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ABSTRACT

This work is motivated by Additive Manufacturing’s (AM) ability to create multi-
functional components via in-situ embedding. The layer-by-layer material addition
approach gives designers access to the entire volume of a part, enabling embedding of
foreign, multi-functional components within printed parts. The typical embedding process
for AM involves i) designing the cavity for the embedded component, ii) interrupting the
build process when the top layer of the cavity is reached, iii) manually inserting the foreign
component, and iv) resuming the build process. While build process interruption during
printing is a requirement for embedding, interruptions can also be caused by power outages,
system errors, or material shortages. However, the influence of this interruption on AM
manufactured parts is not well understood. This thesis discusses the effects of the
embedding process on the material properties of material extrusion parts by addressing two
different factors: i) the time duration of process interruption in a print and ii) the material
transition between the embedded component and the build material when resuming the
print after embedding. The information on how these two factors influence material
properties can provide crucial information for designers to make design and process
decisions for embedding in AM. For this purpose, the tensile strength of 3D-printed
specimens with embedded elements was tested in this study, subjected to different pause
time intervals, and with or without shape converters. Shape converters are the parts
designed to fill the gap in the cavity after inserting the embeds, to create a flush surface
before resuming the print. In order to counteract any weakness due to pausing, specimens

in additional testing were reheated at the paused layer immediately prior to resuming, and
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tensile strengths were analyzed to observe any differences. The findings from these
investigations are used as design guidelines for redesign and manufacturing of a

multifunctional cross brace structure of a three unit CubeSat.
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Chapter 1

INTRODUCTION AND MOTIVATION

1.1 Motivation for Design for Additive Manufacturing (DfAM)

A product’s design and innovativeness are directly related to its marketability, i.e., appeal to
customers, and to its ability to generate profit [1]. Therefore, design tools and frameworks that
allow designers to be more efficient, effective, and creative during the design process are of
significant interest [2]. In order to generate profit, it also is essential to design these products such
that they can meet manufacturing constraints, which helps to minimize production time and overall
cost. Traditional manufacturing processes like injection molding, machining, forming, and joining
may impose limitations on manufacturability, which limits designer ideation during the design
process. For example, complicated parts may require special setups and incur high initial cost, or
process types may introduce design constraints that force a product to be manufactured in different
pieces and then be assembled. Parts that make up the product have to be designed for
manufacturability, assembly, and possibly disassembly to effectively reduce part count, process
time, and total cost incurred [3]-[5].

For over a century, Design for Manufacturing techniques have been implemented for traditional
manufacturing methods in manufacturing industries [6]. For past few decades, Design, Theory and
Methodology (developed by Reigeluth) has guided designers to achieve feasibility and efficiency
in manufacturing [7]. However, recent advances in additive manufacturing (AM, also known as 3D
printing) have introduced a completely new challenge to these methodologies because of its unique

set of manufacturing opportunities [8]. AM’s ability to control the properties of any point in a part’s
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geometry gives it the ability to create virtually any geometry imaginable, which allows designers
to realize the creative ideas that were not previously feasible or prohibitively costly or complex.
AM technology has recently increased in popularity due to its simplicity, accessibility, and
applicability, and it is also driving evolution in the traditional design process. This has created a
demand for design guidelines specifically to support AM. This field of study, denoted Design for
Additive Manufacturing (DfAM), develops guidelines to assist in tailoring designs for
manufacturing using AM technology. DFAM aims to help explore the vast design space offered by
AM [5] and helps to create an understanding of the relationship between the manufacturing process,
designed structure, and material behaviors. The understanding of these influences is necessary to
appropriately leverage the opportunities offered by AM. DfAM also addresses the restrictive side
of AM: limitations in AM related to available materials, their performance, and their properties [8].
Restrictions can also include manufacturability-related limitations, such as the need for support
structures, the use of post-processing, and the presence of layer stepping. The exact form of each
of these restrictions is unique for each AM process type [8]. This thesis aims to address one
particular restriction of DFAM: the influence of the in-situ embedding process on material

properties.

1.2 Embedding Process with Material Extrusion (AM)

As an inexpensive and relatively easy-to-use process, material extrusion, also known by the
trademarked term Fused Deposition Modeling (FDM), is one of the most common and widely used
types of AM [9-12]. In material extrusion, a heated nozzle melts, extrudes, and deposits a fed
thermoplastic filament on a build tray in a prescribed geometry. Solid layers are generated by side-
by-side deposition and solidification of molten roads of thermoplastic. The build tray is lowered or

the nozzle raised once a layer is completed. The next layer bonds with the previous layer as it cools
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down. The control of the thermal environment is important for the successful bonding of roads;
hence, the system is often enclosed to maintain appropriate temperature below the melting point of

the material being extruded (see Figure 1-1) [13].

The filament is Filament spool
normally pushed

info the heating /'* k'\
block. This can
{of o

present problems
with less ridged
filaments.

A heater block melts L_| ||
the filament to a usable

temperature. Then the The exiruded
heated filament is material is laid

extruded through the down on the

head of the printer. model where

it is needed.

The bed often will move in the X and Y axes,
and the exiruder will move in the Z axis.

Figure 1-1. Material extrusion process, in which a heated nozzle liquefies plastic filament and
extrudes it on a build tray [14].

Contrary to traditional subtractive manufacturing methods, the layer-by-layer nature of AM
allows for access to the entire volume of the work piece throughout the build process. The layer-
by-layer nature also provides an opportunity to embed sensors, actuators, circuits, and other
functional components within a part during the manufacturing process [15, 16]. This embedding
capability recently has been recognized for its application to the design and production of optimized
parts and sophisticated “smart” objects [17-19]. However, AM is a relatively nascent method of
manufacturing that cannot use the established standard design guidelines created for centuries-old

traditional manufacturing processes. To realize the opportunities that AM promises in design and
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manufacturing of multi-functional components, this work seeks to address this particular gap of

information in DfAM - embedding.

1.3 Research Goals

Typically, the embedding process in AM involves 1) designing the cavity for the embedded
component, 2) pausing the print when the top layer of the cavity is reached, 3) inserting the
component, and 4) resuming the printing process [16]. While in-situ embedding is a powerful tool
for AM, there are two factors that may greatly affect the strength of these embedded parts: (i) build
process interruption and (ii) the material transition between the embedded component and the
resumed layer. Since thermal environment control is crucial for bonding [13], an interruption in the
process causes the top layer to cool down and may affect the layer bonding when resumed. The
material transition occurs when the printing is resumed after embedding of a foreign component.
The cavity is filled with the component, and the resumed layer is deposited on top of it. While
gualitative observation notes that the layer adhesion may be impacted by both of these factors, their
effects on the overall strength of the part are unknown. In this research, these effects on the strength
of material extruded parts were studied experimentally by performing tensile testing on prepared
material extrusion specimens of different treatment types. This information plays a crucial role for
designers and researchers alike, for a careful and informed design of multifunctional components

with AM.

1.4 Thesis Overview

To achieve the aforementioned research goals, this thesis presents a background on relevant

research work and applications in Chapter 2, which lead to the motivation for the particular
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approach employed in this research. Specifically, it looks into applications of multi-functionality,
as well as AM processes that were used for achieving them. It also summarizes previous literature
on design for embedding considerations. Chapter 3 elaborates the design of the experimental
approach to answer the research questions. It provides a detailed reasoning for every step of the
experiment. Chapter 4 presents the statistical analysis and summarizes the findings to answer the
research questions. It also discusses the implications of the findings on design guidelines for AM.
Chapter 5 presents a case study, which uses the suggestions for design guidelines in Chapter 4, to
demonstrate its applicability in design and manufacturing of a multi-functional component. Chapter

6 summarizes the findings and concludes the thesis.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

Previous research related to embedding with AM is presented in this chapter in three parts.
Section 2.2 explores the diverse applications of the embedding process. Section 2.3 summarizes
prior efforts in embedding materials using different AM process types. Section 2.4 outlines the
existing research on design for embedding considerations, as well as mechanical properties of

embedded parts.

