft was revisited. As the primary mission of this aircraft is to reach a

destination through autonomous deployment, the bounding characteristics of an

otherwise indeterminate series of equations were defined. The lift generated by an

aerosurface needed to overcome the gravitational burden of its own manufactured

weight, and induced drag as a function of lift is calculated below. The second

bounding variable was cubic wingloading, as it is a metric that correlates an air-

craft’s performance characteristics without a relatively high fidelity of volumetric

considerations required [Jameson et al., 2007]. A cubic wingloading of roughly 1

oz/ft3 was desired to achieve a desirable stalling speed, permitting sustainable

flight with a low Reynold’s number regime.

Desired Cubic Wingloading:

(W
S

)1.5 (6.24)
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Figure 6.4: Evolution of Autorotating Aircraft Gen: 1 - 6
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≈ 1oz/ft3

From the cubic wingloading, a span of 3 inches and chord of .75 inches was se-

lected to maintain the reynolds numbers within the scope of a slow-flying, lightly-

loaded aircraft capable of generating lift through a gentle (as defined above) land-

ing. At a Clmax of 1.7, the stall velocity can then be defined in m/s by:

Vstall =
√

2W
1.23ClmaxS

(6.25)

Resulting in a Vstall of .2m/s, and a consequent Reynold’s number of ≈ 6,000.

The following investigation refers to the calculation of the appropriate glidespeed

and respective glideslope for various lift-to-drag ratios. The equations and pro-

cesses are universal amongst aerodynamicists, however the Matlab Aerospace

Toolbox was utilized to perform calculations.

Taking W = .05lbf ; S = .02ft2, the aspect ratio as AR = 4, cofficient of drag

at CD0 = 0.04, and an Oswald’s efficiency of e= 0.72 provide a true airspeed of:

TASgliding =
√

2W
ρS
× [ 1

4CD0
2 +CD0πeAcos2φ

]
1
4 (6.26)

≈ 1.6f/s

Converting velocity from f/s to kts results in .948kts. To confirm the angle

at which we will have the highest lift-to-drag ratio, we can use:

sinγgliding =−

√√√√ 4CD0

πeAcos2φ+ 4CD0
(6.27)

Solving Eq. 6.27 results in an idealized glideslope of −1.8deg. The consequent

minimum drag can be calculated as:
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Dmin =Dgliding = 1
2ρ(TAS2

gliding)S(2CD0) =−W sinγgliding (6.28)

At .012 lbf. Lift, concurrently provides:

Lgliding = Lmax =W cosγgliding =
√
W 2−D2

gliding (6.29)

Solving Eq. 6.29 results in .011lbf, or 5g for confirmation of glideslope.

After taking into account for dynamic pressure (q̄ ≈ .08 lbf

(ft)2 ), the coefficients

of lift and drag are solved, respectively:

CLgliding
= Lgliding

q̄S
(6.30)

CDbg
= Dbg

q̄S
(6.31)

With these figures we can now calculate the encountered drag, consisting of

parasitic drag (Dp):

Dp = 1
2ρSCD0(TAS2) (6.32)

and induced drag (Di):

Di = 2W 2

ρSπeA

1
(TAS2) (6.33)

The sum of which is referred to as total drag (D):

D =Dp +Di (6.34)
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Taking the reconfigured lift coefficient as a factor of weight (with L=W ) gives

us

CL = 2πα (6.35)

Simulating the results of this configuration provides us with the theoretical

flight envelope the aircraft should perform in. The difference between the air-

craft’s physical performance and this theoretical performance can then start to be

characterized and influence factors can be identified.
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Figure 6.5: Evolution of Physically-demonstrated Autorotating Aircraft Gen: 1
- 7. The bottom two objects are of the same generation, demonstrating dihedral
angle as a function of compression designed into the toolpath for FFF warping.
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Figure 6.6: Cross-section of Bio-inspired AG38 Airfoil with flap modulation
[Jameson et al., 2007]
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Simulation

The simulation of aircraft ISD consisted of two parts. The first part is de-

veloped from the behavior of the ISA to determine the initial ejection velocity

and angle of the aircraft and the second models its trajectory based on the initial

velocity conditions. Simulations were implemented in the MATLAB Simulink®

environment. For both simulations the solver used was ode45 with variable step

size. The max step size permitted was 0.01 seconds and the relative tolerance

between steps was 0.001.

Ejection Modeling

The simulation for the deployment of the actuator used energy based meth-

ods. The in-situ actuator was modeled as a beam and its stored energy could

be calculated using beam-energy methods based on the deflection. This value

was then multiplied by a constant, experimentally determined, to get the stored

spring energy [Besnea et al., 2018]. Additional experiments were used to calcu-

late the percent energy loss during the swing to the impact point. The force and

velocity loss due to breaking the target off off the PRUSA poly-carbonate-based

build surface were also experimentally determined. Using work energy relations

the force of impact could be calculated. From the impact energy and ejection able

the initial conditions for the ejection could be calculated.

