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ABSTRACT

Shape memory polymers (SMPs) have attracted considerable interest as smart materials capable
of undergoing programmed shape transformations in response to external stimuli, particularly heat.
Their integration into additive manufacturing (AM) has enablel realization of 4Bprinted,
shapemorphing structures that can respond autonomously to their environment. The convergence
of responsive materials, intelligent design strategies, andraggiution fabrication methods
offers an innovative pathway for eténg programmable, adaptive systems. However, a key
challenge often overlooked is thedepth thermomechanical characterization of the SMP before

its application in a specific design and manufacturing context.

This research systematically investigates theresponsive SMPs in both thermoplastic and
thermoset forms, aiming to assess their suitability for 4D printing and application in programmable
shapemorphing devices. The preliminary study focused on a thglamstic polyurethane SMP
(PU-SMP), evaluating its thermal, mechanical, and microstructural behavior under tensile loading
and cyclic thermomechanical conditions. A framework was established to quantify shape fixity
and recovery performance. However, liitas infused deposition modelingDM) printability,
unstable higitemperature behavior, and material supply necessitated a shift to stereolithography
(SLA) and the use of a thermos#ape memory epoXsMEp).

The second phase exptsrthanfluence otthebuild orientation on the thermomechanical behavior

of SLA-printed SMEp specimens. Identical dognespecimensvere printed from two distinct
surfaces (flat and edge) to study how layer count and surface area affect thermal expansion,
dimensional stability, mechanical performance, and shape memory efficiency-phitgd
specimengcomprising more numerous and smaller layelsmonstrated 13% higher tensile
strength, reduced thermal expansion, and superipestegovery (74%) compared to flainted

ones (66.5%). Conversely, fiptinted specimens exhibited greater elongation but lower recovery
efficiency.

In the final phase, the insights gained were applied to design and 4D print monolithic smart devices
with embedded compliant joints and kinematic chains. Theseassembled structures were
fabricated in a single printing step directly frasomputeraided design (CAD), using SMEp
material alone. Two actuation strategi€S-shaped and torsional compliant jointaere
implemented to enable localized thermdtiggered motion. The prototypes were trained through
thermomechanical cycles using hot and cold wadehieving up to 95% shape recovery by

ol



actuating only the embedded joint. Thermal imaging confirmed localized actuation without heating
the entire device.

This study highlights the importance of comprehensive material characterization, anisotropy
management, and functional design in enabling responsiveridi2d systems. The presented
framework offers a robust foundation for developing programmable, simaferial, shape
morphing devices, with potential applications in soft robotics, biomedical engineering, deployable

structures, and precision miensechanisms
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Chapter 1
Foundation of ShapeMorphing Technologies: Advancements,

Research Motivation, and Thesis Framework

This chapter provides arief overview of additive manufacturing of shaperphing
structures and their diverse applications across various sectors. It outlines dysségp
approach for achieving structures capable of shape transformation. The chapter then presents the
motivation and objectives of the thesis, followed by its organization, offering a brief overview of

each chapter.

1.1 An Overview of Advanced Manufacturing of Shape-Morphing Structures

Shapemorphing structures are smart devices, designed to adjust their configuration in
reaction to external stimuli, enhancing their interaction with their surrounding environment. Such
shapeadaptive devices are capable of executingdaetermined shapeansformations to carry out
a range of functions, from the simplest to the most complex tasks, specifically designed for their
applications. Owing to their sensitivity to environmental changes and their adaptability, shape
morphing structures have signdiatly influenced various industrial sectors, including robotics,
healthcare, architecture, interior design, automotive, aviation, and aerospace technology. In soft
robotics, shapenorphing capabilities enable the creation of highly flexible and adapties;o
capable of navigating complex environments and performing delicate tasks with precision.
Deployable satellite systems, adaptive furniture, climnaéetive facades, aerodynamic blades for
wind turbines, aircraft wings, minimally invasive surgicaltinments, scaffolds for tissue
engineering, and customizable implants are among the innovations benefiting from the
incorporation of shapmorphing mechanisms or adaptive components made from diverse shape
memory materials in soft robotics. Figure 1 ilhases various applications of shaperphing
structureg1i 8].
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Figure 1. Diverse applications of shag®aorphing structures demonstrating transformative capabilities across
different scales and functionalitieg) Flat vs. activated state of a geometrically patterned, stshféing structure
[9]; b) A drone equipped with a shap®rphing component, demonstrated in static and morphed §i&@e<c)
Sequential demonstration of a shaperphing structure, showcasing expansion upon thermal activiitidn d)
Shapemorphing composites with designed miarghitectures, highlighting its ability to recover its programmed
shap€[12]; e) Representation of a shapbanging architectural element, exhibiting its transformation capabilities

[13]; f) A deployable structure in space engineering, illustrating its folded and unfolded[&fates

The utilization of shapenorphing devices spans a wide array of applications, from-large
scale implementations in buildings, vehicles, aircraft wings, and machinery to @mcraane
scale manipulators for precision engineering tasks such as-traospot systemg14], micro-

grippers[15], micro-vascular devicefl6], and micreactuatorg17,18]



An innovative approach for achieving precise control over movement in complex smart
devices involves integrating a smatlale actuator directly within the structure. When triggered
by a specific external stimulus, the mi@actuator generates a force tpavpagates through the
device, enabling it to transform its configuration in a controlled;ppogrammed manner. This
highlights the powerful potential of shap®rphing technologies in advancing soft robotics and
adaptive systemd9].