2.2 Multifunctional Parts via AM, Applications of Embedding Process

The recent explosive growth of the Internet of Things [20] has spurred AM research on the
validation of form with functionality, which primarily involves embedding functional components
in parts [22-25]. Technologies such as near-field communication, real-time localization, and
feedback from embedded sensors have enabled the transformation of everyday objects into “smart”
objects. These objects are aware of their surroundings and can communicate or react accordingly
[26, 27]. 1sanaka and co-authors [27] summarized the use of embedding via AM technologies to
help establish a Cyber-Enabled Manufacturing (CEM) environment. The CEM environment is a
smart manufacturing environment that consists of a network of embedded sensors coupled with
control systems to effectively gather information and offer immediate response in manufacturing
facilities. AM makes embedding these sensors feasible and cost-effective. Integrating current
technologies with AM allows for the design and production of sophisticated products in a CEM-

like automated manner and, therefore, with a reduced product development cycle time [21], [28].
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One of the major applications of multi-functionality is structural health monitoring (SHM),
which is an emerging method for non-destructive product evaluation. It requires sensors to be
embedded into a structure to capture, log, and analyze real-time data about the health of the
structure. The benefits of this application are realized in structures like bridges, buildings, aircraft,
and mega machines in which catastrophic failures must be avoided [29]. Strantza and co-authors
[30] evaluated the performance of SHM systems embedded via AM for their suitability in the non-
destructive testing of structures. The system was found to be reliable and is expected to be used to
obtain a novel approach to structural design that relies on lightweight structures. These potential
application areas for in-situ embedding via AM often require high safety and performance
standards, as well as require careful process and quality control. Suitable standards for testing will

ensure the acceptance of this emerging technology [31].

2.3 Embedding in Different AM Process Types

Layer-by-layer material addition allows for in-situ embedding applications to be realized in a
wide variety of AM process types. A significant amount of the research on embedding via AM has
been done with the Stereolithography (SLA) process, a vat photopolymerization AM technology
[23]. Kataria and Rosen [32] demonstrated methods for fabricating embedded complex devices via
SLA. Macdonald and co-authors [21] developed an SLA process to 3D print electronics, leading to
reduced product development time. SLA has also been used to fabricate a new generation of sensors
that use multiple surface interconnections to connect embedded electronics [33]. The process
allows designers to use the product’s volume in a more efficient manner, which helps reduce the
overall size and weight of these circuits. This application has motivated researchers to investigate
the high value manufacturing of satellites with both a mechanical structure and integrated

electronics [34]. 3D-printed sensors and electronics have been considered for a space vehicle
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launched in November 2013 [36]. However, a lack of durability was noted [19] due to the poor
material properties of the photopolymer resin, which is the material used for fabrication in the SLA

process [28].

Figure 2-1. Examples of SLA fabricated embedded multifunctional components. (a) A 3D printed
gaming die, with embedded electronics to sense motion, developed by Macdonald et al. [21]. (b) A
novel magnetometer designed for SLA process for applications in small sized satellites [33].

When considering embedding within metal structures, traditional powder metallurgy processes
involve isostatic pressing and diffusion bonding and can reach temperatures up to 565 °C. These
high temperatures can prove damaging for sensitive embedded components, which has limited its
usefulness in embedding applications [38]. In the area of metal powder-bed fusion AM, Rodriguez
and coauthors [39] measured the printing surface temperature of the electron beam melting process
by embedding a thermocouple in the build plate. The electron beam can cause the temperature of
the metal surface to reach 2269 °C [40], making it impossible to insert temperature sensitive
components. The sheet lamination process, ultrasonic additive manufacturing (UAM), is a solid-
state joining process in which thin metallic tapes are ultrasonically welded on top of one another
and periodically machined to create a final part [41]. Hahnlel and co-authors [38] demonstrated a
successful electrical insulation of embedded material through UAM process on aluminum matrix

composites. The parts fabricated through this process experience temperatures that stay below 25
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°C and, therefore, the process is safe for embedded components like smart materials or sensors.
However, UAM has had limited success bonding dissimilar materials, limiting its application in
the aerospace, automotive, electrical, and power generation industries, where multi-material
bonding is a requirement [42].

The material jetting process is an AM technique that utilizes drop-on-demand inkjet printing
to selectively deposit droplets of photopolymer directly onto a build platform. Because of the low
working temperatures and direct material addition layer after layer, this process is well-suited for
component embedding. The material jetting process is capable of multiple material deposition,
which allows for printed structures that exhibit variable properties like flexibility and rigidity.
Meisel et al. [16] demonstrated procedures for creating actuated joints by embedding shape
memory alloys, which involved exploring design for embedding considerations with the material
jetting process. However, the print head assembly block passes over the printed part at a clearance
of only 100 microns; any protrusions from the embedded component can cause damage to the
nozzle. Also, there is a limited number of photopolymeric materials available for material jetting.

As with SLA, this type of material results in fragile parts.

(a) (b)

Figure 2-2. Manufacturing of actuated joints by embedding shape memory alloys [16]: (a) shows
the print immediately before embedding, with a shape converter for creating flush surface before
resuming the print; (b) shows the final part with embedded functional components including a
spring and shape memory alloy.
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Polymer material extrusion is the one of the least explored, but also potentially the most useful
and versatile, AM process types for in-situ embedding. With proper clearance design, components
can be embedded without subjecting them to damaging temperatures and pressures. While inherent
limitations of material extrusion make it difficult to produce geometries with tight tolerances or
products with a fine surface finish, this limitation can be circumvented by its ability to embed highly
finished parts. For example, standard components like bearings and shafts can be embedded in the
material extrusion part, eliminating the concern of tolerances for fit or assembly [43]. Sbriglia and
co-authors [44] embedded sensors in a material extrusion part to analyze the effects of operational
process parameters on the quality and repeatability of parts being built. The study concurred with
the findings of Stark and co-authors [45] about embedding sensors in FDM parts as a useful method
for state-of-health monitoring in deployed systems. Aguilera and co-authors [22] demonstrated an
integrated process for embedding high performance conductors directly into the thermoplastic
material extrusion substrate to show the possibility of printing a complete electromechanical system
in one build (see Figure 1-4). The wide variety of hybrid processes and thermoplastics available for
material extrusion help to enable its wide application in various industries and make it a suitable
candidate for in-situ embedding research.

The Mark One 3D printer by MarkForged is a 3D printer capable of creating carbon fiber-
reinforced thermoplastic parts via dual extrusion of a Nylon base material with inclusion of
continuous carbon fibers [46]. This combination of polymer printing with continuous carbon fibers
enables users to create physical objects with high strength-to-weight ratios; the prints are claimed
to be twenty times stiffer and five times stronger than standard ABS plastic [47], making it practical
to produce high strength polymer parts with AM. With the printer, users can also preselect a layer
and insert a pause while preparing the 3D model for printing. The print bed reregisters with 10-

micron accuracy, allowing users to pause a print, remove the bed, add components, reinsert the bed,
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and then continue the print with a high degree of precision. This focus on in-situ embedding in AM
gives the Mark One an advantage over similar desktop material extrusion systems and makes it a

well-poised candidate for a study of the impacts of in-situ embedding within AM.