The first step in the simulations uses the actuator geometry and the pull-

back distance to calculated the strain energy, U, using beam energy methods, as

seen in equation 6.38. Equation 6.36 gives the bending inertia, Ib, of the spring-

component of the actuator as a beam. Equation 6.37 provides the force of the

pull based on how far back the pull is, ∆, and where the puling location is, Sp. E

is the Modulus of Elasticity of the printed material.
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Ib = (width3×height)/12 (6.36)

P = 3EIb∆/S3
p (6.37)

U =
p2 S3

p

6EIb
(6.38)

In order to determine the velocity of the paddle at the point of impact with the

target, the rotational inertial, Ir of the spring was found using equation 6.39. In

order to do this the spring section was modeled as a rod and the paddle section was

modeled as a rectangular prism with parallel axis theorem was applied. Where

Ls is the length of the spring section, ms is the mass of the spring section, Lp is

the length of the paddle section, Wp is the width of the paddle section, and mp is

the mass of the paddle section.

Ir = 1
3msL

3
s + 1

12mp(W 2
p +L2

p) +mP (Ls + 0.5Lp)2 (6.39)

With these values conservation of energy can be used to find the angular

velocity, ω, of the actuator at the point of impact 6.40. It was experimentally

determined using high speed video that a multiplicative coefficient of 0.76 was

needed to get an accurate value of the energy at the equilibrium point. This

constant was assumed to hold at the impact point as well.

Upull back = Uimpact + 1/2Irω
2 (6.40)

The energy at the impact point was found using a similar method to the pull

back energy with the displacement instead being measured to the object impact

location.

The paddle velocity at the point of impact can be found by multiplying the
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angular velocity by the position of the target object. Experimentally it was found

that 80% of the energy was transferred into the target, thus equation 6.41 can be

used to find the targets kinetic energy, T, the instant after impact.

T = 0.8× 1
2mtargetV

2
impact (6.41)

In order to model the velocity loss for the target breaking off of the build plate

a break-off time and the force of adhesion were needed. In order to determine the

break-off time a high speed camera was used and it was found that the target broke

off the build plate in approximately 1/200th of a second. The force of adhesion

was found to be 1.254 times the contact surface area of the target. The velocity

loss due to breaking off the build plate could then be found as in equation 6.42.

Vloss = Fadhesion×0.005
mtarget

(6.42)

This velocity loss from the surface detachment was then added to the velocity

calculated from impact to get the final ejection velocity. The angle of ejection was

user supplied to get the vertical and horizontal components.

Trajectory Modeling

As mentioned in the subsection heading, implementation of the simulation

used ode45 as a solver with variable step size. The max step size permitted was

0.01 seconds and the relative tolerance between steps was 0.001.

With the initial velocity conditions from the ejection equations and a user

defined initial orientation of the object’s body frame, a 6 degree of freedom (DOF)

flight simulation based on Newton’s and Euler’s (Eq. 6.45) equations of motions

was used to find the both the path and orientation of the object after ejection.
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−→
F = d

−→
P /dt=md

−→
V /dt (6.43)

Ixω̇x =Mx− (Iz− Iy)ωyωzIyω̇y =My− (Ix− Iy)ωxωzIzω̇z =Mz− (Iy− Ix)ωyωx

(6.44)

−→
M = I−̇→ω + (−→ω + I−→ω ) (6.45)

Where F is the force, P is momentum, t is time, m is mass, I is inertia, ω is

angular velocity, and M is the moments. For calculating the initial rotational rate

the impact moment was used in equation 6.46. During the printing process two

regions on the maple leaf were in connect with the bed, one being the contact line

and another being the point at where the wing segment was thickest. Using high

speed video we were able to verify that the initial instant of rotation was about

the second contact point and as such the radius between the pod and the second

contact point was used for the impact radius. Note that the time of 1/200th still

holds here.

ωZ,0 = 0.005(Rimpact×Fimpact)/IZZ (6.46)

Where Rimpact is the radius in the x-axis from the impact point to the center-

of-mass. Initial rotation is assumed to only be about the Z-axis. A termination

condition based on z-position was used. Mass and inertia values are found from

the CAD model of the object and inputted into the simulation by the user.

