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ABSTRACT

Functional sensors often consist of rigid parts, soft rubber-like parts and mechanically tunable
electronic components. They are usually fabricated through numerous expensive processing steps
and can require extensive assembly operations and manual labor. The fabrication techniques
become even more complicated if complex geometry is involved. That necessitates the power of
additive manufacturing or 3D printing, a technique that in theory is suitable for arbitrary any
part geometry. As part of a larger project to 3D print flexible antennas, our group was tasked
with developing a printer that could directly produce 3D stretchable electronics. Due to the
unavailability of commercial 3D printers with such capabilities, in this research, development of
a 3D printer system was aimed which can print hard plastic parts, soft rubber-like components,
and stretchable conductive materials in a single process. In the beginning, it was expected that
switching material composition & modulus and adding strong bonding between dissimilar
materials would be vital for project success. First, an extensive literature review was performed
in the field of stretchable electronics applications. Conductive fillers in elastomers and specialised
folded geometries of metallic electrodes have been utilized in these applications; however they
have limited conductivity compared to metals and an ultimate strain before failure because of
inherent rigidity of metals, respectively. It was determined that gallium based liquid metal alloys
are the most attractive candidates for stretchable antennas due to their deformability, non-toxicity
and superior electrical conductivity. This review contains a comparative study of reported

fabrication techniques of eutectic gallium-indium binary alloy (EGaln) and gallium-indium-tin
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ternary alloy (Galinstan) embedded in elastomers such as polydimethylsiloxane (PDMS) or other

rubbers as well as the primary challenges associated with their use.

Initially, a bi-extruder system with two input channels was developed to print two different
polymer materials using a single nozzle system that can change the composition of extrudate
continuously. This extruder system is further distinguished because of its split design which gives
users access to the internal channels. By inserting a static intermixer into the extruder, it was
possible to co-extrude two chemically immiscible materials with enhanced mechanical bonding via
mechanical interlocking. Several different intermixers were designed and printed with direct metal
laser sintering (DMLS) with 20 pm resolution. This bi-extruder is targeted to print functionally
gradient materials (FGM) with improved adhesion between dissimilar thermoplastics without the
need for chemical compatibilization so that filaments from many different sources can be used

effectively.

Fused filament fabrication style 3D printers have a limited material choice, depending on the
commercial availability of the filaments of any thermoplastics. Additionally, filament-based
feeding systems may not be suitable for elastomers having very low mechanical rigidity. Hence,
an extruder system which can directly print from raw pellets was developed to widen input
material choice as well as to lower the raw material cost. The new feeding system to be used -
fused pellets printing (FPP) — permits almost any thermoplastic materials by converting screw
extruders into a direct source for feed material of fused deposition modeling (FDM) style 3D

printers. It was achieved by feeding thermoplastic pellets into a stand-alone single screw system
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that melts and pushes the material through a flexible heated hose to the print head, through
which the material is finally deposited onto the print bed to construct the 3D object. This
connection element decouples the high quality or large mass extruder from an FDM hot end that
can move with high speed and precision. Utility of the technique was demonstrated through direct
printing of pneumatic driven soft robots which could in the future be used to control antenna

shapes.

In the next phase of this research, a tri-extruder system with three input channels was
manufactured. Two inputs were used to feed a hard-rigid thermoplastic and a soft, stretchable
elastomer whereas the third input was intended for liquid metal printing. This system was
successfully used to enhance adhesion between high impact polystyrene (HIPS) and SEBS which
have nearly three orders of magnitude of difference in elastic moduli by introducing mechanical
keying which does not require chemical compatibility. However, achieving a co-continuous binary
polymer system from this intermixing requires the melt properties of the polymers to be within a
specific range. To demonstrate, tendon-driven soft robotic actuators composed of HIPS and SEBS
were printed and characterised. These FGM actuators did not show any noticeable interface failure
after 10,000 cycles of operation whereas other samples printed with side-by-side co-extrusion
experienced layer delamination. Using these FGM actuators, a fully compliant gripper with an
agonist-antagonist balanced structure was used to grasp irregular objects with sizes larger than

the gripper holder by actuating in both inward and outward directions.
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With the inclusion of a syringe pump, needle-based dispensing of liquid metal was executed using
the third input of the tri-extruder system. Therefore, the extruder system is capable to co-axially
extrude liquid metal alloy within an encapsulating polymer shell, in this case, SEBS. Hence, an
extremely stretchable and flexible conductive wire with a continuous stable core of liquid metal is
produced which does not require any post-processing and an extra sealing step. To demonstrate
the capacity of this tri-extruder system, a 2D spiral pressure sensor was printed on an SEBS
substrate. A 3D inductor was also printed and characterized to measure circumferential strain by

monitoring the change in inductance.

An immediate drawing process was also found to be useful to produce liquid metal based micro-
wires (~50 pm) which are stretchable up to 400% without any noticeable mechanical and electrical
loss. This opens up new possibilities to utilize this smart extruder system and fabricate microfluidic

devices in a very simple method without needing a clean-room environment.

Keywords: additive manufacturing, fused deposition modeling, fused filament fabrication, fused
pellets printing, 3D printing, multi-material printing, intermixing, mechanical bonding, co-

extrusion, liquid metal, elastomer, and stretchable electronics.
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1. CHAPTER: INTRODUCTION

1.1 BACKGROUND

As new requirements in wireless communications are emerging, the use of large number of
antennas with different bandwidths, radiation patterns and polarizations in modern aircraft, ships
or land wvehicles is increasing. Moreover, modern wireless applications also require flexible,
stretchable and adaptable antennas which are sensitive to environmental conditions. Thus
covering several frequency bands with a single radio frequency (RF) antenna with a small form
factor and high efficiency is a major challenge [1]. Rather than using a multi-antenna system,
several antennae functions integrated into one single system would reduce both the size and cost
of communication systems [2]. One potential solution to this challenge is to use reconfigurable
antennas which are tunable to different frequency bands [3]. This tuning can be achieved by using
different electrical tuning elements [4-6] or by applying mechanical reconfigurations [7-9]. Using
electrical tuning elements suffers from non-linearity, lossy characteristics at higher frequencies and
complicated packaging processes [4-6]. On the other hand, soft polymer-based mechanical tuning
of RF antennas are characterized by light-weight, low-cost and compatibility to complex surfaces

[7-9).

Since mechanically tunable antennas correspond to a large strain, inkjet printing of conductive

silver ink or other conductive inks may not be the best choice because of their limited inherent



stretchability without electrical loss [10,11]. In contrast, gallium-based liquid metals (LM)
embedded in soft elastomers have recently gained significant popularity over conventional
conducting elements [12-17], because of their non-toxicity and superior electrical conductivity
while maintaining micro-patterns [18]. However, the fabrication methods of these LM based RF
devices are either too complicated for complex geometries [15] or result in high roughness [12] and
non-uniform widths [16,17]. Moreover, these conventional fabrication techniques are not suitable
for 3D structures and require additional assembly steps to integrate the RF devices with other
functional electronic rigid components, which may introduce defects and imperfections from the

manual labor.

Hence, there is a need for a novel technique to fabricate LM based mechanical tunable RF
antennas with complex 3D structures and built-in rigid components. These requirements could be
fulfilled by additive manufacturing techniques where a material can be deposited to form almost
any arbitrary geometry, hence have the potential to be used in fabricating integrated RF 3D

antennas.

1.2 ADDITIVE MANUFACTURING

Additive manufacturing (AM) refers to a family of techniques where material is solidified to form
successive layers, on top on previous layers, constructing a 3D object having almost any geometry.
Among others, stereolithography (SLA), polymer jetting, selective laser sintering (SLS), selective
laser melting (SLM), inkjet printing, fused deposition modeling (FDM) are the commonly used

AM techniques available for fabrication of tunable RF devices. However, the polymer resins used



in SLA and polymer jetting techniques can be mechanically poor, have higher loss tangent and
require difficult metal integration [19,20]. SLS mostly produces all-metal parts, suitable for only
metallic components of RF devices [21]. In both SLS and SLM, multi-material printing capability
is very challenging for polymers, they have limited material choice and often require plastic
integration for RF applications [22]. Inkjet printing usually requires an additional sintering process
and has a limited mechanical strain without electrical loss [23]. On the other hand, FDM has been
found to be an effective technique for RF devices because of its low-cost system [24] and wider
material choice [25]. This technique also offers users the ability to change fill volume to achieve
different dielectric constant and loss tangent [26,27] or even to choose from a wide material choice
suitable for RF applications [28,29]. For instance, PREPERM® [30] is a raw thermoplastic RF
material which has dielectric constant and loss tangent as low as 2.6 and 0.0015, respectively at
22 GHz. Additionally, the FDM technique also has the potential to coextrude conductive materials
to avoid the post-processing step of metal integration. Therefore, in this thesis, the FDM technique

has been chosen to directly print mechanically tunable RF antennas.

1.3 FDM: CURRENT STATE-OF-THE-ART

Most of the commercially available FDM printers can print only a single thermoplastic material.
Some commercial printers make use of a dual extruder system having two separate nozzles for
two filaments [31]. These separate nozzle systems may be used for materials with two different
colors but do not normally provide multi-material printing of different materials in a single part

because of very limited fusion/bonding between dissimilar materials deposited from different



nozzles. There are a few commercial printers with a single nozzle system for multiple filaments
[32], which introduce higher temperature fusion between materials before they are deposited on
to the printer bed. Although these systems are useful for different materials which are chemically
immiscible, but not capable of printing chemically immiscible polymers due to poor bonding/fusion
at their interface. Therefore, there is a compelling need for a multi-material extruder which can
print chemically immiscible polymers with engineered adhesion between them, because antenna
devices may be composed of both soft and hard components to achieve both reconfigurability and

integration with conventional electronics.

Due to the filament-based feeding systems used by almost all the commercial FDM printers, users
have to rely on the availability of the filaments of any desired material. For instance, due to
unavailability of filaments of shape memory polymers (SMP) in commercial scale, Villacres, et al.
were not able to directly 3D print SMP without going through an additional filament making
steps [33]. Filament-based FDM printers also involve higher material cost, as the high-quality
filament making step adds an extra cost to the raw material. Therefore, to widen the material
choice of thermoplastics and reduce the raw material cost, an extruder system is strongly desired
which could take inputs of raw pellets similar to injection molding. This system would then allow
printing using those thermoplastics which have low dielectric constant and loss tangent, even

though their filaments are not commercially available.

The next challenge FDM is currently facing is its ability to print highly conductive materials like

LM. Current FDM systems do not offer any engineering solution to print conductive pathways



integrated with other thermoplastic parts. There are some direct writing techniques reported in
the literature [34]. However they are not suitable for thermoplastic integration. Another challenge
with direct printing of LM structure is its surface tension, which restricts continuous dispensing
of bare LM in the air [18]. Therefore, the extruder system of FDM printer needs to be re-designed
allowing printing of LM structures already encapsulated in thermoplastic materials to avoid

leakage.

1.4 OBJECTIVES OF THIS THESIS

This research was a part of a larger project aimed to directly print mechanically tunable RF
antennas. It was discovered early on that no commercially available printer would have the
capabilities discussed above. Hence, considering the background, the primary objective of this
doctoral thesis was to develop a multi-material smart extruder system for an FDM printer with
the following capabilities, which are essential for printing tunable antennas. The smart extruder

system must be able to;

1. Print functionally gradient materials (FGM) devices using dissimilar thermoplastics having

improved adhesion between chemically immiscible materials.

2. Directly print from raw pellets of any thermoplastics without needing to increase bulkiness or

power requirements to move the print head.

3. Print circuities in 2D or 3D volume using coaxial extrusion of LM within a thermoplastic

elastomeric shell.



1.5 ORGANIZATION OF THESIS

This paper-based doctoral dissertation contains seven chapters. Except chapter 1 and chapter 7,
each intermediate chapter is written based on a journal article published/submitted for
publication. Chapter 1 presents an overview of the background of this research, the motivation,
and objective. It also provides a brief summary of the originality and challenges associated,

followed by a brief description of the thesis structure.

Chapter 2 contains an extensive literature review on gallium-based LM alloys. It explores all the
reported fabrication techniques to pattern LM microstructures and a comparative study on their
pros and cons with minimum attainable pattern size. This literature review serves as the first
foundation of this research to explore the characteristics of LM to understand its suitability for

RF antenna fabrication.

Chapter 3 presents an earlier version of the bi-extruder developed to print two thermoplastic
materials with a detail description of the static intermixer designed. The method to control the
composition of the extrudate and the effect of the intermixer on the extrudate quality are discussed

in this chapter.

Chapter 4 presents the development of a unique feeding mechanism to directly input raw pellets
in the FDM extruders. The heated hose-based feeding system was shown, in this chapter, to work
with any thermoplastic pellets regardless of their mechanical properties. That gives users a wide

material choice at reduced material cost.



Chapter 5 presents the latest version of tri-extruder having three input channels. In this chapter,
the printing of FGM devices composed of hard plastic, HIPS and soft elastomer, SEBS has been
demonstrated. Use of an intermixer causes more than ten (10) times improvement of the adhesion
between these chemically immiscible polymers. A tendon driven soft-robotic gripper printed with

this tri-extruder has also been analyzed.

Chapter 6 presents the coaxial extrusion of LM with the SEBS shell. It discusses the mechanism
of this complicated coflowing system and illustrates the conditions favorable to a stable continuous
jet of LM core inside the SEBS shell. This chapter also shows the functionality of the developed

system by printing the pressure sensor and strain sensor.

Although the detailed results are discussed at the end of each chapter. Chapter 7 summarises the
overall results and makes concluding remarks. This chapter also discusses the possible future

directions for this research work.



2.CHAPTER: FABRICATION METHODS AND
APPLICATIONS OF MICROSTRUCTURED

GALLIUM BASED LIQUID METAL ALLOYS'

2.1 INTRODUCTION

3D structures of electrically conductive materials embedded in elastomers have great potential in
a number of smart material applications, such as soft-matter sensors, actuators, flexible
electronics, reconfigurable antennas and others. These applications have three main requirements;
high flexibility, extraordinary stretchability and high electrical conductivity. While the flexibility
of elastomers is well known and easy to achieve with materials like polydimethylsiloxane (PDMS),
polyurethane rubbers and others, achieving high electrical conductivity in materials that can
achieve strains of more than 100% (as is typical for elastomers) is extremely difficult. There are
many reports where researchers have used a combination of inorganic and organic materials for
flexible and/or stretchable electronic applications not requiring superior electrical conductivity,

such as a stretchable form of single-crystal silicon in microstructures [35], transparent ZnO film

I A version of this chapter has been published as: Khondoker, Mohammad Abu Hasan and Sameoto, Dan;
Fabrication methods and applications of microstructured gallium based liquid metal alloys. Smart Materials

and Structures. 25: 093001. Reproduced with permission from IOPscience.



and chalcogenides [36], polypyrrole conducting polymers [37], polypyrrole-poly (ethylene-co-vinyl
acetate) composites [38], PDMS — CNT/graphene conducting polymers [39-43], silver-nanowire
(AgNW) — polyacrylate composite [44], PDMS — Ag conducting composites [45,46], cellulose —
indium tin oxide (ITO) electrodes [47], polyurethane/PEDOT:PSS conductive composite [48] etc.
Inkjet printing technology [49-51] has also been utilized for flexible electronics applications, but
still these applications have limited stretchability and relatively lower electrical conductivity
compared to that of metals. In general, the introduction of electrically conducting fillers to
elastomers is reasonably simple and can produce stretchable conductors, but they are multiple
orders of magnitude less conductive than metals and frequently strain sensitive in their
conductivity, which limits their use in applications requiring high currents, or very high
frequencies. While flexibility is very important for thin-film electronics and their applications,
bending flexibility doesn’t necessarily mean that high elongations are possible, and stretchable
electronic conductors may be more attractive in applications like artificial muscles [52], soft
robotics [53] and tactile sensors [54,55].

Many examples exist where rigid, high conductivity components are integrated with flexible and
stretchable materials for flexible or stretchable electronics. Because of its superior electrical
conductivity, copper (Cu) might be a top choice electrically but its hardness makes it unable to
withstand repeated bending, and it will experience plastic deformation with a strain of
approximately 2% [56]. There are some reported methods and materials for stretchable electronics
[67,58]. Among them, metallic wires with thin coil shapes encased in elastomer materials have

become a very popular method to overcome this particular challenge in flexible and stretchable



electronics. They use specialized folded geometries of electrodes to permit stretching and
compression without exceeding local elastic limits. Among them, micro-sized helical wires [59],
horseshoe-like forms of gold [60] or copper [61], laser ablated copper foil in silicone [62], gold micro-
wires with tortuosity [63], copper film by electroless deposition [64], meander-shaped nickel-gold
layer in PDMS [65], and metal ion-implanted elastomers [66], showed some feasibility to be used
in flexible and /or stretchable electronics applications due to their high conductivity. Furthermore,
thin layers of copper, chrome or gold [67-69] and thermochromic liquid crystals (TLC) [70] have
also been utilized with elastomers (e.g., PDMS) in epidermal electronics applications [71]. Rahimi
et al. showed sewing enabled meander wire systems embedded in elastomer [72] and Wang et al.
used pre-strained elastomers covered with metal that then buckles as an alternative to meander
electrodes [73]. Unfortunately, these devices are still ultimately limited by inherent rigidity of the
metal layers and require unnecessary design constraints by the increasing complexity of
fabrication. At higher bending or stretching, they start beginning to crack at the micro level, and
there is also the danger of possible delamination between the elastomers and the rigid materials
contained within that may occur at extreme strains. While many of the thin-film electronics
reported for flexible circuity make use of clever designs of electrodes and very thin materials to
ensure they conform to a skin or other deformable surfaces, the applications only require very
small currents, and the thin film strategies may not be scalable to smart materials where
significant current may eventually be used.

Due to the challenges with traditional metallic micro-structures and organic/inorganic thin film
structures, researchers began looking for materials with higher electrical conductivity as well as

10



better flexibility. Liquid metals at room temperature are the best suited conductive materials in
this field because they enable conductive paths embedded in elastomers to be stretched or bent
repeatedly without significant loss in their performance. As the best known liquid metal, Mercury
(Hg) has been used in different flexible electronics applications [74-76]. Unfortunately, it has a
serious disadvantage in that it is highly toxic [77,78]. Other elements which are liquid near room
temperature also have their own drawbacks; cesium (Cs) may be radioactive and is violently
reactive, and rubidium (Rb) has violent reactive nature. Pure Gallium is liquid at approximately
30°C, but this is too high to remain liquid in most room temperature applications (although it is
perhaps compatible if in close contact with body heat). Therefore, these pure metallic elements
are also limited in their use in flexible electronics and bio-applications.

Over the last decade, gallium based liquid alloys have gained increasing popularity as materials
best suited for fulfilling both the requirements for high electrical conductivity and extreme
flexibility. As a liquid metal at room temperature, the eutectic alloy of 75.5% gallium (Ga) and
24.5% indium (In), EGaln has recently attracted considerable interest from many researchers. It
can be attributed to the advantageous properties of this alloy in embedded elastomers. An
alternative room temperature gallium alloy, galinstan is composed of gallium, indium and tin with
varying compositions. Since the melting point of galinstan is dependent on the ratio of three
components, there is no generic value of melting point. But the typical Galinstan (68.5% Ga,
21.5% In and 10% Sn) has a reported melting point of —19°C, whereas EGaln has a melting point
of 15.5°C [79]. Therefore, these non-toxic alloys [80,81] will remain liquid at most comfortable
temperatures that may be found indoors and possess virtually no vapor pressure [76]. Also, they
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have quite low viscosity in their liquid phase and a relatively high electrical conductivity
(approximately 1/16™ that of copper [82]). In their liquid state, these alloys are electrically more
conductive than in their solid state [83]. If the oxygen level in the ambient atmosphere is above 1
ppm [76], liquid gallium alloys start oxidizing and form a thin passivation oxide layer (Ga.O; and
Gaz0) on their surface [84]. The thickness of the electrically resistive [85] oxide skin was found to
be approximately 0.7 nm in X-ray diffraction tests under vacuum conditions [86], but it is much
thicker (~1 — 3 nm) in laboratory conditions [84,87-90]. This oxide layer acts as a skin and can
decrease the effective surface tension of the liquid metal in electrochemical reactions [91], or if the
oxide is breached. As a result, the liquid metal tends to wet other surfaces (unlike mercury), which
helps to maintain non-spherical metal structure even in microchannels [89,92]. The wetting caused
by this oxide skin can also lead to the tendency to stick to any solid surface [84] even if undesired,
so this particular feature of gallium based alloys can be a benefit or drawback depending on the
application. Doudrick et al. demonstrated that galinstan adhesion occurs in two steps [93]. First,
the oxide skin doesn’t rupture when galinstan contacts substrate surface. The nanoscale topology
of the oxide skin allows only minimal adhesion between galinstan and substrate surface, regardless
of its surface energy. In the second step, oxide skin ruptures and now old oxide skin — substrate
surface, bare galinstan — substrate surface and new oxide skin — substrate surface adhesions occur.
It also was found that the adhesion between the new oxide skin and the substrate surface
dominates the total adhesion in this second step.

The ability of these alloys to flow through the channels on demand permits them to be designed
as “reconfigurable” as the dimensions of the channels can be changed if they are made of
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elastomers, and other fluid handling mechanisms, such as valves and pumps [94-98] may be used
to control specific location and electrical connections of these liquid metals. Other than acting as
the primary material, liquid metal can also be used just to exploit its fluidic nature. For example,
Tang et al. demonstrated liquid metal enabled pump, where a droplet of liquid metal induces flow
of a range of liquids without mechanical moving parts by means of electrowetting/de-
electrowetting at the metal surface [99], and Boley and Gui proposed a liquid metal based
electroosmotic flow pump [100]. Kim et al. reported real-time dynamically reconfigurable
photomask, where on-demand injection and withdrawal of liquid metal in the microchannel was
utilized to change the patterns of photomask [101]. Other benefits of using EGaln /Galinstan for
smart materials include their high thermal conductivity, and low vapor pressure (which ensures
negligible evaporation and mass loss). Therefore, these gallium based liquid metals have been
extensively utilized in flexible, stretchable electronics applications and can be an alternative to
wavy and highly stretchable wearable electronics [57,102]. Because they are liquid at room
temperature, the majority of applications using liquid gallium alloys have them contained inside
some solid channel system (e.g., tunable frequency selective surfaces [103], micro-variable inductor
[104], etc.), but the applications of these liquid metals are not limited to only embedded
applications. For instance, in some reported work [105], liquid gallium alloy has been successfully
used in the injection of femto-liter sized samples into cells. Ladd et al. successfully printed
freestanding columns and spheres of EGaln [106]. Other than electronics applications, liquid
metals also have the potential to be used in thermal applications [107-109] as a heat sink or
conductor to manage temperatures. Other than using as a main functional element, Kim et al.
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used liquid metal as a secondary element [110] which was a liquid metal via connecting stretchable
patterned gold layers. For comparison purposes, the properties of functional materials used in
flexible electronics applications have been summarized in the following Table 2.1. From this point
on, in this review, “liquid metal” will refer to the gallium-based alloys EGaln and galinstan. This
report is intended to present the comparative study on the fabrication processes of two- and three-

dimensional microstructures of liquid metals using different techniques reported already.

Table 2. 1: Properties of selected liquid metals, low melting pure metals and other conductive

materials.
Functional Melting Viscosity  Surface Conductivity Major Drawbacks
Materials / Point v (cSt) Tension o (10" S/m)
Composites Tw (°C) y (mN/m)
EGaln 15.5 [79]  0.32 [89]  624* [111]  0.34 [92,112] -
Galinstan -19 [113]  0.37 [113] 535* [76] 0.38 [113] -
Ga 29.8 - - 0.37 Solid
Hg -39 [113]  0.11 [113] 428 [114] 0.10 [113] Toxic
Cs 28.5 - - 0.50 Violently reactive
Rb 39.3 - - 0.83 Violently reactive
Cu 1085 - - 5.97 [80] Low flexibility
Ag 961.8 - - 6.30 [80] Low flexibility
Ni 1455 — — 1.43 [80] Low flexibility
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ZnO film 1975 - - 7.55x107"7 Low conductivity

[115] [116]
polypyrrole-poly — — - - 5~Tx107 [38] Low conductivity
(ethylene-co-
vinyl acetate)
polypyrrole - - — 9.7x10* [117]  Low conductivity
conducting
polymer

*Oxidized value

2.2 FABRICATION PROCESSES OF LIQUID METAL MICRO-STRUCTURE
There are a number of reported fabrication processes of liquid metal to form embedded micro-
structures. These techniques can be grouped under four major classes such as masked deposition,
imprinting, direct patterning, and casting. Among these broad categories, masked deposition
techniques result in relatively large feature sizes [17], whereas fabrication processes by casting are
the most popular technique which produces smallest reported minimum feature size of
approximately 150 nm [118]. Many of these techniques classified under these four main groups

have been summarized in Table 2.2.
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Table 2. 2: Reported fabrication techniques of liquid metal structures embedded in elastomers.

Fabrication Minimum Reported Advantages Disadvantages Devices Fabricated
Techniques Feature Size
Masked Using a Line width =200 pm Relatively simple; Large feature size; Limited Shear and pressure sensor
Deposition stencil Spacing = 100 pm Reliable; High class of geometries; Rough [119]; RFID antenna [17];
[17] throughput; edge; Galinstan heater [15];
Selective  Line width = 100 pm  Relatively simple; Rough edge; Limited class Patterned structures [120];
wetting Spacing = 25 pm Reliable; High of geometries;
[120] throughput;
Imprinting Printing  Line width = 2 pm  Very small feature size; Residue on outside of Coplanar capacitor [121];
in Spacing = 1 pum channels; Rough edge;
recesses  [121]
Printing  Line width = 0.75 Relatively simple; Can Large feature size; Uneven Planar circuit [15];
using mm be performed manually; wetting;
stamp Spacing = 1 mm [15]
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Fabrication

Techniques

Minimum Reported

Feature Size

Advantages

Disadvantages

Devices Fabricated

Direct

Patterning

Screen Line width = 40 pm

printing  [122]

Micro- Line width = 340 pm
contact [15]
printing

Pressure  Line width = 45 pm
driven [123]

2D

structure

Pressure  Line width = 150 pm

driven [106]

Micro-scale droplets

Any arbitrary planar
geometry; Requires
limited manual labor;

Any  arbitrary 2D

structure;

3D free-standing

structures;

17

Requires pressure control;

Requires motion control;

Needs repeated contacts;

Rough edge;

Relatively complex

technique;

Need good control on

injecting;

[122];

Comb capacitor [15];

Interconnect [123]; Directly

written traces [34]; Printed

circuit and pattern [124];

Free standing 3D structures

[106];



Fabrication Minimum Reported Advantages Disadvantages Devices Fabricated
Techniques Feature Size

3D

structure

Dielectro  Width = 80 pm Finer 3D features with Requires chromium/gold Microelectrodes and micro fins

-phoresis  Spacing = 40 pm relatively smooth pads deposited previously; [125];

based 3D [125] surface; Requires power supply

structure Possible  with  wide

range of designs.

Laser Line width = 100 pm  Any  arbitrary 2D Higher wastage of liquid Patterned LED circuit [126];

patternin  [126] structure; metal;

g
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Fabrication Minimum Reported Advantages Disadvantages Devices Fabricated

Techniques Feature Size

Casting Needle Line width =150 nm Fast and  reliable; Limited class of Stretchable interconnect
injection  [118§] Relatively simple; 3D geometries; Requires two [127]; Cube antenna [128];

embedded structures;

Better resolution;

Smoother sidewalls;

19

terminals; Air trapping is

common;

Tunable antenna [129];
Microelectrodes [130]; Planar
inverted cone antenna [131];
Galn nanowires [118];

Capacitors and inductors

[132,133]; Electrostatic
actuator
[134]; Radiofrequency

antennas [135]; RF radiation

sensor [136]; Diodes [137];



Fabrication

Techniques

Minimum Reported Advantages

Feature Size

Disadvantages

Devices Fabricated

20

Memristor  [138]; Pressure
sensor [139]; Soft artificial skin
[140,141]; Force sensor skin
[142]; Wearable tactile keypad
[143]; Strain sensor [144];
Curvature sensor [145,146];
Ultrastretchable  conductors

[147,148]; Loop antenna [149];



Fabrication

Techniques

Minimum Reported

Feature Size

Advantages Disadvantages

Devices Fabricated

Vacuum

assisted

infiltratio

Line width = 250 pm

[150]

No mneed of two Needs repeated process;
terminals; Deep
features; Structures

with different height;

Comb capacitor [128]; Planar

circuit [150];
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The broad category of techniques listed in the following section is organized roughly by the
increasing quality and complexity of designs feasible with each technique, although there are large

variations in those properties between individual reports.