2.4 Design for Embedding Considerations and their Impact on Material Properties

For producing a successful print with embedded components, certain design considerations are
required before starting the manufacturing process. These design-for-embedding considerations
were first demonstrated by Kataria and Rosen [32] for the SLA process. As shown in Figure 2-3,

the SLA poses some limitations to embedding.

Laser Source ——

Resin

Surface
Insert

Recoating not
possible

-

Recoater
Blade

Insert cavity
\ Recoater
1 Blocked
Shadow /| Imsert
Layers Case 1: Cannot insert ~ Case 2: Obstructs
as cavity is closed recoating

(a) (b) ()

Figure 2-3. Demonstration by Kataria and Rosen [32] justifying design for embedding
considerations for SLA; (a) shows how laser can be blocked by a foreign embed or insert, (b) shows
how the protruded insert can obstruct the recoater, and (c) shows how round surface or similarly
shaped inserts cannot be inserted or embedded by directly designing a negative cavity

Kataria and co-authors also suggested several design guidelines for embedding. Figure 2-4
shows one such suggestion in which the concept of shape converters was introduced for embedding
an irregular geometry. Shape converters are parts that are designed to be embedded with

components with irregular surfaces. This helps to create a flush surface at the paused layer. Shape
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converters make sure that the resumed manufacturing process is not affected by the presence of the

embedded component and vice versa.

C Y
O )= )+ =

Insert Shape Rectangular Modified Building
converter insert CAD model around insert

Figure 2-4. Step by step process for design for embedding which addresses the problem
demonstrated in Figure 2-3 (c), in embedding a round geometry [32].

Similarly, Meisel et al. [16] addressed design for embedding considerations when embedding
a long fiber in nonlinear channels with the material jetting process. During embedding, the fibers
have the tendency to “pop out” of the embedding plane in such channels, which results in long
embedding times and poses problems like obstructing the print head. The channels were redesigned
to incorporate an overhang right above the cavity to hold the fiber in place (the original and redesign
of the channel are shown in Figure 2-5 (a) and (b). Meisel et al. also demonstrated the design of a
vertical post in the part in order to secure the fiber with a crimp at its ends. This shows that for ease
of manufacturing, the components to be embedded can also be considered for redesign, along with

the redesign of structures into which they are being embedded.
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SMA with Crimp
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PRINTED PART PRINTED PART

(a) (b) (c)

Figure 2-5. Shows the (a) the original channel design, (b) redesign of the channels to keep fiber
inside the plane, and (c) a post, designed in the part to keep the fiber intact [16].

For the material extrusion process, Aguilera et al. [22] explored a design process for 3D printing
an electric motor with components in it. The overall design was found to be volume- and material-
efficient. Since the material extrusion system used by the authors (uPrint Plus) did not allow them
to control the removal or addition of support material, support material could only be avoided when
the roof of the cavity was at a 45° angle from the plane of the bed. This design guideline was used

to design the cavity for embedding the motor components (see Figure 2-6).

Re-designed
'roof' to avoid
Support

.

(a) (b) (c)

Figure 2-6. Panels (a) and (b) show the removal of support material from the cavity on redesign of
the roof to 45° from the plane; (c) shows the application of the guidelines to redesign the cavity in
the electric motor structure [22].
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Aguilera et al. illustrated that once the digital design was complete, the manufacturing was
done by pausing the print every time a cavity was finished, inserting respective components, and
resuming the print. The stepwise process of embedding is demonstrated in the Figure 2-7, where

each segment shows the image of inserted component.

! Segment 6 =
\ Segment 5 | ?I
Segment 4 : N\
Segment 3
Embedding Embedding Embedding
Bearing Magnets Electro-Magnets ~ Segment 2
(Segment 1) (Segment2) (Segment3) o =

- \l.rDa/

Structure of the

Elikmadeg Embedding Speed Finished Motor m Oto r
Bearing Controller (Segment5)
(Segment4) (Segment$)

Figure 2-7. Manufacturing process of an electromechanical system (a motor) by in situ embedding
with material extrusion process, each step of pause and embedding shown in segments [22].

Because inter-layer bond strength is a major factor when it comes to the mechanical properties
of 3D printed parts [16], in-situ embedding has the potential to impact a structure’s mechanical
properties. However, a review of the available literature shows that published research in this area
is still sparse. Klift et al. [48] performed tensile tests using the Mark One 3D printer to compare
strength differences in two-layered (2CF) and six-layered (6CF) continuous carbon fiber embedded
within a Nylon base. The tests revealed that discontinuities of the fibers led to premature failure in

the areas where fibers were absen, and reduced the overall tensile strength of the composite
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material. A further investigation of the 2CF and 6CF specimen cross-sections revealed that there
was more void area in 6CF specimens. These voids had a negative impact on the elastic modulus
of the composite, which calls for future work on the effects of different arrangements of carbon
fiber layers on the mechanical properties of printed composites. Outside of AM, a study on the
mechanical properties of cast epoxy resin with and without embedded silicon substrates verified
that the ultimate tensile strength dramatically reduced when embedding was performed [49]. Also,
the points of failure for each specimen were located at the embedded section. It was concluded that
the strength of the part embedded with an insert will have to be investigated, if the insert possesses
more rigid material properties [49].

As this review shows, the existing literature has demonstrated a consistent growth in
acknowledgment of applications, process, and material property influences of embedding with AM.
This has led to further investigations into processes that could assist in embedding. However, there
is little to no research performed to understand the effects of process interruption or embedding on
the mechanical properties of printed parts. To address this critical gap, this research investigates
the effects of embedding on the material strength of the part. The research questions, hypotheses,

and methodologies are discussed in Chapter 3.
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Chapter 3

RESEARCH METHODOLOGY AND DESIGN OF EXPERIMENTS

3.1 Research Methodology

The objective in this research is to investigate the effects of the embedding process on the
mechanical properties of material extrusion parts. To this end, tensile testing is used in order to
determine i) how process interruption affects the strength of a printed part and ii) how the presence
of an embedded artifact affects the strength of the printed part. When a print is interrupted, the
exposed top layer loses heat to the atmosphere, causing the temperature of that layer to decrease.
When the print is resumed, the first deposited layer bonds with the paused layer. This bonding may
be affected by the reduction in temperature caused by the process interruption. Similarly, the
bonding may be influenced by the material difference between the embedded component and the
deposited material. After inserting the component, the exposed layer now has the embedded
component’s surface at the paused layer, which is then covered by the resumed material layer. To
recreate the conditions of an uninterrupted print, the pauses layer is reheated to determine if that
has any influence on part strength.

To scientifically investigate these hypothesized influences, experimentation was performed on
specimens prepared accordingly. The process interruption specimens were prepared with different
pause time intervals to test if there was any correlation between pause time interval and mechanical
properties, while embedding specimens both with and without shape converters. Knowledge of the
influence of these parameters can greatly benefit in making design decisions for manufacturing
systems or for preparing safety critical parts.

Section 3.2 discusses the experimental setup and specimen design process. Section 3.3

discusses experimental setup and design of specimens with embedded components. Section 3.4



17

presents the process for determining clearances in specimen designs. Section 3.5 demonstrates the
determination of clearances for embedded components and cavity designs. Section 3.6 shows the
method for reheating the specimen in case of any weakness caused by the process interruption or

embedding.