The object evolution as controlled by the 6-DOF simulation, at a given sim-

ulation instant, using the calculated values for force and moment (as described

later in this section) starts with the calculation of the acceleration in the body

frame. Since the mass is constant, Eq. 6.43 can be expressed as Eq. 6.47.
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−→a b =−→F /m+−→V b×−→ω b (6.47)

In Eq. 6.47, a is the acceleration. Velocity in the body frame is then found by

integrating acceleration in the body frame as shown in Eq. 6.48

−→
V b =

∫
−→a bdt (6.48)

The angular accelerations are found using Euler’s equations of motions, im-

plemented as Eq. 6.49

−̇→ω = (−→M −−→ω × I−→ω )I−1 (6.49)

This was then be integrated to get angular velocity as shown in Eq. 6.50

−→ω =
∫
−̇→ω dt (6.50)

The next variable to be calculated was the rotation matrix, also known as the

direction cosine matrix (DCM). The naming convention used through this section

is that Ra,b is the DCM to rotate from frame b to frame a. The first step in find

the DCM is to find the rate of change of the Euler angles, Eq. 6.51

φ̇= ωx + (ωysin(φ) +ωzcos(φ))sin(θ)/cos(θ)

θ̇ = ωycos(φ)−ωzsin(φ)

ψ̇ = (ωysin(ψ) +ωzcos(φ))/cos(θ)

(6.51)

Where φ is the roll, θ is the pitch, and ψ is the yaw. These are then integrated

to get the Euler angles Eq. 6.52

181



φ=
∫
φ̇dt

θ =
∫
θ̇dt

ψ =
∫
ψ̇dt

(6.52)

With the Euler angles we then get the DCM using the standard ZYX convec-

tion in the inertial body frame; Eq. 6.53

Rb,i


c(θ)c(ψ) −c(φ)s(ψ) + s(φ)s(θ)c(ψ) s(φ)s(ψ) + c(φ)s(θ)c(ψ)

c(θ)s(ψ) c(φ)c(ψ) + s(φ)s(θ)s(ψ) −s(φ)c(ψ) + c(φ)s(θ)s(ψ)

−s(θ) s(φ)c(θ) c(φ)c(θ)

 (6.53)

Using the rotation matrix, the velocity in the inertial frame is then calculated

as in Eq. 6.54

−→
V inertial = RT

body,inertial
−→
V body (6.54)

.

Finally the inertial velocity is integrated to get the objects position in the

inertial frame, Eq. 6.55

−→
X inertial =

∫ −→
V inertialdt (6.55)

where X is the object position.

Additionally the forces and moments need to be calculated for the simu-

lation. Historically, multiple methods have been used to model lift for both

auto-rotating and mechanically rotated wings including, blade element theory

[Rijs and Smulders, 1990, Holden et al., 2015], actuator disk theory as per Ref.

[Azuma and Yasuda, 1989, Rao et al., 2014], and wing vortex theory as demon-
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strated in Ref. [Lee and Choi, 2018]. Blade element theory subdivides a pro-

peller into smaller parts and then finds the forces on each part as per Ref.

[Leishman, 2008]. These values are then integrated over the whole blade over one

revolution to give forces and moments [Soe Thura Win and Kyi Hla Win, 2020].

Actuator disk theory, also called momentum theory, models a propeller as a thin,

ideal disk and gives a relationship between power, thrust, area, and air density.

Previous work involving this method found the terminal velocity is proportional

to the root of the seed weight divided by the effective disk area, such as in Ref.

[Azuma and Yasuda, 1989].

Since a high fidelity simulation was not required, a simple blade-element-

theory-based method was used. The aircraft was sub-divided into three sections

of the seed. The first section was from the seed pod to the center of gravity; this

section would rotate backwards with respect to the forward-flight incidence angle

and was thus assumed to generate no lift nor drag. The second section is defined

as the region from the CG to the CP; i.e. this is the section rotating with the

leading edge forward but in the wash of the first section. The section was assumed

to generate lift and drag with at a constant reduced percentage to approximate

the aerodynamic efficiency in wash. Ref. [Chinwicharnam and Thipyopas, 2016]

talks about the aerodynamic efficiency of pusher and tractor configurations with

respect to the aerodynamic downstream effects from the propulsion system. Ref.

[Lee and Choi, 2018] claims 12% of lift being generated by the seed pod while

noting that wake effects can cause error obtaining this figure. The literature con-

verges on a conclusion that if this lifting region is small, it could also be assumed

to be zero, as per Ref. [Soe Thura Win and Kyi Hla Win, 2020]. The final seg-

ment was the rest of the wing, rotating forward and not in the wash. This section

was assumed to be generating full lift and drag. For the two lift and drag gener-
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ating sections, the equations for lift eq. 6.57 and drag eq. 6.58 took velocity as

the vector sum of the rotational velocity at the center of pressure, of the section.

Equation 6.56 provides the net velocity of the aircraft in the inertial frame.

−→
V eff = ω×RCP CG,y +Rbody,inertial

−→
V Inertial (6.56)

FLift,z = 1/2ρCL,zAref,xV
2

x,eff (6.57)

FDrag,x =−1/2ρCD,xAref,xV
2

x,effsign(Vx,eff )

FDrag,y =−1/2ρCD,yAref,yV
2

y,effsign(Vy,eff )

FDrag,z =−1/2ρCD,zAref,zV
2

z,effsign(Vz,eff )

(6.58)

Where RCP CG is the radius of the center of pressure relative to the center

of gravity (with the CG taken as the origin), ρ is the air density, CL is the

coefficient of lift, Aref is the reference area for the respective equation, and CD is

the coefficient of drag.