2.2.1 Masked Deposition
There are a number of masked deposition techniques, which use different methods to selectively

deposit liquid metal alloys. These techniques have been discussed below.

2.2.1.1 Using a Stencil

Embedded structures of liquid metal can be created using 3D printed masks [119] or stencils
[15,17] to pattern the metal followed by encapsulation steps. In the case of work presented in
[119], a mask was placed in contact with a silicone (Ecoflex 0050) which could conform to mask
roughness and contain EGaln which was dispensed manually. To remove the mask cleanly, the
EGaln was cooled below the freezing point to solidify it, and then another layer of silicone (Ecoflex
0010) was spin-coated on top while the EGaln was still frozen, and then the silicone was cured at
elevated temperatures. Repeating this process allowed multiple layers of independent liquid metal
to be embedded within a flexible elastomer for the ultimate use as a capacitive sensor to detect
shear and pressure. In another stencil-based process, as shown in Figure 2.1, a copper stencil is
first placed on the partially cured PDMS substrate material. Then, the excess amount of liquid
metal is poured on the stencil. To ensure the uniform thickness of liquid metal in the openings of
the stencil, a liquid alloy wetted roller can be rolled repeatedly [17]. This roller also helps to

remove excess alloy material. Finally, the stencil is removed, and the patterned structure of liquid
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alloy remains on the substrate. After that, depending on the application, a sealing elastomer layer
can be applied by successive spinning and curing process. Just as in [119], the stencil works well
because the underlying PDMS can conform to make a good seal while having low inherent adhesion
so that the stencil may be removed without difficulty. The smallest feature reported in this process
was 200 pm and minimum spacing was 100 pm, although whether this was a limitation of the
stencil or the deposition process was unclear.

The stencil technique is relatively simple, reliable and can have high throughput. But it’s suitable
for only relatively large features and a limited class of geometries. In particular, the surface of the
liquid metal after deposition is frequently quite rough and not very uniform in thickness [17]. The
stencils may also be more challenging to use multiple times without cleaning, as increased layers
of oxidized gallium can build up and be transferred to unwanted locations. One primary attraction
to the stencil process is that isolated areas of liquid metal can be readily patterned and in theory,
quite large areas can be patterned in a single step.

Very recently, a new technique, atomization patterning, has been reported to produce liquid metal
structures [151]. It sprays atomized liquid metal with nitrogen as a carrier gas onto a semi-cured
PDMS surface with a tape transferred adhesive mask. This is also masked deposition, but unlike
the previously described techniques, it uses a spray to apply liquid metal alloy. This method

results in smooth line edges compared to other masked deposition techniques.
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(a) (b)

(d)

(f)

Sealing layer

Ml

Liquid metal [l Substrate  Roller

Figure 2. 1: Masked deposition using a stencil. (a) stencil placed on substrate, (b) excess amount
of liquid metal is applied, (c) use of roller (d) uniform thickness of liquid metal in the openings of
stencil, (e) patterned alloy after removal of stencil and (f) finally, application of sealing elastomer
layer (inspired by [17] with permission of The Royal Society of Chemistry and with permission
from [15] Copyright 2013 American Chemical Society.

2.2.1.2 Selective Wetting

This masked deposition technique uses a sacrificial layer instead of using a stencil to wet the
substrate selectively by liquid metal (galinstan in this case). Kramer et al. [120] have described
the whole process in detail as shown in Figure 2.2. First, a polytetrafluoroethylene (PTFE)
particle-filled photoresist, tin foil, and PDMS are layered on a glass slide. Then, PTFE and tin
foil are patterned using photolithography. A thin layer of PAA is applied by spin coating and it
spontaneously dewets from the super-hydrophobic PTFE/photoresist. Now, the whole surface is
sputtered with indium, and then flooded with acetone to lift-off indium on the photoresist. When

the liquid metal is applied on the patterned tin foil, it reactively wets it while not adhering to the
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photoresist. A thin-film applicator is used to wipe the excess amount of liquid metal off the surface.
Finally, the sputtered PAA layer is removed by rinsing in water and a sealing layer of elastomer
is applied. At this stage, the gallium is then frozen (below -19°C) and encapsulated with another

layer of curable silicone.

Liquid metal

Tia fol P ——

PDMS

PTFE

()

| I (g)

l
(b) S g A
I |

PAA () pony

(c)

o

Sputter

(d)

) In water

(e) - // Acetone (k)

Figure 2. 2: The masked deposition through selective wetting (adapted from [120]. Copyright
WILEY 2013 reprinted with permission).

This masked deposition technique usually produces rough edges and is appropriate only for a
limited class of geometries. The use of spontaneously wetting and de-wetting areas is a novel
approach but ultimately has similar capabilities and advantages in terms of patterning features

as the stencil systems described earlier. As implied in Figure 2.2, the features will still have a
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rounded cross-section due to the surface tension effects on the liquid metal. The requirement of
using photolithography and sputtering in this approach would be disadvantageous from a
processing point of view, but the uses of microstructured surfaces to aid in repelling or enhancing

bonding may still be valuable in future variations.

2.2.2 Imprinting

Imprint processing can be a conceptually very simple method to produce patterns using liquid
metals. Variations on this technique include dipping a structured stamp into liquid metal and
transferring it to another surface, embossing a liquid metal film and producing separate structures
by squeezing out metal, or by transferring from a single liquid metal film into recesses on a

structured surface.

2.2.2.1 Printing in recesses

This imprinting process using a mold is a very simple technique to pattern liquid metal and closely
resembles a portion of the gravure or roll-to-roll (R2R) printing process [152,153]. As reported by
Gozen et al. [121], a thin layer of liquid metal is applied on a flat surface. Separately, a PDMS
mold with desired topographical features is produced. Then, the PDMS mold is pressed against
the liquid metal layer which then fills in the recesses. Due to the stickiness property of gallium-
oxide layer, a very small amount of liquid metal adheres to the elevated walls of the recesses of
the mold, but the recesses can remain filled. In this way, even after the mold is removed, liquid
metal alloy remains in the patterned structure. Finally, a sealing layer can be applied to embed

the structure. This method is illustrated in Figure 2.3.
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Using this technique, Gozen et al. fabricated a coplanar capacitor having only 2 pm thick lines
with 1 pm spacing — several orders of magnitude smaller than the features reported with stencil
processes. Unfortunately, the liquid metal is not completely non-wetting on the top PDMS surface
and a reported problem with this method is that a residual layer of liquid metal is observed on
the top of the walls outside of the channels. This technique could be potentially improved with
the addition of super-hydrophobic structuring of the top surface to get more de-wetting, similar

to the technique in [120], while not diminishing the subsequent bond-ability with silicone.

2.2.2.2 Printing using stamps

This technique is very similar to imprinting with mold but uses the raised surfaces of a stamp to
transfer areas of liquid metal onto another surface. It starts with the preparation of a PDMS
stamp with topographical features by casting. Tabatabai et al. [15] used a 3D printed mold to
cast the PDMS stamp. Using a paintbrush, the raised surfaces of the stamp are inked with a liquid
metal alloy. Then, the stamp is pressed on the substrate and the liquid metal is transferred. A
frame is placed encompassing the patterned structure and using a successive spin coating and
curing, a sealing layer of elastomer is applied on top of the patterned liquid structures. To reduce
or eliminate displacement of the liquid patterned structure during spin coating, it might be helpful
to freeze the liquid metal structure before spinning and therefore EGaln is a better choice than
Galinstan in this regard. The steps involving stamp lithography are shown in the Figure 2.4. Tape
transfer printing [154] proposed by Jeong et al also uses the same principles to fabricate stretchable

RF electronics.
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Figure 2. 3: Imprinting using a PDMS mold. (a) PDMS mold with desired topographical feature
is prepared, (b) a thin layer of liquid metal alloy is applied on a flat surface, (c) flattening and
removal of excess liquid metal, (d) the PDMS mold is pressed against liquid metal, (e) liquid
metal adheres to the walls of recesses of the mold and (f) application of sealing elastomer layer
(adapted from [121]. Copyright WILEY 2014 reprinted with permission).

Tabatabai et al. prepared a Sylgard 184 PDMS stamp with features protruding 2 mm from the
stamp base and printed features with as small as 0.75 mm wide with 1 mm spacing using this
process onto another silicone (Ecoflex 0030). This is a very simple process and can be done
manually, but it is limited to relatively large features. Another problem arises because of uneven
wetting of the stamp and target surface, which may result in non-uniform thickness or missing
areas of the liquid metal features. Of the three distinct methods reported by Tabatabai et al.
(inkjet printing, microcontact printing, and stamp lithography) this stamp lithography was

determined to be the least reliable.
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2.2.2.3 Screen printing

As described by Sen and Kim [155], the work by Truong et al. [122] applies a version of silk-screen
printing with a screen prepared by KOH bulk etching of silicon to produce microscale openings.
When a print-head containing a reservoir of liquid metal is pressurized, the liquid metal bulges
out through the openings of the screen and is deposited on a surface that had been pre-patterned
with gold to enhance the wetting of liquid metal. After that, as soon as the screen is withdrawn,
the wetting pad forces liquid metal to form droplets and adhere to it. The schematic of this process
is shown in Figure 2.5. The openings of the screen have a width distribution of 40 to 70 pum. This
process requires a level of expertise to apply controlled pressure on the print head, which influences

the amount of material transferred and the quality of the feature.
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Figure 2. 4: The steps involved in stamp lithography. (a) Preparation of base PDMS layer on
glass substrate, (b) patterned liquid metal after imprinting using wetted stamp, (c) placement of
a frame encompassing the structure, (d) application of sealing layer of PDMS and (e) removal of
glass plate and frame gives the embedded structure of liquid metal in PDMS (inspired by [15]).
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Figure 2. 5: The screen-printing technology. (a) The print head with a screen is pressed on the
gold wetting pad and (b) the droplets of liquid metal are bulged out to pattern on the substrate
(inspired by [122]).

2.2.2.4 Micro-contact printing

Micro-contact printing (nCP) of liquid metal alloy was first reported by Tabatabai et al [15]. In
this imprinting technique, a hemispherical PDMS tip is used as the nozzle. This nozzle is mounted
on the print head, which is controllable along x, y & z-directions by means of a user-defined
Matlab program. When the tip is dipped into liquid metal, the nozzle collects a bead of liquid
metal. Then, the nozzle is moved to contact the substrate to transfer a small droplet of liquid
metal at the desired position. This imprinting technique mainly depends on the adhesion of liquid
metal to the elastomer. Tabatabai et al measured the diameter of these droplets as 340 pm. If the
successive droplets have a spacing less than their diameter (340 pum), these droplets coalesce to
form a continuous line. In this manner, the desired pattern of liquid metal is printed on the PDMS
substrate. Finally, when solidified, this pattern can be embedded by a sealing layer of PDMS.

This technique is illustrated in the Figure 2.6.
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Figure 2. 6: The uCP of liquid metal inspired by [15]. (a) Printing head with hemispherical

.

PDMS tip, (b) the nozzle is wetted in liquid metal and (c) The wetted nozzle makes lines
comprising sequential droplets.

Since a separate motorized 3-axis Cartesian system controls the motion of the print head, any
arbitrary planar geometry is possible in this method subject to the minimum dimension
restrictions caused by the droplet size. It also requires minimal manual labor compared to many
other deposition techniques reported in the literature. One major disadvantage of this technique

is the need for repeated contacts rather than continuous printing.

2.2.3 Direct Patterning
In this section, the techniques to directly pattern 2D and 3D structures of liquid metal alloys have

been summarized.

2.2.3.1 Pressure-driven 2D structure

In these pressure driven techniques, a simple roller-ball pen and brush pen were used to directly
write conductive tracks of liquid metal ink on different substrates with relatively low resolution
by Zheng et al. [156] and Gao et al. [157,158], respectively. Later on, high-resolution electronic

circuits of liquid metal were successfully printed by Yang et al. [159] and Zheng et al. [124] using
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a customized computer-controlled liquid metal printer. The printing head developed by Zheng et
al. comprises a tiny rolling sphere inside the dispensing nozzle. Enforced pressure of liquid metal
and the rolling sphere contribute to uniformly transfer liquid metal to the substrate, whereas the
oxidation of liquid metal ensures the adhesion to the printing substrate. After printing the desired
circuit on flexible PVC film, the circuit can be transferred to a PDMS film and subsequently
sealed with another layer of PDMS to get the embedded structure described in [160]. In a separate
work, Zheng et al. also developed a brush-like porous needle pen and customized commercial
rubber dispenser to fabricate printed-circuits-on-paper flexible electronics [161]. In brief, the
customized printer system was equipped with two syringes preloaded with liquid metal and room
temperature vulcanization (RTV) silicone rubber. First, conductive patterns were printed on
paper using one syringe, and then RTV silicone rubber was overprinted using another syringe to
get three-dimensional hybrid electro-mechanical devices on paper.

In an alternative direct printing method, Kim et al. used a custom print head with an orifice to
jet liquid metal onto the desired substrate [123]. This custom print head has HCl-impregnated
flattened paper near the orifice to reduce oxidation and ease jetting. Another group of researchers,
Boley et al. used a direct writing method to pattern a liquid metal structure on a substrate [34].
In this method, a stationary syringe needle was used to dispense liquid metal onto a movable
substrate by using a syringe pump. Both Boley et al. and Kim et al have used a syringe pump to
feed the liquid metal through the nozzle. The detailed procedure to fabricate the custom print
head by Kim et al can be found in the literature [123]. The writing system reported by Boley et
al is schematically illustrated in the Figure 2.7. Boley et al observed that for stable writing, the
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ratio of standoff distance (hy) above the substrate and the inner diameter (ID) of the writing
nozzle must not exceed a critical value (ho/ID < ~ 0.21 for stable writing) [34]. No failures were
observed at very close distances, but there would be a possibility for the tip to contact and drag

accidentally if hy was set too low.

Stationary
Dispensing Needle

Syringe Pump
p
Figure 2. 7: The schematic of direct writing with dispensing needle adapted from [34]. Copyright

WILEY 2014 reprinted with permission.

Inkjet printing of liquid metals is another fabrication technique, which results in the same pressure
driven 2D structure but has different post-processing requirements to ensure proper coalescence
of jetted droplets. Compared to the direct writing by Boley et al., inkjet printing has more size
restrictions. For the inkjet printing system reported by Kim et al., the flow rate of liquid metal
through the nozzle determines the size of the jetting droplets. For nozzles made of pure PDMS,
flow rates below 0.5 mL/min could not overcome the surface tension caused by the native oxide
to jet droplets and a large droplet at the outlet can continuously increase in volume. For the HCI-
impregnated tip, the pinched off droplet diameters at this flow rate were approximately 500 pm.

At higher flow rates, faster jetting produces smaller droplets (as small as 1 pm diameter) [123].
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These techniques are comparable with traditional inkjet printing. The suitability of inkjet printing
technique to any ink or fluid mainly depends on how the jet undergoes breakup to form droplets,
which is governed by the fluid properties, i.e. viscous, inertial and surface tension forces. The
fluidic properties of the liquid metal alloys do not favor its use in inkjet printing techniques
without modifying those properties. On top of that, the oxide skin formed on to the liquid metal
surfaces also impedes the droplet formation. For instance, Guangyong et al. used HCL vapor to
consistently remove oxide skin from liquid metal and successfully utilized in the inkjet printing
system without modifying the fluidic properties itself [162]. On the other hand, Boley et al have
proved that if the dispersion of mechanically sinterable EGaln nanoparticles is used, inkjet
printing is a means for liquid metal devices like arrays of strain gauge with intricate wiring and
contact pads [163]. Briefly, the dispersion of thiol-capped EGaln nanoparticles (180 ~ 600 nm)
was fabricated using multiple sonication stages of bulk liquid metal and ethanol/thiol solutions.

The minimum reported feature size from 2D direct patterning is 45 pm [123]. Though the main
advantage of this technique is the possibility of producing any arbitrary 2D structure, the major

drawback is the requirement of a relatively complicated support system.

2.2.3.2 Pressure-driven 3D structure

Ladd et al. reported direct-write patterning methods to fabricate free-standing liquid metal
structures, wires, fibers, arrays of droplets and array of in-plane free-standing lines [106]. A
stationary syringe needle is used to extrude the liquid metal onto a movable, controlled stage and

a syringe pump is used to apply appropriate pressure on the syringe.
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To form the wires (Figure 2.8(a)), a modest gauge pressure (< 5 kPa) is applied on the syringe.
As a result, a bead of liquid metal is built-up at the tip of the needle. If the metal contacts the
substrate and the syringe is taken away slowly with constant pressure, a wire forms and elongates
because of the tensile force generated due to the oxide layer. Wire forming is terminated by
applying a vacuum on the syringe. By this method, a wire 1 cm long and 30 pm wide has been
fabricated successfully.

Secondly, fibers (Figure 2.8(b)) are produced by quickly expelling the liquid metal from the syringe
using a burst pressure (~ 60 kPa). The stack of droplets shown in Figure 2.8(c) is fabricated by
forming droplets using short burst pressure (20~60 kPa for 1~2 ms). The syringe needle carries
the droplet until it touches the previous droplet. The droplets contact each other without

coalescing into one bigger droplet.

1 mn‘i

— 1'..!
Figure 2. 8: (a) Formation of free-standing wire, (b) The suspended fibers using short burst
pressure and (c) stacking the liquid metal droplets (adapted from [106]. Copyright WILEY 2013

reprinted with permission).
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2.2.3.3 Dielectrophoresis based 3D structure

Tang et al. [125] introduced a novel technique to create 3D microstructures of liquid metal using
dielectrophoresis (DEP). The process starts with producing microdroplets (0.1 pm ~ 0.35 pm) of
galinstan in deionized (DI) water with the help of ultra-sonication. In the second step, the
microdroplet suspension was applied to a DEP platform having pairs of planar chromium/gold
microelectrode pads with a diameter of 80 pm and a similar microelectrode island between each
pairs of pads. The gap between these microelectrodes was only 40 pm. The electrically conductive
liquid metal droplets were immobilized between the microelectrode pads when a sinusoidal signal
(15 V, 20 MHz) was applied. This immobilization was caused mainly by the DEP force. Finally,
NaOH solution was used to partially remove the oxide skin formed on microdroplets letting them
to amalgamate on gold microelectrode pads. Then, a high flow is used to wash out the unmerged
droplets, which then results in the formation of 3D microelectrodes of liquid metal with a spherical

cap as shown in the Figure 2.9.

2.2.3.4 Laser patterning

Direct patterning of liquid metal electrodes by using laser cutters was reported by Lu et al. [126].
In this method, a commercial CO; laser cutter (VLS 3.50, 30 W) was used to remove liquid metal
in a subtractive manner. As shown in Figure 2.10, the process starts by encasing a thin layer of
liquid metal between two layers of PDMS. The top layer of PDMS is cast and cured on top of the

EGaln to contain it, helps in initial removal of material by highly absorbing the laser light, and
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protects the EGaln layer from excessive oxidation and debris contamination during the laser

cutting process.

(d) Apply NaOH solution

(a) Gold electrode pad Merged Galinstan droplets

Island

SU-8 layer

N

Flow

Increase AC signal magnitude
(b) Galinstan droplets (e)

(f) Apply high flow rate
3D electrode

Figure 2. 9: (a) The DEP platform with pairs of microelectrode pads and islands. Immobilization
of liquid metal microdroplets by electrophoresis after (b) 10 sec and (c) 20 sec. (d) Application of
NaOH solution and (e) increasing AC signal magnitude to merge microdroplets. (f) High flow rate
is used to wash out the unmerged droplets and finally (f) the SEM image of liquid metal 3D
microelectrodes using dielectrophoresis (adapted from [125]. Copyright WILEY 2015 reprinted

with permission).
When the COs laser is applied at the desired location, the energy from the laser vaporizes the top
and bottom PDMS layers. The higher vapor pressure of vaporized PDMS punctures the liquid

film and escapes, which results in a patterned planar structure of liquid metal. The technique uses

the native Ga,O; layer as an advantage, as the oxide can stabilize the EGaln in its displaced
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position and permit features approaching 100 pm to be produced rapidly. Once the metallic
features are patterned, a new layer of PDMS is cast on the structure to produce the fully encased
electrodes. Using this technique and electrically conductive silicone composite materials, soft

matter sensors for pressure measurements and a flexible LED circuit were successfully

demonstrated.
Vaporized \F;scaping
CcO, PDMS apor
EGaln PDMS i B v\ [‘/v

(a) (b) (c) (d)
Figure 2. 10: Direct patterning using a laser. (a) Liquid metal encased between two PDMS
layers, (b) application of CO; laser, (c) locally vaporized PDMS and (d) vapor is escaping results
patterned planar structure (adapted from [126]. Copyright WILEY 2014 reprinted with
permission).

2.2.4 Casting
In these processes, the liquid metal alloys are filled into a mold with a patterned cavity using

different techniques and allowed to solidify by freezing, when required.

2.2.4.1 Needle injection

Injection casting is the most widely used method to pattern 2D and 3D structures of liquid metal.
Unlike all the previous techniques listed for direct printing, imprinting and stenciling, the use of
injection permits much higher degree of control over the electrode dimensions, and cross-section.
This advantage is balanced by the more complex processes necessary to produce the sealed

channels in the first place, and the requirement for all features to be connected for a given injection
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step, which is a major drawback for more complex circuitry. Researchers have used the injection
method in a great variety of applications ranging from flexible electronics to soft artificial skin
[118,127-132,134-146,164]. In one particular implementation of the injection process, a flat glass
plate is placed against a PDMS mold produced by casting or any other means. For example,
White et al. [164] used a rod-coating technique first to prepare elastomer films and then laser
ablation to fabricate micro-channels. Then, one syringe is inserted at one end to inject the liquid
metal, and another syringe is inserted at other end to permit air to escape. Once the infiltration
is done, the patterned liquid metal is frozen. Finally, if necessary, the solid structure can be

embedded into elastomers. The steps involving needle injection casting are shown in Figure 2.11.
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Liquid metal Jll FoMS Mold | Glass slide

Figure 2. 11: Needle injection of liquid metal. (a) The PDMS mold, (b) injection of liquid metal,
(c) liquid metal filled channels and (d) solid structure of EGaln (inspired by [128]).

This freeze casting technique was developed to permit multiple independent electrodes, and 3D
liquid metal structures to be produced, removed (as solids), and then arranged in new positions

before casting a new encapsulating PDMS layer. While necessitating much more manual operation
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to arrange electrodes in place, it can produce multi-thickness electrodes with high dimensional
accuracy at independent locations within a solid elastomer block. The major disadvantage of this
technique is the requirement to do all solid metal handling at significantly reduced temperatures,
necessitating a cold plate within a humidity-controlled chamber to prevent condensation during
the work. PDMS was cured at room temperature or higher as well, which meant that some
complex features distorted as they were molten during the PDMS cure. A lower temperature
curable PDMS or alternative mechanisms such as UV curing could permit encapsulation while
the alloy was still solid [128].

It is also possible to use an elastomer mold with an enclosed 3D cavity instead of using a glass
plate to seal the top of the mold [127,129-131]. Zhao et al. used the same method with high
pressure (~10MPa) infiltration of liquid metal into hollow silica fiber and fabricated 150 nm
diameter nanowires [118]. It is also possible to guide the liquid metal while filling with needle
injection by using inherently aligned PDMS micro-pillars. So and Dickey fabricated devices by
injecting liquid metal into 1000 pm wide channels between micro-pillars with only 50 pm spacing
[130]. The oxide layer of liquid metal helps to flow along the electrode channel without leaking
through the micro-pillars because of the very small gap between two neighboring micro-pillars
compared to the width of the microfluidic channel. Needle injection method is a very fast, reliable
and simple process. It can produce 3D structures with smoother sidewalls than most alternatives.

One commonly faced problem is air trapping in a complex structure during infiltration.
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2.2.4.2 Vacuum-assisted infiltration

Vacuum-assisted casting is best when fabricating 3D deep features. This method eliminates the
problem of air trapping with needle injection, particularly if sharp changes in thickness are desired.
One variation of vacuum-assisted casting was applied in conjunction with the freeze casting
methods described earlier. As depicted in Figure 2.12, in this technique an initially excess amount
of liquid metal is poured onto the PDMS mold. Then using a vacuum, any trapped air or air
bubbles are removed, but their passage through the metal will leave small holes in the liquid alloy.
Once degassing is done, the liquid metal layer is reformed without holes by perturbation of the
mold while maintaining the vacuum. Release from vacuum helps to fill the mold completely, and
excess materials can be removed by scraping the top surface. Finally, the liquid structure is frozen
and the solid features removed for future embedding in a new PDMS casting.

An alternative vacuum assisted casting technique was described by Cumby et al. who used a
polyimide film with 0.4 pm vertical pores to fill a mold quickly with liquid metal [150]. Liquid
metal is filled between the porous film and the mold. The required pressure for liquid metal to
enter the sub-micron sized pores is very high, so only air can enter the pores and become evacuated
rapidly throughout the whole area while applying suction. To increase horizontal degassing, a
textile can also be introduced between the vacuum table and vertically porous film as shown in
Figure 2.13.

This vacuum-assisted infiltration has a higher filling rate compared to needle injection. But it also
requires the repeated process to ensure no air is trapped inside the complex structure with different
channel height. The reported minimum feature size using vacuum-assisted infiltration is 250 pm
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[150]. This technique is suitable for structures with deep features. Unlike needle injection, it does
not need two terminals to allow air escaping and infiltration. This technique is very similar to the
technique used in microfluidics by Siegel et al. with low melting point metal (i.e. solder) [165].
Microsolidics basically uses techniques based on microfluidics, but ultimately develops solid metal
structures. As an additional step, the inner surfaces of the microchannels were treated with plasma
oxidation and silanization with (3-mercaptopropyl)trimethoxysilane to decrease surface free

energy enhancing the wettability by the molten metal.
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Figure 2. 12: Vacuum-assisted infiltration. (a) PDMS mold, (b) liquid metal is poured onto
PDMS mold, (c¢) degassing in vacuum creates holes in the liquid metal layer to help air escaping,
and perturbation helps to fill, (d) liquid metal is filled into channels, (e) excess amount of liquid
metal is scraped and (f) after freezing the solid structure of EGaln (inspired by [128]).
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Figure 2. 13: Approach for faster vacuum infiltration of liquid metal into PDMS mold (adapted
from [150]. Copyright WILEY 2012 reprinted with permission).

2.3 PARTICULARITIES AND OPPORTUNITIES OF LIQUID METAL
MICROSTRUCTURES

While working with liquid metal, researchers have faced some challenges which limit its

application. Some of these challenges have been overcome and reported by others. But still, there

are some opportunities for further research. In this section, all the difficulties and their reported

solutions are described. It also includes undone opportunities for future work.

2.3.1 Wetting Property Due to Oxide Layer

Gallium-based liquid metals form a thin passivation oxide layer on all exposed surfaces when in
contact with atmospheric oxygen. This oxide layer has high surface energy, which causes the liquid
metal to wet almost any surface and complicates its liquid behavior as it has both fluid and solid
like behaviors. From Pourbaix diagram [166], this amphoteric oxide can be removed by acidic
environment (pH < 3) or basic environment (pH > 10) [167]. There are some reports where

researchers successfully controlled the wettability of liquid metal and removed the oxide layer
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with techniques ranging from acid treatments, electrochemical reduction in electrolytes and even

ultra-low oxygen environments [76].