3.2 Process Interruption Experimental Setup and Specimen Design

As previously discussed, process interruption during 3D printing is a requirement while
embedding, but these interruptions can also be caused by power outages, system errors, or material
shortages. When dealing with such issues, the decision of whether to resume the print or to redo
the print lies with the system user. While resuming the print saves time and material, it may affect
the final part quality and properties. To make an informed decision, it is necessary to know the
impact of this interruption on the strength of the printed part. To better understand these effects, a
Mark One 3D printer is used to create specimens from nylon filament. The system can achieve a
layer resolution of 100 microns, while Eiger (MarkForged’s cloud-based, print preparation
software [50]) gives a provision to insert a pause after any selected layer. This allows for a precise
consistency in prepared specimens. All tested specimens were printed in a Z-orientation (See Figure

3-1) so as to study the magnified effects of process interruption on tensile properties of the parts.
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(a) (b)

Figure 3-1. Build orientation of the specimen on Mark One and (b) Mark One while printing the
specimen.

To perform tensile testing, first, a standard ASTM D638 specimen design was attempted for
print [51]. However, the specimen dimensions were either too thin for a successful print or too tall
to fit within the allotted build volume. The size of the cavity for the embedded component plays an
important role in the success of the print; a constraint was introduced on the cavity’s dimensions
due to the printer’s minimum feature size. An alternate tensile specimen design (see Figure 3-2 (b)
and (c)) was selected based on the physical limits of the build platform, the potential for print
success, and careful consideration of the parameters to be studied. The strength along the Z-axis is
lower for material extrusion parts as compared to other build orientations. This material anisotropy
is an inherent limitation of the material extrusion process, as material cools more thoroughly
between layers than between roads, which affects fusion of the thermoplastic [52]. Therefore, all
the specimens were printed in the Z-axis so as to study the magnified effects of process interruption

on tensile properties of the parts.
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Figure 3-2. Shows (a) the failed print of a standard ASTM dog-bone sample design, (b) the final
design of specimen for no pause, and (c) with pause of different time durations.

Process interruption for embedding purposes is required for the user to manually insert and
secure the component. However, this process interruption cools down the paused layer with time.
It is hypothesized that the tensile strength of the specimen will be influenced by the time
interval of pause due to the cooling of the paused layer. For this purpose, specimens were
prepared with different treatments of pause time intervals. Specimen design for no process
interruption and process interruption is shown in Figure 3-2 (b) and 3-2 (c). The specimen with

process interruption were paused at the middle layer for 5, 15, 30, and 60 minutes (see Table 3-1).

Table 3-1. Shows the specimens prepared with different treatment of time interval of pause, the
tensile strength of these specimen was the metric used to compare these groups.

TREATMENT .No Proce.ss Process Interru!:tlon (Pause Time in
interruption minutes)

3 Specimens
each

0 mins 5mins 15 mins 30 mins 60 mins



20

3.3 Embedded Specimen Experimental Setup and Specimen Design

The embedding process for a material extrusion part requires the user to manually insert the
part to the designed cavity when the print pauses. Since the resumed layer is deposited on the paused
layer, the paused layer must be flat in order to support the resumed layer and have a successful
print. Therefore, when embedding a component with an irregular top surface geometry, a shape
converter is used to cover the cavity at the paused layer and provide support to the resumed layer.
While embedding components with flat surfaces may not require shape converters, the layer
adhesion may be reduced due to the material transition between the top surface of the embedded
object and the resumed layer of build material. If a shape converter is used that is of the same
material as the print material, it is hypothesized that it will improve layer adhesion between
the paused and resumed layer, when compared to embedding a component without a shape
converter.

Specimens with different embedded components (copper tape and shape converter) were
prepared to test the hypothesis and are shown in Figure 3.3. The two types of embedding specimens
were designed with cavities of 5 mm x 11 mm cross-section and 0.5 mm depth for the copper tape
specimen (see Figure 3-3 (a)), and 5 mm x 11 mm cross-section and 3 mm depth for the shape
converter specimen (see Figure 3-3 (b)). The cross-section of the cavity was selected based on the
success of the test prints as demonstrated in Section 3.2 (see Figure 3-2). The copper tape insert
was selected because of its applications in direct writing of electronics with in-situ embedding and
because of its smooth top surface. The shape-converter embedded specimen was designed with a 3
mm cavity depth in order to accommodate the added thickness of the shape converter, which is
printed with the same system, parameters, and material as the specimen (see Figure 3-3 (c)). Three

samples were printed for each of these treatment types.
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Figure 3-3. Specimen design for copper tape embed (a), and shape converter embed (b), with the
dimensions of shape converter shown in (c).

Design dimensions and tolerances in AM are unique for each process type as well as each
machine. Therefore, it is difficult to obtain standard designer’s guidelines for any particular process
or machine, especially given the relative youth of AM technology [53]. In order to properly
dimension the shape converter, tolerances were obtained by experimentally determining

appropriate clearances as elaborated on in Section 3.4,

3.4 Design Dimensions and Tolerances: Determining Clearance for Shape Converter

To determine the dimensions for the cross-section of the shape converter, a set of shape
converters with digital design clearance values (the values in the SolidWorks™ V5 solid part file)
varying from 0 mm to 2 mm in both the X and Y axes of the build were printed to find a perfect
snug fit. An overly tight fit can cause residual stresses in the part and may influence the tensile
properties of the overall part. A loose fit is to be avoided so that the embedded component does not
move while the resumed layer is deposited. The shape converters of varying sizes were then inserted

in the cavity of digitally designed 5 mm x 11 mm cross section, as shown in Figure 3-4. As shown
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in Figure 3-4 (b), the shape converter with a design clearance of 1.5 mm in both X and Y axes was
selected as having the most suitable tolerances for embedding. The selection was done on the basis

of ease of fit and low clearance with the walls of the cavity.

tight fit

Smm* 9.5mm*  10mm* 10.5mm*  11mm*
3mm 3.5mm 4mm 4.5mm Smm

(a) (b)

Figure 3-4. (a) Initial shape converters with different clearance values varying from 0 mmto 2 mm
in both X and Y axis and (b) demonstration that clearance of 1.5 mm in both X and Y axis was
found to fit snuggly in the cavity.

To find the clearance for the shape converter in the Z-direction, another set of shape converters
were prepared with the same cross-sections (chosen from the clearance test in X-Y plane, 9.5 mm
x 3.5 mm) but with different thicknesses in the digital design (varying from 2 mm to 3 mm, as
shown in Figure 3-5) to find its appropriate fit in a cavity designed with 3 mm depth. The alignment
of the top layer of the shape converter was checked after inserting it into the cavity. This is
important because the layer adhesion between the embedded component and the resumed layer
would depend highly on the alignment of the shape converter with the paused layer; an indented
shape converter will have low or no adhesion with the resumed layer, and a protruded shape
converter can impact the nozzle and can damage the part or the printer. As shown in Figure 3-5 (b),
the shape converter with a digitally designed Z-axis clearance of 0.25 mm was selected as having
the most appropriate vertical clearance for the shape converter. As seen in the images, the cavity

caused by the indented shape converters would not solve the purpose of inserting a shape converter
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to improve strength and the protruded shape converter would be damaging for the print head if the
print is resumed. The aligned specimen was chosen so as to find the effects (if any) of the inter-
layer bond strength between the top layer of shape converter and the resumed layer. Therefore, the
shape converter was designed with a final clearance of 1.5 mm on the X and Y axes each. The Z
axis clearance was set at 0.25 mm so that the top plane of the shape converter coincides with the

paused layer of the part, after being inserted in the cavity.

5 numbers of 11mm*5mm cavity with a depth of 3mm

2mm thk 2.25mmthk  2.5mmthk 2.75mmthk  3mm thk

Indented

5 numbers of 9.5mm*3.5mm inserts with different thickness

(a) (b)

Figure 3-5. (a) Initial shape converters of same cross sections but different thickness values, varying
from 0 mmto 1 mm and (b) demonstration that the shape converter with a design clearance of 0.25
mm in Z axis was the most aligned with the top layer.