For lift it was assumed that only the body x component of the velocity con-

tributed to lift and that lift was only in the body z axis.

All reference areas, center of pressure location, viscosity, and atmospheric den-

sity were assumed constant and inputted by the user based on appropriate mod-

eling techniques. Calculation of Cl and Cd are based on interpolation of a lookup

table, with respect to angle of attack, for the appropriate Reynolds number, cal-

culated using Eq. 6.59

Re = ρ||
−→
V eff ||2L/µ (6.59)

where L is the characteristic length and µ is the viscosity of the air. At-
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mospheric values were taken as International Standard Atmosphere (ISA) values

giving a density of 1.225 kg/m3 and viscosity of 1.789×10−5 kg/m/s.

Finally gravity needs to be added to the lift and drag forces to get total force

on the object, Eq. 6.60.

−→
F body,total =−→F lift +−→F drag +Rbody,inertial(−9.81mẑ) (6.60)

The location of the center of pressure in the object body frame was used to

calculate the moments from the aerodynamic forces, Eq. 6.61.

−→
M =−→RCP CG× (−→F Drag +−→F Lift) (6.61)

Fig. 6.7 simulates the trajectory of the aircraft under rotation, generating lift.

The blue quivers demonstrate the orientation of the aircraft, span-tip-axis encom-

passing the positive arrow. The yellow trajectory demonstrates the aircraft not

under any rotation, falling under a ballistic trajectory. The black marks signify

2hz sampling rates to visualize time as a function of distance. Both the rotating

and ballistic aircraft were provided the same ISA conditions (except for orientation

to provide rotation and lift-generation) and were subjected to the aerodynamic

modeling presented above. The results provide insight as to the predicted RPM,

and that our design will generate lift under rotation. The rotating aircraft ex-

hibits a longer trajectory, and demonstrates an improvement with respect to the

iterations presented in the prototyping section. The aircraft now had a theoretical

expected result, and could be fabricated and subjected to ISD for comparison of

results to those observed by the CV sensing.
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Figure 6.7: Simulated trajectory and RPM of aircraft generating lift under ro-
tation of 600 RPM (blue) and 0 RPM (yellow) in the aerodynamic, lift-generating
models. The blue quivers represent the position and orientation of the aircraft,
the black dots are 2hz tick marks, and the orange line is a ballistic trajectory with
the same initial conditions.
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Programming ISD of Aircraft

As previously defined, the gCode file format was used as the machine code

manipulator. The gCode file format is a standard open source file format used

by the vast majority of consumer-grade 3D printers. By using a prolific, open

source file format the processing scripts and methodologies we used for the object

ejection could be easily moved to other FDM/FFF printing platforms. In our

implementation PrusaSlicer and Simplify3D® were used for gCode generation.

When designing or choosing an object for ejection, consideration needs to be

taken so that the process of deflecting the ISA doesn’t impact the target object.

The simplest way to ensure this is to have the target object be equal to or shorter

than the interface tab on the actuator. It would also be possible for an object

taller than the actuator to be deployed if the gantry motion for deployment does

not interfere with the object to be deployed. While this would not be possible

with the Prusa i3 we used, there may be other machines more suited to that

application

Once a 3D model for a desired aircraft has been made, it needs to be prepared

for printing. As for the printing and programming of ISA process, the first step

in the process is to take the 3D model and convert it to a gCode file, with the

object centered at the origin. Once the appropriate gCode file had been generated

a custom MATLAB® script was used to modify the file for autonomous ejection

through ISD.

The next step was to modify the file to have an ejection base. Not used in

ATCAM, the ejection base was designed to provide a secure attachment point of

an aircraft to the printer while allowing to a quick detachment when the part was

ejected through ISD. This allows for objects with phenotype variations within a

certain design scope to be deployable through ISD The user can define whether
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Algorithm 3: Aircraft Preparation Workflow
Input:Aircraft model to be deployed
Output:gCode file to deploy Aircraft
Use slicing program to get gCode file of aircraft located at coordinate
system origin
if Rotate aircraft for deployment then

Rotate aircraft for determined AOA
Default to +10 deg if not specified
Add rotation code to gCode file

else
Aircraft preoriented for ISD

end
if Add ejection base to aircraft then

Translate aircraft z-cordinates up
Add ejection base to gCode file

else
Replace bottom of aircraft with ejection base gCode

end
Translate coordinates in gCode File
if Add actuator then

if Default actuator orientation doesn’t fit on print bed then
Translate and rotate actuator as appropriate

end
Add ejection actuator to gCode file

end
Add ejection pull to gCode file
if Add repeats then

Add desired number of copies of the aircraft without the actuator to
end of gCode file

end

188



they want the base added to the bottom of the object or to replace the bottom of

the object. If the base is added to the bottom of the object the z-coordinates in

the ejection object gCode were offset up and the gCode for the base was inserted

into the file. The file manipulation was done in such a way as to preserve the

print settings for the original object. If the base is to replace the bottom of the

object the corresponding number of layers to match the bases height are removed

and replace with the gCode for the base.