To develop intelligent devices with complex shapes and simmpphing properties that
can execute predefined tasks within specific environments, several critical factors must be
addressed:

a) Selectingan appropriate smart material capable of shape transformation in response to a
stimulus;

b) Choosinga suitable stimulus to activate the material and device, depending on the intended
application and material,

c) Investigatingand understanding theateriafs mechanical behavior arichnsformability in
response to the chosen stimulus;

d) Designingthe devices to optimize their functionality for their intended tasks, considering
their investigated properties;

e) Selectinga manufacturing process that aligns with the chosen material, design, shape
complexity, and final application requiremef26)].

Among the various smart materials capable of transformative shape changes, Shape
Memory Polymers (SMPs) are particularly notable. These materials possess the remarkable
property of Arememberingd an ori gi naktimgihape
[21].

This characteristic meets the essential criteria for the creation of intelligent devices with
adaptable structures. Furthermore, the advancement of additive manufacturing (AM) technology,
commonly known as the 3D printing method, has revolutionized tltiption process, enabling
precise, rapid, cosdffective, and wasteinimizing product fabrication. The latest innovation in
AM is the 4D printing method. This technique employs smart materials such as SMPs to construct
objects that can change their shdgaamically over time. 4D printing facilitates the creation of
soft actuation devices, which could be useful in many applications, including soft robotics,

deployable structures, and biomedical dev[223.



1.2 Thesis Motivation andObjectives
1.2.1 Motivation

The primary motivatiomf this thesis is to investigate the thermomechanical behavior of a
thermaresponsive SMP and to utilize its shape memory and s$tafiing capabilities through
innovative design and precision manufacturing. By integrating SMPs with AM, specifically in the
context of 4D printing, this work aims to develop complex, adaptive structures capable of
responding to environmental stimuli.

In this study,a shape memory epoxig employedin stereolithography (SLA)a high
resolution 3D printing technique, to enable the-step fabrication of monolithic, nesissemted
shapemorphing devices. These devi@ssure theontrolled deformation and motion through the
integration of compliant joints and kinematic chains within their structural design. The integration
of material behavior with structural design offers a simplified yet powerful approach for creating
smart sygeems, particularly welsuted to applications in soft robotics and microscale adaptive
mechanisms.

A comprehensive investigation of the thermomechanical behavior of the shape memory
polymer is essential before designing and manufacturing these devices. For instance, the extent of
thermal expansion, shape recovery during the shape memory cycle, anecttanital behavior
of the material all highlight the importance of a comprehensive material characterization to
optimize the design and application of shape memory materials. Conducting thermomechanical
analysis and quantifying the shape memory behavittesfneresponsive shape memory epoxy
can help identifing potential challenges and confirm the suitability of the material for the intended
structural design. This is crucial for assessing how these properties interact with specific designs,
particularly for smakscale, finedetailed, intricate, and delicateroponents.

Additionally, due to the inherent anisotropy of the SLA printing process, where structures
are formed layeby-layer, build orientation plays a critical role in deteration of the final
properties and functionality of printed components. Thus, this study also investigates how build
orientation affects the mechanical and shape memory performance ebrBitdd SMP parts,

further informing design considerations for readrld appications

In addition, this thesis benefited from international collaboration. The author is grateful for

the support provided by the 14th call of the KMNN research fellowship programme. This



support enabled the collaborative project titkd nvesti gati on, Model i ng,
ShapeMemory Polymers for Smart Micth c t u a bebtwveen dhe Institute of Fundamental
Technological Research, Polish Academy of Sciences, and the Polytechnic University of Madrid
(UPM). It also supported a research stay of the author at UPM, where part of the work was carried

out at the Product Develomnt Laboratory in the Mechanical Engineering Department, with
contributions from colleagues in CAD design and 3ibtprg tasks. These collaborations not only
facilitated technical progress but also enriched the international scope and context of the doctoral
research.

1.2.2 Objectives
1- Preliminary investigation of the thermomechanical behavior and FDM 3D printability of

thermoplastic shape memory polyurethane-GNIP)

1 Evaluate the mechanical, thermal, and microstructural behavior under uniaxial tensile

loading.