The shape converter of digitally designed dimensions 9.5 mm x 3.5 mm x 2.75 mm was

selected after checking for clearances.

3.5 Reheating the Partially Printed Specimen

As discussed in Section 3.1, one known event that occurs with process interruption is the
cooling of the paused layer. Cooling of the extruded melt is necessary for the material extrusion
process so that the next layer can be built on the solidified extrusion. However, this cooling between
layers makes the part weaker along the Z direction, introducing material anisotropy in the part. Ravi

et al. [54] attempted to create a material extrusion system with a near infrared (IR) based localized
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heating method, to heat up the surface right before deposition. They were successful in increasing

the inter-layer bond strength by 50%, which was caused by better diffusion of the heated layers.

In the case of embedding, the process of inserting a significant multifunctional component into
a cavity typically takes at least 5 minutes of process interruption, which is enough time to lose most
of the heat through convection and radiation to the atmosphere. In order to find the temperature of
the immediately deposited layer, the temperature history (see Figure 3-6) of the print was measured
via infrared (IR) imaging using an Optris Pi 400 IR camera and Optris Pi Connect process
monitoring software (Optris Gmbh, Berlin, Germany). The temperature of the immediately
deposited layer was calculated to be 96 °C (on average) (see Figure 3-7). It is hypothesized that
if the paused layer is reheated to the same temperature as that of an immediately deposited
layer, then the conditions of an uninterrupted print can be recreated, thereby reducing the

effects of the process interruption.

5 W5 A USED
3 —r

Temperature(-CJ-——>

Figure 3-6. Temperature vs time diagram of the print before and after pausing, shows temperature
loss for the surface layer with time, obtained with Optris Pi IR camera.
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Figure 3-7. A snapshot of specimen being printed with the temperature (a) of the printing nozzle &
(c) of the most recent layer, through IR camera.

To test this hypothesis, the specimens were prepared in the same manner as the earlier process
interruption and embedding treatment specimens. To make sure that the paused layer reaches room
temperature, the pause time interval was kept at 15 minutes. The paused layer was then reheated to
approximately 110 °C, and the print was resumed. By the time the actual deposition of the resumed
layer started, the temperature of the paused layer was close to 96 °C. Specimens with i) 15 minute
process interruption, ii) copper tape embedding, and iii) shape converter embedding were
reproduced by reheating right before resuming the print. To reheat, a standard heatgun was set to
350 °C, and manually held approximately 10 cm above the paused layer, directed perpendicular to
the paused layer. Three specimens for each treatment were prepared by reheating the paused layer,

right before resuming the print, as seen in Table 3-2.
Table 3-2. Shows the specimens prepared with reheat treatment, at the paused layer.

REHETEAD Process Interruption | REHEATED Embedded
(Pause time in minutes)

15 mins Copper Shape
tape converter
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Chapter 4
TESTING, DATA ANALYSIS, AND DISCUSSIONS

4.1 Introduction

Chapter 3 elaborated the research methodology for this research work, where design for
experimental approach was explained. This chapter elaborates the experimental details, data

collection and analysis, and discusses the implications of the findings.

4.2 Testing Setup for All the Specimens

The build was prepared using MarkForged’s Eiger software; key settings were 0.2 mm layer
height, 100% fill density, and a rectangular fill pattern. Each specimen was printed individually
and stored in a dark location at room temperature (24 °C) with 50% humidity. Desiccant packets
were used in an attempt to control the impact of humidity. Tensile testing was performed after at
least 48 hours of storage. Tensile testing was performed using an Instron 5866 Mechanical Testing

Machine, using mechanical wedge action grips on a 5-kN load cell (see Figure 4-1).
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Figure 4-1. Tensile testing on Instron 5866 Mechanical Testing Machine.

The pull rate was set at 5 mm/min. Serrated jaw faced grips of thickness range from 6.35 mm
to 12.7 mm were used. Gauge length, width, and thickness of each sample was recorded in
millimeters; every 0.1 second the extension (mm), tensile stress (MPa), load (N), and tensile strain
(mm/mm) were recorded. The temperature during testing was recorded as 24 °C, and the humidity

was recorded as 55%.

4.3 Effects of Process Interruption on Tensile Strengths of Parts

Gathered data were checked to ensure that they met the assumptions under which they were
parametrically tested in order to validate the use of statistical analysis to identify significant
differences. These assumptions are independence of cases, normality, and homogeneity of
variances. All the assumptions were met except for normality. The Shapiro-Wilk test [55]
confirmed that the data for maximum tensile stress is not normal (p = 0.002, < 0.05). Therefore,

non-parametric tests were performed to analyze data for maximum tensile stress. The statistics of
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the maximum tensile stress data obtained for each of the three specimens made for each treatment

are reported in Table 4-1. Three specimens were tested for each treatment.

Table 4-1. Statistics of maximum tensile stress (MPa) values obtained for each treatment:

Treatment Mean Median | Std. Deviation | Variance | Range [ Minimum | Maximum
0 minute pause | 13.03 12.92 0.20 0.04 0.36 12.90 13.26

5 minute pause | 7.43 7.90 1.42 2.01 2.72 5.84 8.56

15 minute pause | 7.00 7.03 0.75 0.57 1.51 6.23 7.740

30 minute pause | 6.27 6.13 0.69 0.48 1.36 5.66 7.02

60 minute pause | 7.54 7.17 0.75 0.56 1.35 7.05 8.40

Since there are five groups (treatments) to be compared, a Kruskal-Wallis H test (also known
as one-way ANOVA on ranks) [56] was performed to identify if there was any statistically
significant difference in the data due to treatments. A Kruskal-Wallis H test is a rank-based
nonparametric test used to determine if there are statistically significant differences between two
or more groups of an independent variable on a continuous or ordinal scale. The test showed that
there was a statistically significant difference in maximum tensile stress values between different
treatments, »%(2) = 9.633, p = 0.047, with a mean rank of 14.00 for no pause, 8.00 for 5-minute
pause, 6.33 for 15-minute pause, 3.00 for 30-minute pause, and 8.67 for 60-minute pause. Effect
size quantifies how well this difference works in a range of contexts [57]. This value can be
calculated as:

Effect size = y%(N — 1)= 9.633/(15 — 1)= 0.688

where N is the total number of observations. The value 0.688 of effect size means that 68.8% of
the variability in rank scores is accounted for by different treatments. The Kruskall-Wallis test only
verifies that at least two groups were significantly different. To identify where these differences
occurred, post-hoc analysis was performed by pairwise comparison of each combination of groups

(based on treatment). To study the individual tensile property effects of process interruption while
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embedding (pausing the print to insert) or due to system errors, the specimens prepared with pause
were compared by grouping them on the basis of time interval of the pause. Specimens with no
process interruption (0 minutes pause) were used as reference values for the analysis. The
maximum tensile stress values are reported by the pause time intervals in Figure 4-2. Error bars

indicate sample standard deviations of the data points for each treatment.
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Figure 4-2. Median values of maximum tensile stresses of specimens with respect to their pause
time

The graph shows a clear difference between maximum tensile stress values of specimens with
process interruption (5, 15, 30, and 60 minutes of pause) and specimens without any process
interruption (O minutes of pause). However, there is no clear difference in maximum tensile stress
values for specimens with different pause times (>0 minutes).