Once the base has been added the combined object is then translated to the

appropriate location for printing and deployment. This is achieved by offsetting

the X and Y coordinates in the gCode file. If the user desires, a new actuator can

also be added to the gCode. Using pre-generated code, the actuator is spliced in

layer-by-layer.

The paddle location and orientation were chosen such that the object was as

close to the actuator as possible, while allowing the print head to push an existing

actuator out of the way to allow for printing another object if the actuator was

already present.

Code was added to deflect the actuator, causing the object to be ejected. The

result of the script is a gCode file that prints the object, and paddle if desired,

and then ejects the object.

Finally, if the user desires they can add additional ejections. This is done by

adding additional object and ejection code, without the actuator, to the end of

the file before printer shutdown as many times as the user desires.
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Algorithm 4: Aircraft Fabrication and Deployment workflow
Input:gCode file to deploy aircraft
Output:deployed aircraft(s)
Upload gCode file to printer and start print
if Multiple aircraft to be printed then

Set up appropriate receptacle
end
Printer will print actuator and first aircraft simultaneously
Printer will deflect actuator to specified angle and release
Printer will eject aircraft
while Multiple aircraft left to be printed do

Subsequent aircraft will be printed. Print head will move paddle-end
of actuator as necessary
Printer will eject aircraft

end

Testing Methods and Results

In order to characterize the performance of the actuator and the accuracy of

the simulation we preformed a series of tests were performed analyzing the ejection

trajectories.

Full Trajectory Tests

The first type of testing was done using a pair of high speed cameras to record

the ejection and resulting trajectory. The first camera was located directly over

the build platform to observe the impact and the second was located further back

and side-facing to the printer to observe the trajectory of the ejected object.

From the camera located above the build platform we could determine the

angular velocity of the actuator before and after impact with the target object as

well as the initial velocity of the target object to determine how energy was trans-

ferred during the collision. With a given actuator part of the test was repeated

for every deployment for the first 10 deployments and then every five deployments
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Figure 6.8: Example of printed seed.

until 60 total deployments had occurred in order to characterize any changes in

the impact energy transfer over an actuators lifetime.

With the side facing camera the trajectory of the ejected object could be

observed and compared to estimated values.

Actuator Impact Tests

For the second type of testing a load cell was secured to the build platform

(with a pre-printed ISA) in the location where the target object would normally be

printed. A custom toolpath was then used to repeatedly deploy the actuator, with

30 second pauses in between actuation’s, to characterize the force of impact over

the lifespan of an individual actuator. When the actuator deployed it impacted
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the load cell causing an output signal, processed by an op amp, that was then read

in by a Raspberry Pi micro controller. The Raspberry Pi then saved the value to

a text file and waited for the next data point. The data was timestamped, which

could then be compared against the known delay between deployments, to reduce

possible errors in the data collection.

Through physical testing, the frequency of the data sampling rate was con-

verged to 10hz, taken as the minimum threshold to capture the data correctly

without generating redundant noise. The selection of 10hz was also a hardware

limitation, serving as the blend of data fidelity and polling rate of analog-to-digital

conversion.

Deployment Sensing

A third test configuration had the ejected object travel a short distance before

impacting a target plate attached to a load cell. This test configuration, as seen

in Fig. 6.13, ejects the dynamic coupon from ATCAM to produce simple ballistic

motion. Additionally, a disk and cube were also subjected to ISD for control

purposes. Various milestones of different generations were also subjected to ISD

to allow

Similarly to the impact test, when a deployed object impacted the load cell

causing an output signal, processed by an op amp, that was then read in by a

Raspberry Pi micro controller. The Raspberry Pi then saved the value to a text

file and waited for the next data point. The plate attached to the load cell was

made from laser cut acrylic and was used to ensure a sufficiently large area such

the the ejected object would reliably impact. Using a known mass we were able

to statically load the plate in different locations to verify that different locations

on the plate would not change the load cell readings.
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Figure 6.9: Top and Left: Final Aircraft (Seed 12) specifications and features.
Bottom: Printer Configuration for ISD of Aircraft

Computer Vision for Localization and Trajectory Tracking

A second micro controller was used to capture and process video recordings.

Unlike in the first experiment, where video data was processed manually, we used

an open source computer vision system (OpenCV for Python) to record the tra-

jectory and velocity of the ejected object. For these trials plastic filaments were

chosen that had high contrast against a white background and the camera was

located such that the pixels per cm would be constant along the expected trajec-

tory. An example of the masking that allowed for an aircraft to be identified by

its color is provided in Figure 6.11.