2.3.1.1 Recovery of the non-wetting characteristic by acid treatment

Though the oxide layer formed on the liquid metal surface increases the stability of the structures
in microchannels, it also causes viscoelasticity of the liquid metal resulting non-uniform shape and
making the liquid metal behave as a non-Newtonian liquid. Firstly, Zrnic et al. [112] and Dickey
et al. [89] successfully removed the oxide layer by treating with diluted hydrochloric acid (HCI)
solution. The possible reactions of the acid with the metallic oxides in Galinstan or EGaln are as

follows [168]:

HCl+ Ga,0 + Ga,03 = GaCl, + GaCl; + H,0
HCl + In,05 = InCl; + H,0 (2.1)
HCl+ Sn0O - $nCl, + H,0

The primary reaction of importance is that of the gallium oxides to form gallium chlorides because
gallium is the primary oxide formed on the liquid metals. Attractively, the chlorides that are
formed do not have the same effects on liquid metal flow and wettability and permit the drop to
behave more like a pure liquid. Later on, instead of using HCI solution, Kim et al. [169] used HCI
vapor to recover the non-wetting property of the liquid metal by keeping a pendant drop of HCI
(37 wt %, ~5 pL) just 2mm away from the liquid metal droplet for only 15 seconds. Before the
HCI treatment, due to the oxide skin, the drops of liquid metal had non-uniform shape with 127.6°
contact angle on a glass substrate, whereas after the treatment, the shape became uniform and

contact angle increased to 139.5° on the same substrate. Kim et al. also performed a bouncing
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test, which illustrates the non-wetting property of liquid metal after HCl treatment. An HCI
treated Galinstan droplet of ~10pnL was dropped from 3.5 cm height onto a Teflon-coated glass.
The droplet bounced back rather than sticking to the surface. The time-lapse images of the droplet
can be found in [169]. Researchers removed the oxide by the acid treatment and were successful
in their applications. These include demonstration of movement of liquid metal in a microfluidic
channel formed on HCl-impregnated paper [170] and a technique for selectively erasing and
refilling unit cells of liquid metal based terahertz metamaterials [171].

Besides HCI, sulfuric acid (H2SOs) was also used to treat microfluidic channel inner walls to
improve the non-wetting property of liquid metal [172]. Oxidized galinstan droplets were created,
transported, separated and merged successfully in HoSO, treated microfluidic channels, which

demonstrates the possibility of reconfigurable applications.

2.3.1.2 Micro-texturing to control wettability

When a droplet of liquid metal is dropped on to any metallic surface, it may exhibit poor wetting
with a very high contact angle or partial wetting with comparatively lower contact angle.
Moreover, partial wetting has two cases, conventional partial wetting with no morphological
change and partial wetting followed by reactive wetting with penetration into grain boundaries.
In the case of reactive wetting, contact angle changes to a very small equilibrium value, making
the liquid metal completely spread over the substrate [173]. Kramer et al. [174] have analyzed the
wetting behaviors of liquid metal on bare and sputtered indium (In), and tin (Sn) foils. Analogous

to controlling hydrophobicity of a surface by micro-texturing on it [175], the metallophobicity of
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the foil substrates can be controlled by the surface roughness resulting from the sputtering
operation. Due to the lower indium percentage in galinstan (21.5%) compared to EGaln (24.5%),
galinstan was found to partially wet indium foil, whereas EGaln highly wets. On the contrary,
galinstan reactively wets tin foils because of the presence of tin (10%) in galinstan. It has been
confirmed using EDS, after reactive wetting, the percentage of tin in that interaction zone

increased to 19.68% =+ 0.2% [174]. The results are summarized in table 2.3.

Table 2. 3: Wetting behavior of EGaln/Galinstan on to Indium/Tin Substrates (inspired by
[174]).

Liquid Metal Substrate Material Sputter Material Type of Wetting

EGaln Silicon Indium No Wetting
Indium Foil Indium Reactive Wetting
Tin Foil Indium Partial Wetting

Galinstan Silicon Tin No Wetting
Indium Foil Tin Partial Wetting
Tin Foil Tin Reactive Wetting

Li et al. demonstrated that a textured PDMS surface also enhances the non-wetting property of
liquid metal [172]. First, the dual-scale micro-textures of normal A4 paper were transferred to the
inner walls of PDMS microchannels. Then, for further improvement, titanium oxide (TiO-)

nanoparticles were coated on the micro-textured PDMS surfaces. It showed the highest advancing
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angle of 167° and the lowest receding angle of 151°, a low hysteresis of only 16°. These results
suggest the possibility of this surface modification for reconfigurable/tunable electronic

applications.

2.3.1.3 Super-lyophobicity with multi-scale textured PDMS

There are some applications not requiring the elimination of the oxide skin. Rather than removing
the oxide layer, the non-wetting behavior of liquid metal can also be maintained even with the
oxide present. Kim et al developed a super-lyophobic three-dimensional PDMS channel to
manipulate oxidized galinstan without wetting the surface [176]. Experiments to check the
lyophobicity of modified PDMS surfaces in contact with already oxidized galinstan droplets were
performed. These PDMS surfaces were textured with micropillars and microridges with or without
a coating of fluoropolymers including Teflon and Cytop. It was found that the multi-scale textured
PDMS micropillars with 75pm diameter and 100pm spacing coated with fluorocarbon polymer
experience super-lyophobicity. It has a static contact angle of 156.9°, which is beyond the super-
lyophobic regime of 150°. Also, it is believed that another reason for this super-lyophobicity is the
low solid-fraction (f) due to the additional surface roughness of the multi-scale textured

micropillars.

2.3.1.4 CNT based super-lyophobic surface

Kim et al. reported that a vertically aligned carbon nanotube (CNT) forest could contribute to
maintaining lyophobicity of the PDMS surface in contact with galinstan [177]. Hierarchical

micro/nanoscale combined structure of CNT is proved to have super-repellent property in contact
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with oil or water [178-181]. First, the vertically aligned CNT was grown using chemical vapor
deposition (780°C, 5 min) on an iron coating (6 nm thick) deposited by e-beam evaporation on a
Si0,/Si substrate. Then, a nano-imprinter was used to transfer the CNT forest from the Si
substrate to the PDMS sheet. Finally, the static contact angle, dynamic contact angle, bouncing
test and rolling test of galinstan droplet were measured and performed with (i) CNT on Si
substrate, (ii) CNT on PDMS sheet with 0%, 50% and 100% stretching and (iii) CNT on PDMS
with 0.1 mm™ and 0.4 mm™ curvature. Rolling tests of 7.8uL and 1.6pL droplets on curved PDMS
sheets with CNT forest were performed by Kim et al., which proves the non-wetting behavior of

galinstan as no residue was seen on the surfaces after rolling tests.

2.3.2 Critical Dimension and Line Edge Roughness

In microfabrication, the resolution and precision of patterning structures are characterized by two
significant criteria, critical dimension [182] and line edge roughness [183]. The critical dimension
is the size of the smallest possible feature fabricated, and line edge roughness measures the edge
deviations of a critical dimension. Some techniques discussed in this review result in higher edge
roughness. Except for needle injection and imprinting using molds, no other technique has been
reported to fabricate features smaller than the micrometer range. Most of the techniques can
develop patterns on the order of 100 pm in minimum dimension. Casting by needle injection and
vacuum assisted filling produce relatively smooth walls and lines (which are primarily determined
by the original molding process used to make the channels) when compared to all direct printing

or patterning methods described to date. Pure liquid gallium was found inside carbon nanotube
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(CNT) [184,185], which means it may be possible to produce finer features of liquid metal. Further
research is required to enhance the resolution of the liquid metal structures by fabricating even

smaller features in the submicron scale.

2.3.3 3D Freestanding Microstructures

Though the three-dimensional freestanding microstructures have been produced by Ladd et al.
[106], they have not yet been utilized in any application. These structures also have issues with
stability, repeatability, etc. To overcome these issues, the additive technique, 3D printing may be
useful to fabricate liquid metal structures embedded in 3D printable elastomers or plastics. Wang
and Liu utilized liquid phase 3D printing using the BissInuseSniseZngs alloy to quickly fabricate
conductive metal objects with the help of cooling fluid to prevent oxidation [186,187]. The liquid
phase 3D printing technique by Wang and Liu might be adopted to print liquid metal alloy.

However, it remains to be proven how well the 3D patterns can be utilized in real-life applications.

2.3.4 Reconfigurability

Reconfigurable electronics refer to adaptive, multifunctional future devices for information and
communications technology. Conventional reconfigurable devices use mechanical switches,
transistors, diodes, or varactors to change the radiofrequency (RF) properties (e.g., resonant
wavelength) by dynamically altering the static layout of electrical interconnects [188]. However,
these conventional approaches have a limited variability and range of states. More versatile devices
with the ability to dynamically reconfigure, tune, erase or write electrical circuits are possible if

incorporating liquid metal components. Recently, the use of liquid metal in reconfigurable
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microstrip RF filters [189,190], wideband RF switches [191], frequency selective surfaces (FSS)
[192], antennas [16,129,193-196] and plasmonic devices [197] have been reported. In these
applications, though the control of current paths is significantly enhanced by pneumatically
actuating liquid metal using pumps or contact pressure, the use of an external control system
increases overall complexity, reduces switching speed and is unable to reconfigure actual wires.
These limitations can be overcome by enabling continuous electrowetting (CEW) [12] or Laplace
pressure shaping [150] to actuate liquid metal in a capillary.

Researchers are still working on the shape reconfigurability. Due to the oxide skin, some residual
amount of liquid metal remains in the channel even after evacuating that. Acid vapor treated
surfaces [101,195,198], lyophobic surfaces [176,177,199], micro-textured surfaces [173,174]
discussed in section 3.1 can be useful to control the wettability of liquid metal in reconfigurable
devices and eliminate this residual material. However, the use of harsh chemicals (e.g., acid vapor)
may not be desirable in many applications. Also, surface modification requires some additional
steps and increases overall process complexity. Other successful research on enhancing

reconfigurability of liquid metals is discussed below.

2.3.4.1 Use of carrier fluid

A simple method to prevent wetting of microchannels by liquid metal is to use an aqueous solution
of 20 wt% poly (ethylene glycol) (PEG) and 5 wt% sodium dodecyl sulfate (SDS) [200]. The
solution acts as a carrier fluid of liquid metal by assisting in forming microdroplets of liquid metal

and maintains their spherical or non-spherical shape within microfluidic channels without adhering
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to each other and channel wall. Though this water-based technique is useful in reconfigurable
applications, water is not ideal for RF applications due to its high loss at high RF frequencies.
In addition to the use of carrier fluid, surface modification of the channel walls would also enhance
the non-wetting property of the liquid metal. For instance, Koo et al. investigated the use of
carrier fluid in microchannels coated with other materials to minimize EGaln fragmentation and
EGaln residues on PDMS-based microfluidic channels during repeated actuation of an EGaln plug
for tunable RF applications [201]. It was found that a PDMS microchannel coated with 2 % of
nonionic surfactant TWEEN 20 (Sigma, Saint Louis, MO) or 5 % of hydrophobic PTFE resulted
in no residue of liquid metal even with the repeated flow when using high viscosity oil (Hydrocal
2400) as a carrier fluid. The stable result confirms the fulfillment of the requirement for repeated
reconfiguration of RF devices. In another method, Khan et al. used water as an interfacial slip
layer in a microchannel, which allows the liquid metal successfully to flow across the channel
surfaces without sticking to it [202]. The microchannel was first prefilled with water, and then the
liquid metal plug was injected. The water slip layer acts as a lubricant and allows continuous
electrowetting (CEW) of the plug [203]. Unfortunately, the water evaporates relatively quickly,
and after 10-12 minutes, there was insufficient water lubrication to prevent direct contact of the
liquid metal with the channel sidewalls, and the slipping behavior was lost.

2.3.4.2 Recapillarity

Oxidation increases the surface tension of gallium based liquid metal alloys. For instance, the
EGaln droplet with oxide skin has an effective surface tension of around 624 mN/m [112] but will

highly wet surfaces when the oxide is breached, whereas the oxide-free droplet has only 435 mN/m
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surface tension [76,111] but can be non-wetting if the oxide formation is suppressed. Therefore,
the oxide skin acts as an intrinsic “surfactant.” The formation of oxide skin has been regulated
by electrochemically depositing or removing with the help of very small voltage (<1V) [91]. Hence,
the interfacial surface tension of liquid metal droplet was controlled using potential — that is,
electrocapillarity. Tang et al. successfully steered liquid metal flow in microchannel using low
voltages [204]. Khan et al. also successfully controlled the flow direction of liquid metal in a
microchannel by application of a voltage in the presence of 1M NaOH [91]. It was found that the
oxide skin can be removed by applying a modest reductive voltage (e.g., 1V) to induce capillary
behavior. The introduction of capillary behavior of liquid metal by applying reductive voltage is
termed as “recapillarity” [91,205]. Recapillarity enables liquid metal to flow in a microchannel
without leaving any residue (Figure 2.14), which is the requirement of reconfigurable electronics
applications. The biggest disadvantage of the electrochemistry is the need for a continuous power

supply to maintain oxide-free metal.

Figure 2. 14: Recapillarity in action. The liquid metal is withdrawn by applying small voltage
without leaving any residue in a microchannel (adapted from [205]. Copyright WILEY 2014
reprinted with permission).
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2.3.5 Corrosive Nature of Liquid Metal

Deng and Liu [206] observed the corrosive nature of liquid gallium, but this issue can be resolved
using contactless geometry [206]. Not only the liquid gallium, galinstan and EGaln alloys also
have corrosive nature, which can be avoided using a multilayer graphene diffusion barrier [94].
However, the issue with corrosive nature of these liquid metals is something that has not been
fully addressed in the literature and may have implications for long term use of these materials.
It is believed that this is the amalgamation effect, for which the alloying process starts when liquid
metal is in contact with other metals. It results in a new alloy with different composition

accompanied by the corrosion of original solid metal.

Table 2. 4: Summary of the results of experiments to check the corrosive nature of liquid metal

with common solid metals at room temperature (RT) and elevated temperatures

Materials Samples No noticeable Completely
corrosion until destroyed in
Aluminum Tubes (OD: 1.6 mm, ID: 0.9 mm 5 mins at RT; 30 mins at RT;

and length: 4 mm)

Brass Tubes (OD: 1.6 mm, ID: 0.9 mm 24 hrs at RT; 3 hrs at 230 °C;

(C36000) and length: 4 mm) 5 mins at 100 °C;

Copper Rectangular sheet (3 mm x 3 mm 24 hrs at RT; 1 hr at 230 °C;
x 0.12 mm)

Stainless steel Washer (OD: 7 mm, ID: 3.2 mm, 5 hrs at 230°C -

(316) and thickness: 0.65 mm)
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To demonstrate the damaging nature of galinstan, we tested several small pieces of different
materials as summarized in Table 2.4 and shown in Figure 2.15. We kept the samples in contact
with Galinstan for different lengths of time and at different temperatures. It was found that
galinstan starts corroding the aluminum samples within 5 minutes and it destroys the aluminum
samples in around 30 minutes even in room temperature. Compared to aluminum, brass showed
less vulnerability with galinstan. At room temperature, no noticeable corrosion was seen in brass
samples up to 24 hours. But it starts corroding the brass samples in about 5 minutes when heated
at ~100°C, whereas at 230°C, the brass sample was completely corroded in galinstan within 3
hours. Copper samples also did not show any noticeable corrosion while keeping in contact with
galinstan at room temperature up to 24 hours. But at higher temperature copper samples were
corroded in galinstan over time, it took around one hour to corrode completely at 230°C. Among
them, stainless steel showed superior resistance to the corrosive nature of galinstan. The washers
made of stainless steel were not corroded even after 5 hours of heating at 230°C. Physically, it
only changes the appearance to a reddish color. SEM images of the non-exposed washer and
exposed washer (230°C for 5 hours) also confirm no significant change in surface topology.
Therefore, for low-temperature applications, brass electrodes might serve the purpose of external
wiring, but for higher temperature applications, stainless steel must be used. Aluminum is not
recommended for this wiring purpose regardless of the working temperature. To overcome the
challenge with direct-contact corrosion of liquid metal, co-axial extrusion of liquid metal wires

already encapsulated in the thermoplastic shell might be a part of the future work. Still, it should
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be considered that higher temperature exposures for these liquid metals may lead to damage to

the extrusion die.

2.4 DISCUSSION AND CONCLUSION

Liquid metals can be processed with a variety of techniques to produce 2D or 3D microstructures
embedded in elastomeric materials to perform as a highly stretchable, flexible, lightweight, self-
healing devices with comparable conductivity with metals like Cu, Au, etc. This report highlights
the recent research on liquid metals and their fabrication processes to aid those interested in
manufacturing new stretchable, electronically functional smart materials. All the available
fabrication techniques are grouped into four major categories such as masked deposition,
imprinting, direct patterning, and casting. In each major category, there are some techniques
involving different methods to develop liquid metal structures. In this report, a total of 12 different
fabrication techniques with their unique advantages and disadvantages have been discussed. The
minimum feature size reported using the corresponding techniques have also been summarized in
Table 2.2. Needle injection and direct 3D patterning are the currently available processes for
three-dimensional structures. On the other hand, imprinting and masked deposition processes are
dedicated to planar structures. Imprinting using a mold and stamp are the simplest processes to
fabricate 2D structures, but imprinting using a stamp is limited for relatively large features (~
750 pm). The techniques reported up to now have relatively poor resolution compared to the
conventional microfabrication techniques for polymers. The biggest challenge is, coercing the

liquid metal into the micro / nano-sized feature because of the oxide skin and large surface tension.
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But pure liquid gallium inside carbon nanotube (CNT) has been studied, which suggests a new

horizon of possibility to create finer features of liquid metal.

After fabricating the functional structure, suitable wiring plays an important role in utilizing the
designs in their applications. Most applications require connecting the liquid metal with other
conductive components for electrical contacts. Gallium alloys with other materials, which may
limit its use with a variety of possible electrode materials. For instance, if an aluminum thin film
is used in direct contact with gallium-based alloys, aluminum readily is corroded even at room
temperature. This phenomenon may be prevented using a multilayer graphene diffusion barrier
or selection of chemically resistant metallic electrodes but needs to be considered for the expected

lifetime and temperature range of the expected liquid metal application.
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Figure 2. 15: (a) Non-exposed aluminum sample, exposed aluminum sample for (b) 15 minutes
at room temperature, (c¢) 5 minutes at 100°C, (d) completely dissolved aluminum at room
temperature for 30 minutes (e) Non-exposed brass sample, (f) exposed brass sample for 5 minutes
at 100°C, (g) exposed brass sample for 2 hours at 230°C (h) completely dissolved brass for 3 hours
at 230°C (i) Non-exposed Cu sample, (j) exposed Cu sample for 15 minutes at 100°C, (k) exposed
Cu sample for 30 minutes at 230°C, (1) completely corroded Cu sample after 1 hour at 230°C and
(m) non-exposed 316-stainless steel washer [right] & exposed washer [left] for 5 hours at 230°C.
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3.CHAPTER: PRINTING WITH

MECHANICALLY INTERLOCKED

EXTRUDATES USING A CUSTOM BI-

EXTRUDER FOR FUSED DEPOSITION

MODELLING'

3.1 INTRODUCTION

Additive manufacturing (AM) is a group of techniques that use three-dimensional computer-aided-
designs (CAD) to fabricate a three dimensional object by selectively adding materials, usually
layer by layer, as opposed to the traditional subtractive manufacturing techniques like computer
numerical control (CNC) machining where the desired object is fabricated by selectively removing
the material [25]. The considerable benefits of AM technologies include, but are not limited to,

higher fabrication speed, minimal material wastage, higher complexity of fabricated objects, and

" A version of this chapter has been published as: Khondoker, Mohammad Abu Hasan, Asad, Asad and
Sameoto, Dan; Printing with mechanically interlocked extrudates using a custom bi-extruder for fused
deposition modelling. Rapid Prototyping Journal. 24(6): 921-934. Reproduced with permission from Emerald
Publishing.
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reduced numbers of processing stages [207]. In 2009, the American Society for Testing and
Materials (ASTM) approved a set of standard terminologies, where all the AM techniques were
classified under seven major groups [208]. Table 3.1 shows a brief description of common AM

techniques.

Table 3. 1: Brief description of the major classes of AM techniques [25,208].
Serial Major Classifications Brief Description Other Processing Techniques under

this Category

1. Binder Jetting A liquid bonding agent is

selectively deposited on

powdered build material

by means of an inkjet

head
2. Directed Energy Powdered build material Laser Metal Deposition (LMD),
Deposition is selectively deposited Laser Engineered Net Shaping

into a heated zone by a (LENS)
focused thermal energy

3. Material Extrusion A molten material is Fused Deposition Modelling (FDM)
selectively deposited [209]

from a heated nozzle
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4. Material Jetting Droplets of build PolyJet Technology (PJT)
material (usually
photopolymers and wax)
are selectively deposited
from an inkjet head

5. Powder Bed Fusion An energy beam Direct Metal Laser Sintering
selectively fuses (DMLS), Electron Beam Melting
powdered build materials (EBM), Selective Heat Sintering

(SHS), Selective Laser Melting
(SLM) [210] and Selective Laser
Sintering (SLS) [211]

6. Sheet Lamination Patterned metal sheets Laminated Object Manufacturing
cut by a laser are bonded (LOM) [212], Paper Lamination
to each other Technology  (PLT),  Ultrasonic

Additive Manufacturing (UAM)
7. Vat A light curable resin in a Stereolithography = (SLA)  [213],
Photopolymerization — vat is selectively cured Digital Light Processing (DLP),

by polymerization

Although ASTM International defines 3D printing as a group of technologies where the build

material is selectively deposited using a print head or nozzle realizing the overall 3D object [208],
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the term “3D Printing” is sometimes synonymously used with AM techniques. Among these AM
techniques, FDM style 3D printing is an extrusion-based technique which involves low cost,

efficient deposition of material and minimal wastage.

In FDM, a filament (mostly thermoplastic material) is fed from a material spool to the print head
by a motor-gear feeder assembly. The print head consists of a melt-chamber, a heater block, a
temperature sensor, and a nozzle. The heater block and temperature sensor are synchronized with
a temperature controller to maintain the desired temperature of the melt-chamber. The fed
filament is melted in the melt-chamber and then extruded through the nozzle orifice. Although in
most FDM systems the print head moves along horizontal X and Y — axes, the mechanism of Z-
movement may vary. Some systems have the print head movable along the Z-axis as well, while
in other systems the Z-movement is achieved by moving the print bed itself. The molten material
is deposited as successive 2D layers, where each new layer is added on top of the prior one, finally

constructing the 3D object [214]. Figure 3.1 shows the schematic diagram of a typical FDM system.

There are some major limitations of FDM parts, such as inherent poor surface finish with ridges
[215-217], low inter-layer bond strength [218], limited printing resolution, etc. In FDM parts, both
intra-layer and inter-layer bonding are crucial in determining the overall mechanical strength of
the printed object. However, generally the bonds between layers are not strong compared to that
of other AM techniques [216]. It is worth noting that the mechanical strength is higher in the
direction of deposited extrudates compared to that in the transverse direction [219]. Mechanical

abrasion and solvent-vapor smoothing are the commonly used post-processing techniques to lower
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the surface roughness [220,221]. Although using a smaller nozzle improves surface quality, it also

increases overall printing time which is not typically desirable.

Most FDM systems use non-flexible, non-stretchable materials like ABS, PLA, HIPS, Nylon and
many other hard thermoplastics. A few FDM systems can also print objects using specially
modified semi-flexible but non-stretchable materials like NinjaFlex® commercialized by NinjaTek.
There has been very limited reported work where soft elastomers are employed in FDM systems,
however Elkins et al. modified the feeder system of a commercial printer to accommodate soft
thermoplastics with hardness of 72 and 78 Shore A [222]. To the best of the author’s knowledge,
there are no available printers that use very soft thermoplastic elastomers like styrene ethylene
butylene styrene (SEBS) based Kraton G1657 with hardness of only 47 Shore A [223]. The
capability to print very soft stretchable materials like SEBS is highly desirable for fabricating
tunable electronic devices [52,224] and is something that eventually this extruder is intended to

achieve.

Filament being fed

Extruder assembly
Material spool

Printing bed

Figure 3. 1: Schematic of a typical FDM system (red arrows show the movement directions)
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Most commercial FDM systems extrude only a single structural material. Currently, there are
several commercially available FDM systems which can print multiple materials with separate
nozzle systems. For instance, RoVa3D commercialized by ORD Solutions uses 5 separate nozzles
for 5 different filaments. However, printing of functionally gradient material (FGM) requires use
of a single nozzle for multiple materials which is an area still largely unexplored. The FGM defines
a special class of engineering materials exhibiting spatially inhomogeneous content, tailoring the
devices made of this material to specific functional and performance requirements [225-227]. In
the last few years, a few studies were reported to print FGM devices using other AM techniques.
For example, Bruyas et. al. successfully fabricated multi-material compliant joints using polyjet
technology [228]. There are a few open source FDM systems from the hobbyist community, which
use a single nozzle for two or three materials with limited reported flexibility in material choices
as inputs. These have primarily been used for blending colors of the same material, for example
PLA. Some of these FDM systems print only one material at a time and others print multi-
material objects by simple side-by-side co-extrusion. It is hard to find quantitative data on the
quality of mixing, miscibility, adhesion strength, or polymer compatibility for many commercial

designs.

The miscibility of polymers can be determined from their solubility parameters, § (cal'*cm®?).
The closer the solubility parameters, the more miscible the polymers are [229]. For instance,
Vadori found that, for best blending results with PLA, ABS must have solubility parameter, Saps
= (8pra + 1) cal?cm®?, where 8pra = 9.58 cal/?cm?? [230]. This parameter depends on the content

of the polymer, and to achieve a solubility parameter of 9.58 cal'?cm®? ABS needs approximately
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38% of polybutadiene content [231]. If the polymers do not exhibit compatible solubility
parameters, they become immiscible. As an alternative solution, there are a number of
compatibilization methods to enhance interfacial adhesion between two immiscible polymers, such
as incorporation of a third premade co-polymer [232], reactive polymer [233,234] or carbon
nanotubes (CNTs) [235], etc. Without proper compatibilization, high interfacial tension between
the immiscible polymers results in poor interfacial adhesion [236,237]. Hence, side-by-side co-
extrudates of two immiscible polymers can experience delamination under a certain load. Most
users of FDM systems use directly purchased filaments and thus do not have direct control over
composition, molecular weight, and other material properties of the polymer to modify its
solubility parameter. Moreover, compatibilization techniques may not be desirable as they give
rise to additional processing steps in the original production of the filaments. Hence, as an adhesion
mechanism, the direct mechanical interlocking of two polymer surfaces [238] would be desired in
FDM-style multi-materials 3D printing. Therefore, intermixing of two polymers immediately next
to the nozzle orifice can in theory greatly enhance bond strength of the polymer interface within

and between filaments.

The primary requirement of the intermixing capability is to produce a blended polymer with a
co-continuous structure, where the mechanical properties of the intermixed extrudate are defined
by the maximum contribution from each component simultaneously [239]. In contrast to co-
continuous structure, a matrix-dispersed phase structure may have an adverse effect on the
mechanical strength of the intermixed extrudate. There have been some empirical models reported,

to predict the conditions of co-continuous structure based on the volume fraction and viscosity
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ratio of the binary polymer system [240-249]. To achieve a co-continuous structure, the
composition of the binary system must be within a composition region about the phase inversion
composition. This phase inversion composition can be estimated for different viscosity ratios using
empirical models. Hence, the intermixed extrudates having only a range of intermediate
composition will necessarily have the co-continuous structure, hence will result in enhanced

mechanical adhesion and tensile strength.

In this work, we have designed an intermixer that results in mechanical keying of the extrudate
as opposed to side-by-side co-extrusion. Mechanical interlocking or keying is one of the
conceptually most straightforward approaches to overcome the bonding failures of polymers with
FDM technology [238]. Mechanical keying refers to the process of joining two highly rough solid
surfaces by physically engaging them to introduce adhesion between them. This report presents
the design and characterization of a bi-extruder with the capability of printing two dissimilar
thermoplastic materials with both side-by-side co-extrusion and mechanically interlocked
extrusion. This intermixing feature can also enhance the inter-layer bond strength of the printed

objects by ensuring at least some areas of the bonding interface are between the same material.

3.2 DESIGN OF THE BI-EXTRUDER

There are four major components of a typical FDM extruder, as shown in Figure 3.3, such as a
motor-gear feeder assembly, guide-way, melt-chamber, and nozzle. The motor-gear assembly
consists of a stepper motor, a drive gear, and an idler. The idler is grooved or toothed to enhance

the friction between the idler and the filament [250]. The drive gear is coupled with the motor
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shaft and the filament is placed between the idler and the drive gear. Hence, when the motor shaft
rotates the filament is fed towards the melt-chamber in a controlled manner. Above the idler-gear
contact, the filament is in tension because it’s being pulled from the material spool to the feeder
assembly, and below the idler-gear contact, the filament is in compression because it is being
pushed from the feeder assembly to the melt-chamber [251]. Ideally, a no-slip boundary condition
is assumed between the filament surface and the idler / gear tooth. Slips may occur due to the
non-optimal design of idler / gear tooth, insufficient torque applied by the motor or higher pressure

in the melt-chamber due to an inadequate rate of polymer melting [250].