The post-hoc test performed on the data was the Mann-Whitney U test, which is a non-
parametric test to compare two independent groups [56]. Pairwise U and p values for the Mann-
Whitney U tests are shown in Table 4-2. Any p value of 0.05 or less has been highlighted to indicate
statistical significance between the maximum tensile stress values. This test helps in identifying the
specific differences that are significant, which could not be obtained using the earlier Kruskall-

Wallis H test.
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The Mann-Whitney U test indicated that the ultimate tensile strength was greater for specimens
with no pause (Median = 12.917 MPa) than for specimens with a 5-minute pause (Median =
7.899 MPa), 15-minute pause (Median = 7.037 MPa), 30-minute pause (Median = 6.131 MPa), and
60-minute pause (Median =7.173 MPa). This shows that process interruption does have a
statistically significant effect on the tensile strength of the printed part. Since there is no
statistically significant difference between the maximum tensile stress when comparing all pause
times greater than 0 minutes, experimentation suggests that the magnitude of pause time has no
significant effect on the strength of the part. However, there is a statistically significant difference
between maximum tensile stress values for 30-minute pause time versus the 60-minute pause time.
This difference is inconsistent with results from the other pairs of pause time intervals; more data
points are needed to confirm the exact reason for this difference.

Another interesting observation from tensile testing was related to the location of each
specimen’s failure (see Figure 4-3). Specifically, each interrupted specimen failed at the layer
where it was paused (in this case, the center layer). Meanwhile, the layer of failure for specimens
without any process interruption varied across the part. This confirms that process interruption
introduces a notable weakness on the layer where interruption occurred. This information is
important when designing functional AM components to be manufactured with in-situ embedding.
The location of the embedding plane should be carefully determined considering the weakness

introduced at it.



31

(a) (b)

Figure 4-3. Examples of specimen failure after testing with (a) process interruption specimens
grouped based on time interval for pause, all failed at the layer which was paused, and (b)
specimens with no process interruption, failed at varying layers.

4.4 Effects of Embedding, with and without Shape Converter

Since there was no influence on maximum tensile strength when the pause time was greater
than 5 minutes, the three specimens with embedded components were prepared by pausing for 15
minutes immediately after the cavity was printed. Three embedded copper tape specimens were
created by inserting a 5 mm x 11 mm piece of copper tape inside the designed cavity. The three
embedded specimens with shape converters were prepared by inserting the designed shape
converter (demonstrated in Section 3.4) into the printed cavity once its top layer was reached.

The tensile testing was performed with the same parameters as before. The statistics derived

from the maximum tensile stress raw data for each treatment are reported in Table 4-2.

Table 4-2. Statistics of data obtained for maximum tensile stress values (MPa) for each treatment:

Std.

Treatment Mean | Median Deviation Variance | Range | Minimum | Maximum
No process interruption 13.03 | 12.92 0.20 0.04 0.36 12.90 13.26
Copper tape embed 5.28 5.12 0.96 0.92 1.90 4.41 6.31
Shape converter embed 5.11 4.97 0.68 0.46 1.34 4.50 5.84

With process interruption | 7.54 7.17 0.75 0.56 1.35 7.05 8.40
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As before, the data were checked to ensure they met the assumptions for parametric testing. A
Shapiro-Wilk test (see Table 4-3) confirmed that the data for maximum tensile stress were not
normal (p=0.014, < 0.05). Therefore, non-parametric tests were performed to analyze the
maximum tensile stress data.

The Kruskall-Wallis H test showed that there was a statistically significant difference in
maximum tensile stress values between different treatments, »?(2) = 9.359, p = 0.025, with a mean
rank of 11.00 for no process interruption, 3.67 for the copper tape embed, 3.33 for the shape
converter embed, and 8.00 for specimens with only process interruption. Effect size [57] was
calculated as:

Effect size = y2/(N — 1) = 9.359/(12 — 1) = 0.8508

The 0.8508 effect size value means that about 85% of the variability in rank scores is
accounted for by different treatments. Pairwise statistical analysis (Mann Whitney U Test) was
performed on the groups of treatments, to identify significant differences in maximum tensile stress.
Pairwise U and p values for the test are shown in Table 4-3; any p value of 0.05 or less has been

darkened to signify statistically significant differences between ultimate tensile stress values.

Table 4-3. Post hoc analysis results of pairwise comparison of groups with different embedding
conditions, only process interruption, and no process interruption.

Condition Process Interruption | | Copper Tape embed | | Shape converter embed |

Mdn =7.044 Mdn =5.121 Mdn =4.976
No interruption| Mdn = 12.917 0.05 0.05 0.05
Process interruption| Mdn = 7.044 - 0.05 0.05

Copper tape embed| Mdn = 5.121 0.05 - 0.827
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The Mann Whitney U test indicated that the ultimate tensile strength for specimens with
embedding (Copper tape embed Mdn =5.048 MPa, Shape Converter embed Mdn =4.976 MPa) is
significantly less than specimens with only a pause (Mdn = 7.173 MPa), U =0, p = 0.05. This can
be explained by the presence of the cavity in the embedded specimens. Theoretically, the presence
of a cavity in any material results in stress concentrations around the cavity, which makes that
cross-section weaker. In addition, statistical analysis shows that the maximum tensile stress values
of embedded specimens (Copper tape embed Mdn = 5.048 MPa and Shape converter embed Mdn
= 4,976 MPa) are significantly lower than that of specimens with no process interruption
(Mdn=12.917MPa), U =0, p = 0.05. This difference is higher than the difference observed between
process interruption and no process interruption in Section 4.2.

The Mann-Whitney U test also indicated that there is no statistically significant difference
(U=4, p =0.827) between the ultimate tensile strength for specimens with only copper tape
embedded (Mdn = 5.121 MPa) and for specimens with a shape converter embedded (Mdn =
4.976 MPa). While it is hypothesized that shape converters would provide increased adhesion
between the last layer before embedding and the resumed layer, there was no practical improvement
in the strength of the parts. This suggests that designers only need to use shape converters as the
geometry of the embedded components requires them. Figure 4-4 below shows a plot of the median

maximum tensile strength values obtained for each treatment.
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Figure 4-4. Median values of maximum tensile strength values for each treatment.

Overall, the presence of an embedded component causes a significant decrease in maximum
tensile stress compared to that with only process interruption. A reduction of 70% of the median
stress value was observed. Additionally, the presence of a shape converter showed no significant
effect on tensile properties as compared to an embedded component without a shape converter. The
location of failure for the embedded specimen (see Figure 4-5) was same as that for the process
interruption seen earlier. All of the specimens with any form of process interruption failed at the
layer which was paused. Though the two types of embedded specimens had two different cavity
depths (0.5 mm for copper tape embed and 3 mm for shape converter embed), the failure still
occurred at the layer paused. This is important information for making design decisions; the
location of the embedded component in a loaded part becomes crucial because of the weakness
introduced by the paused layer as well as additional weakness caused by the presence of an

embedding cavity in a material extrusion part.
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(b)

Figure 4-5. After tensile testing, (a) copper tape and (b) shape converter embedding specimens with
demonstrated failure at the pause layer

Experimentation and analysis suggest that the process of embedding significantly reduces
the strength of the part because of two factors: (i) process interruption and (ii) presence of a cavity
for embedding. Previous research on polymer diffusion has also suggested that the temperature
change caused due to process interruption results in lower diffusion between polymer roads, which
results in lower strength values [58]. Although one might assume that the use of a shape converter
for embedding should assist in improving the adhesion between paused and resumed layers,

experimentation demonstrated that this is not the case.

4.5 Addressing the Weaknesses: Reheat Treatment

During specimen preparation, it was observed that process interruption allows the top layer to
cool down to room temperature within 5 minutes (see Figure 3-6). Results from Section 4.2 and
4.3 show that this greatly affects the strength of the parts. Therefore, to decrease this weakness
introduced by process interruption, additional testing was performed in which specimens were
reheated after process interruption according to the methods discussed in Section 3.5.

