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Recently, additive manufacturing of fiber-reinforced composite hydrogels has been used to cre-
ate self-assembling and self-folding structures through hydration-triggered shape change. Additive
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gence angle reduced the number of fibers oriented in the direction of flow, which led to increasingly
isotropic swelling deformations.
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soft actuators to alter its divergence angle in real-time was developed. Hydrogels extruded through
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Chapter 1

Introduction

Additive manufacturing (AM), also known as \three-dimensional printing," tech-
nologies, have given rise to a fourth industrial revolution over the past two decades
[1]. AM has touched elds ranging from aerospace to forensics and is increasingly

being used to fabricate end-use parts [2].

1.1 An Overview of Additive Manufacturing Technologies

All AM technologies create parts by building layer-by-layer. The rst of these
technologies built up layers using photopolymers cured using controlled exposure of
ultraviolet light, a technique known as Stereolithography (SLA) [3][4]. SLA proved
extremely useful in developing high-resolution prototypes of parts, and even found
applications in the medical eld creating high resolution reconstructions of skulls
[5][6]. However, SLA is limited by expensive photocurable resin and the inability to
create parts with enclosed, hollow volumes. It was not until the development of Fused
Deposition Modeling (FDM) and other microextrusion based AM technologies that
AM became more widely adopted. Unlike SLA which relies on costly photocurable
resins, FDM technology uses widely available thermoplastic laments. FDM is also
very material e cient because it is able to create hollow volumes, meaning parts do
not have to be 100 percent solid. However, the low resolution parts produced by FDM

often limits their applications to prototyping and consumer trinkets.



Powder-based AM technologies like binder jetting and selective laser melting have
opened up a wide range of materials to AM [7]. Selective laser melting (SLM) is
capable of producing high-resolution metal and metal-ceramic composites using a
concentrated laser beam to melt metal powders [8][9][10]. Furthermore, binder jet
AM can create 3D parts using any powder material (metals, ceramics, and polymers)
by depositing layers of adhesive onto a powder bed. The ability to manufacture high-
resolution metal and ceramic parts with complex topologies has proven extremely
useful for high heat and high stress applications such as rocket components and heat
exchangers [11]. Inkjet AM (trademarked PolyJet Printing by Stratasys) is an ad-
vanced photocure based AM. It builds parts by depositing layers of ne droplets of
photocurable resin. The main advantage to this deposition method is the high resolu-
tion and capability of creating multi-material parts. The multi-material capabilities
of inkjet AM are perfect for high quality prototypes, end use parts, and the next gen-
eration of robots; this is due to the ability to join exible actuation channels and rigid
structural elements known as \soft robotics" [12][13][14]. This multi-material capa-
bility has also been used to create micro uidic circuitry which mirrors the function
of their electrical counterparts [15][16].

The resolution of AM is rapidly advancing to the nano scale. Two photon poly-
merization (2PP) technology has enabled AM parts down to 100 nm [17]. Ultra high
resolution AM technologies has enabled a new generation of microelectromechani-
cal systems (MEMS) [18]. These improved MEMS devices can be used to increase
the number of active sensors in a mechanical system, allowing for real time moni-
toring of the health of the system. This technology also has promising biomedical
applications; three dimensional micropillar arrays have been created as sca olding
for culturing living cells [19][20]. Additionally, ultra high resolution AM is capable of
creating highly complex micro uidic networks that can mimic capillaries networks in

biological systems [16][21].



Figure 1.1: (a) A partial human skull reconstruction fabricated using SLA [22], (b,c) Complex geom-
etry and high surface area heat exchangers facricated using SLM [11], (d) A multi-material jumping
soft robot fabricated using inkjet AM, the exible \feet" rapidly deform via combustion to launch the
rigid body and control housing into the air [14], () Four micro uidic circuitry elements: capacitor
(top left), diode (top right), transistor (bottom left), and enhanced-gain uidic transistor (bottom
right) [15], (f) Microstructures including: a uid injector architecture, uidic wells and channels,

an array of helical inductors, electrical resistance structures, an accelerometer with capacitive sense
plate, geometries for plastic micromolding and embossing [18], (g) 2PP micropillar array with cell
anchored [20], (h) A micro uidic valve created using 2PP [21].

1.2 An Overview of Microextrusion AM Technologies

Microextrusion-based additive manufacturing is most commonly associated with
FDM. FDM works by melting a thermoplastic lament, which is then forced through
an extrusion nozzle and deposited in succeeding layers to build a part [23]. This
process is detailed in Figure 1.2. The hot thermoplastic lament layers form an inter-
layer weld, and as they cool down the layers stay bonded together. However, while
the freshly deposited layer is within the melt temperature of the material, the prior
layer has cooled closer to the material's glass transition temperature §Iss). A cooler
polymer has a lower free energy and therefore reduced polymer chain mobility. As a
result, the degree of chain entanglement between extruded layers is limited, meaning
that these interfacial areas are weaker than the rest of the part. This makes FDM
parts considerably weaker in the longitudinal direction versus the transverse direction

[24]. However, this can be minimized by varying the temperature, extrusion rate, and



Figure 1.2: Diagram detailing the FDM AM process [25]

layer thickness of the print.

Another very promising microextrusion-based AM is known as Direct Ink Writing
(DIW) [26]. DIW is similar to FDM in that it deposits laments one on top of
the other to build a part. However, DIW does not extrude molten thermoplastics,
instead it extrudes shear-thinning \inks." These inks are very versatile, typically a
slurry containing a polymer (cured or uncured) and thickening additive to promote
thixotropic behavior [27]. As a result, DIW is capible of creating ceramic parts using
a colloidal ceramic particle ink [28]. This versatility means that DIW has found

applications ranging from including bone repair to piezoelectric devices [29][30].

1.3 An Overview of Four-Dimensional Printing Technologies

Recently, there has been an increasing interest in programming additively manu-
factured structures to change properties such as shape over time. This phenomenon is
colloquially referred to as \four-dimensional (4D) printing,” with the fourth dimension
being time. Most shape-changing structures have been created using multi-material
inkjet AM [31][32]. These structures have been realized using thermally sensitive
shape memory polymers (SMPs) and hydrogels. 4D structures commonly consist of

a shape memory polymer (SMP) matrix.



DIW is also favored for 4D printing applications. Because DIW does not rely
on hot extrusion, SMPs with a low phase transition temperature can be used [33].
This is especially useful for biomedical applications, where the target phase transition

temperature is close to the human body temperature [34].

1.4 Project Objectives

The main objective of this research is to improve controllable shape change ge-
ometries in synthetic composites to be used for 4D printed structures. This is to be
accomplished through hydration-triggered shape change of ber-reinforced hydrogel
composites produced via DIW. It has been observed that the orientation of bers in
these ber-reinforced hydrogel composites dictate the degree of anisotropic deforma-
tion of hydrated samples (discussed in Section 2.5). Therefore, creating a gradient
of ber orientations in a continuous structure will result in varied longitudinal and
transverse deformation magnitudes over the structure (Figure 1.3b). The ability to
locally control ber orientations, and therefore material characteristics, promises to
give rise to more complex self-assembling and self-folding structures [35]. Such struc-
tures have implications for spatially-limited applications such as in-vivo biological

implants and components for space travel [36][37][38].
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