The fed filament travels towards the melt-chamber through the guide-way with the heat-sink.
The heat-sink is required to ensure that the solid filament experiences a temperature well below
the glass-transition temperature (T,) before entering the melt-chamber. Acting as an effective
piston, the solid filament inside the guide-way pushes the polymer melt towards the nozzle [250].
With the help of one or more cooling fans, it is ensured that the temperature drop across the heat-

sink is large enough so that filament remains solid before entering the meal-chamber.

Filament
Motor-gear feeder

assembly \

Guide-way with
/ heat sink

Melt-chamber

e

Nozzle

/

Figure 3. 2: Components of a typical FDM extruder. Copyright © 2016 by ASME, reprinted
with permission [252].
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The filament is melted in the melt-chamber, which houses a cartridge heater and a temperature
sensor, usually a thermistor. The cartridge heater is the only element which supplies the heat
required to melt the solid filament into a polymer melt. This heater and thermistor are coupled
and programmed with a temperature controller, preferably a proportional-integral-derivative

(PID) controller to maintain a constant desired temperature [25].

Finally, the molten polymer is extruded through the nozzle with a common range of orifice
diameter ranging from 0.2 to 0.5 mm [253]. The extruded polymer experiences a sudden change
in the surrounding temperature from the melt temperature (> 200°C) to the ambient temperature
(~ 20°C) and a significant change in shear stress. These abrupt changes cause the extrudates to
have a slightly thicker radial dimension than the nozzle orifice when freely extruded. Additionally,
due to the viscoelastic properties of the polymer melt, the extruded material tends to return to
its original cross-section [254]. Therefore, the extrudates have a larger diameter than the nozzle
opening. This phenomenon is known as die-swell and is very common in extrusion processes
[255,256]. Moreover, while printing, heat is transferred from the newly deposited layer to the prior

layers resulting in a vertical thermal gradient, which may lead to warping and distortion of the

printed structure [257].

3.2.1 Components of the Bi-extruder

Figure 3.4 shows an exploded view of the 3D model of our bi-extruder designed to use 3-mm
diameter filament. It has two guide-ways for two thermoplastic filaments, a melt-chamber split

into two halves, and a nozzle. The design of the heat-sink of the guide-ways was optimized using

67



the concept of the design of experiments (DOE) to maximize the temperature drop. More details
about the DOE analysis can be found in our previous work [252]. To ensure enough heat loss from
the heat-sink, the guide-ways are made of 316-stainless steel with a thermal conductivity of only
12 ~ 45 W/m-K [258]. The split melt-chamber is made of Aluminum (221 ~ 247 W/m-K) [258] to
ensure a uniform melting temperature throughout the melt-chamber. The uniqueness of this bi-
extruder allows easy access to its interior channel so that insertion of a static mixer to manipulate
the flow is possible and direct comparisons to co-extrusion can be made. To make the nozzle
thermally conductive and ensure scratch-free, safe operation of the tiny tip, Brass - C36000 (~

116 W/m-K) [258] was chosen as the nozzle material.

In the assembly, two guide-ways are threaded into the melt-chamber. Two partially threaded M3
screws with a shoulder are used to precisely align both halves of the melt-chamber and the nozzle
is threaded from the bottom side of the melt-chamber. Figure 3.5 shows an image of the
disassembled parts of the bi-extruder fabricated in our facilities. The inner diameters of the guide-
ways and two upper sections of the Y- shaped interior channel are both 3.1 mm, which is slightly
larger than the filament diameter (3mm) to reduce unnecessary mechanical friction between solid
filaments and the metal walls. The diameter of the lower section of the Y-channel is 4 mm to

allow for the insertion of a static intermixer with an outer diameter of 4 mm.

The extruder uses two 24V-40W cartridge heaters embedded into the melt-chamber and one 100
k) NTC thermistor. We have manufactured different brass nozzles with 1 mm, 0.5 mm and 0.35

mm tip diameters and 3-mm inner diameter at the other end.
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Guide-ways
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shoulder

Figure 3. 3: An exploded view of the 3D model of the bi-extruder

Guide-ways with heat-sink

Nozzle

—
30 mm v Cartridge heater

Alignment screws

Figure 3. 4: Assembly of the bi-extruder manufactured

69



2.2 Analytical model of polymer flow in the bi-extruder

3.2.1.1 Geometry of the liquefier

The liquefier geometry has a significant impact on the polymer melt behavior in the melt-chamber.
As shown in Figure 3.6, the internal liquefier of the bi-extruder can be divided into five major
zones: two inlet sections in the melt-chamber, the intermediate section between where both flows
meet and the nozzle, the internal channel in the nozzle, and the smallest section at nozzle tip
having the exit diameter. Any gap between filament diameter and internal diameter of the channel
would lead to thermal resistance to heat transfer through the channel walls. This effect is
eliminated as the material melts and advances towards the nozzle. The lengths of these sections
and corresponding diameters are also given in Figure 3.6 assuming that 0.5 mm nozzle is being

used.

3.2.1.2 Melt properties

The viscosity () of the viscoelastic polymer melt is both temperature and shear rate dependent.
Hence, it is usually expressed as the product of a temperature dependent and a shear-rate
dependent term [259]. The shear-rate dependent term is commonly assumed to follow a power-

law model with fluidity ¢ and flow exponent m, whereas the Arrhenius model is used for
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temperature dependent term [251,260]. The power-law fit parameters are evaluated at some

reference temperature, Ty. Hence, viscosity is defined as:
1 1
n= e[“(%‘ﬂ)] S K(y)nt (3.1)

Where a is activation energy, v is shear-rate, T is the absolute temperature of the polymer melt,

1
K is consistency index (¢ m) and n is the power-law index (i) [259].

Filament A Filament B

)’ " 4

L, = 10.6 mm _ ¥, = 2.58 5!

L, = 10.6 mm Vs, 1= D58 5t

L, =36 mm Yoo = 220 &
L,=11.7mm ~ Vs = 5.16 s
L, =13 mm Ve = 1152 s

d, = 3.1 mm ny = 12600 pa - s
d, = 3.1 mm Ny, = 12600 pa - s
d; = 4 mm Ny = 15200 pa - s
d, =3 mm - E, Ny = 7950 pa - s

d; = 0.5 mm =" 15 = 300 pa - s (curve fitted)

Extrudate

Figure 3. 5: Internal liquefier divided into five different zones. Approximate geometry and other

melt parameters are calculated in the next section.

Due to the mathematical complexity, the temperature throughout the liquefier of the small scale
FDM extruders is often assumed to be uniform [260]. This assumption is supported by thermal

simulation in the next section. Hence, it is much simpler to directly use shear viscosity data (given
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by the suppliers or measured by the users) over a range of shear rates in the analysis of melt
rheology of 3D printing materials. Due to the unavailability of the viscosity data from the supplier
of the filaments used in this work, shear viscosity data with Cross- Williams-Landel-Ferry (WLF)
model fitted curves for ABS has been adopted from literature [261] with the expectation that the
viscosity data for ABS used in this work would also be in a similar range. The apparent shear-
rate (ya'pp) at the channel wall in each flow section of Figure 3.6 must be determined using the

following Equation (3.2):

Shear viscosity

10% 10" 10° 10' 10 10° 1/s 10"
Shear rate
Figure 3. 6: Shear viscosity data with Cross-WLF fitted curve for ABS resin sourced from The
Dow Chemical Company (adapted from [261] with permission, ©Carl Hanser Verlag GmbH &
Co.KG, Muenchen).

4Q (3.2)

Where Q is the volumetric flow rate of the material in each section with diameter d. Once the

apparent shear rate is calculated, the apparent viscosity in each section is determined from Figure
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3.7 at a certain temperature. In this case, viscosities of ABS melt at 230°C temperature in each

section of the bi-extruder were estimated and given in Figure 3.6.

3.2.1.3 Estimation of heat flux

In extrusion, there are three consecutive rates involved: feed rate, melting rate, and extruding
rate. If any or both of feed rate and melting rate is / are dominated by the extruding rate, the
extrusion is said to be in a starved situation resulting in defects related to under-extrusion [262].
On the other hand, if feed rate dominates excessively then, it is overridden extrusion [262]. To
avoid overridden extrusion, the maximum allowable feed speed of an extruder head should be
determined which primarily depends on the wattage of the heater element and the available
liquefier surface through which the heat is transferred to the materials. A simplified model was
proposed by [251] which can be extended for a more accurate estimation of heat flux (q). This

model would be useful to study the maximum allowable feed speed of the bi-extruder in future

designs.
Heat flux, q= 1h[cy, (T — Tr) + ¢p, (Tm — Tg) + Lm + ¢p, (Tp = Tin)] (3.3)
And liquefier surface, S = 2m(D)L (3.4)

Where m is the combined mass flow rate at both inlets (2pvA), p is the polymer density, v is the
total feed speed of both inlets, A is the cross-sectional area of the filaments, T, is room temperature,
Ty is the glass transition temperature of the polymer, Ty, is the melting temperature of the polymer,

T

» is the print temperature, Ly is the latent heat of melting, the dimensions of the liquefier
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channels are diameter, D and length, L, and ¢, , ¢p,, and ¢, are the heat capacities of the polymer

under glass transition, above glass transition, and after melting temperature, respectively.

3.2.14 Pressure drop along the flow channels

The total pressure drop in the melt-chamber is the sum of the pressure drops in section 1 or 2
and in the other three sections of Figure 3.6. The pressure drops in each section (AP; to AP;) can
be estimated using the model developed by [259] from a momentum balance on the liquefier. Key
assumptions of this model include that the steady-state laminar flow of incompressible polymer
melt is fully developed, and a no-slip boundary condition applies at the channel walls. Hence, the

total pressure is, as follows:

AProq =
o e ol gl g [t

3.2.2 Thermal Analysis of the Bi-extruder

Two 24 V cooling fans with ratings of 7 cfm are used at the heat-sink of two guide-ways to induce
forced convection. The convective film coefficient (h) of 24.92 W/m?*°C was estimated for this
case using the following Hilpert correlation [263].

Nu = 0.683 Re®46 pr1/3 (3.6)
Where, Nu, Re, and Pr are the Nusselt number, Reynolds number, and Prandtl number,

respectively, of the air flow through the heat-sink.
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Figure 3.8 shows the temperature distribution throughout the bi-extruder from the thermal
simulation performed in ANSYS Workbench. In this simulation, the heater block was set at 220°C
and forced convection with an estimated convective coefficient (h) was assumed at the heat-sink.
On the other surfaces of the extruder, free convection with 25°C room temperature was assumed.
From the analysis, the temperatures of the upper ends of the guide-ways are found to be less than

40°C, which validates the design feasibility in accordance with the experimental use.
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Figure 3. 7: The temperature distribution of the bi-extruder from the thermal analysis using
ANSYS Workbench
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3.2.3 Installation of the Bi-extruder in an FDM System

First, housing was built using %" thick clear acrylic (sourced from McMaster-Carr) cut by a CO

laser cutter. This acrylic housing firmly holds the bi-extruder, the direct-mount feeding motors,
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the guideways, and the cooling fans. These components, along with the housing, comprise the
extruder head. Then this extruder head was installed on an inexpensive FDM style 3D printer

(Model: M201) purchased from Geeetech, China as a Do-It-Yourself (DIY) Kkit.

Figure 3. 8: The front view of the assembled bi-extruder print head

This 3D printer is driven by a GTM32 control system, which is based on the STM32 processor
and paired with an ARM Cortex-M3. The driver comes with custom firmware uploaded, which
can run two feeder motors at different speeds to achieve any desired composition of the fed
filaments. Two bipolar stepper motors having 26 N-m holding torques with 1.8° step angles and
two DC brushless cooling fans (24 V, 0.1 A) are used in this system. Figure 3.9 shows the

assembled extruder head installed on the printer.
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3.2.4 Fabrication of Intermixer

Without proper compatibilization, two immiscible polymers delaminate at the interfacial layer
[236,264]. Since the reported compatibilization techniques [232-235,265] require some additional
steps, they may not always be desired in FDM technology. Rather, printing using extrudates with
sufficient mechanical keying of the composite polymers has the potential to reduce delamination
problems. It is important to note here that complete blending is not necessary to overcome the
delamination problem because if the materials are sufficiently mechanically interlocked bonding

requirements will be fulfilled.

Figure 3. 9: (a) The 3D model of the passive intermixer, (b) an image of the same intermixer
printed by DMLS, (c) an image showing the intermixer inserted into the bi-extruder channel,
SEM images of (d) the surface and (e) the side-wall of the intermixer.

The mixing mechanisms can be divided into two groups: active mixing and passive mixing. In

case of active mixing, an additional mixing element is usually energized from an external source
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to perform the mixing [266]. In contrast, passive mixing is done by the chaotic advection of the
flow itself [267]. To avoid the requirement of an additional energy source, a passive intermixer
was preferred here to introduce mechanical keying of two polymers. Figure 3.10 shows the design
of the passive intermixer inspired by the static mixer commercialized by Koflo Corporation,
Illinois, USA. The intermixer used here has four 0.2 mm thick blades inclined at 30° to a
horizontal. The individual blades have an elliptical shape to ensure that inclined blades fit in the
circular channel. The intermixers were designed in SolidWorks and then printed using direct metal
laser sintering (DMLS) by Proto Labs, Minnesota with 20 pm resolution. The print material was
316-stainless steel so that the intermixer can withstand a higher temperature (> 200°C) inside
the melt-chamber without noticeable changes in mechanical properties. Scanning electron
microscope (SEM) images of the surface and the side-wall of the intermixer are also shown in

Figure 3.10, to confirm its constituent structure. No porosity was observed over the surface.

3.3 RESULTS AND DISCUSSIONS

After installing the bi-extruder, several simple objects have been printed to examine the extruder’s
performance. In this work, filaments of ABS, PLA, HIPS sourced from filaments.ca with 3-mm
diameter were used. While printing using the bi-extruder, two filaments come in contact in the
Y-shaped channel when they are already in the molten state. Then, if no intermixer is present,
both molten filaments advance and are extruded through the nozzle orifice in a side-by-side
manner. Alternatively, if there is an intermixer inserted, both streams of molten polymer split,

combine, re-split, and re-combine due to the orientation of intermixer’s blade when passing
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through it. Therefore, due to this chaotic advection-type passive mixing, extrudates with

mechanical keying of both materials is achieved.

3.3.1 Maximum Feed Speed

In overridden extrusion, the filaments will not be fed to the melt-chamber causing a slip in the
motor-gear feeding assembly. Usually, this leads to wear and tear of the filament at the location
where the roller teeth touch the filament. Therefore, it is very important to know the maximum
feed speed of an extruder for smooth extrusion without any kind of defects. It was found that the
maximum allowable combined feed speed of the filaments for our system is 120 mm/min, which
corresponds to feeding a 60-mm length of 3-mm diameter filament in one minute at each of the
guide-ways. This feed rate is equivalent to a print speed of approximately 72 mm/s and 146 mm/s

when using 0.5 mm and 0.35 mm nozzles respectively.

: , 95 mm
] ] 1
pame e

Figure 3. 10: The step response test of the bi-extruder (a) with intermixer inserted and (b)
without an intermixer.

3.3.2 Response Test of the Bi-extruder

The Y-shaped internal channel has a volume of 10.8 mm?, as estimated from the 3D model. When

the extruder is instructed to change the composition of the extrudates, the material from this
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volume must be extruded first, then the material with the new composition can be realized.
Therefore, this volume acts as a lag-volume. The smaller the lag-volume, the quicker the response
of the extruder to a change in the feed composition. Inserting an intermixer not only results in
interlocked extrudates, it also reduces the lag-volume, speeding the response of the extruder.
Figure 3.11 shows that when using a 0.5 mm nozzle, the bi-extruder requires around 30 mm long
extrudates to change the composition with an intermixer inserted. Without the intermixer, this
length is nearly doubled (~ 55 mm). In this test, the bi-extruder was instructed to change the

composition as a step input from 100% orange to 100% blue PLA.
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Figure 3. 11: (a) A graphical representation of the extrudate diameter from different nozzles
and (b) die-swelling of HIPS when extruded with a 1-mm nozzle.

3.3.3 Die-swell

Die-swell is a common phenomenon in polymer extrusion processes which should be considered
while adjusting the layer width set by the slicing program used for 3D printing. While
programming the trajectory of the print head to print an object by FDM technique, considering
the effect of die-swell will result in an optimal amount of overlap between adjacent deposited
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materials. To examine the die-swell of ABS, PLA, and HIPS with this bi-extruder, the same
filament was fed from both guide-ways, and it was allowed to deposit a molten stream of polymer
to get long extrudates of a single material. Then the diameter of each extrudate was measured at
different locations and the statistics of the extrudate diameter vs. nozzle diameter were calculated
as given in Figure 3.12(a). It was found that regardless of nozzle diameter, HIPS extrudates show
a slightly higher swelling ratio compared to ABS and PLA. The effect of extrusion speed or feed
speed on die-swell has also been examined for different nozzle diameters. Die-swell with 0.5 mm
and 0.35 mm nozzles do not appear to be affected by feed speed to a statistically significant extent
however with 1 mm nozzle the die-swelling ratio is slightly higher at higher feed speed. This

phenomenon is shown in Figure 3.12(b) for HIPS.

e
100% Red PLA  77% Red PLA  49% Red PLA  27% Red PLA 100% Green
& 23% Green & 51% Green & T3% Green PLA
PLA PLA PLA

Figure 3. 12: Microscope images of cross-sections of extrudates with different desired
compositions with the ratios of Red: Green = (a) 1:0, (b) 3:1, (c¢) 1:1, (d) 1:3 and (e) 0:1; The
estimated compositions are also given for each image. The scale bars are 0.25 mm long.

3.3.4 Regulating Extrudate Composition

The composition of the extrudates was controlled by regulating the relative feed speeds of the

filaments within the limit of maximum allowable feed speed (120 mm/min). For instance, to
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achieve a composition of 25 % filament 1 and 75 % filament 2, a feed speed of 30 mm/min was
applied on filament 1 side while filament 2 was fed at 90 mm /min. If only one material is desired,
then that particular filament would be fed at 120 mm/min speed and other filament will not be
fed at all. Figure 3.13 shows microscope images of cross-sections of the extrudates with different
compositions controlled by the relative feed speeds of the filaments while using a 0.5 mm nozzle.
These extrudates were extruded without an intermixer inserted, so they are just side-by-side co-
extrudates of red and green PLA. Instead of printing onto the bed, these extrudates were extruded
in air approximately 15 cm above the print bed to allow cooling before reaching the print bed.
Once the long extrudates were solidified, they were cut gently in the transverse direction such
that the cross-section had little or no scratches from cutting. A 6-mm thick acrylic holder with
through holes of different sizes cut by a CO; laser cutter was used to position the cross-sections
of the extrudates facing up, to examine under a microscope. After post-processing of those images
using National Instruments Vision Builder for Automated Inspection, the compositions were

estimated as shown in Figure 3.13.

3.3.5 Use of an Intermixer for Mechanical Interlocking

With the help of an intermixer inserted into the bi-extruder, mechanically interlocked extrudates
of two dissimilar immiscible polymers have been achieved. This circumvents the delamination
problems common in multi-material FDM. Figure 3.14 shows some microscope images of cross-

sections spaced approximately 5-mm along the length of a single extrudate. It is obvious from the

82



images that the mixing does not have any specific pattern, confirming the randomness of the

mixing. The analysis was performed using all 1 mm, 0.5 mm, and 0.35 mm nozzles.

Figure 3. 13: Microscope images of cross-sections of mechanically interlocked extrudates of green
and red PLA. Extruded from (a), (b), (¢) a 1 mm nozzle, (d), (e), (f) a 0.5 mm nozzle, and (g),
(h), (i) a 0.35 mm nozzle. Scale bars are 0.25 mm long.

Delamination

=

Figure 3. 14: () Tensile test setup for extrudates; microscope images of the cross-sections of
fractured extrudates of green PLA and red HIPS (50%-50%) by (b) delamination and (c) full
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filament fracture. Qualitative test images of (d) side-by-side co-extrudate and (e) mechanically
interlocked extrudate of red HIPS and white ABS (1:1) deposited from a 1-mm nozzle. Scale bars
are 0.25 mm long.

3.3.6 Nature of Failure in the Tensile Test

A tensile test setup was designed as shown in Figure 3.15(a). This setup consists of a load cell
(Transducer Techniques, MLP-10), a National Instrument Motion Controller (Model No.
ESP301), a data acquisition (DAQ) hub (NI USB-6289) and two custom acrylic grippers using
vials. The extrudate sample was wrapped around the smooth vial, and the acrylic gripper was
used to securely hold the extrudate in position without affecting the extrudate surface. Then the
load cell with the upper gripper was moved up slowly (50 pm/s) using a Windows Presentation
Foundation (WPF) application written in C# by Samuel Lehmann, which is available as an open
source solution. This tensile test was performed for both side-by-side co-extrudates and
mechanically interlocked extrudates to observe the nature of the failure. Figures 3.15(b) and (c)
show microscope images of fractured cross-sections of the side-by-side co-extrudate with a
diameter of 0.56 + 0.03 mm and mechanically interlocked extrudate with a diameter of 0.54 +
0.04 mm, respectively. Both samples had a 50% - 50% composition of green PLA and red HIPS.
Due to the uneven cross-section of the fractured extrudates, the entire cross-section could not be
focused, which can be seen in Figure 3.15(b) where the red part is out of focus however the green
part is focused. Figures 3.15(d) and (e) show similar qualitative experiments using extrudates of
red HIPS and white ABS with 1:1 composition deposited using a 1-mm nozzle. To better

demonstrate the delamination, thicker extrudates were used in this test. Delamination of the side-
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by-side co-extrudate is clearly shown in Figure 3.15(d) whereas extrudate with mechanical keying

shows full filament fracture (Figure 3.15(e)).

After appropriate calibration of the load cell, the failure strengths of four extrudate samples were
measured as shown in Figure 3.16. Each tensile test was repeated using five different samples.
The failure strength of 1:1 HIPS-ABS extrudate lies between the failure strengths of pure HIPS
and ABS extrudates. ABS extrudate exhibited the highest tensile strength of 27.1 MPa before
failure, which is also in good agreement with the literature [268]. It was also found that the
blended 1:1 HIPS-ABS extrudate failed at a tensile stress of 25.4 4+ 0.5 MPa, whereas side-by-side
co-extrudate of the same material with the same composition showed failure strength of 24.2 +
1.2 MPa. The overlap of the error values of intermixed and side-by-side extrudates indicates that

the intermixing does not have any adverse effect on the extrudate tensile strength.

Failure strengths of different extrudates from tensile test

& 27 27.1 MPa }

25.4 MPa ¢
- 24.2 MPa}

21.5 MPa}

Failure Strength

100% 50% HIPS +  50% HIPS + 100%
HIPS 50% ABS 50% ABS ABS
(Side-by-side)  (Intermixed)

Figure 3. 15: The failure strengths of 100% HIPS extrudate with a diameter of 1.02 + 0.02 mm,
1:1 HIPS-ABS extrudate (side-by-side) with a diameter of 1.03 £ .04 mm, 1:1 HIPS-ABS
extrudate (intermixed) with a diameter of 1.04 £ .03 mm and 100% ABS extrudates from the
tensile tests.
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3.3.7 Relative Inter-layer Bond Strength

The tensile test set-up used in Figure 3.15 was used to estimate relative inter-layer bond strength
of sheets printed by side-by-side and intermixed co-extrusion. The acrylic-based gripper system
was designed to firmly hold the samples without affecting their inter-layer bonding. The acrylic
grippers have a patterned surface to increase friction between the sample and the gripper for
better clamping. First, planar samples employing ASTM D1708 test standard were printed using
a 1:1 composition of red ABS and green HIPS. The average thickness of the samples of only one
layer thickness is approximately 0.32 mm when using 0.35 mm nozzle. While printing the samples,
perimeter features were intentionally avoided, and a linear fill pattern was chosen to reduce the
effect of longitudinal borderlines. The test set-up and sample details are shown in Figure 3.17.
The test aimed to compare the relative inter-layer bond strengths of beads printed by side-by-
side and intermixed co-extrusion. Once the failure force was measured, using the cross-sectional
area of the samples (~ 0.32 mm x 5 mm), it was converted to the bond strength in MPa. By this
metric, the bond strength of three side-by-side co-extruded samples was measured as 15.7 MPa,
16.8 MPa, and 15.4 MPa. The bond strengths of intermixed co-extruded samples were found to
be 21.3 MPa, 21.9 MPa, and 22.2 MPa. Figure 3.17(d) shows the comparison between the bond
strengths of both types of samples. Figure 3.17(e) and 16(f) show microscope images of both cross-
sections of an intermixed sample where it failed during the tensile test, and Figure 3.17(g) and
3.17(h) show the same for side-by-side samples. In the case of the intermixed samples, particularly
from Figure 3.17(f), the red ABS material was interlocked within green HIPS material which

resisted delamination from the material-based phase separated region. In contrast, side-by-side
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co-extruded samples failed by complete delamination at lower tensile force at the interface of the
two materials. Figure 3.17(i) and 3.17(j) illustrate the microscope images of surfaces printed by
side-by-side and intermixed co-extrusion, respectively. The bimorph structure is clearly visible in
side-by-side co-extruded surfaces in Figure 3.17(i), whereas in Figure 3.17(j) there is no distinct

edge of red Abs and green HIPS.

All dimensions are in mm

(d) Relative Inter-layer Bond Strength of Different Samples

24

g 8
=
E A
£ A
=
Side-by-side Intermixed

extrudate extrudate

—

i "’V "‘m“”w

- — iy

Figure 3. 16: (a) Test set-up with the modified gripping system to measure relative inter-layer
bond strength of different samples. (b) dimensions of the samples according to ASTM D1708 test
standard, (c) intermixed (left) and side-by-side (right) co-extruded samples with only one layer.
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(d) comparison between the failure bond strengths of side-by-side and intermixed samples. The
cross-sections of (e) & (f) intermixed and (g) & (h) side-by-side samples where they failed. The
printed surfaces from (i) side-by-side and (j) intermixed co-extrusion. The scale bars are 0.3 mm
long.

3.3.8 Objects Printed using Bi-extruder

This section displays a number of simple objects printed with the bi-extruder. Some of these parts
were printed using two different polymers, with or without the intermixer. Figure 3.18 shows six
cylinders made of either a single polymer or a pair of PLA, ABS, or HIPS with a 1:1 composition,
printed without an intermixer. During printing, as the print head moves from left to right on the
print bed, the extruded material from the left filament stays on top of the material from the right
filament and vice versa. Therefore, although the entire object has the same composition; the front
side of the printed object seems to have one material dominant while the back side seems to have
other material dominant. This phenomenon can be easily observed in Figure 3.18(f), where, due
to the orientation of the printed object, some parts look mostly red while others look mostly green.

However the entire object has the same 1:1 composition of both red and green materials.

Figure 3. 17: Hollow cylinders (OD: 40mm, height: 15 mm) with wall thicknesses of only one
layer printed using the bi-extruder made of (a) 100% red HIPS, (b) 50%-50% of red HIPS and
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white ABS, (c¢) 100% white ABS, (d) 50%-50% of white ABS and green PLA, (e) 100% green PLA
and (f) 50%-50% of green PLA and red HIPS. Scale bar is 10 mm long. Copyright © 2016 by
ASME, reprinted with permission [252].

Figure 3.19 shows some square objects printed with an intermixer inserted except Figure 3.19(d),
which was printed with side-by-side co-extrudates. Although both boxes in Figure 3.19(c) and
3.19(d) have the same 1:1 composition, the box printed with intermixed extrudate has a uniform
color distribution on all four sides whereas the box printed with side-by-side extrusion has walls
with one color more prominent on a certain side. The object in Figure 3.19 (g) was printed to

show the transition from one material to another within a specified height.

9@
Fro

Figure 3. 18: Square hollow boxes (60 mm x 60 mm x 45 mm, wall thickness, one layer) printed

using the bi-extruder with different compositions of orange and blue PLA. The compositions are
(a) 100 % orange PLA, (b) 75 % orange and 25 % blue PLA, (c¢) 50 % orange and 50 % blue
(intermixed), (d) 50 % orange and 50 % blue (side-by-side), (e) 25 % orange and 75 % blue PLA,
(f) 100 % blue and (g) object with transition from 100% blue at the bottom layer to 100% orange
at top layer. All the objects were printed with an intermixer inserted, except (d) which was printed
with side-by-side co-extrudates.