The reheated specimen tensile tests were performed with the same conditions as for specimens

with process interruption and embedded components. The tensile strength values of these reheated
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specimens were then compared with the values of their non-reheated counterparts (from Sections
4.2 and 4.3). As shown in Table 4-7, the Mann-Whitney U test indicated that the ultimate tensile
strength was significantly higher (p < 0.05) for specimens reheated after a 15-minute pause (Median
= 10.52 MPa) than for specimens with no reheating (Median = 7.037 MPa). The reheated copper
tape (Median =9.77) and reheated shape converter (Median = 9.31 MPa) embedded specimens also
had significantly higher tensile strengths compared to their non-reheated counterparts (p < 0.05).
This shows that reheating is able to significantly improve the strength of printed parts that have
been subjected to some form of process interruption (with or without additional embedding). These
findings were consistent with polymer diffusion findings by Bartolai et al.’s [58] weld theory of

reduction in strength caused by reduction in diffusion due to temperature change.

Table 4-4. p-values for pairwise comparison of groups with different treatments. Grey
background highlights the statistically significant differences. (Median value of strength in MPa
reported as Mdn.)

Treatments Process Interruption CoPper Tape Shape Converter Re]]egted Process Reheated Copper Tape | Reheated Shape Converter
Mdn=7.044 Embed| Mdn=5.121 | Embed| Mdn=4.976 | Interruption| Mdn=10.52 | Embed| Mdn=9.77 Embed| Mdn=9.31
No Pro:tzs:-ig:;r;uption 0.05 0.05 0.05 0.05 0.05 0.05
o |- 0.05 005 0.05 005 o0
Copper Tape Pibed 0.05 - 0.827 0.05 0.05 0.05
Mdn=5.121
005 0827 : 0.05 008 -
il 005 | oos | oos : o827 051
e apper Tape 0.05 0.05 0.05 0.827 - 0.827

While improvement was seen when pieces were reheated, the specimens with no process
interruption (Median = 12.917 MPa) were still significantly stronger than all other specimens.
However, the reheat treatment did help improve the strength of the process interruption specimens
by 47% and the embedded specimens by 90% (values as seen in Figure 4-6). The failure location
for the reheated parts was still found to be the layer that was paused, just like the earlier specimens

prepared without reheating. This indicates that reheating a paused specimen back to its initial
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deposition temperature does improve the strength significantly, but it does not completely remove

the weakness.
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Figure 4-6. Median maximum tensile strength values for each treatment with error bars.

4.6 Suggestions for Design for Embedding Guidelines

The findings from Sections 4.2, 4.3, and 4.4, provide crucial information for designers to make
decisions when creating multifunctional components by embedding with material extrusion AM.
These findings are summarized as follows:

¢ Inan event of unplanned process interruption, the designers should consider redoing the

print for better part strength. The paused layer may be reheated before resuming in order
to offset a portion the interruption effects, but this does not completely eliminate the
weakness introduced.

e The cavity should be designed and placed in the part so that the layer paused for

component insertion is not located at the load-critical points of the part. Reheating of the
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paused layer should be considered for improving the strength of the part when

embedding.
e The use of shape converters does not improve strength of the part; therefore, their use

solely depends on the geometry of the foreign component being embedded.

In the next chapter, these suggestions were applied to a case study of creating a multi-

functional part for a satellite.
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Chapter 5

A CASE STUDY OF DESIGN FOR EMBEDDING WITH AM

5.1 Motivation for Application: Sun Sensor in CubeSat

The design guidelines suggested in Section 4.5 are based on the findings from experimentation
summarized in Chapter 4. They apply only to the polymer material extrusion process because
different AM processes pose different types of manufacturing restrictions on 3D printed parts. To
demonstrate the applicability of these suggestions, the design and manufacturing of a
multifunctional CubeSat satellite component was chosen as a case study.

Applications of AM multi-functionality are being realized in development of next-generation
space exploration vehicles, in which versatile material options and manufacturability enable added
volumetric efficiency [37, 57]. This is especially relevant when considering that the direct writing
of conductive material has given designers flexibility to create circuits with efficient placement of
components and higher manufacturing efficiency. Where traditional placement of electronics in a
geometrically complex part is difficult, AM allows for fabrication of these electronics on conformal
surfaces and in complex shapes. Therefore, the processes and materials for such applications are
evolving at a rapid pace [29, 58].

CubeSat satellites are relatively inexpensive and small-dimensioned satellites that aim to
increase university and researcher accessibility to space. A 1 unit, or 1U CubeSat has cubic
dimensions of 10 cm x 10 cm x 10 cm, with mass less than 1.33 kg. The OSIRIS-3U (Orbital
System for Investigating the Response of the lonosphere to Stimulation and space weather) satellite
is a 3U CubeSat that aims to study space weather [61]. A set of sun sensors integrated into the
CubeSat can be used to identify the position of the Sun in order to obtain data to evaluate and

manipulate satellite position or orientation [61].
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Satellites in low Earth orbit can experience temperatures ranging from —40 °C to +80 °C.
For this case study, a CubeSat sun sensor is used (Figure 5-1), which has an operating temperature
range from —25 °C to +50 °C [62]. Therefore, a conduction-based heater is required to keep the
sensor in the appropriate range operating temperature while in orbit. This heater can be designed
and manufactured with the material extrusion process, due to the variety of conductive materials
available for the process type. The next section explores the versatility of the conductive materials
available for material extrusion, as well as experimental validation of one such material for 3D

printing an embedded CubeSat heater.

(a) (b)

Figure 5-1. The sun sensor (a) showing the receptor, and (b) showing the electronics on the other
side of the circular circuit board, with the processing units.

5.2 Conductive Material for the Heater and Its Validation

As discussed previously, the material extrusion process has recently grown in popularity in
multi-functional part creation because of its relative robustness and versatile materials [3, 61-63].
Most research until now has focused on improving material properties for creating mechanically
sound structures [16, 49, 64-66]. However, the ease of producing polymers with infused metal or
carbon fiber has developed a range of conductive thermoplastics [67-69]. Electrical
characterization of these materials has shown the presence of anisotropy in heat and electrical

conductance, which can be influenced and controlled by process parameters [67, 68].
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Thermoplastic polymers like polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS)
are the most extensively used and commercially available material extrusion materials [71]. These
polymers are often infused with additives or fillers to manipulate their material properties (e.g.,
thermal stability, conductance [70, 71], impact resistance [74], and elastic modulus [75]). To create
conductive materials, additives like metal and carbon are added to a polymer base. Using these
hybrid materials in material extrusion have shown losses in electrical conductivity due to
orientation [68], layer thickness, raster width, and air gaps [69].

To design the printable CubeSat heater, commerciall-available conductive PLA material was
first validated for the purposes of resistive heating. A sinusoid-like geometry was digitally designed
and printed with a desktop-scale Lulzbot Taz 5 3D printer and conductive PLA material. The
material (Composite PLA by Proto-pasta; electrically conductive graphite [76]) shows conductive
behavior with a resistance of 2 kQ in our printed geometry, which is an appropriate value for a
resistive heating element. However, to properly design the heater, the material needs to be

characterized based on process parameters, material properties, and part geometry.

Figure 5-2. The heater (a) digital design, and (b) 3D printed (with Proto-pasta conductive PLA
material and LulzBot TAZ 5 material extrusion printer).