As seen in this figure, the centroid was assumed to be the center of mass with

respect to density distribution of the aircraft. This assumption was only made

for the sake of a robust tracking process for the computer vision platform. The

centroid of each deployed aircraft was tracked over the deployment trajectory.

The distance of each object was observed by the CV system and is overlaid for
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Figure 6.10: ISD method and visualized as-printed configuration and deploy-
ment of aircraft
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Figure 6.11: ISD method and visualized as-printed configuration and deploy-
ment of aircraft

comparative purposes in Figure 6.14.

The deployment configuration of a test article is demonstrated in Fig. 6.10.
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(a) Demonstration of object tracking
with OpenCV. The bounding boxes of
various colors signify the objects de-
tected and paired with a known classi-
fication and their respective confidence.

(b) Demonstration of altered strategy
to track Am parts, following a specific
color and the trajectory of its centroid.

Figure 6.12: Implementations of automated tracking methods utilizing computer
vision

Figure 6.13: Printer Configuration for ISD of Aircraft
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Figure 6.14: Comparison of ISD object mean trajectories with respect to dis-
tance traveled, as observed by CV system.

6.3 Discussion

As demonstrated above, the CV system successfully tracked the trajectory of

the ISD objects and aircraft. The sphere, disk, and cube were used as a baseline

and demonstrated poor distances through the ISD process. This implies that they

have extremely low lift-to-weight ratios, a common indicator of aerodynamic effi-

ciency. The first generation of seed was able to be deployed, although extremely

infrequently. It flew a distance of 305 centimeters. Its trajectory demonstrated

that the induced drag was likely enabling it to travel a further distance com-

pared to the sphere, which acts as a baseline given its theoretical geometric drag

coefficient.

The trajectory of seed 6 was an improvement over seed 1, reaching 385 centime-

ters. This implies improved aerodynamics and a potentially improved coefficient

of lift due to the oscillation that was observed during its flight. The low frequency

of the oscillations demonstrates that the RPM of the lifting surface is low, and

consequently it is likely providing just enough lift to maintain stability and travel

further than seed 1 given that they both had the same mass and input ISD force.

Seed 12 was the final configuration and displayed a favorable distance of approx-
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imately 530 centimeters from a height of 124 centimeters. This provides a rough

glide ratio of 4.3, which is in-line with the average estimate of an autorotating

helicopter (glide ratio of 4). The trajectory demonstrates sufficient RPM and an

aircraft which is clearly rotating at a higher frequency than seed 6 and demon-

strating a longer range with the same amount of input energy, implying improved

aerodynamic efficiency.

When the CV results are compared to that from the simulation provided ear-

lier in this chapter for Seed 12 in Fig. 6.7, the physical and simulated results are

surprisingly similar. The RPM of the physical seed is a little lower, at approxi-

mately 450RPM as opposed to the theoretical 600RPM from the simulation. The

distance traveled is also comparatively similar. The simulation allowed for the

object to fall 20 meters just to observe stability of the aircraft during its flight;

however, if the fall height of the aircraft is limited to 1.25 meters as it was in

the physical experiment the theoretical distance would be roughly 7 meters. As

provided by Fig. 6.14, the aircraft flew 5.3 meters. This reduction in efficiency

is expected, as the simulation does not account for inertial error in the manufac-

turing process of both the aircraft and the ISA. Additionally, the simulation does

not account for errors that accumulate from the ISD process, nor does it account

for the fatigue that ATCAM detected within ISA’s over deployment cycles.

Another interesting result was that although the RPM of the physical aircraft

was approximately 25 percent less than the theoretical value, the velocity of the

physical aircraft was over 30 percent less than the theoretical result. This might be

a function of induced drag not accounted for and a theoretically optimistic Cd. The

stability of the aircraft was validated as a function of the velocity of the aircraft.

The rule derived by Ref. [Jameson et al., 2007] and Ref. [Jameson et al., 2012]

defines the stability of a samara seed aircraft as the angular velocity > 1.2 the
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aircraft velocity. The reduction in the aircraft velocity likely assisted the stability

of the aircraft, which can be observed by the stable trajectory demonstrated in Fig.

6.14. By successfully providing the user with the trajectory and velocity of the ISD

aircraft, designs which have varied theoretical performance as per the simulation

can now be physically characterized and validated. This result provides our final

deliverables regarding an autonomous system which fabricates and deploys an

aircraft off of its build surface, a system and one which senses and characterizes

performance improvement of an object it has automatically manufactured and

deployed.

6.4 Future Work

The implications of the work presented in this chapter provide significant

promise for further development and testing schemes to automatically correlate

object phenotypes to variations in object performance. Although the work I have

presented lays the foundation by pairing numerous systems I automated to work

in conjunction for this process, robust full-cycle automation requires this final

step. The next logical step of continuing the pursuit of this objective is to allow

ATCAM to converge to a predetermined, locally optimal solution. Varying the

number of iterations ATCAM requires to reach this solution is analogous to a

"step-size" for a simulation, as increasing the number of steps would theoretically

increase the fidelity of the solution as well in exchange for a longer period of time

and increased resources. This analogy holds for the maximum theoretical number

of steps as well (such as the capabilities of the solver with respect to the sensitiv-

ity of a mesh), as ATCAM’s theoretical iterations are limited as a function of the

capabilities of the manufacturing platform ATCAM is leveraged on.