89



3.4 CONCLUSIONS

In summary, we have created the first-ever 3D printed objects to use blended extrudates of two

immiscible polymers by using our custom bi-extruder. The unique advantage of this bi-extruder

is its split structure which permits easy access to the internal channels and its modular design

with the separate mixing chamber, inlet feed-guides, and nozzle, providing great flexibility for

future modifications and optimization. With the insertion of an intermixer into the channel, side-

by-side co-extrusion becomes intermixed co-extrusion resulting in a mechanically interlocked

extrudate. Intermixed extrudates are found to have reduced delamination issues compared to side-

by-side extrudates. Moreover, the bond strength of two adjacent filaments of intermixed polymers

was higher than that of side-by-side polymers. Hence, it is expected that objects printed with

mechanical keying of two polymers will have reduced delamination issues and improved

mechanical bonding in the transition from one material to another in printing FGM devices. The

reduced internal lag-volume also improves the overall response time of the bi-extruder when

changing the extrudate composition. The bi-extruder was successfully used to print some simple

structures to examine its initial performance. It can successfully extrude two polymers from a

single nozzle with varying compositions, and these printed objects showed satisfactory intra- and

inter-layer bonding. The composite sheets with mechanical keying showed a higher breaking force

compared to that of the side-by-side co-extruded sheets of the same materials.

There are some important findings pertaining to the performance of our bi-extruder. Firstly, it

was designed for 3 mm filament, which is not suitable for smaller nozzles. Using 3 mm filament
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with nozzles smaller than 0.5 mm diameter increases pressure drop in the internal channel

significantly, which may result in feeding issues like slip between the filament and the drive gear

coupled with the motor. To allow smaller nozzles, our next version of the melt-chamber will be

designed to use commercially available 1.75mm filaments. Future works will also include analyses

of complex structures with inclined surfaces printed with the bi-extruder system and more

quantitative tests on the effect of process parameters on inter-layer and intra-layer adhesion

parameters.

It suggests that this bi-extruder system requires the viscosity ratio of both polymers to be within

a range. It is important to note that, the co-continuous structure may not be achieved if the

volume fraction of the binary system is outside of the favorable range specified for that particular

viscosity ratio. Hence, when printing two dissimilar polymers, the extrudates with only certain

compositions would have a co-continuous structure. Therefore, when transitioning from one

material to another material some of the initial and final compositions will not have co-continuous

structure, rather the intermediate compositions would be favorable to the co-continuous structure.
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4. CHAPTER: SOFT IS NO LONGER HARD: A

FILAMENT-FREE FDM TECHNIQUE

COMPATIBLE WITH SOFT AND HARD

THERMOPLASTICS?

4.1 INTRODUCTION

Fused deposition modeling (FDM) is an additive manufacturing (AM) technique where a molten
material is extruded through a nozzle to develop two-dimensional (2D) layers. Each layer is
deposited onto the previously deposited layer, thus constructing the whole three-dimensional (3D)
object [269]. Generally, in FDM, the feed material is provided as a previously formed filament
from a roll, with full control over the feed rate by virtue of a motor-roller feeder assembly. Then,
the filament is liquefied inside a melt-chamber and then extruded through a nozzle. The melt-
chamber and the nozzle assembly are commonly known as the hot-end. The filament between the
spool and roller assembly is in tension, whereas between the roller and melt-chamber the filament

is in compression [217]. Three major factors control the operation of a motor-roller feeder assembly

* A version of this chapter is under review for publication as: Khondoker, Mohammad Abu Hasan and
Sameoto, Dan; Soft is no longer hard: a filament-free FDM technique compatible with soft and hard
thermoplastics. Progress in Additive Manufacturing. ID: PIAM-D-18-00034R3. Reproduced with permission
from Springer.
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— the maximum torque supplied by the feeder motor, the amount of force transferred from the
motor shaft to the solid filament, and the column strength of the filament before entering the
melt-chamber [222].

The main driving force is the torque (t) supplied by the feeder stepper motor. Here, the solid
filament acts as a piston to push the highly viscous polymer melt through the print nozzle. The

required motor power (Pp,ot0r) can be estimated from Equation 4.1 [251,259,260]:
1
Pmotor = 3 AP A o Ry (4.1)

Where AP is the pressure drop in the melt-chamber, A is the cross-sectional area of the filament,
w, and R, are the angular speed and radius of the toothed gear of the driving motor. The
coefficient of friction (f) between counter-rotating wheels and the filament determines how much
force can be transferred to the filament from the motor shaft. Elkins et al. showed that due to the
larger coefficient of friction, use of a soft rubbery wheel resulted in higher force transferred to the
filament when compared to a hard epoxy wheel [222]. While serving as a piston under compression,
the filament must also have enough column strength (also known as axial rigidity) to avoid
buckling between the motor-roller assembly and the melt-chamber. A higher viscosity of the
polymer melt increases the force on the solid filament that is required to push the molten polymer
through the nozzle. This force cannot be supplied by the solid filament if the column strength is
insufficient. The column strength can be estimated from the critical buckling pressure

(Peritical 1oaqa) Using Euler’s buckling theory as follows [270,271]:

n?Ed?
P ritical load = 1612 (4.2)
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Where, E, d and L are the elastic modulus, diameter and length of the solid filament between
the rollers and the melt-chamber. Hence, the solid filament must have high E or small L to
overcome resistance within the hot end while not buckling or otherwise failing to feed. All of these
requirements by the motor-roller feeder assembly limit how soft an input filament can be, and the
majority of FDM printers are optimized for rigid filament materials like acrylonitrile butadiene
styrene (ABS), polylactic acid (PLA), and high impact polystyrene (HIPS).

Specific applications such as soft robotics require 3D printing of soft elastomeric materials,
which is challenging because the column strength of their filament is often lower than the limit
imposed by the rollers. Researchers have printed thermoplastic elastomers with a hardness of
approximately 70 Shore A by using a modified version of the feeder-roller assembly [222].
Commercially available semi-flexible FDM filaments, such as NINJAFLEX® [272], PolyFlex™
[273], and FlexSolid® [274] can be used in feeder-roller assembly, but are relatively stiff and may
not be appropriate for certain low pressure or high deformation applications. If softer materials
are to be used in FDM processing, alternatives to the filament feed system are required. There is
at least one patented technique, some commercial solutions and published reports where a mini-
extruder mounted on the print head was exploited to 3D print directly from pellets [275-282].
However, having a pellet extruder directly attached to a print head increases its size and weight,
requiring stronger components, and limiting the use of this feeding system in multi-material FDM
printing. The direct mount pellet extruder also has issues with clogging the print material in the
screw [278] and difficulty in immediate ON/OFF control of the melt flow [279]. Hence, it is of
great interest to design a custom feeder system for FDM printers which can function for any
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thermoplastic materials, regardless of their hardness, and minimizes the extra loads placed on the
linear stages and motors. Using such a feeder system, a multi-material FDM system would be able
to directly print soft robots with different components made of materials with varying hardness,
all in a single step.

By using a custom flexible heated hose, we demonstrate the newest 3D printing technology,
fused pellets printing (FPP), a novel feeder system to print almost any thermoplastic material if
it melts at a temperature below the maximum temperature rating of the thermistor/heater used
in the system, i.e., 400 °C in this case. The following sections focus on the design and development

of the heated hose feeder system and fine-tuning the process parameters to achieve quality prints.

4.2 EXPERIMENTAL SETUPS

An inexpensive FDM style 3D printer (Model: M201) was purchased from Geeetech, China. The
original print head of this printer was a 2-in-1-out type hot end, which inputs two filaments to
co-extrude them in a side-by-side manner or change the composition of the print in each new layer
to be deposited. The original printer head was replaced by a custom tri-extruder system described
in the following section. The pre-installed firmware of this printer also allows users to change the

composition of the print at any time by regulating the relative feed rate of both polymers.

4.2.1 Materials
Soft thermoplastic elastomer pellets of Kraton G1657 (styrene ethylene butylene styrene (SEBS))
purchased from Kraton Corporation, USA were used as received. SEBS is a triblock copolymer

composed of styrene end blocks and ethylene/butylene interior blocks. Kraton G1657 is optically
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transparent, has a hardness of approximately 47 Shore A, and in its bulk form, it can stretch up
to approximately 600% [223,283]. In addition to elastomeric pellets, rigid pellets of MM3520 shape
memory polymer (SMP) purchased from SMP Technologies Inc., Japan were also successfully
used in our system. This SMP has a hardness of 77 Shore D in its glassy state; however, by heating
well above its glass transition temperature (35 °C), its hardness can be lowered to approximately

80 Shore A in its rubbery state.

4.2.2 Design of the Print Head

Direct printing from pellets comprises three major components: a pellet extruder, a flexible heated
hose, and print head. The schematic diagram in Figure 4.1(a) shows all the major components of
FPP technology. The actual system is presented in Figure 4.1(b), and the exploded 3D model of

the print head is shown in Figure 4.1(c).

4.2.2.1 Pellet extruder

The original pellet extruder [284] was bought from Filastruder, USA as a Do-It-Yourself (DIY)
kit. This extruder uses a single screw (15.5 mm in diameter and 18 cm in length) with hex shank
coupled with a GF45 series 12 VDC gearmotor (max 8 rpm and 15.6 N-m torque). The voltage
and current supplied to the gearmotor can be regulated using a closed loop PWM controller to
control the speed and torque of the gear motor, respectively. It enables the user to adjust the
extrusion speed which mainly depends on extrusion temperature. The extrusion temperature was
controlled using a collar heater on the barrel, a K-type surface mount thermocouple, and a PID

controller.
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(a)

Filament Feeder

Print Bed

(c)

Guideway for
hard filaments

Heated hose for fused
pellets printing

Two halves of the
melt chamber

Nozzle

Figure 4. 1: The schematic diagram of the fused pellets printing technology showing all three
major components (i.e.) pellet extruder, flexible heated hose, and the print head, (b) the actual
fused pellets printing system and (c) the exploded 3D model of the tri-extruder print head.
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4.2.2.2 Flexible heated hose

The 2-foot (0.61 m) long flexible, heated hose is the major component which connects the pellet
extruder with the print head. A B-series 2-foot long PTFE hose with 1/8 in (3.18 mm) nominal
internal diameter (part number: SS-BT 2 TA2 TA2-24) was purchased from Swagelok, Canada.
This hose has a PTFE core with 304 stainless steel braided cover. The hose has a maximum limit
of working pressure of 206 bar (2.06x10" Nm™) rated at 20°C and a maximum temperature of
230°C, according to the manufacturer’s specification. This maximum temperature puts a limit on
input material choice for this system but is sufficient for demonstrating the concepts. The hose
has a 1/8 in (3.18 mm) Swagelok tube adapter on both ends whereas both the pellet extruder and
print head have M6x1 mm female thread opening. To fulfill the assembly requirement, % in NPT
(6.35 mm) male tube fittings were purchased and swaged to M6x1 mm male fitting. To ensure
the polymer melt remains in the molten state while being transported from the pellet extruder to
the printing head, the hose must be kept above the melting temperature of the polymer at all
time. For this purpose, the hose was first wrapped with a 4-foot (1.22 m) long, 120 VAC, 78 W
flexible heat cable (part number: 4550T162) purchased from McMaster-Carr. Then a K-type
surface mount Ni probe thermocouple (part number: 9251T93) from McMaster-Carr was attached
so that it never touches the heat cable directly - rather it maintains contact with the braided
metal surface of the hose. Finally, a 3 mm thick fiberglass insulation was wrapped around the
tube and secured with an extra layer of Kapton tape. Using a separate PID controller, the

temperature of this flexible, hot tube was controlled independently.
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Figure 4. 2: (a) Three melt-flows inside the screw system, (b) flow inside the auger screw system,
(c) the flow curves of SEBS at 210 °C and 220 °C temperatures in log-log scale, (d) the variation
in theoretical (only drag flow) and actual print speed using 0.5 mm nozzle at different screw

speeds and (e) flow inside the heated hose.
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4.2.2.3 Print head

A custom tri-extruder, reported elsewhere [252,285], was employed here which has three inputs.
One input channel was attached with a regular motor-roller feeder assembly to feed filaments of
rigid polymers. Another input channel was connected to the flexible heated hose to feed soft
thermoplastic pellets using the FPP technology. The third input of this tri-extruder was kept

inactive and is intended for future use.

4.2.3 Flow Analysis

This system involves two major melt flows, single screw extrusion flow inside the barrel and
laminar pipe flow through the heated hose. The physics of the single screw extrusion is well
developed in the literature which consists of three types of flows [286], as shown in Figure 4.2 (a).
They are a drag flow, caused from the interaction of the rotating screw and stationary barrel, an
opposing pressure flow due to the pressure gradient developed along the screw length, and a
leakage flow through the clearance between screw and barrel, which reduces the overall output of
the extruder. This leakage flow may be negligible if the screw is not significantly worn [287]. Apart
from these flow components inside the extruder, there is another opposing pressure flow resulting
from the pressure gradient developed within the heated hose. From literature [288], the drag flow,

Q4 can be estimated using the following equation.

Qq = % X (mD tandp —e) x (T[D %coszq)) x H (4.3)
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Where the diameter of the screw D = 15.5 mm, helix angle ¢ = 35°, flight width e = 11 mm,
channel depth of the auger H = 5.25 mm and N = screw speed in rpm. Hence, for our system,
drag flow (Q4) reduces to —

Qg = (33x107°8N) m?/s (4.4)
The mathematical model for pressure flow inside the extruder has also been developed in literature

as follows [286,288].

w H? sin¢ dp
0y = M (2

4.5
12 dL) Extruder (4.5)

Where the channel width of the screw, w =(r D tan¢ — e) cos¢ = 18.92 mm, 1 = viscosity of

ar

) = the pressure gradient along the screw length inside the pellet
AL/ Extruder

the polymer melt and (

extruder. This equation was derived for a Newtonian fluid which follows the simple linear viscosity
relation i.e. T = ny. However, polymer melts are highly non-linear viscoelastic fluids. Thus, it is
reasonable to consider the power-law fit equation for the melt viscosity, assuming the temperature
is uniform throughout the extruder. Hence, we get the viscosity relation as [251]:

n=Ky"! (4.6)
Here, K = consistency index and n = power-law index. These power-law fit parameters can be
estimated from the viscosity curve (viscosity vs. shear) of the polymer melt. So, using equation
(4.6) in conjunction with the model developed by Crawford [287], the pressure flow equation has
been re-formulated as follows.

Let’s consider an infinitesimal element of the polymer melt inside the auger system, as shown in

Figure 4.2(b). There are two normal forces F; and F, acting on two ends of the element and two
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shear forces (both are Fj) acting on top and bottom surfaces of the element. If the pressure

gradient along the screw length is assumed to be constant, then by balancing all the forces, one

may obtain the following equation:

8P
(P+g dz) dy dx = Pdy dx + 2 1, dz dx

dp
Or,y - U

For a non-Newtonian power-law fluid:

dv

dy

Hence, by combining the Equations (4.8), (4.9) and (4.10):

v (@)= (&)

Which can be re-arranged as:

IOEE:
K \dz _dy

By integrating:

Vd n|1 (dP\ (Y 1d

V= |=(—

JO K(dz)fﬂyn y
2

So, the melt velocity, V = (

n

n+1

)R

K

(

dp
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dp . d
Here, — = sin¢ (—p)
dz dL/Extruder

Thus, the pressure driven backflow rate, Q, becomes:

H
Qp = Jz2Vwdy (4.12)

Hence,

(Q ) _ 2nw o " sin ¢ (@) % (E)( n
PJExtruder  (2n+1) K \dL/gxtruder 2

Using a HAAKE™ Minilab twin screw micro-compounder, the viscosity curves for SEBS and

(4.13)

SMP were obtained, from which power-law fit parameters (K, n) can easily be estimated. In this
work, for demonstration purpose, only the SEBS data has been presented. Figure 4.2(b) shows
the flow curves of SEBS at 220°C temperature with the power-law fit parameters estimated as K
= 1560 and n = 0.8254. By using these power-law fit parameters and the geometric parameters
of the screw system into Equation (4.13) the pressure flow equation of SEBS can be reduced to

Equation (4.14), assuming the pressure gradient is linear over the screw length (L4 = 0.18 m):

(Qp)ExtrudeT (SEBS) =333 %107 x 0.8254“ (AP)Extruder ms/s (4'14)

Since the screw system does not have any wear and has a very small clearance (§ = 0.0005 m)
between the flight surfaces and the barrel surface, the leakage flow will be very small and be

neglected in this study.

In addition to the flow components inside the screw-barrel system, there is another melt flow that

arises from the pressure gradient developed inside the heated hose. This pressure gradient also
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reduces the overall melt flow and can be mathematically modeled using the fundamentals of pipe
flow [289] applying to power-law polymer melt as derived below for a flexible tube with internal
radius of R.

Let’s consider an element of the polymer melt with infinitesimal thickness (dz) inside the flexible
hot-tube, as shown in Figure 4.2(e). There are two normal forces F; and F» acting on two sides of
the element and one shear force F5 acting on the peripheral surface of the element. If the pressure
gradient along the tube length is assumed to be constant, then by balancing all the forces, one

may obtain the following equation:

&P
Tt 12 (P+g dx) =mr?P+ 2nr 1, dx (4.15)
r dP
OI‘, 2 dx = Ty (416)

For a non-Newtonian power-law fluid:

T, = MY (4.17)

_av

Where, n = Ky" ! and, v= m

(4.18)

Hence, by combining the Equations (4.16), (4.17) and (4.18):

r (dP dvy\"
L) ()
2 \dx dr

Which can be re-arranged as:
[ @y -
2K \dx/ = dr
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By integrating:

de n[1 ,dP\ (Y 1 q
V= —(—)f rndr
o 2K \dx/ J

So, the melt velocity, V = (L) n\/ ! (%)Flexible cbe [rnT+1 - (R)%] (4.19)

n+1) /K2

Thus, the pressure driven backflow rate, Q, becomes:
Q= J, 2nrvdr (4.20)

Hence,

e o[ @) e
(Qp)Heated Hose (3n+1) X \/ZK (dL Heated Hose X (R) "

(4.21)

Again, the Equation (4.21) can be re-written for SEBS flowing through the heated hose. However,
the temperature of the flexible tube is 210 °C for SEBS which is different than that of the pellet
extruder. Therefore, a new set of power-law fit parameters (K = 2113 and n = 0.8384) for 210 °C
estimated from Figure 4.2(b) must be used in the Equation (4.21) for 2-foot long (Lr = 0.61 m)

hose with internal radius, R = 1.5875 mm. That reduces the Equation (4.21) as follows.

(Qp)Heated Hose = 117X 10_16 X 0.838</(AP)Heated Hose ms/s (4.22)

Finally, the total melt flow can be expressed by the following single equation:

QTotal - Qd N (Qp)Extruder N (Qp)Heated Hose (4'23)

Which can again be written for SEBS as follows:

Qrotal =

Qrotar = (3.3 X 1078N) —3.33 x 107 X ***Y/(AP) pxtruger — 1.17 X 10716 x *®*U(AP) eated Hose (4-24)
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This equation can be used to determine the screw speed in rpm for a desired flow rate or print
speed. However, it requires an experimental measure of the pressure drop across both the extruder
and the heated hose, for accurate estimation. However, due to a relatively small pressure drop at
lower screw speeds, by considering only the drag flow, the first term of the Equation (4.24), one
may get an approximate relation between desired print speed and required screw speed using the
following equation:

Print speed, S = — (4.25)

T (fnozzle)?

Table 4. 1: Printing parameters for SEBS and SMP extrusion

SEBS SMP
Temperature of the pellet extruder (°C) 220 200
Temperature of flexible Heated hose (°C) 210 190
Temperature of printing head (°C) 220 200
Nozzle sizes (mm) 0.35, 0.5 and 1.0

4.2.4 Pellet Extrusion

The process of pellet extrusion requires setting and maintaining temperatures of three major

components of this system. This set of temperatures may vary for different materials, i.e. SEBS

and SMP, in this work. Some initial tests were conducted to fine-tune the process and identify

this set of temperatures for both materials to obtain continuous defect-free extrudates. Table 4.1
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lists the sets of temperature for both SEBS and SMP which resulted in high-quality extrusion.
The temperature of the heated hose was kept at a lower temperature than the pellet extruder and
print head, that is 20 °C below the maximum temperature limit (230 °C) of the PTFE core of the
heated hose. Figure 4.2(c) shows the actual print speed or extrusion rate of the FPP system at
different screw speed using a 0.5 mm nozzle diameter. This plot clearly shows that the extrusion
rate tends to reach a plateau at higher screw speed due to the pressure-driven backflows developed
which were not experimentally measured in this work. The maximum screw speed attainable with
the pellet extruder set-up was approximately 6 rpm where the supplier’s specification of maximum
screw speed was 8 rpm. This analysis was performed to identify the suitable screw speed for
desired print speed. Hence, for accurate measurements, two pressure transducers installed across
the pellet extruder and flexible tube would be highly recommended for future work. Based on
these trials, a print speed of 30 mm/s was chosen for printing when using a 0.5 mm nozzle and

setting the screw speed to 3 rpm.

4.2.5 Dynamics of the Flexible Heated Hose
As the heated hose is the main element of this system for transporting the polymer melt from the
pellet extruder to the print head, we also consider the flow of polymer melt inside this heated hose

because it may put an additional limit on the print speed and power requirements.

107



4.2.5.1 Melt properties
Polymer melts have highly non-linear, shear rate dependent viscosity properties. The shear rate
is determined by the flow rate and the geometry of the tube and the apparent shear rate (¥gpp)

for a power-law polymer melt can be estimated using the following equation [286]:

. _ 4 Qrotal [3n+1
Yapp = Tr(r)? ( an ) (4.26)

For a print speed of 30 mm/s with SEBS and using a 0.5 mm nozzle, the apparent shear rate at
the channel wall of the heated hose was calculated as 1.875 s'. This shear rate, at the temperature
of 210°C, corresponds to the viscosity of 1909 Pa - s, estimated using the power-law fit equation

from the viscosity curve given in Figure 4.2(b).

4.2.5.2 Heat flux requirements

Since the polymer is in its molten state before entering the heated hose, ideally it would be an
adiabatic process to transport the melt to the print head, if there is no heat loss. However, in
practice, though 3-mm thick fiberglass insulation was applied on the outer surface of the hose,
there is still some heat loss to the environment. This heat loss is compensated for by using an
external band heater which supplies a variable heat flux to maintain the desired temperature of

the heated hose.

4.2.5.3 Pressure drop estimation
From a momentum balance on the heated hose, the pressure drop across it can be predicted as
performed for an extrusion die [259]. By solving both momentum and energy balances, the pressure

drop within the liquefier of a 3D printer was modeled by Ramanath et al. [260], which can be used
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for determining the pressure drop across the heated hose. Hence, the equation has been re-written

as follows:

101
APheated Hose = ;:::1( X [(3n+1[)r?T°tal]n X e[a ($_E)] (4_27)

All the parameters are already discussed in previous sections except T for the temperature of
heated hose, a for activation energy and T for a reference temperature where the temperature
dependency of the melt viscosity disappears. This model was developed with some assumptions
[253]: (a) the melt is incompressible, (b) the flow is laminar, fully developed and steady state, (c)
shear-rate dependency of the viscosity can be expressed using the power-law model and (d) melt
viscosity also depends on temperature and follows the Arrhenius model. We also do not consider

any axial or radial expansion of the hose in this analysis.

4.2.6 Printing of SEBS Soft Robotic Actuator

FPP system has the potential to revolutionize the field of soft actuators through its capacity to
directly print very soft, stretchable thermoplastic materials. Figure 4.3(a) shows a soft, flexible
octopus printed with SEBS that has stretchable arms extensible over 300% without failure. The
3D model of the octopus was downloaded from thingiverse.com and designed by Laurens Kempjes.
Commercially available flexible filaments can be directly used to print objects with limited
flexibility but are not as reversibly stretchable as the SEBS used here. This ability to print very
stretchable devices opens up new possibilities in 3D printing applications such as soft robots where

extreme deformations over many cycles are needed.
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Inspired by the ability of soft-bodied biological systems to interact with the uncertain environment
and achieve compliant motion without multiple mechanical joints, many recent works focus on
soft robotic actuators [290,291]. Therefore, to demonstrate the performance of the FPP system we
choose to print soft robotic actuators made of SEBS. In this work, the pneumatic networks
(PneuNets) based soft robots were designed inspired by work done by the Whitesides group at
Harvard University [292]. This actuator has channels and reservoirs embedded into the elastomeric
materials which can be inflated using pressurized air to achieve mechanical actuation. The 3D
model of the soft robotic actuator is shown in Figure 4.3(b), and 3(c), whereas its actual printed

version is shown in Figure 4.3(d).

Inherently, FDM parts have poor surface quality due to the staircase effect and chordal error
while slicing the object [215]. FDM parts are not usually air-tight in their 3D volume, and air
gaps between deposited fibers and layers contribute to fluid leakage throughout the printed body.
This limits the feasibility of FDM technology in printing PneuNets based soft robotic actuators.
However, this issue may be overcome by selecting proper layer height, layer width and printing
temperature to enhance the fusion between deposited fibers and layers. An additional annealing
process may also contribute in relieving the residual thermal stress if heated sufficiently higher
than glass the transition temperature (7,) to allow the material to re-flow, filling the voids between
fibers or layers. As a result, an air-tight 3D printed part may be realized with substantially
reduced voids in its 3D volume. Hence, after printing the soft robotic actuators of SEBS, if

required, they were also heat treated at 135 °C for 30 min.
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Figure 4. 3: (a) A stretchable octopus with 300% stretchable arms without any mechanical
failure. The 3D model (b) of the soft actuator with dimensions presented in (c). The photograph
of the actual actuator shown in (d). (e) The 3D model of the auxetic structure with dimensions
presented in (f). The printed structure is depicted in (g). All dimensions in 3D models are in mm.
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4.2.7 Printing of SMP Auxetic Structure

In addition to the pellets of soft materials, the FPP system is also capable of printing pellets of
rigid polymers if the pellets are less than 5 mm in size in any of the dimensions [284]. To
demonstrate this capability, rigid pellets of SMP were used to print functional devices like re-
entrant structures. Such structures are getting increasing attention for their ability to unlock “4D”
printing capabilities and morphable metamaterials but have mainly been prototyped via
proprietary resins or more expensive additive manufacturing processes [293]. Re-entrant structures
have auxetic behavior due to their negative Poisson’s ratio, which is of great interest due to their
counter-intuitive behavior under deformation [294]. By using SMP materials, their thermo-
mechanical coupling is utilized in re-entrant auxetic structures for controllable one-way actuation
[295]. The degree of auxeticity is determined by the particular geometry of the material system
and its deformation mechanism when loaded. Higher auxetic performance often requires complex
geometry [296]. Complex auxetic structures generally involve time-consuming and complicated
fabrication techniques; hence rapid prototyping technologies may be useful to fabricate such
material systems [294]. A re-entrant auxetic structure with sinusoidal connectors inspired by the
design used by Dolla et al. for drug diffusion [297], has been printed with SMP to demonstrate
proof-of-principle for our system to be used for this purpose. Figure 4.3(e) shows the 3D model
of the sinusoidal auxetic structure with dimensions of its unit cell in Figure 4.3(f), and the actually

printed structure shown in Figure 4.3(g).
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4.3 RESULTS AND DISCUSSION

4.3.1 Thermal Simulation of the Heated Hose

The insulated, heated hose was assumed to be a hot vertical tube having a uniform diameter of
20 mm. The tube was further considered to be in a free convection situation where the temperature
of the heating element is kept fixed at 210 °C. The connectors on both ends of the hose were
assumed to have a uniform fixed temperature of 220 °C. Since a 4-foot (1.22 m) long heater band
(15 mm wide) was wrapped on to the 2-foot long hose, it is reasonable to assume the heater as a
continuous annular tube fitted on the hose. With these assumptions, first, the constants of the
Hilpert correlation (C, m) were estimated for laminar free convection over a slender circular
cylinder as developed by Cebeci [298]. Finally, the convective film coefficient (k) of 22.0 W/m?

°C was estimated using the Equation (4.28).

Nu = % = C (Gr, Pr)™ (4.28)

Where, Nu, Gr;, and Pr are the Nusselt number, Grashof number and Prandtl number,
respectively, of the air flow around the heated hose. L and k are the characteristics length and
thermal conductivity of the flexible tube. Then, the thermal analysis was performed in ANSYS
as shown in Figure 4.4(a) and 4.4(b). In this steady state thermal simulation, the temperature of
the surrounding environment was assumed to be 25 °C. Figure 4.4(a) shows temperature
distribution along the radial direction (cross-sectional) of the heated hose. It indicates that the
core Teflon tubing is nearly 220 °C and the temperature of its outer surface is just more than 120

°C which was experimentally measured as ~110 °C. From the thermal simulation, the temperature
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distribution along the axis of the heated hose was found to be approximately uniform except a
slight temperature variation near the ends of the tube. Figure 4.4(b) illustrates the temperature
distribution in the tri-extruder, which required the estimation of convective film coefficient (h) of
the forced convection around the heat-sink of one input of the tri-extruder, as performed in

previous work [285].