Resistive heating is the process by which passage of current across a conductor generates heat.
The amount of resistive heating may be calculated via the following equation [77]:

P=I’R=V?/R
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This heating elevates the temperature of the resistive materials with time. To experimentally
validate the performance of the printed resistive heater, an IR camera was used to capture images
of the heater when 9 V was applied across the heater; images were taken right after the voltage
application and after two minutes of voltage application, as shown in Figure 5-3 A and B. The

images show that temperature of the heater increased with time as was expected.

20 1 t 275 35
A

Figure 5-3. IR camera images of the heating element on applying 9 volts. ‘A’ shows almost no
temperature change right after applying the voltage. ‘B’ shows the IR image of the heater after
applying voltage for two minutes.

5.3 Designing the Multifunctional Component

After validating the usage of conductive PLA as a resistive heating component, the earlier
DfAM findings were used to establish a geometry and embedding process for a holder capable of
integrating both the resistive heater and the sun sensor. The sun sensor requires a pin hole to focus
sunlight on its receptor, which means that it must be embedded just below the outside surface of
the CubeSat. In order to leverage the opportunity of volume-efficient multifunctional design given
by AM, a cross brace of the 3-U CubeSat (see Figure 5-4) was selected to integrate the heater and

the sun sensor. Cross braces provide structural support and integrity to the structure of the CubeSat,
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making them indispensable. Embedding the components would make it multi-functional, by adding

the function of the sun sensor, as well as its heater.

Cross brace

Figure 5-4. Structure of OSIRIS, the 3U CubeSat, showing the cross-brace structure that is to be
designed.

The digital re-design for this cross-brace was carried out in SolidWorks™ V5. For design of
the heater cavity, a negative shape of the heater was created with the appropriate clearances
determined in Section 3.4: 1.25 mm in the X-Y axes for a snug fit and 0.25 mm in the Z axis for an
aligned fit (see Figure 5-5 (a)). Since the heater had a flush surface and the shape converter was
found to not influence the strength of the part (see Section 4.3), the heaters were directly embedded
in the designed cavity. For embedding the circular disc-like sensor (see Figure 5-1), a cylindrical
cavity was designed directly above the cavity for the heater; diametrically opposite risers were
added to maintain the gap between the naked electrical components and the body of the holder,

which prevents any damage to them (see Figure 5-5 (b)). A disc-like shape converter with a pin
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hole at the center was designed in order to cover the cavity after embedding the sensor (see Figure
5-5 (c)). This was done to create a needed gap between the body of the holder and the sensor, as

well as to create a flush surface for smooth and uninterrupted deposition of the resumed layer.

(a) (b) (c)

Figure 5-5. Isometric view of the CAD designs of the holder to embed the heater and the sun sensor.
(@) shows first few layers, with the cavity designed for the heating element, (b) shows the cavity
designed for the sun sensor, along with four risers, right above the cavity for the heater, (c) shows
the shape converter for covering the cavity for sun sensor, with a pin hole at the center.

5.4 Manufacturing the Multi-functional Component

After the digital design was completed, MarkForged’s cloud-based software (Eiger)[50] was
used to prepare the print. First, the shape converter was printed since it is needed in order to
complete the full component embedding in the holder. For the holder, pauses were added right after
the last layer of each of the two cavities. Eiger was also prompted to add concentric carbon-fiber
layers to supplement the structural integrity of the part. It should be noted that carbon fiber is
partially conductive in nature, and loops of conductive material can create a magnetic flux through
them. In orbit, small values of magnetic flux can cause undesired satellite attitude changes as its
magnetic moment torques agains with the Earth’s magnetic field. Therefore, in practice, energized

loops of any conductive material should be avoided, unless required.
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Another important note is that Nylon use has typically been discouraged in space applications
due to its propensity to absorb water [78], which can cause undesired oxidation. Mark One printers
print only Nylon as the base material. Since the emphaisis on the procedure for manufacturing the
multi-functional component (rather than a specific focus on its performance in space), Nylon was
used as our material, and carbon fiber loops were added for strengthening. The process of

embedding is shown in Figure 5-6.

Gy

HEATER

REHEAT &
RESUME

SUN SENSOR

SHAPE CONVERTER

REHEAT &
RESUME

Figure 5-6. Steps of the manufacturing process of the multifunctional cross brace, where addition
sign denotes the process of manually inserting the component.
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Each paused step in the embedding process took approximately five minutes, which included
gluing the heater into the cavity. The temperature history diagram (see Figure 3-6, in Section 3.5)
from the IR camera showed that the temperature of the paused layer reduces and stabalizes within
5 minutes. Because of this, reheating of the paused layer to 110 °C was performed immediately
before resuming the print, in order to mitigate the weaknesses introduced by the process
interruption. As shown in Figure 5-6, the process for in-situ embedding in this case study included
process interruption, component insertion, reheating and resuming of the print. Since the previous
experimentation shows that process interruption introduces weaknesses in the paused layer and that
it can be addressed by reheating the paused layer, this step was included in the case study process.
Figure 5-7 demostrates the final structure of the OSIRIS-3U CubeSat, with the integrated
multifunctional cross brace designed and manufactured in accordance with the suggested design
guidelines for embedding found in this research work. This demonstrates the applicability of these

guidelines, which can assist in confident application of AM in embedding.
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3D printed

multifunctional
{ cross brace

Figure 5-7. 3D printed, multifunctional cross brace structure on the three unit CubeSat.

Next chapter summarizes the findings of this research work as well as the conclusions from

the case study presented.
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Chapter 6

CONCLUSIONS AND FUTURE WORK

For AM embedding applications to effectively produce end-use functional products, design
for AM is crucial. Design for AM involves physical design considerations for components to be
embedded, as well as a deeper understanding of the manufacturing process and its effects on the
strength of the part. Knowing how and where a process weakens a part is important information for
decision-making during the design process. This thesis investigated the impact that the embedding
parameters of process interruption and shape converter use have on the tensile strength of printed
parts created via material extrusion AM. This research work provides the first known investigation
of the mechanical influences of process interruption and embedding process on parts made with
material extrusion, and also provides a potential solution to address identified effects.

Tensile testing specimens created to study the effects of process interruption allow the

following conclusions:

e Process interruption introduces weakness at the paused layer, regardless of the time
duration of pause (the maximum tensile stress value decreases significantly once the 5-
minute mark is reached). The median tensile strength reduced to 48% of the non-
interrupted specimens.

e The presence of an embedded component causes a significant decrease in maximum tensile
stress compared to printed parts without embedded elements. The embedded material has
no discernible effect on the strength of the part. The embedding causes the median stress
value to be reduced to as low as 38% of the non-interrupted specimens.

o Reheating the paused layer back up to the deposition temperature before resuming the build
improves the strength of parts with process interruption; the median tensile strength of

reheated specimens with only process interruption improved by 47%, while reheated
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embedding specimens improved by 90% when compared with their non-reheated
counterparts.

These findings provide a wide scope for future research into other in-situ embedding factors,
such as the effects of shape converters with different cross-sectional areas. A larger set of data for
investigating the impact of process interruption length can help in better understanding the
statistical abnormality observed between specimens with a 60-minute pause times and 30-minute
pause time. Also, this investigation was performed for pause time durations varying from 5 minutes
to 60 minutes. An investigation of shorter process interruption time durations might provide further
insight into the impact of short pauses on the strength of a part. Future work should also aim to
expand on the impact of material transition on strength when a print is resumed. A range of
materials will be investigated for layer adhesion while embedding to provide a database of
information about their influences on strength. A range of other AM process types should also be
compared to see how the findings in this research can be more generally applied to different AM
process. This can aid in making better decisions for material and process selection while designing

for multi-functional embedding with AM.
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