There are a finite number of tests ATCAM can run, depending on the sensi-
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tivity of the manufacturing process and volume of the manufacturing platform. I

bounded these constraints considerably to provide some control over the process

and narrow the maximum number of solutions I would be provided with (Seed

1 through Seed 12 are good examples of the step size with respect to pheno-

type variation). This theoretical threshold should be explored further to increase

the confidence in ATCAM’s results to reach design optimality. Regardless of these

considerations, the framework provided in this document is applicable to any man-

ufacturing platform, as the core of the work conducted here is just to integrate

more dimensions of physical sensing into the manufacturing process and leverage

the implicit capabilities of manufacturing platforms (such as for ISA’s to conduct

ISD) and obtain dynamic coupons. Varying the concept of a dynamic coupon

to different manufacturing platforms and processes is an exciting prospect, and

I look forward to observing how this concept further will be developed further

through the publications generated by the work.
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Chapter 7

Summary of Deliverables and

Applications

This document has demonstrated the validity of a model which represents an

actual multi-physics system, implemented through the integration of fabrication

and testing on the same platform. The model was developed with assumptions

that allowed for the linearization of the equations of motion which govern the

transfer of energy. By tracing this energy from intentionally-discrete models,

we calculated potential energy embedded into a fabricated spring via the nozzle

that manufactured it. This potential energy gets translated into kinetic energy

through a simplified harmonic oscillator, providing momentum that is conserved

in contact with a sphere. The launching of this sphere allowed for us to observe the

physics associated with flight, allowing for observed accelerations to be compared

to simulated values. The premise of this idea was developed into the concept of

dynamic coupons, which were presented in Chapter 5.

The errors of the simulated acceleration of the system was found to be within

single-digit percentage of observed values. The error is low, as we tuned and

parameterized the model with respect to observed values. The utility of this
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model is that the system may now be digitally optimized, as we have successfully

characterized the system. Further errors can be associated to manufacturing and

material-specific phenomena, provided the concurrent acceptance of the assump-

tions stated in this document. The work in this dissertation provides the basis

to design and size components with the understanding that expected kinetic en-

ergy transferred by the system can be predicted through simulation. This entails

the capability to characterize designs through sensed performance of objects and

implied manufacturability.

The technology takes a digital design and modifies it for the desired actuation

of a component to be fabricated within the build volume. The manufacturing

process-specific toolpathing software generates a code which is modified for au-

tonomous cyber-physical interfacing. When the software is executed, the additive

manufacturing process takes place and additional dimensions of physical interfac-

ing cause fabricated objects to dynamically interact. We visualize the framework

through a referenced demonstration as an example of the kinematic interaction

between two manufactured objects on the same build-platform. Examples of ad-

ditional parameters of information contained in this demonstration are the range

of velocities and spring constants the manufactured objects will exhibit through

build-plate interactions. The unique aspects of this technology are highlighted in

green in the flowchart visualized in Figure 7.1, demonstrate the process through

the referenced example.
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7.1 Unique features to Date

The work is enabled by the combination of new algorithms, enabling the au-

tonomous cyber-physical interaction of 3D-printed parts on the build-tray for au-

tomated high-volume testing of additively manufactured components. The first al-

gorithm allows for the physical interaction of a 3D-Printed object with its environ-

ment, with the second algorithm allowing for the autonomy of such interactions.

The combined algorithms allow for the high-volume production and autonomous

actuation and testing of additively manufactured parts through physical interfac-

ing of printed components with one-another and the machine that manufactured

them. These digital modifications allow for the automated embedding and physi-

cal validation of additional dimensions of information through the manufacturing

process.

7.2 Overview of Deliverables

The first of two building blocks required for the autonomous actuation of an

additively fabricated component on the manufacturing platform is the ’Modifica-

tion of the Design for Desired Actuation’. This process describes the creation of a

secondary object (the ISA) to interface with and store elastic energy from the ad-

ditive manufacturing process. This ISA would be capable of then autonomously

transferring the potential energy into the primary object (the sphere) with the

desired designed dynamics through conservation of momentum. The input and

output of this block is a 3D-model (in our example, a surface-tesselation-language

(.stl) file).

The second building block required takes the output of the manufacturing

platform’s toolpathing software and modifies the toolpath with a post-script that
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integrates the numerics required for autonomy. This ’Toolpath Modification for

Autonomy’ takes digital information that has been generated by manufacturing

process-specific toolpathing software and modifies it for autonomous interfacing

with the manufacturing hardware to translate energy through the manufactured

object (the ISA). The input and output of this block is a modified toolpath (in

our example, a Gantry Code (.gcode)).