4.3.2 Ultimate Strength of Extrudates

When the materials were successfully extruded using the FPP system, the extrudates were
characterized to analyze their mechanical properties. The printer was allowed to extrude the
material from a height of approximately 10 cm above the print bed so that when the free extrudate
touches the bed, it is already solidified. These extrudates were then tested in a custom test-setup
reported elsewhere [285] to measure ultimate tensile strength (UTS) and elongation at break.
Since elongation at break of the SEBS extrudates was significantly higher than the elongation
range of the reported test-setup, they were tested in a different approach. First, a specified length
of the SEBS extrudate was hung from an analog mass balance and the other end of the extrudate
was pulled down until the extrudate failed. The whole process was video recorded, which was later
used to estimate the elongation at break and the length of extrudate when the failure occurred.
Table 4.2 summarizes the extrudate diameter, UTS, elongation at break for both SEBS and SMP
extrudates. Each measurement was repeated five times. The SEBS extrudates could stretch to

more than 800% which is higher than the reported stretchability (~600%) of bulk SEBS [223].

114



This phenomenon may be explained by the increased linearity of the polymeric chains from an

extrusion process [286]

Table 4. 2: Experimental results from tensile testing of the extrudates

Materials Nozzle Diameter Extrudate Diameter Tensile Strength Elongation at

(mm) (mm) (MPa) break (%)
SEBS 0.35 0.33 £ 0.01 125 £ 2.2 850 + 70

0.50 0.52 £ 0.02 11.1 £ 1.8 875 + 78
SMP 0.35 0.36 + 0.01 33.2 £ 2.3 32+ 14

0.50 0.54 £ 0.03 35.0 £ 3.6 34 +£21

ANSYS ANSYS

R19.0 R19.0
Academic Academic

Unit; *C
Time: 1 Time: 1
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Figure 4. 4: The temperature distribution across the (a) cross-section of the heated hose and (b)
at the end connector with the tri-extruder, from the thermal simulation using ANSYS.
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Figure 4. 5: (a) Microscope images of two representative SEBS extrudates from 0.5 mm and 0.35
mm nozzles, a metric scale is in the background. (b) A small actuator with only three chambers
printed with SEBS was used to determine the effect of printing parameters on airtightness of soft
robots, (¢) a graphical representation of the effect of printing parameters on airtightness of printed
walls. Three distinct regions printing parameters which result in as-printed air-tight structure,
heat-treated air-tight structure and not air-tight structure. Data points represent the air pressure
which causes rupturing leading to fluid leakage through the chamber walls. (d) Microscope images
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of the cross-sections of samples printed with 0.6 mm layer width and (i) 0.25 mm layer height,
(ii) 0.35 mm layer height (before heat treatment), (iii) 0.35 mm layer height (after heat treatment),
(iv) 0.45 mm layer height. [Scale bars are 1.5 mm] (e) The base of the SEBS actuator printed
with 0.25 mm layer height and 0.5 mm layer width, resembling the bulk SEBS material with high
optical transparency.

4.3.3 Effect of Printing Parameters on Airtight SEBS Structure

The major printing parameters affecting the size and number of inter- and intra-layer voids were
found to be layer height and layer width. These settings are defined in the slicing step when the
3D model is converted to a number of 2D layers. In this work, an open source slicing program,
Slic3r [299] was used for the slicing step. A number of small actuators with only three hollow
chambers, as shown in Figure 4.5(b), were printed with different layer widths and heights. Then,
pressurized air was applied to inflate them until they ruptured to measure the air pressure (gage)
which causes pneumatic failure. The microscope images of chamber-walls of the samples were also
examined to study the voids present in those samples. Figure 4.5(c) shows the printing parameters
needed to achieve airtight SEBS walls when using a 0.5 mm nozzle. There are three distinct
regions in the plot, printing of SEBS structures in the first region deposits the material with a
“squashed” cross-section rather than a more typical circular cross-section. It also causes a degree
of over-extrusion to help to fill the possible voids between the deposited fibers. These phenomena
contribute to air-tight FDM parts with minimal voids in their 3D volume. Because the SEBS is a
clear material, the boundary effect of the internal layers also disappears, leading to a more
transparent printed part. Figure 4.5(e) shows a part with 20 mm depth, still transparent enough

to read text through this thickness.
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The second region in Figure 4.5(c) represents the print settings that result in an object which is
mostly airtight except for some random air-leaking locations. These printed parts require an
additional heat treatment process to allow the materials to re-flow - filling-up the unwanted voids
or sealing-up the cracks. It was experimentally determined that if an SEBS part printed with
parameters defined by the region B undergoes a heat treatment at 135 °C for 30 minutes, it
becomes air-tight, suitable for pneumatic applications. The third region has too many voids for

the part to become air-tight even with the heat treatment step.

Five small actuator samples printed with SEBS were tested to determine the maximum air
pressure before rupturing. Once a sample was ruptured it went through an additional heat
treatment process (135 °C for 30 min) to seal the crack and tests were repeated five times. Figure
4.5(c) also shows the average air pressure which caused the actuator chamber to rupture. It shows
that the samples printed with parameters corresponding to the first region (without heat
treatment) and the second region (with heat treatment) have statistically indistinguishable

rupturing pressure.

4.3.4 Performance of SEBS Soft Actuator

Once the SEBS soft robotic actuator has been directly printed, it was characterized to measure
the actuator force and the tip deflection induced for a range of air pressure (gage) applied to its
PneuNet. The custom setups in Figure 4.6(a) and 4.6(b) with acrylic holders were used to

characterize the actuator. A National Instrument data acquisition (DAQ) hub (NI USB-6289)
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along with a Windows Presentation Foundation (WPF) application written in C# and a load cell

(Transducer Techniques, MLP-10) were used to measure the actuation force.
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Figure 4. 6: The custom set-ups for measuring the (a) actuation force and (b) tip deflection of
the SEBS soft robotic actuator. (c) Different states of actuation of a representative SEBS soft
robot. (d) The dependences of the actuation force and deflection angle plotted against the air
pressure applied. (e) Time lapsed photos of sinusoidal re-entrant structure showing its shape
recovery and (f) the % recovery of the as-printed re-entrant structure over the period of recovery.
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To measure the tip deflection of the actuator, a camera was used to take photos of the deflected
actuator. These photos along with image processing software were used to measure the angle of
deflection of the actuator tip. Figure 4.6(c) shows the different states of actuation of the soft
robotic actuator displaying corresponding air pressure (gage). A graph showing the dependence of
actuation force and tip deflection of the actuator on the air pressure applied is presented in Figure

4.6(d).

4.3.5 Recovery of SMP Auxetic Structure

Previous 3D printing of SMP was recently reported where researchers first used a pellet extruder
to fabricate SMP filament, which was then used in FDM systems to print SMP devices following
with an annealing process before utilizing the shape memory property [300]. However, in this
work, the SMP auxetic structures were printed directly from its pellets using the FPP system and
did not require a post-processing heat treatment step. Figure 4.6(e) shows time-lapsed photos of
the sinusoidal re-entrant auxetic structure (size: 8 cm x 8 cm x 5 mm) depicting its shape memory
property. First, the as-printed structure (7, = 35 °C) was heated to 40 °C under hot water and
stretched 2 cm along both length and width direction (deformed size: 10 cm x 10 cm X 5 mm).
Then it was cooled down to room temperature and kept for 2 minutes while maintaining the
deformed shape. To observe the recovery, the object was then put again under hot water of ~ 50
°C, (T, + 15 °C) recommended by Raasch et al. [300]. The % recovery was calculated based on
the overall length of the auxetic structure as shown in Figure 4.6(e) and using the following

equation.
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Ldeformed— L length
% Recovery — ( eforme currentlengt ) % 100 % (429)
(Ldeformed_ Loriginal)

Where, Lgeformea = the length of the deformed and cooled down structure, Lorigingr = the original
as-printed length of the structure and Leyrrent tengen = the current length of the structure. Figure
4.6(f) shows the % Recovery of the auxetic structure over a period of time, where it is clearly
shown that the structure returns to around 8.1 cm on both length and width directions which is
equivalent to 95% Recovery. In addition to the auxetic structure, a number of prototypes were
also printed using this system. The movie file in the supplementary information shows recovery

of a “UofA” object under 50 °C hot water.

4.4 CONCLUSIONS

To the authors’ best knowledge, this is the first time that material-extrusion based 3D printing
has been demonstrated directly from pellets by using a flexible heated hose as the feed mechanism.
Since the pellet extruder is fixed while the print head moves, it decouples the power/heating
limitations from the speed/resolution needs of the printer hot end. Using this FPP technology,
industrial-scale extruders coupled to FDM printers could deposit materials, in future, with
properties and deposition rates previously impractical. While the motivating drive for the
development of this technology was to solve the issue of working with extremely soft elastomers
partially, the effective feed speeds achievable and economic savings of direct pellet extrusion can

make the heated hose-based extrusion a very valuable improvement to all FDM type printers.
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5. CHAPTER: TENDON DRIVEN

FUNCTIONALLY GRADIENT SOFT

ROBOTIC GRIPPER 3D PRINTED WITH

INTERMIXED EXTRUDATE OF HARD AND

SOFT THERMOPLASTICSS

5.1 INTRODUCTION

In nature, most animals are composed of soft, stretchable and flexible components enabling them
to interact with uncertain environments. On the other hand, typical engineered systems or robots
are primarily composed of rigid, hard materials allowing precise control of position in 3D
space.[301] However, this rigidity limits the applicability of traditional robots to only particular
environments. For instance, hyper-redundant robotic systems are composed of serially connected
rigid links with a high degree of freedom resembling biological systems.[302] These systems have

a high degree of articulation making them superior in highly constrained environments.[303]

§ A version of this chapter is under review for publication as: Khondoker, Mohammad Abu Hasan, Baheri,
Nadia and Sameoto, Dan; Tendon Driven Functionally Gradient Soft Robotic Gripper 3D Printed with
Intermixed Extrudate of Hard and Soft Thermoplastics. 3D Printing and Additive Manufacturing. ID: 3DP-
2018-0102.R2. Reproduced with permission from Mary Ann Liebert, Inc.
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However, due to their dexterity and compliance, finger systems with a continuous soft body have
also gained popularity.[304] A tendon system can also be used to actuate both hyper-redundant

and continuum bodied robotic systems.[305]

Inspired by soft-bodied biological systems, much of the recent work in soft robotics has been
implemented by developing tendon driven artificial fingers such as prosthetic fingers,[304] or shape
memory alloy driven caterpillars.[306] A fully soft-bodied system experiences actuation lag due to
its deformation at the tendon/soft matter interface. Integrating soft and rigid materials in a single
actuation system would facilitate actuation response. However, this integration is not simple for
the commonly used molding-casting fabrication processes which require user expertise.[292,307]
These techniques also place a limit on the structural complexity achievable in the soft robots
because of the processing requirements of molding and demolding steps. The limited structural
complexity is one of the reasons the natural biological systems out-perform engineered systems.
Emerging 3D printing technologies have a role to play to enable printing of geometrically complex
soft-robotic structures such as a combustion-powered robot,[308] a hydraulic hexapod robot,[309]

a legged soft robot,[310] a prestressed soft gripper[311] and a tentacle-like artificial muscle.[312]

For untethered applications, soft robots can benefit from the inclusion of some rigid components
with their soft body.[313] The rigid and soft materials may not be readily bonded, and this can
result in recurring adhesion failures at the interface between different parts. Therefore, a novel
3D printing technique engineered to print both rigid and soft materials resisting separation of

chemically immiscible polymers once printed is of high value to the field of soft robotics
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manufacturing as it can help bypass many of the challenges of assembling and bonding parts in

the final manufacturing process.

In additive manufacturing (AM) processes, a part is produced by adding material into successive
two-dimensional cross-sections.[269] In a multi-material fused deposition modeling (FDM)
technique, multiple polymers are used in the same system to print objects with specialized
materials at strategic locations within the volume to increase functionality and performance.[314]
In 2000, fused deposition of multiple ceramic (FDMC) was developed which is an extended version
of the FDM technique to print objects with up to four ceramic materials.[315] Pilleux et al. used
a multi-material FDM system to print structures consisting of an alumina base material and a
support material made of wax.[316] In a recently published work, functionally gradient materials
(FGM) devices were successfully printed using an off-the-shelf FDM style 3D printer.[317] The
composition was controlled by regulating the feed rates of two filaments. However, there was no
intermixing function in this system and blending of nylon & PLA was said to be uneven and could
often result in globs rather than smooth extrusion. The limitation of multi-material FDM systems
using separate nozzles for each material is they are unable to print FGM devices with a gradual
transition from one material to another. This gradient may be crucial for functional devices for
reducing internal stress gradients and delamination. Kumar et al. successfully printed graded
conical end effectors having enough anchoring stability compared to other purely soft or rigid
objects[318] but had to make use of a different AM technology to achieve this result (Connex500
printer based on PolyJet Matrix™ Technology). Bruyas et al. also printed statically balanced

compliant joints using a multi-material polyjet technique.[228] This type of printing is useful but

124



can only produce parts from specialized resins which may not have the same attractive properties
as true engineering polymers. For instance, Lee et al. reported that the 3D printed connectors
printed from resins were easily torn.[319] Multi-material FDM systems with a single nozzle for all
materials can, in theory, be used to print true FGM objects by continuously varying the
composition of the extrudate in 3D space. There are very few FDM systems which can print two
or three thermoplastic materials using the same nozzle system,[320-322] and most of these multi-
material FDM systems have been used with multiple filaments of the same material but with

different colors so that materials bond well, but also have no mechanically different performance.

When polymers are printed with simple side-by-side co-extrusion, the adhesion between the
materials at their interface is crucial to prevent potential delamination and other bonding issues.
If the Hildebrand solubility parameters, § (cal’?cm®?) of two polymers are comparable, the
materials are miscible.[229] In this case, due to mutual diffusion, the polymer pair has a symmetric
concentration profile of both polymers without a sharp transition,[323] which makes the polymer
pair less prone to bonding failure. If the difference between the solubility parameters of the
polymers increases, they become immiscible.[229] In the case of an immiscible polymer pair, they
are likely to have bonding failures at their interface. There are some reported compatibilization
methods to enhance bonding at the interface of two immiscible polymers.[232,234,235,237]
However, these techniques are designed for flat sheets of polymers and are not suitable for FDM
systems without additional processing steps. As an alternate solution to this issue, mechanical
approaches to resist separation of the polymers at their interface can be applied [238]. Mechanical

interlocking is one of the conceptually most straightforward approaches to overcome the bonding
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failures of polymers with FDM technology. Compared to other blending structures of immiscible
polymer melts, a co-continuous structure facilitates a synergistic effect on the mechanical modulus
from each constituent polymer[239]. However, to ensure the co-continuous structure of a pair of
polymer melts, the volume fraction of any material should be in the range of 0.3 to 0.7 if the
viscosity ratio is near unity[239]. Therefore, when switching from one material to another during
3D printing, at a 3D volume where the composition does not satisfy the requirements of the co-
continuous structure, it will have one material continuous with a dispersed phase of the other
material. However, in the majority of the print volume, the co-continuous structure should be
realized and thus have enhanced adhesion between layers compared to the case of side-by-side co-
extrusion. Hence, an extruder head with the capacity to partially intermix immiscible polymers
to introduce mechanical keying and ensuring the co-continuous structure of constituent polymers
is highly useful for multi-material FDM. This capability can be used to directly print FGM soft

robotic fingers with hard and soft components.

In this paper, a multi-material extruder system with the capacity to insert a static intermixer
enabling extrusion of a mechanically interlocked extrudate of two chemically immiscible polymers
is reported. It was developed first to demonstrate that two rigid thermoplastics that bond poorly,
acrylonitrile butadiene styrene (ABS) and high impact polystyrene (HIPS), could have strongly
enhanced bonding. The degree of intermixing or mechanical interlocking is a key to analyze the
performance of the static intermixer. Samples printed with intermixed co-extrusion were compared
to samples printed with side-by-side co-extrusion without the intermixer. It was the first step to

confirm the capability of printing FGM devices using this custom extruder system. A custom
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system for printing styrene-ethylene-butylene-styrene (SEBS) elastomers was used to examine
bonding between SEBS and HIPS with approximately three orders of magnitude difference in
moduli. Once the bonding between layers was found to improve due to the intermixing, a variety
of tendon-driven fingers with both rigid and soft components were directly printed. Afterward,
the actuation force and bending angles of the fingers with different geometries were measured to
identify optimized design. Finally, a fully compliant, tendon-driven soft robotic gripper was

fabricated, and its performance was measured.

5.2 MATERIALS AND METHODS

5.2.1 Materials

Filaments of rigid plastics, acrylonitrile butadiene styrene (ABS) and high-impact polystyrene
(HIPS) sourced from filaments.ca were used as received. Pellets of styrene-ethylene-butylene-
styrene (SEBS) with the commercial name Kraton G1657 was used as a soft elastomer for rubbery

printed parts.

5.2.2 Printing using Intermixed Co-extrusion

Using a custom bracket cut by a CO, laser from 6-mm thick acrylic sheet, a tri-extruder head was
assembled and attached to an inexpensive 3D printer purchased from Geeetech, China. An early
version of this extruder, the bi-extruder was reported in our previous work[285]. This tri-extruder
has three input channels, two of them were intended for feeding thermoplastic materials whereas
the third input was kept unused by sealing with an M6 screw. The complete printer setup is

shown in Figure 5.1(a), and a close view of the assembled tri-extruder is presented in Figure
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5.1(b). An exploded 3D model of the dissembled tri-extruder can be found in Figure 5.1(c). The

detailed drawings of the extruder head are given in the appendix of the supporting document.

A helical intermixer as shown in Figure 5.1(e) was designed and fabricated using Direct Metal
Laser Sintering (DMLS) of 316-stainless steel powder by Proto Labs, Minnesota with 20 pm
resolution. The intermixer has an overall diameter of 3.5 mm which can be inserted into a nozzle
having an internal diameter of 4 mm. The 3D model of the intermixer is given in Figure 5.1(d).
The intermixer is kept static, and polymer melt flows around the intermixer with mixing achieved
by chaotic advection of the melt flows[267]. Mixing comes at the expense of extra resistance to
flow, with longer static intermixers providing better blending but more losses from friction.
Inserting the intermixer into the nozzle enables intermixed co-extrusion whereas, without the
intermixer, simple side-by-side co-extrudates are achieved. To ensure that intermixing has no
adverse impact on the quality of the extruded filaments, intermixed extrudate samples and side-
by-side extrudate samples of ABS and HIPS were produced and compared for their fracture
strength. Figure 5.1(f) and 5.1(g) show microscopic images of side-by-side and intermixed co-
extrudates of red HIPS and blue ABS with the same (1:1) volume fraction. The co-continuous
structure of HIPS and ABS was observed from their cross-sectional microscopic images. It was
also found that the ultimate strengths of intermixed co-extrudates with different composition were
comparable with those of side-by-side co-extrudates with the same polymer compositions, which
indicates that the intermixing does not result in any voids or axial discontinuities in the material

composition that could result in early failure of the extrudates
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Figure 5. 1: (a) the complete 3D printer with the custom extruder installed, (b) a close view of
the tri-extruder system, (c) The exploded 3D model of the tri-extruder hot end with helical
intermixer, (d) the 3D model of the helical intermixer with dimensions in mm, (e) the helical

static intermixer printed with direct metal laser sintering, (f) side-by-side co-extrudate and (g)
intermixed co-extrudate of red HIPS + blue ABS with a ratio of 1:1.

5.2.3 Preparation of 2D Planar Samples
Planar samples with a single layer thickness are used to test the average adhesion strength of

adjacent deposited fibers. First, rectangular sheets with different compositions of ABS and HIPS
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having only a single layer were printed with linear infill lines aligned along either the X or Y axes
of the print bed. The test specimens were then cut from the rectangles by a CO, laser cutter. The
dumbbell-shaped samples, as per ASTM D1708 guidelines[324], were cut to align the deposited
fibers perpendicular to the loading direction. The ultimate strength of these samples represents
the inter-fiber adhesion strength. Microscope images of the cross-sections where the samples failed
were carefully examined to determine the mode of failure. Sections cut by a scalpel were used for

image analyses of the original cross-section of the samples.

In the case of side-by-side co-extrusion (without intermixer), there are two types of samples, X-
samples and Y-samples, with a distinctly different appearance. The X-samples are cut from the
rectangle sheet which was printed by depositing infill fibers aligned with the X-axis, whereas, the
Y-samples are from the sheets printed with infill fibers aligned with Y-axis. Figure 5.2(a) shows
the orientation of the print head and the directions of the print axes while printing X-samples. It
also shows microscopic images of the sections across the deposited fibers. Figure 5.2(b) shows
details of Y-samples and confirms that the cross-sections of Y-samples have more of a true
alternating arrangement which further reduces the degree of same-species diffusion of polymers.
Figure 5.2(c) presents the dimensions of these 2D planar samples. The samples printed with
intermixed co-extrusion do not have such an effect of print orientation; instead, the nature of

intermixing is random without any pattern, as shown in the microscopic image in Figure 5.2(d).
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Figure 5. 2: The print orientation and microscopic images of flat sheets printed for (a) X-samples
and (b) Y-samples in side-by-side co-extrusion. (c¢) The dimensions (in mm) of the 2D planar
samples and (d) the microscopic images of the intermixed samples across the deposited fibers.
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Figure 5. 3: (a) Dimensions of the 3D models modified from test coupon Type V of ASTM D638
standard and (b) photographs of the printed 3D samples of red HIPS and blue ABS.
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5.2.4 Preparation of 3D Samples

3D dog-bone style test coupons were printed for ultimate strength testing based on a version of
ASTM D638-10 standard. The ASTM guideline has five different test coupons, type I through
type V. A modified test coupon of type V was used for this study following the similar method
reported in liturature[325] to balance print size and load cell limits for our MTS system. Photos
of 3D samples of different composition of red HIPS and blue ABS printed with both types of co-
extrusions are depicted in Figure 5.3. These samples were printed using 0°/90° raster angles with
each alternating layer having a 0.5 mm layer width and a 0.4 mm layer height. The print-bed

temperature was set at 90°C during printing.

5.2.5 Design of Tendon-Driven Finger

The finger designed in this work has four main components: a flexible main structural body, two
rigid channels for the tendon systems, two soft rubbery layers on both gripping surfaces and two
inextensible tendon systems. Figure 5.4(a) shows these components where the capability of the
bidirectional actuation system of a finger can be seen. The flexible main body serves as the
backbone of the finger. The overall stiffness of the finger is determined mainly by the composition
and thickness of this flexible backbone. In this work, eight different finger samples (A through H)
were designed and characterized to compare their actuation forces and bending angles with respect
to the tendon displacement. These fingers differ in thickness or composition of their backbone unit
as illustrated in Figure 5.4(b). Except for sample F, all other samples were printed with an
intermixer inserted. Samples A and B have identical dimensions with a 2 mm thick backbone

unit. The only difference is that sample B is printed entirely from SEBS. Unless explicitly
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mentioned, when switching between red HIPS and transparent SEBS during printing, the
composition was changed gradually within four layers. This gradual transition of HIPS and SEBS
can be seen in Figure 5.4(c). When these fingers are actuated, one side of the finger will be under
compression while another side will be under tensile loading. As they are symmetric, the neutral
axis lies on the geometric center line of the finger. Both samples C and D have a 4 mm thick
backbone unit; however, sample D has one 100% HIPS layer at the neutral axis of the finger to
enhance overall axial stiffness. This stiffness enhancing HIPS layer with abrupt transition can be
seen in Figure 5.4(d). Sample E, F and G have an 8 mm thick backbone unit with different
composition and extrusion type. The backbone units of Sample E and F are entirely composed of
SEBS but printed with intermixed and side-by-side extrusion, respectively. On the other hand,
the backbone unit of sample G is composed of 33% HIPS and 67% SEBS. Lastly, sample H has a
thicker SEBS backbone unit with 12 mm thickness. All these samples have a 1 mm thick SEBS
layer on the upper surfaces of the rigid channels on both sides to increase the coefficient of friction

of the gripping surface. The dimensional comparison of these samples can be found in Figure 5.5.

Nylon string was used as an inextensible tendon for the fingers. A rectangular channel within the
rigid pillars was used for the tendon system. The purpose of having extended upper surfaces of
these pillars is to increase the grasping contact area. It is necessary to have a rigid channel for
the tendon to avoid deformation of these individual sections when actuated. Each of the fingers
has two tendon systems on both sides to enable bidirectional actuation. Another advantage of this

bidirectional actuation is its agonist-antagonist balanced structure which ensures the finger can
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hold an actuated position even when being loaded. The free end of the finger has a slope to avoid

edge contact with the object when actuated.

(3) m-ward Out-ward Main flexible Rigid channels Rubbery surfaces to
tendon tendon structural unit for tendons enhance friction

e TRRRRRN
a4 A _ |
' Sample B

3 e ar T

Figure 5. 4: (a) The 3D model of a tendon driven soft actuator showing all functional structural
components, (b) photographs of all eight different samples printed, microscopic image showing
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vertical transition from red HIPS to transparent SEBS (c) and sharp transition with single layer
of red HIPS at the neutral axis of sample D.
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Figure 5. 5: The structures of different samples of the tendon driven actuator.

5.3 RESULTS AND DISCUSSION

5.3.1 Tensile Tests of 2D Planar Samples

Once the 2D planar samples are prepared, they were tested with an ElectroForce® 3200 Series 111

Test Instrument to compare the inter-fiber adhesion of samples printed from side-by-side and

intermixed co-extrusions. The side-by-side Y-samples have the closest to true alternating materials

across the infill lines which provide the most favorable condition for delamination. In contrast,

135



the X-samples demonstrate some degree of same-species polymer diffusion near the center of the
interface of two adjacent deposited fibers as shown in Figure 5.2(a). Intermixed samples show
much more mechanical keying in the individual deposited fibers by possessing the co-continuous
structure of both HIPS and ABS. After tensile testing, the cross-sections of all the samples at
their failure locations were photographed under a microscope to determine the mode of failure. It
was determined that all the side-by-side samples failed by separation of two fibers having weakest
adhesion at their interface, suggesting adhesive failure mode. The following sections describe the
effect of significant printing parameters on the adhesion strength of these samples. Table 1 lists
ranges of all the parameters tested while printing the 2D samples examined in this section. When
printing the samples to test the effect of a particular factor, other factors were kept fixed at the

mid-level in Table 5.1

Table 5. 1: Factors with their high, low and mid-levels

Factors Lewvels

Nozzle temperature 235 °C 250 °C 265 °C
Layer width 0.35 mm 0.5 mm 0.65 mm
Print speed 30 mm/s 60 mm/s 90 mm/s
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Figure 5. 6: The effect of (a) nozzle temperature, (b) layer width and (c¢) print speed on the
adhesion strength of adjacent fibers in 2D planar samples. (d) photos of an intermixed 2D sample
(left) and a side-by-side 2D sample (right). The microscope images of the failed cross-sections of
these planar samples: side-by-side X sample (inset-top) and intermixed sample (inset bottom). (e)
Ultimate tensile strength (UTS) of 3D samples (both intermixed and side-by-side) with different
composition of HIPS and ABS. The microscopic images of two representative side-by-side (f) and
intermixed (g) samples having the same 50%-50% composition of red HIPS and blue ABS (scale
bars are 2 mm).
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5.3.1.1 Effect of Nozzle Temperature

Nozzle temperature is a very important factor to be considered in FDM printing. In FDM, the
nozzle temperature governs the temperature of the deposited fibers being adhered to the previous
fiber[326]. This initial temperature of just deposited fiber controls the degree of thermal motion
such as reptation and diffusion of polymer chains across the interfaces of deposited fibers.
Therefore, a higher nozzle temperature results in higher adhesion strength of adjacent layers.
However, excessively high nozzle temperature may also induce degradation of the polymer
materials, so it cannot be increased indefinitely without cost. From Figure 5.6(a), higher extrusion
temperatures increase adhesion strength for all types of printing, but in all cases, the intermixed
adhesion strengths were the highest. Y-samples showed very weak bonding compared to X-
samples, which is true for all the tests performed in this section. This phenomenon indicates a
major weakness of side-by-side co-extrusion in manufacturing robust gradient parts as these

interfaces will result in substantial bond weaknesses within larger components.

5.3.1.2 Effect of Layer Width

The layer width is defined by the user while slicing the object. A higher layer width increases the
polymer extrusion rate. Therefore, if the air gap between each deposited fiber is kept the same
that results in a larger overlap between adjacent deposited fibers, it reduces voids within the fill
volume and favors the thermal movement of polymer chains because of more contact area; overall
resulting in higher adhesion strength. A larger layer width also slows down the cooling due to

more thermal mass;[327] thus it increases the degree of diffusion of polymeric chains through the
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fiber interface. Increasing layer width increases the apparent adhesion strength between fibers as
shown in Figure 5.6(c), but it primarily improves bonding between filaments due to increased
bonded area. In this analysis, the adhesion strength was estimated based on the thickness of the
sample, assuming the cross-sectional area to be the same for all samples with different layer width.
An increase in layer width from 0.35 mm to 0.65 mm resulted in over 70% increase in adhesion
strengths in intermixed samples. For side-by-side X-samples, this increase in average adhesion
strength was only ~25%. In Figure 5.7, the adhesion strength corrected for the measured thickness
is presented where the layer width effect disappears; confirming that the increased contact area

due to higher overlapping caused the apparent increase in adhesion strength.

Corrected Adhesion Strength for Measured Contact Thickness
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Figure 5. 7: The adhesion strength of the samples corrected with measured thickness of the
samples printed with two different layer widths.
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5.3.1.3 Effect of Print Speed

The effect of print speed is not as significant as layer width, but it also plays a role in governing
the adhesion between adjacent fibers. Faster print speed enhances adhesion strength as shown in
Figure 5.6(b). In the case of higher print speed, each fiber has less time to cool before the next
fiber is deposited, resulting in more diffusion with newly deposited fiber. Hence, samples printed
with 90 mm/s have on average 40% higher adhesion strength compared to samples printed with
30 mm/s. In literature,[328] a similar effect was also observed by Pan at el. However, as the print
object size increases this effect seems to diminish because the deposited fibers take only on the

order of a few seconds to cool down, hence imposing a time limit for improved adhesion.

Figure 5.6(d) explains the mode of failure in the case of side-by-side (X-samples) and intermixed
samples with a 1:1 ratio of red HIPS: blue ABS. In the inset images, the microscopic images of
the failed cross-sections of 2D samples are shown. The side-by-side (X-samples) have an obvious
bimorph structure of the polymers resulting in delamination dominated adhesive failure. On the
other hand, the intermixed samples show a combination of adhesive and cohesive failures as
depicted in the inset image which contributes to the higher layer adhesion of deposited adjacent

fibers.

5.3.2 Tensile Tests of 3D Object Samples
3D samples were also tested on the same ElectroForce® 3200 Series III Test Instrument to measure
the ultimate tensile strength (UTS) of side-by-side and intermixed samples. Each data point of

this analysis represents the average strength of three repetitions, and the overall consistency of
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measured strength demonstrates that intermixing enhances the mechanical strength of 3D objects
of ABS and HIPS. From Figure 5.6(e), pure HIPS and ABS samples showed an average tensile
strength of 20.44 MPa and 30.06 MPa, respectively. As the composition of ABS increases, the
UTS of the sample also increases for both intermixed and side-by-side extruded parts roughly
suggesting the rule of mixture holds for these parts despite potential bonding challenges. In all
cases, the intermixed 3D samples showed more than 10% higher UTS than their side-by-side
extruded counterparts, which is not as significant as the 2D samples. This can be attributed to
the fact that in 3D structures the materials are already partially interlocked in all three directions
due to different fill angles and the subset of filaments already aligned in the direction of the
loading. After the tensile tests, the fractured samples were imaged and examined to understand
the mode of failure better. As expected, the side-by-side samples (Figure 5.6(f)) showed significant

inter-layer delamination, which was not seen in the case of intermixed samples (Figure 5.6(g)).

5.3.3 Characterization of Tendon Driven Actuators

To compare the performance of different finger samples, the actuation force and deflection angle
generated by the fingers were measured for different tendon displacements. These properties are
mainly determined by the overall stiffness of the finger. The ideal finger should have a higher
actuation force and a higher deflection angle for a specific tendon displacement. Once the tests

are performed, the best sample finger was used to develop a compliant gripper.
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5.3.3.1 Actuation Force Measurement

An acrylic support was designed to hold the fingers horizontally to ensure that the tip of the
finger barely touches another flat acrylic sheet which is fixed to a load cell (Transducer
Techniques, MLP-10) held by acrylic support. A National Instrument motion controller (Model
No. ESP301) along with a data acquisition (DAQ) hub (NI USB-6289) and a Windows
Presentation Foundation (WPF) application written in C# was used to apply tendon
displacements and measure the corresponding actuation forces. The test setup is presented in
Figure 5.8(a), and the variation of measured actuation forces for different tendon displacements
of all samples are shown in Figure 5.9. Samples A and B showed relatively higher bending angles,
and lower actuation forces compared to the other samples. Sample G was found to generate the
largest actuation force up to 10 mm of tendon displacement. The actuation force of this sample
was even larger than that of sample H with the thickest (12 mm) flexible backbone unit because
it was stiffest in bending. Sample D experienced major interface failure when actuated by a 15
mm tendon displacement. A close observation, as in Figure 5.10(a), indicates that this failure was
mainly because of the sharp transition between HIPS and SEBS — further evidence of the
importance of gradient and intermixed parts. Hence, from the perspective of actuation force,

samples E;, F and H showed the best potential to be used in compliant grippers.
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5.3.3.2 Displacement Angle and Tensile Force Measurement

Another acrylic support was designed to hold the fingers horizontally and keep one end of the
finger fixed as a cantilever beam. Then the tendon cable was attached to one side of a load cell
and another tendon was attached from the other side of the load cell to a three-axis stage. The
same DAQ system was used to measure the linear displacement of the tendon cable and
corresponding tensile force applied through the tendon cable. A high-speed camera was positioned
horizontally to capture the images of the deflected finger. A ruler placed beside the finger was
useful when measuring the deflection angles via image processing. Figure 5.8(b) shows the
experimental setup to measure the angles of deflection and applied tensile force of the fingers.
Figure 5.8(c) and 5.8(d) show successive actuation of two samples with different stiffnesses. The
sample with only a 2 mm thick backbone unit has low stiffness which is confirmed from its higher
tip deflection whereas another sample with an 8 mm thick backbone unit results in much less
actuation for the same amount of tendon displacement. From Figure 5.9, sample A shows the
highest bending with a lower tensile force requirement, indicating its stiffness is the lowest. Sample
B also shows a similar trend; however, its deflection angle is slightly less than that of sample A.
This is believed to be caused by the fact that under tendon displacement the soft tendon channel
is also deformed nullifying some degree of actuation by the tendon. By increasing the thickness of
the backbone unit to 4 mm, samples C and D require higher tensile force to actuate to a certain
angle. This force requirement was highest in the case of sample G which had an 8 mm thick
flexible backbone unit with a 4 mm thick semi-rigid backbone unit. It was necessary to apply
more than 15 N tensile loads to continue actuation after a 5 mm tendon displacement with very
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limited deflection angle. Sample H showed reasonable deflection with actuation force; however, its
tensile force requirement was also noticeably higher than that of samples E and F. Therefore,
based on the actuation force, angle and tensile force requirements, samples E and F were found
to have potential to be used in developing the compliant gripper. These two samples have the
same dimensions and construction with the only difference being their constituent extrudate type,
intermixed vs. side-by-side. To further examine the effect of extrudate type on the actuation
performance of the finger, a cycle-test was conducted where the fingers were actuated 10,000 times
in both directions. In this study, a complete cycle includes actuating the finger in one direction,
de-actuating back to neutral position with the same tendon, actuating again in the other direction
with the other tendon and finally de-actuating back to the neutral position. The deflection angles
of both fingers before and after the cycle test were plotted as shown in Figure 5.10(b). It was
found that, though the intermixed sample E does not show any major discrepancy in deflection
angle after 10,000 runs, however, sample F printed with side-by-side co-extrusion results in a
noticeable decrease in deflection angle after the cycle test. To understand the reason behind this
phenomenon, both the samples were carefully observed under a microscope. At no actuation
condition, no changes were visible. However, when they were actuated and observed under the
microscope, it was found that the side-by-side sample F showed localized, small-scale layer-wise
delamination (as depicted in Figure 5.10(c)) at selected HIPS and SEBS interfaces where hard
HIPS and soft SEBS were in poor contact. Sample E did not show any such failure even after

10,000 cycles. This study confirms the necessity of intermixed co-extrusion of two mechanically
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distinct polymers in gradient printing to eliminate anisotropy in mechanical properties resulting

from printing orientation.

(c)

15 mm 20 mm

10 m

5m

0 mm

Figure 5. 8: Test set-up to measure actuation force vs. tendon displacement applied (a), and tip
deflection & applied tensile force vs. tendon displacement. Time lapsed superimposed images
showing the actuation of (c¢) sample E and (d) sample A for 0 mm, 5 mm, 10 mm, 15 mm, 20 mm
tendon displacement. It shows that actuator with low stiffness results in higher tip deflection.

145



Sample A Sample B
15 ® 300 15 300
(@]
12 e 240 _ 12 240 _
Zo 180 29 e 1803
8 L a8 &
2 6 o 120 5 2 6 (] 120 5
Bh o =
3 60 & 3 60 &
0 ’.W 0 0 “..W 0
0 5 10 15 20 0 5 10 15 20
Tendon Displacement (num) Tendon Displacement (mim)
Sample C Sample D
15 300 15 300
12 240 _ 12 240
29 180 29 180 8
8 o & 3 &
S 6 ® 120 A S 6 120 A
) R=) B
3 60 & 3 60 &
[}
0 0 0 0
0 5 10 15 20 0 5 10 15 20
Tendon Displacement (mm) Tendon Displacement (mm)
Sample E Sample F
15 300 15 300
12 240 12 240
Z9 180 § Z9 1 80_§
8 2 g 3
2 =] 2 =
L?-: 0 P 120 E fi 6 @ 120 5
° & ® a
3 ® 60 = 3 M) 60 &
0 0 0 0
0 5 10 15 20 0 5 10 15 20
Tendon Displacement (mm) Tendon Displacement (mm)
Sample G Sample H
15 300 15 300
12 240 12 240
Z9 1808 29 180 5
S 6 120 A g 6 120 A
K= S B
= =
3 60 3 ™ 60
° h i
0 0 0 0
0 5 10 ES 20 0 5 10 15 20

Tendon Displacement (mm)

Tendon Displacement (mm)

—a— Applied Tensile Force (N)

—B- Actuation Force (N)

@ Tip Deflection (%)

Figure 5. 9: The measured tip deflection, actuation force and applied tensile force vs. tendon

displacement of sample A through sample H.
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Life Cycle Test of Sample E and F
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Figure 5. 10: (a) A photograph showing the interface failure of sample D due to sharp transition
between red HIPS and transparent SEBS, (b) actuation angle vs. tendon displacement for sample
E and sample F before and after 10000 actuation cycle tests, (c) a microscopic image of one of the
layer adhesion failure of side-by-side printed sample F after 10000 cycle test, these types of
adhesion failures were not seen in intermixed sample E. (d) a schematic of two-way actuation
mechanism of the printed actuators showing its agonist-antagonist balanced system. With clock-
wise rotation of motor shaft, green tendon displaces exactly same amount as yellow tendon
displaces, resulting in clock-wise actuation of the actuator. And (e) a 3D model of the tendon
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driven soft robotic gripper based on sample E. The screw-spring mechanism ensures each tendon
can be individually adjusted to maintain same degree of tension resulting no actuation of all three
fingers. Yellow tendon system is used for out-ward actuation whereas green tendon system induces
in-ward actuation.

5.3.3.3 Stiffness Measurement

The tensile force required to actuate the finger was measured over a range of tendon displacements
as discussed above. This tensile force showed a nearly linear relationship with the tendon
displacement. Hence, the overall stiffness of the finger can be calculated, as done by Mutlu et
al.,[304] as the linear fit slope of the tensile force vs. tendon displacement plot as shown in Figure
5.9. The deviation of these plots from a linear fit is believed to be caused by the gap between
tendon cable and its channel, possible slack in tendon cable, slight initial stretching of the cable
itself and the deformation of the finger. The measured actuation force generated by the finger was
substantially smaller than the tensile force applied through the tendon cable. This mechanical loss
may be due to different forms of losses such as friction between tendon and finger, the energy

dissipated to deflect the finger, and loss due to deformation in soft components.

5.3.4 Development of a Fully Compliant Gripper

Finger E was found to have the best performance based on all the analyses, so two more fingers
were printed with the same dimensions. A fully compliant gripper with three fingers was
constructed to demonstrate the conformity of the proposed fingers with both hard and soft

components. Three tendon cables from each finger form a set of tendons. Hence, there are two
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sets of tendon systems; one set is for actuating all fingers toward the inward direction of the
gripper while the other set actuates them outward. The inward tendon system is actuated when
a grasping action is desired whereas the outward tendon system is actuated when a releasing
action is required. Due to the ability of these fingers to actuate in both directions, the gripper can
grasp objects which are larger than its size. It was necessary to make sure that all the tendon
cables actuate at the same time which was ensured by keeping both sets of tendon systems always
in tension. Figure 5.10(d) shows a schematic diagram of a finger depicting its agonist-antagonist
balanced structure. With the help of a screw-spring mechanism, each tendon can be adjusted
individually to control the tension. The tendons were attached to an acrylic rotor which was
coupled with the shaft of a stepper motor. As shown in Figure 5.10(d), if the motor rotates in a
clock-wise direction, it induces tension in the yellow tendon and reduces tension in the green
tendon. That results in an outward actuation of the fingers as shown in the figure. This agonist-
antagonist balanced system ensures that the displacements in both tendons remain the same with
the opposite direction. The 3D model in Figure 5.10(e) was based on red HIPS and transparent
SEBS with green inward and yellow outward tendon systems. The actual gripper was successfully
used to handle different sized objects with non-geometric irregular shapes softly. Figure 5.11 shows
time-lapse images of the gripper where it was used to grasp a ceramic table-clock. This action
starts with outward actuation to open the gripper, followed by a no-actuation step when it
surrounds the object being handled. Then, by actuating in the inward direction, the fingers touch
the object and exert force over the contact area. Finally, grasping is complete, and the object can
be lifted and handled accordingly. Apart from being able to grasp larger objects, the benefit of
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bidirectional actuation also includes the capability of this gripper to grasp objects from inside a

hole, for example, a beaker.

(b) Opening: out-ward actuation

Lifting

(d) Lifting: gripping complete {c) Grasping: in-ward actuation

Figure 5. 11: A series of photographs (background removed for clarity of the illustration) of
grasping action of the developed gripper. The gripper was used to handle a table clock which is
larger than the size of the gripper.

5.4  CONCLUSIONS
The custom extruder system developed in this work has the intermixing capability to co-extrude

multiple dissimilar thermoplastic polymers with mechanical interlocking structure within the
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extrudate. The intermixing was found to have the same composition percentage along the length
of the extrudate and has no adverse effects on the mechanical strength of the extrudates. Without
the intermixer, the extruder is also able to co-extrude materials in a simple side-by-side manner
but doing so resulted in high bonding strength anisotropy depending on the direction of deposition.
Compared to samples printed with side-by-side co-extrusion, the samples from intermixed co-
extrusion showed significantly higher adhesion strength of two adjacent fibers deposited in the
same layer with at least 12 times higher adhesion strength compared to side-by-side Y-samples.
Moreover, the 3D objects printed with intermixed extrudate also have higher ultimate tensile
strength compared to their counterpart from side-by-side co-extrusion. To demonstrate its
performance, tendon-driven fingers with both hard and soft body parts were 3D printed in a single
process using the custom extruder. To resist interface failure of hard and soft materials, the parts
made of mechanically interlocked co-extrudates were printed with a gradual transition from one
material to another. As a result, flexible fingers with rigid stiffer tendon systems without any
bonding failure were 3D printed in a single step. Finally, these fingers were successfully integrated

into a compliant, soft robotic gripper which can handle irregularly shaped objects.
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6.CHAPTER: DIRECT 3D PRINTING OF

STRETCHABLE CIRCUITS VIA LIQUID

METAL CO-EXTRUSION WITHIN

THERMOPLASTIC FILAMENTS™

6.1 INTRODUCTION

Three-dimensional conductive microstructures embedded in elastomers have a great potential for
uses in flexible and stretchable electronics applications [18]. Liquid metals (LM) with superior
conductivity have gained popularity among the research community because their conductive
structures embedded in elastomers can withstand repeated stretching and bending without any
noticeable electrical or mechanical loss [89]. Although Mercury (Hg) was initially used in this field
[74,75], recently its use has been avoided due to its toxicity [77,78]. In the last decade, gallium-
based, non-toxic [81], LM alloys have been applied in numerous applications where uninterrupted
electrical conductivity at high mechanical strain is necessary [18,89,155]. There are two widely

used gallium based LM alloys: eutectic gallium indium (EGaln) and Galinstan. EGaln is a eutectic

“A version of this chapter is submitted for publication as: Khondoker, Mohammad Abu Hasan, Ostashek,
Adam and Sameoto, Dan; Direct 3D Printing of Stretchable Circuits via Liquid Metal Co-Extrusion within
Thermoplastic Filaments. Advanced Engineering Materials. ID: adem.201900060. Reproduced with

permission from John Wiley & Sons.
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alloy of gallium (Ga) and indium (In) with a typical composition of 75.5% Ga and 24.5% In,
having a melting point of 15.5 °C [79]. Galinstan represents a family of eutectic alloys of different
compositions of Ga, In and tin (Sn) without a generic melting point. However, the most common
form of Galinstan has a composition of 68.5% Ga, 21.5% In and 10% Sn and a melting point of —
19 °C [79]. Both classes of LM alloys show similar physical properties. Currently, they are
considered to be superior electrical conductors for extremely stretchable electronics such as
wearables and mechanically tunable antennas because these functional devices can be integrated
onto non-rigid substrates like textiles, clothing, and sensors [102,329,330]. These LM alloys have
a very high electrical conductivity (approximately 1/16™ that of copper [82]) compared with most
electrically conductive inks or composites, and their ability to strain while remaining conductive
is limited primarily by the mechanical properties of the surface or material to which they are
bonded. When exposed to air, gallium alloys form a “skin” of gallium oxide [84], which helps pin
the metal to different surfaces. Unlike electrically conductive composites, these LM alloys are not
as susceptible to large resistance changes at high elongations due to the separation of conductive
fillers. Rather, the LM alloy deforms to fill the volume in which it is contained. The most common
fabrication techniques of LM-based microstructures include stencil printing, injection into
microchannels, direct writing, and droplet deposition [18,82]. The low inherent viscosity of gallium
based LM alloys, combined with non-Newtonian behavior caused by the native gallium oxide
layer, makes a direct extrusion of the unmodified material exceptionally difficult to achieve,
although one recent solution that holds some promise involves the combination of micro-particles
with LM alloys to form thixotropic pastes [331]. Regardless of the patterning method, for all
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actual end applications, an encapsulation step or an additional injection step is necessary to
prevent liquid metal circuits from being destroyed by mechanical abrasion or contact with other
surfaces [140,147,332]. Because of this, direct printing of liquid metal in additive manufacturing
processes is still an unsolved issue. Only one paper to date has demonstrated a method for direct
encapsulated printing of EGaln, and it was difficult to achieve consistent streams of liquid metal
because the viscosity of the surrounding silicone rubber was relatively low [333]. To address this
encapsulation challenge, we demonstrate for the first time the use of a thermoplastic FDM
extruder combined with a coaxially extruded LM core to produce directly printed stretchable
wires that can be deposited in 2D or 3D shapes. This printing method is compatible with other
thermoplastic or thermosetting process steps and can also produce very thin wire cross-sections
through a combination of extrusion and drawing processes — eliminating most of the challenge of
injecting liquid metal into small diameter channels [7]. Although in this work, only LM alloy was
used as the conductive material, however, the technique can also be utilized to print with other
low-melting-point metals and alloys such as gallium, bismuth, tin, and indium-based alloys which
melt up to around 250 °C [334]. Using low melting point metals or alloys has potential in the
applications where stretchability is not a desired property, but rather the mechanical strength,
conductivity or density are of primary concern.

As an insulating material, thermoplastic material with high stretchability, flexibility, and
mechanical stability was desired. Based on these properties, a thermoplastic elastomer, styrene
ethylene butylene styrene (SEBS), was chosen because of its superior mechanical properties
suitable for stretchable electronics applications [223,283]. In this work, a commercially available
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type of SEBS, Kraton G1657 was used, which has a very high elongation at break (~750%),
relatively high tensile strength (23.4 MPa), low hardness (47 Shore A), low 300% modulus (2.4

MPa) and high melt index (22 g/10 min at 230 °C, 5 kg) [335].

(a) Gauge 22 Needle: (b) .
Closed Input Liquid Metal input e P 1 v ellet

0 Extrude
: 124 .

-

Heated Hose:
SEBS input

Coaxial Nozzle

Figure 6. 1: (a) The exploded 3D model of the tri-extruder used for coaxial extrusion of LM
with an SEBS elastomeric shell. (b) The entire FDM setup, showing a heated hose conveying the
SEBS melt from the pellet extruder to the tri-extruder print head and a syringe pump injecting
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the LM via a silicone tubing. (c) Device geometry of the coaxial system showing the coflowing
mechanism of LM with an SEBS shell. (Inset) Illustration of surface tension force (Fr) and viscous
drag (Fp) which determine the nature of coaxial extrusion. (d) If the LM leaves the needle while
inside the nozzle when the SEBS melt has significantly low viscosity due to high temperature, the
surface tension dominates the viscous drag and results in droplets of the LM. (e) Higher viscous
drag is favorable for a continuous smooth core of LM which requires the needle tip to be outside
of the nozzle (~ 1 mm).

6.2 COAXIAL EXTRUSION OF LM WIRE

We have built a thermoplastic tri-extruder system compatible with FDM printers that is capable
of both intermixed and co-axial extrusion of multiple materials in a single process, as presented
in our previous works [252,285,336,337]. The printing head has three input channels where two
angled inputs are designated for feeding thermoplastic materials with the third input reserved for
co-axial extrusion of a central core fluid. A 3D model of the tri-extruder is presented in Figure
6.1(a). In order to directly 3D print thermoplastic elastomers from pellets, we have also developed
an extruder-based feeding system, as described elsewhere [336]. The feeding system consists of a
screw extruder coupled with a heated hose to convey the polymer melt to the print head. The
screw extruder system is a modified version of a filament extruder system purchased from
Filastruder, USA [284]. In this work, one thermoplastic input channel was kept inactive using an
M6 screw but can normally take other thermoplastic filament inputs for blending functions [337].
The central LM core was fed using a central needle (reusable stainless-steel dispensing needle:
gauge 22, ID 0.016" (~ 400 um), OD 0.028" (~ 700 um), McMaster Carr) which was carefully kept
concentric to the nozzle having an opening of 1.8 mm. The needle was connected to a syringe

pump (Harvard Apparatus, Pump 11, Pico Plus Elite) through a flexible silicone tubing and luer-
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lock connectors. The tri-extruder system was installed on an inexpensive FDM 3D printer (Model:
M201) purchased from Geeetech, China [32]. The whole setup is shown in Figure 6.1(b), where all
major components are illustrated. Once the stretchable wire was extruded, an immediate drawing
step while the temperature of the extrudate was still above the glass transition temperature (Tj)
of SEBS resulted in an ultrafine stretchable wire. By varying the drawing speed, it was possible
to fabricate different diameters of wires from the same extrusion settings. Using this method,
ultrafine conductive wires can be produced which may be used in future applications such as
micro-electrode interconnects for nerve systems [338]. Lin et al. reported a manual drawing process
of liquid metal wires at room temperature using curable polymers [339]. However, that process is
not suitable for producing continuous wire because the length of the drawn wire is limited by the
initial size of the LM droplet, and it is solely a manual method whereas the technique developed
in our work requires less manual effort with better control over the diameter of wire through the

use of a motorized winder.

6.3 MECHANISM OF LM COAXIAL EXTRUSION

While the FDM extruder system is much larger than typical microfluidics devices, the higher
viscosities of thermoplastic melts provide similar Reynolds numbers and design principles applied
to very laminar flows despite being a non-Newtonian fluid. Hence, the coaxial extrusion of LM
and SEBS can be explained by the dripping and jetting mechanism in coflowing microfluidic
systems of two immiscible fluids [340]. Dripping occurs when the inner fluid forms periodic droplets

that pinch-off from the injecting tip. However, in the jetting regime, the inner fluid first forms a
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jet which may be broken up into droplets downstream away from the tip. The dynamics of this
coflowing system are determined by the viscosities of both fluids and their average velocities,
densities, surface tension, surface chemistry and device geometry [341]. As shown in Figure 6.1(c),
once the LM is injected through a needle surrounded by the viscous polymer melt, there are two
major forces which define the continuity of the core fluid — the surface tension force and viscous
drag [342]. In comparison with these forces, the effects of gravity, buoyancy and momentum
transfer terms can be assumed to be negligible [342]. Initially, the force due to interfacial surface
tension (Fr) dominates the viscous drag applied by the outer fluid and minimizes the surface area
by forming a spherical droplet and tends to adhere the droplet to the needle. This surface force,
Fr is approximately 1.3 md;y, where, d; is the internal diameter of the LM needle and y is the
surface tension of the LM and molten SEBS interface [342]. On the other hand, the viscous drag
forces the LM downstream away from the needle tip, which can be approximated from a modified
version of the Stokes formula as: 3mnggps(diy — d;)(Usgps — urm) [342], where nggps is the
dynamic viscosity of the SEBS melt, usggs is the average velocity of SEBS melt, u;,, is the average
velocity of the LM and dj,, is the diameter of LM core. The viscous drag takes into account the
shielding of the LM droplet due to the needle and reduction in drag due to the relative velocity
between both fluids. Continuous feeding of LM causes the droplet to grow, which eventually
contributes to an increase in the viscous drag. Once the viscous drag overcomes the surface tension
force, and the droplet is forced to move away from the needle which creates a slight undulation
on the droplet tail. Due to Plateau-Rayleigh instabilities, the droplet is then pinched-off and
encapsulated. In our case, the LM droplets are oblong because the temperature of the polymer
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melt quickly drops below T, and restricts droplets from becoming fully spherical. A 3D model of

a discontinuous series of LM droplets encapsulated in SEBS is shown in Figure 6.1(d). To achieve

a continuous jet of LM encapsulated in SEBS, the viscous drag should be high enough to force

LM away from the needle before droplets can grow. We achieved a continuous jet by lowering the

LM needle tip outside (~1 mm) of the extruding nozzle. The viscosity of the polymer melt increases

non-linearly by decreasing the temperature and shear rates outside of the nozzle. Hence, when the

LM is injected, it is surrounded by the highly viscous polymer melt which restricts droplet growth,

and the combined flow of both fluids favors the condition of a continuous jet as shown in Figure

6.1(e). There are a number of assumptions made to circumvent the limitations of the current

experimental setup. They are listed here first:

e The shear rate of SEBS immediately after it is extruded is assumed to be 10s™.

o Although the viscosity decreases at a higher shear rate resulting from a higher flow rate of the
polymer melt, we assumed the same viscosity for all the flow rates estimated from the viscosity
curve at a shear rate of 10s™.

e The viscosity of the SEBS at 180 °C is estimated as approximately 2600 Pa - s, at a shear rate

of 10s™. They are extrapolated from our previous study reported elsewhere.

There are also some limitations of the existing experimental setup. They are as follows:

o Due to the eccentricity of the needle, the shear rate around the needle is not uniform.
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e The actual temperature of the SEBS melt 1 mm below the nozzle is assumed to be same as
the temperature of the melt-chamber because the current setup is not capable of measuring

the temperature of the polymer melt around the LM.

With all the assumptions and limitations in consideration, it is expected to develop a theoretical
model to predict the required flow rates of SEBS and LM when an LM core of a specific diameter
is desired. Once the LM is extruded, as the droplet grows, when its diameter becomes as large as
the needle ID (d;), the droplet starts to experience the viscous drag applied by the polymer melt.
However, it is negligible compared to the surface tension force. Let’s assume when droplet diameter
reaches a critical value (d.-) which is larger than the needle ID (d;), the viscous drag is large
enough to nullify the surface tension force and favors the condition of a continuous jet formation.