7.3 Applications of Deliverables

Users of this work are being provided with a platform and test-bed for digitally

embedding additional dimensions of information into currently-existing systems

through ISD. By demonstrating advances in ISD from ISLS to ISA, we were able

to demonstrate a method for quick, portable, repeatable, and high-volume de-

ployment. Industry may leverage the technology with a multitude of processes

for creating novel interactions that may have commercial applications. A novelty

of this innovation lies in the ability to conduct significantly more experiments

than otherwise possible utilizing current systems without any physical modifica-

tions. The ability to digitally transfer this capability is very powerful and requires

minimal investment to adopt from a commercial perspective.

Industrial applications may benefit heavily from the ability to autonomously

and repeatably deploy a high volume of experiments on additive manufacturing

platforms, even through our demonstrated example. The repeatable ability for

an object to ’fly off of the machine that made it’ essentially enables automated

clearing of the processed build volume. The increased throughput through the

automation of clearing a machine without the need for additional robotic manip-

ulators may be economically appealing. This is especially relevant as industry

continues to adopt a larger percentage of additive manufacturing as part of its

205



workflow.

Given the current status of the work, I have developed tools which allow for

the serial automation of the following processes:

• Modification of a digital 3D model enabling its deployment (Chapter 3)

• Automated fabrication and deployment of an AM object (Chapters 3 and

4)

• Automated modification of an AM object’s phenotype (Chapter 4)

• Automated manufacturing and deployment of AM objects with modified

phenotypes (Chapter 4)

• The concept and implementation of dynamic coupons (Chapter 5)

• Automated characterization and performance sensing of AM objects (Chap-

ter 5)

• Automated characterization of AM feedstock (Chapter 5)

• A strategy to decide whether performance of the modified AM object has

improved (Chapter 5 and 6)

• An autonomous system which fabricates and deploys an aircraft off of its

build surface (Chapter 6)

7.4 Papers and Academic Contributions

The papers generated from this work were distributed as follows:

• Printing and Programming of In-Situ Actuators (Chapters 3 and 4)
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• Automating Sequential Additive Manufacturing by Retrofitting In-Situ De-

ployment (Chapters 3 and 4)

• ATCAM: Automated Testing and Characterization of Additive Manufactur-

ing (Chapter 5)

• An Object Which Flies off of the Additive Platform (Chapter 6)

• On the Additive Fabrication of Aerostructures for Micro Aerial Vehicles

(Chapter 6)

The current deliverables from this work have been submitted to the National

Aeronautics and Space Administration. At the time of this writing, this work

has been issued a non-utility provisional patent-pending status with the United

States Patent and Trademark Office under the title "Augmented Manufacturing

by Embedding Autonomous Interactions Between Manufactured Components and

Manufacturing Machines" Docket No. ARC-18452-1.
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Appendix A

Appendix

A.0.1 Variables

Defining Variables:

Modulus of Elasticity of Printer Ma-

terial:

E

Density of Ball Print:

ρb

Density of Paddle Print:

ρp

Height of Paddle:

Hp

Height of Spring:

Hs

Length of Paddle:

Lp

Length of Spring:

Ls
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Width of Paddle:

Wp

Width of Spring:

Ws

Velocity of Ball:

Vb

Kinetic Energy:

Ke

Origin of Ball:

Ob

Origin of Paddle:

Op

Location of Nozzle Pull:

Locn

Displacement of Spring:

Ds

Mass of Ball:

Mb

Mass of Paddle:

Mp

Mass of Spring:

Ms

Moment of Inertia of Spring Cross Sec-

tion:

Iscs

Moment of Inertia of Paddle Center:

Ipc

Moment of Inertia of Spring End:

Is
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Moment of Inertia of Assembly:

Ia

Transferred Energy:

Et]

Angular Frequency:

ω

Impact Velocity:

VImp

Kinetic Energy of Ball:

Keb

Velocity of Ball:

vb

Volume of Ball:

Vb

Force:

F

Strain Energy:

U

A.0.2 Equations

A.1 Supplementary

Equations

Eq1:

Mb = Vb ∗ρ

Eq2:

Mp =Wp ∗Lp ∗Hp ∗ρp

Eq3:

Ms =Ws ∗Ls ∗Hs ∗ρb

Eq4:

Iscs = (W 3
s ∗Hs)
12

Eq5:

F = 3EIscsDs

Loc3n
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Eq6:

Is = MsL
3
s

3

Eq7:

Ipc =
Mp(W 2

p +L2
p)

12

Eq8:

Ia = Is + Ic +Mp(Ls + .5Lp)2

Eq9:

ω =
√

2U
Ia

Eq10:

Vimp = ωOb

Eq11:

(KE)ball = 1
2V

2
impMpEt

Eq12:

Vb =
√

2(KE)b

Mb
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