This condition requires:

1.3nd; vy < 3mngpen (der — di) (Ushen — Ucore) (6.1)
1.3y
> d. )
Or, dey 2 d; [1 + 3TN shell (uSheu—ucOre)] (6.2)

As suggested by Utada et al., the conditions favorable to a continuous jet of LM encapsulated in

SEBS can be expressed by the capillary number of the SEBS and the Weber number of the LM

[340].

C Aspps = nSEBSyuSEBS (6. 3)
2

Weyy = pLMd+uLM (6.4)

160



Uggps is the feed rate of SEBS and u;y, is the relative (with respect to SEBS) feed rate of LM.
Substituting usgps and Ucere from the Equations (6.3) and (6.4) into Equation (6.2) gives the

following condition:

VPLM Acr Y 1.3d;\pLm der Y
JWe < (—) Ca — (—) 6.5
Lm NSEBS SEBS 3nseps(der—dy) (6.5)

This equation is useful to predict the required Wey, and Cagggs to achieve a desired diameter of

the core fluid (d.,), for a specific system with specified nsggs, Py, ¥ and d;.
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Figure 6. 2: (a) The state diagram for LM wire extrusion showing two distinct regions - droplet
regime and continuous jet regime. The hatched area represents the conditions where a continuous
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LM core may not be produced. The lines represent different theoretical combinations of Cagsgps
and Wey, producing a desired core diameter. Thicker LM core requires higher We;,, for any
specific Caggps. Experimental data points are also plotted: open circles correspond to an LM core
within a range of 390 ~ 450 um, open triangles are for 670 ~ 730 pm and open squares are for 980
~ 1040 pym. The SEBS extrudate with LM droplets extruded with ugggs =2 mm/s and u; =
2.5 mm/s which corresponds to Cagggs = 8.3 and Wepy = 9.8 X 1077 at (b) 180 °C and (c) 200 °C.
(d) By increasing the LM feed rate a thicker LM core was produced.

Figure 6.2(a) presents a state diagram showing different combinations of Cagsggs and Wepy
favorable to LM jet formation with a desired core diameter. The lines represent different conditions
favorable according to the Equation (6.5) to produce a LM wire with core diameters of 400 um,
700 pm, and 1000 pm at 180 °C. Since the internal diameter of the needle used in this experiment
was ~ 400 pm, using this setup, a wire with a core diameter less than 400 um could not be
produced. Therefore, the area under the 400 pm curve (hatched rethe gion marked on the plot)
corresponds to those conditions where rather than a continuous jet, a series of LM droplets were
observed. On the other hand, in the grey region above the 400 pm curve, a continuous jet can be

achieved with different core diameters.

In contrast to the lines which represent theoretical predictions, the data points show the
experimental results when continuous jets with different core diameters were produced. Open
circles represent when the desired core diameter was 400 pm, and it resulted in a slight variation
of 390 pm to 450 um of core diameter. Similarly, open triangles and squares represent when the
achieved core diameter was between 670 pm to 730 pm, and 980 pm to 1040 pm, respectively.
However, in all cases, the requirement of the We;,, was higher than the theoretical expectations.

It is believed to be caused by a number of assumptions made in this experiment and limitations
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of the experimental setup, as described in the supporting information. The flow speeds of both
SEBS (ugggs) and LM (uzy,) were varied to identify the combinations of Cagggs and Wey,, which
were favorable to a continuous LM jet formation. A system was assumed to be favorable to a
continuous jet if it produced extrudate over 1 metre long without any discrete droplets of LM. It
was further noticed that, at a very high We;,, and a relatively low Caggps, the higher feed rate of
LM causes the droplets to grow quickly which eventually results in bursting and the LM becomes

no longer contained in the SEBS shell.

Figure 6.2(b) shows an extrudate with LM droplets which was produced using usgps = 2 mm/s
and u; )y = 2.5 mm/s at 180 °C which corresponds to Cagggs = 8.3 and Weyy = 9.8 x 1077, Their
microscopic images are shown in the inset to observe the shape of the droplets and the sections
between them. At 200 °C, when free extruding under gravity, the lower viscosity of the SEBS
dictates the thinner size of the extrudate as shown in Figure 6.2(c), which was produced with the
same feed rates as the extrudate in Figure 6.2(b). By increasing the feed rate of LM from u;y =
3.5 mm/s to u;y = 4.5 mm/s, while keeping the same SEBS feed rate (usggs = 2 mm/s), a thicker
LM core was produced as shown in Figure 6.2(d). Due to Plateau-Rayleigh instabilities, at very
low LM feed rates, non-uniform pressure distribution along the length of the core cylindrical LM
causes material displacement and results in discontinuities. Optical microscope images of the LM
wires produced at different LM feed rates but identical SEBS feed rates are shown in Figures
6.3(a) — (d). The diameter of the LM core increases with increasing LM feed rate. A simple stretch

test was performed to show the elongation of the LM wire without any mechanical or electrical
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loss as shown in Figure 6.3(e) and 6.3(f), where no voids or electrical issues were observed when

stretched up to 400%.

@ 700 + % 4 SEBS Extrudate (Experiment)
600 oM Core (Experiment)

/:50“ I —SEBS Extrudate (Theoretical)

53;400 ":+ --LM Core (Theoretical)
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Figure 6. 3: Microscope images of representative cross-sections of LM wires produced at 180 °C,
having the same Caggps = 4.8 but different Wey ), producing LM wires with core diameter (a) 800
+ 70 um from Wepy, = 5.2 X 1075, (b) 670 & 55 um from Weyy = 4.0 X 1075, (c) 560 + 60 pm
from Weyp = 3.3 % 107> and (d) 390 £ 20 pm from Wey = 2.1 x 107°. (e) & (f) The LM wire
is stretched up to 400% without any noticeable change in continuity of the LM core. (g) the side
view of LM wire having a core of 670 £+ 55 pm, which was drawn at 20 mm/s to produce ~ 190
pm of LM core shown in (h). (i) The changes in diameters of the drawn SEBS extrudate and LM
core as a function of the drawing speed; the lines show the estimated dimensions from Equation
(6.7), whereas data points with error bar represents experimental measurements. (j) A micro-wire
drawn at ~250 mm/s was used to transmit power to a LED which ran for 72 hours without any
aging effect. (Inset) The microscope image of the micro-wire with a background of an array of
micro fibers with 20 um pitch. Scale bars are 1 mm unless specified.
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6.4 DRAWING OF THE LM WIRE

If an ultrafine LM micro-wire is desired, an additional drawing step immediately after the coaxial
LM wire is extruded can be applied, if the temperature of the polymer melt is still above the glass
transition temperature (Tg). We hypothesized that the ratio of the diameters of the LM core and
SEBS shell would be a constant. If there are no voids in the LM core, by considering a circular
and uniform cross-section one can deduce the following Equation (6.6) from the conservation of

mass.

2
dExtrusion 2 _ dDrawing
T[(T SExtrusion =T T2 SDrawing (6'6)

Which reduces to,

— Sextrusion
dDrawing - dExtrusion ’ Sbrawing (6.7)

where dgytrysion is the diameter of either the as-extruded LM core or SEBS extrudate, dprqwing
is their diameter after drawing, Sgxtrusion 18 the extrusion speed and Spyqwing is the drawing speed.
The final size of the ultrafine LM wire is directly proportional to the square root of the ratio of
extrusion speed to drawing speed. This fact is supported by the drawing test where the as-extruded
wires were drawn in a controlled fashion using different drawing speed. The test was performed
using a motorized winder with a 7.5 cm wheel, placed on the print bed when the tri-extruder head
was raised at a height of 20 cm above the bed. The motorized winder was carefully placed directly
below the nozzle so that only a vertically downward drawing force is applied. Figure 6.3(g) shows
a wire having 670 £ 55 um of LM core produced, which was then drawn with a speed of 20 mm/s

resulting in approximately 190 pm diameter of LM core shown in Figure 6.3(h). Using this simple
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drawing technique, the LM micro-wire having a core diameter as narrow as ~ 25 pm was achieved
without any mechanical and electrical loss, by drawing with the maximum attainable speed (250
mm/s) of the current setup. After the drawing step, the LM micro-wires were examined using an
optical microscope to measure core and shell diameters. The plot in Figure 6.3(i) shows the effect
of drawing speed on the size of the drawn wires. During this experiment, the average extrusion
speed (Sgxtrusion), core diameter and shell diameter were kept constant at 1 mm/s, ~ 390 um, and
~ 2000 pum, respectively. This plot suggests that as the drawing speed increases, initially the size
of both the LM core and SEBS shell drastically decrease, and theoretically they should approach
a plateau which would be determined by Plateau—Rayleigh instabilities and mechanical failures of
the SEBS shell resulting in LM leakage. The latter effect might be partially attributed to the
eccentricity of the LM core with respect to the SEBS shell due to alignment imperfections. A more
concentric coaxial extrusion would further push the limit of smallest size of drawn wires. The
extremely rapid cooling of the extrudate prevents fully plastic behavior, and immediate drawing
in a heated environment may potentially reduce achievable smallest diameters. To demonstrate
the electrical performance, a micro-wire (~25 pm of LM core with ~ 50 um of SEBS shell) was
used as a connector for an LED with no aging effect on its conductivity over a period of 72 hours
of continuous operation (Figure 6.3(j)). In the inset, a close-up microscopic image of the micro-
wire is presented. This image was taken while the wire was placed on an array of microscale fibers

with a 20 pm pitch to demonstrate the size of the wire.
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Figure 6. 4: (a) The 3D model of the spiral-shaped 2D pressure sensor composed of SEBS
channels with an LM core directly printed on an SEBS substrate. (b) The experimental setup to
measure the change in electrical resistance as a function of pressure applied with no load and (c)
with a load of 3.2 kg. (d) Percent change of electrical resistance of the sensor as a function of the
pressure applied, (inset) the spiral-shaped 2D pressure sensor composed of SEBS with an LM core
directly printed on an SEBS substrate.
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6.5 2D SPIRAL PRESSURE SENSOR

The ability to directly extrude LM wire embedded in hyper-elastic SEBS enables printing of 2D
or 3D sensors which are mechanically durable as well as stretchable up to several times their
original length and has immediate applications in wearable systems [139]. While LM filled micro-
electronics as sensors have already been reported in the literature [89,127,139], the novelty of the
current research comes from the unique fabrication technique to directly print these functional
devices in a single step as opposed to the multiple casting, injecting and sealing processes used
previously. We have directly printed a spiral-shaped 2D pressure sensor on to an SEBS sheet
inspired by Park et al. [139]. The sensor was designed to have 2 mm thick extrudates with a 1
mm gap between adjacent deposits. The size of the overall sensor was approximately 60 mm in
diameter.

The 3D model of the 2D pressure sensor is given in Figure 6.4(a). Figure 6.4(b) shows the
experimental setup to measure the change in electrical resistance and corresponding pressure
applied with no load and with a full load in Figure 6.4(c). A multimeter (Agilent, U1252B) was
used to continuously measure the resistance of the pressure sensor while the load was applied on
to the sensor by means of a 3-axis system. To evenly distribute the load, a 30 mm x 30 mm
square acrylic piece of ~ 6 mm thickness was attached to the probe, which was pressed down
against the pressure sensor held on top of a digital weight scale to measure the load applied. The
test was repeated three times, and the plot was based on the average data points from different
loading and unloading cycles. The test shows significant repeatability by having almost no
hysteresis within the range of the experiment performed. As a pressure sensor, the force applied
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on the sensor causes deformation of the circular cross-section of the LM core resulting in a change
in the electrical resistance. The original electrical resistance of the un-stressed sensor was 0.66 €2,
which increased non-linearly to 0.77 € for a load of 3.2 kg, equivalent to 34.9 kPa. This non-
linearity is supported by the model developed by Park et al. [139]. Figure 6.4(d) shows the change
in electrical resistance as a function of the pressure applied. In the inset of Figure 6.4(d), the

photograph of the pressure sensor is presented.

(a)

46 mm

LM core /;

$: ~390 py’

. Ocﬂloscope

Figure 6. 5: (a) The 3D model of the 3D inductor as a circumferential strain sensor composed
of SEBS channels with an LM core. (b) The experimental setup to measure the change in
inductance of the inductor using a signal generator and oscilloscope, (¢) the inductor (initial
nominal diameter 44 mm) is strained by stretching it around a PVC pipe coupling with a 70 mm
OD.
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6.6 3D INDUCTOR AS CIRCUMFERENTIAL STRAIN SENSOR

We also have printed a three-dimensional multifunction inductor using LM wire. The inductor
has an outer diameter of 46 mm, a height of 40 mm, and 2 mm thick SEBS coils having an LM
core of ~ 390 um. A radial axisymmetric circumferential strain was applied on the inductor which
results in a change in both the cross-sections of the individual LM cores in SEBS channels as well
as the overall circular area perpendicular to the inductor axis. The inductance of the inductor (L)

can be computed using Equation (6.8):

HoN?A

- (6.8)

Inductance, L =

where p, is the permeability of vacuum, N is the number of coils, 4 is the cross-sectional circular
area of the inductor, and h is the height of the inductor.

Figure 6.5(a) shows the 3D model of the inductor. If the overall outside diameter of the inductor
is D, then by assuming SEBS extrudates with ca ircular cross-section of diameter (dg), the

following Equation (6.9) can be used to simplify Equation (6.8) to form Equation (6.10):

h=dsN (6.9)
2
L= T2 (6.10)
S

From Equation (6.10), the inductance of an inductor is directly proportional to the diameter
squared of its cross-section, provided other parameters remain the same. Hence, changing the
inductor area would have the most significant effect on the inductance of a given inductor.
Moreover, having stretchable SEBS as the sealing material, it is also quite reasonable to use this

type of inductor as a circumferential strain sensor to measure the radial expansion where desired.
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Therefore, we have applied different degrees of radial uniform expansion on the same inductor
and measured its inductance. To apply radial expansion, a number of PVC pipe couplings were
used where the inductor was put on. Once the circumferential strain was applied, the inductance
of the inductor was measured by the experimental setup shown in Figure 6.5(b). A signal generator
(Agilent 8648C, 9kHz-3200MHz) and an oscilloscope (Agilent infiniium 1.5 GHz, 8 GSa/s) were
used to measure the inductance. When strained, approximating the LM core as a continuous
circular core with a diameter d., the conservation of mass would provide the following relationship
between original geometries (denoted by subscript “1”) and strained geometries (denoted by

subscript “2”), which applies to diameters of both SEBS extrudate and LM core:

For SEBS extrudate: %(dsl)z XDy X N = %(dSZ)z X Dy X N (6.11)
For LM core: %(dcl)z XDy X N = %(dCZ)Z X Dy, X N (6.12)
Hence, by re-writing the Equation (6.10) for the original and strained inductor and using Equation
(6.11) and (6.12), we can deduce to the following relationship:
Lo ()"

2 2
As it is uniformly radially expanded the inductance increases as a function of its diameter (D)
according to the following Equation (6.13).
L?a D3 (6.13)
Hence, the inductance of the inductor increases as the diameter increases. To measure inductance,

the inductor was connected with a specified shunt, as shown in Figure 6.5(b). The 3D inductor

strained by putting on a PVC coupling having 70-mm of outside diameter is presented in Figure
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6.5(c). When the voltage drop across the inductor and voltage generated by the signal generator
were measured using an oscilloscope for a sinewave voltage. The electrical and mathematical

models are presented in Figure 6.6(a) and 6.6(b), respectively.

Let,

f = Frequency

V; = The RMS value of the voltage generated

V; = The RMS value of the voltage across the inductor

Vg = The RMS value of the voltage across the ohmic component of the inductor
V, = The RMS value of the voltage across the inductive component of the inductor
Vs = The RMS value of the voltage across the shunt

I; = The RMS value of the current generated

a = The phase shift between V; and V;

¢ = Loss angle, between V; and V;

The shunt used in this experiment was Rg = 1.9 Q

Inductance of un-strained inductor can be calculated as follows. From Figure 6.6(c):

@ = 17.438% V, = 0.0922 V, V; = 0.0443 V; f = 14999.65 Hy;

So, Vs = \[(Vg — V; cos a)2 + (V; sina)? = 0.052 V;

I

14
g = 2= =0.027 4

N
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=90° — in~1 (L) | = 57,770
0] [a + sin ( . )]
Inductance, L = V1059 _ g8 uH

2nf g

Nagaoka coefficient (k) is a correction factor which is, by definition, a ratio of measured

inductance (L,,) to theoretical inductance (L) of a solenoid. This correction factor decreases as
the aspect ratio (h/ D) increases. Here, the correction factor was used from the table proposed by
Nagaoka in 1909 [343].

Le=kxL (6.14)

Table 6.1 summarizes the aspect ratio of tested inductor at different degree of circumferential

strain and corresponding Nagaoka coefficient suggested in [343].

Table 6. 1: The aspect ratio correction factor determined for all the strain conditions applied on
the inductor.

Aspect Ratio (h/ D) Nagaoka coefficient (k)

Un-strained (44 mm diameter) 1.10 0.67
Strained to 50-mm of diameter 0.75 0.75
Strained to 55-mm of diameter 0.61 0.79
Strained to 65-mm of diameter 0.48 0.82
Strained to 70-mm of diameter 0.35 0.87
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Figure 6. 6: (a) The electrical model circuitry of the setup to measure inductance, (b) the
equivalent vector model of the circuitry. (c¢) The output of the oscilloscope when measuring the
inductance of the un-strained inductor. (d) the relationship between inductance and the diameter

of the inductor. The solid line represents the theoretical prediction of the inductance according to

Equation (6.13). Open circles are uncorrected experimentally measured inductances whereas the
closed circles are data points corrected using an aspect ratio correction factor.

In Figure 6.6(d), the relationship between the inductor’s inductance and diameter is presented.
Each measurement was repeated three times and their average data was used to plot the
relationship. In the figure, the solid line represents the theoretical relation from Equation (6.13)
and the open circles are experimental data points. It shows that inductance increases non-linearly
with an increase in the inductor diameter. By introducing an aspect ratio correction factor, namely
the Nagaoka coefficient (k) [343], the measured inductances were corrected, and it was found that

the corrected data well coincide with the theoretical prediction. The minor discrepancy between
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predicted and corrected data are believed to be caused by the possible contact resistance and the
self-inductance of the connecting wires. A second 3D printed inductor (Diameter: 50 mm, Height:
40 mm) was used to demonstrate electromagnetic induction by moving a permanent magnet using
a 3-axis stage through the center of the inductor. A maximum voltage of 50 mV was induced in
the inductor. These micro-wires also have self-healing property, if the continuity of the core is

raptured.

6.7 CONCLUSIONS

In summary, we describe a novel technique to directly print stretchable and flexible electronic
devices by coaxially extruding an LM (namely, EGaln) core with an elastomeric shell made of
SEBS. We also discussed the mechanism of forming LM droplets vs. an LM jet, which is followed
by the state diagram showing favorable conditions for a continuous LM core with the desired
diameter. This novel technique is the first of its kind to directly fabricate LM based conductive
patterns in a single step without any post-processing such as injecting or casting. Along with
coaxial extrusion, an additional immediate drawing step resulted in a continuous high-quality LM
micro-wire with a core size as small as ~ 25 pm. The technique could be improved by using a
smaller nozzle and a smaller needle to achieve even smaller LM patterns. However, it would require
a mechanism to hold the LM needle more precisely at the center of the nozzle, which is a promising
goal for future work. The technique developed here is believed to be equally useful for low-melting
point metals or alloys with a hard thermoplastic shell for the applications where stretchability

and flexibility are not desired, rather mechanical strength and rigidity are of primary concern.
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7.CHAPTER: CONCLUSIONS AND

RECOMMENDATIONS

7.1 CONCLUSIONS

In this dissertation, a multi-material smart extruder system for FDM style 3D printing technology
has been developed which allows printing with dissimilar materials. The following section lists all

the key findings discussed in individual chapters.

7.1.1 Summary of Findings

In chapter 3, a bi-extruder system has been demonstrated by printing intermixed extrudate of
two different thermoplastic materials. It also describes the components and detail design of the
extruder system and its intermixing technology. The dynamic control of the extrudate composition
while printing the parts is also presented. To the best of authors knowledge, this printing extruder

is the first of its kind to print two different polymers with enhanced mechanical bonding.

In chapter 4, a unique feeding system has been developed which allows 3D printing users to input
arbitrary any thermoplastic polymers regardless of their mechanical properties. Material choice is
no more limited by the commercial availability of filaments of any thermoplastics. This heated
hose-based feeding system uses a load of raw pellets and transports the polymer melt to the print

head through a heated hose. This feeding system fills the gap between regular 3D printing
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techniques and injection molding, by enabling users to use any thermoplastic materials. Before
this development, the 3D printed filament-based elastomer with the lowest hardness reported in
the literature was ~72 Shore A, whereas printing with SEBS having a hardness of only 47 Shore
A has been successfully achieved. A number of functional devices such as pneumatic network
based soft robotic actuators, tendon-driven soft robots and SMP auxetic structures have been

successfully printed to demonstrate utility.

In chapter 5, a tri-extruder system has been presented where two chemically immiscible polymers
(SEBS and HIPS) have been printed in the same job with their intermixed extrudate. By
introducing mechanical bonding or keying it was possible to enhance the adhesion between SEBS
and HIPS. Mechanical characterizations of the printed parts with and without intermixing have
been performed and it was found that the 2D printed layers with intermixed extrudate have up
to 12 times higher ultimate strength compared to that of the 2D layers printed without intermixed
extrudate. A tendon driven soft robotic gripper made of parts printed with intermixed SEBS and
HIPS was tested up to 10,000 cycles without any noticeable mechanical bonding issues due to a
high number of repeated bending operations. This result justifies the necessity of intermixed co-

extrusion for multi-material 3D printing.

In chapter 6, the tri-extruder has been further developed to print liquid metal-based 2D and 3D
stretchable electronic devices. The extruder system allows users to extrude liquid metal alloy with
a thermoplastic elastomer shell coaxially. An extremely stretchable micro-wire with superior

electrical conductivity is realized. The chapter also discusses the mechanism of this coaxial
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extrusion from the theory of the coflowing system. It also presents state diagrams showing the
conditions favorable to achieve a continuous jet of the liquid metal while extruding inside SEBS.
These analyses are important to predict the droplets vs. continuous jet of liquid metal when
extruding under non-standard conditions. It was found that the viscous drag force applied by the
elastomer melt on the liquid metal must dominate the surface tension force of the liquid metal to
realize continuous jet of LM core. Lowering the extrusion temperature and adjusting the LM
needle outside of the nozzle are ways to lower the shear rate and increase the melt viscosity which
favors the condition of a continuous LM jet. By applying an immediate drawing step while the
extrudate temperature is still above Ty, it was possible to produce LM based micro-wire (~25 pm
LM core with ~50 pm SEBS extrudate) which is still highly electrically conductive without any

mechanical failure.

7.1.2 The significance of the Research

When this research started, to the best of author’s knowledge, no FDM style 3D printer existed
to print mechanically tunable RF antenna, which requires hard plastic part along with soft,
stretchable components containing conductive pathways sustainable up to the very high
mechanical strain. Hence the capability of this extruder system to print both rigid and stretchable
plastics along with liquid metal-based conductive pathways has the potential to revolutionize the
field of tunable RF applications. It does not only overcome the necessity of complicated fabrication
steps in expensive cleanroom environments, but it also significantly reduces the material cost,
provides a wide range of material choice and requires less manual expertise. This research also

opens new possibilities to novel applications described in the following section.
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7.2 RECOMMENDATIONS FOR FUTURE WORK

Considering the progress and related results of the entire research work, there have been some
major recommendations listed below which could further advance the technology optimizing the

system for specific applications.

1. The design of the static intermixer needs to be optimized for fulfilling the requirement of the
degree of intermixing for specific applications. Co-continuous structure of a binary polymer system
depends on the viscosity ratio and the volume fraction. Hence, the effect of the design of intermixer
on the co-continuous range should be identified. This analysis would provide the minimum length
of the intermixer required to achieve the desired degree of intermixing. For instance, to have just
enough co-continuity structure of HIPS and SEBS may not require the 20 mm long intermixer
used in this work. Since a long intermixer significantly increases the pressure required to extrude
the material, knowledge on the minimum required a length of intermixer will be useful to avoid
unnecessary pressure requirements. Similarly, if a higher degree of intermixing or blending is
desired, the size of the intermixer (both length and diameter) needs to be optimized which favors

the condition of blending while keeping the pressure requirement within the system’s capacity.

2. The heated hose used in this work to directly feed raw pellets was commercially purchased,
which is not optimized for this specific application. Most of the commercially available heated
hoses are intended for either large extrusion systems or low-temperature applications, and the
available length is at least 2 ft (0.61 m). In addition, having a Teflon core tube may not be suitable

for a longer life cycle of the heated hose for this particular application due to large dynamic bend
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radius. Therefore, there is a compelling need to optimize the design of the heated hose for a small
volume but a higher temperature extrusion system. Hence, it may require to develop a custom
heated hose having the desired length, using a silicone-based core tube resulting in smaller bend
radius and suitable for higher temperature (up to 300°C) small volume extrusion system. The
internal volume of the heated hose needs to be optimized to have a shorter residence time of the

polymer before it enters the print head.

3. For coaxial extrusion of liquid metal, the dispensing needle has to be concentric with the nozzle
tip to make sure the elastomeric shell has a uniform thickness around the LM core. The
commercially available stainless-steel needle used in this work was assumed to be perfectly
straight, and the vertical channel of the extruder head was assumed to align the needle at the
center of the nozzle. However, in a practical situation, the needle was not concentric to the nozzle.
It may be because of the inherent curviness of this long (4 in or 101.6 mm) needle or the geometric
tolerances of the vertical channel of the print head. Hence, in the future design, the central needle
may accompany a small spacer around it to ensure its concentricity with the nozzle. This design
may not be appropriate to a machine with traditional machining steps, rather this needle-nozzle

assembly with an internal spacer may need to be metal 3D printed.

7.3 LIST OF REFEREED CONTRIBUTIONS

The work in this dissertation has been submitted, published and presented in the following

patents applications, journal articles, and conference proceedings.
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7.3.1 Patents Pending

1. Khondoker, M. A. H. and Sameoto, D. Additive Manufacturing Extruder. U.S. Serial No.:

62/580,299, Ref. 2017025 (BFL File No.: TECE-0114PRV)

2. Khondoker, M. A. H. and Sameoto, D. Fused Pellets Printing System and Method. U.S. Serial

No.: 62/729,259, BJ-L.FID4507057 (ENNET JONES REF.: 55326.292)

7.3.2 Journal Articles

1. Khondoker, M. A. H., Ostashek, A. and Sameoto, D. Direct 3D Printing of Stretchable Circuits
via Liquid Metal Co-Extrusion. Advanced FEngineering Materials. (Under review) ID:

adem.201900060

2. Khondoker, M. A. H. and Sameoto, D. Soft is No Longer Hard: Extruding Anything with a
Filament-Free FDM Technique. Progress in Additive Manufacturing. (Accepted) ID: PIAM-D-

18-00034R3

3. Khondoker, M. A. H., Baheri, N. and Sameoto, D. Tendon Driven Functionally Gradient Soft
Robotic Gripper 3D Printed with Intermixed Extrudate of Hard and Soft Thermoplastics. 3D

Printing and Additive Manufacturing. (Provisionally Accepted) ID: 3DP-2018-0102R2

4. Khondoker, M. A. H., Asad, A. and Sameoto, D. (2018) Printing with Mechanically Interlocked
Extrudates using a Custom Bi-Extruder for Fused Deposition Modelling. Rapid Prototyping

Journal. 24(6): 921-934
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5. Khondoker, M. A. H. and Sameoto, D. (2016) Fabrication Methods and Applications of

Microstructured Gallium Based Liquid Metal Alloys. Smart Materials and Structures. 25: 093001

7.3.3 Conference Articles

1. Khondoker, M. A. H., and Sameoto, D. (2019) Direct Printed Multi-Material Soft Robots by

Fused Deposition Modelling. Proc. Adhesion Society 42nd Annual Meeting. Hilton Head, CA,

USA, March 1 — 3.

2. Khondoker, M. A. H., and Sameoto, D. (2018) Enhanced Bonding of Immiscible Polymers via
Intermixed Co-extrusion in Fused Deposition Modelling. Proc. Adhesion Society 41st Annual

Meeting & 6th World Congress Meeting. San Diego, CA, USA, February 25 — March 1

3. Khondoker, M. A. H.. and Sameoto, D. (2016) Design and Characterization of a Bi-material

Co-extruder for Fused Deposition Modeling. Proc. ASME IMECE 2016. Phoenix, AZ, USA,
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APPENDIX

CAD DRAWINGS OF THE TRI-EXTRUDER SYSTEM
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