91 Develop a protocol to calculate shape fixity and shape recovery in a thermomechanical

cycling.

1 Investigate thdused deposition modelin=-DM) 3D printability of recycled PtEMP

filament, focusing on shape memory performance and structural integrity of printed parts.

2- Comprehensive investigation of SLA 3Winted thermoset shape memory epoxy (SMEp),
focusing on the influence of build orientation on the thermomechanical behavior of printed

specimens.

1 Evaluate the influence of printing orientation ke surface morphology, microstructure,
interlayer bonding, and thermal transitions.

1 Assess anisotropic dimensional stability under water exposure and temperature cycling.

1 Analyze mechanical performance and fracture behavior.

1 Quantify shape fixity and shape recovery across different build orientations using

thermomechanical cycling.



3- Design, fabrication, and training of monolithic SLA 4ifinted shapenorphing prototypes
using SMEp

1 Develop functional smart structures by integrating compliant joints and kinematic
mechanisms within singlsaterial designs.

1 Employ highresolution SLA 3D printing to fabricate monolithic, asserdibbe prototypes
incorporating localized actuation points.

1 Validate localized shape memory activation using thermal cycling and thermal imaging
techniques.

1 Quantify deformation and recovery behavior using geometrical parameters in multiple

prototype configurations.

1.3 ThesisOrganization

This thesis begins with an introduction to the field of 4D printing for siamghing
structures, emphasizing the importance of material behavior, structural design, and advanced
manufacturing methods.

Chapter loutlines the motivation behind the study, defines the objectives, and provides an
overview of the thesis structure.

Chapter 2provides the background and literature review, beginning with an overview of
SMPs and the characterization of their shape memory behavior. It then explores AM techniques,
particularly those suited for processing SMPs, and reviews recent advancemengsiitidg of
shapeadaptive structures. The chapter concludes by identifying key research challenges and gaps
in the current state of the art.

Chapter 3 details the materials and methods used throughout the study. It includes
preliminary investigations on thermoplastic SMP and its printability, followed by a transition
to SLA 3D printing using SMEp. This chapter outlines the full sequence of expesiment
procedures, from specimen fabrication and testing to the development and training ef shape
morphing prototypes.

The experimental results and discussions are presented in three dedicated chapters.



Chapter 4focuses on the thermomechanical behavior ofSMPs. A systematic protocol
is developed to quantify shape fixity and shape recovery under controlled thermomechanical
cycles. Mechanical, thermal, and microstructural properties are also examined in detail.

Chapter 5addresses the transition to thermoset SMEp due to challenges with FBM 3D
printing and the thermal limitations of PEBMP. This chapter centers on a detailed investigation
of the thermomechanical performance of SMEp processed via SLA 3D printing. Spgcifical
types of specimens were printed from different build surfaces, resulting in variations in the number
and surface area of printed layers. This approach allowed for a systematic evaluation of how
printing orientation influences thermal exgam, mechanical behavior, shape memory properties,
and microstructural integrity. By comparing the two build strategies, the study reveals how
anisotropy introduced during printing affects the overall performance of-Binted shape
memory structures.

Chapter 6 discusses the design and fabrication of monolithiecpdiDted devices by
integrating compliant joints into kinematic chain mechanisms. This chapter presents the 4D
printing process, thermomechanical training, and evaluation of shagghing performanceni
various prototype designs.

Chapter 7summarizes the main findings of the study as conclusion.

Thesisincludesa REFERENCES sectionwith cited publicationsthroughout the thesis.



Chapter 2
Background of 4D Printing of Shapemorphing Structures: From

Material to Design and Manufacturing

This chapter provides a comprehensive background and literature review on shape
memory polymers, highlighting their functionality in comparison to conventional polymers. It also
discusses experimental methods for quantifying shape memory parameters through
thermomechanical cycling. The chapter then continues with a detailed explanation stépsv
and methods, introducing the concept of 4D printhghapemorphing structures and their wide
ranging applications in soft robotics and shag#aptive devicesinally, the chapter outlines the
current challenges and research gaps in 4D printing and the training of shapghing

structures for practical applicationgaps that this thesis aims to address
2.1 Shape Memory Polymer

SMPs are a unique class of smart stimukgponsive materials that have attracted
significant attention in material science. These polymers are known for their ability to undergo
significant and reversible physical transformations, enabling them to terckef and fixed into a
temporary shape, and then recover their original shape when exposed to an external stimulus to
complete a shape memory cycle. The choice of an external stimulus to activate SMPs depends on
both themateriaés characteristics and itatended use, encompassing options such as heat, light,
moisture, magnetic fields, or electric fields, each offering distinct advantages for specific

applications.

The stimuliresponsive nature of SMPs has led to their application in various (fie¢ise
2). In biomedical fields, they are used in devices liketsf@ifg sutures and stents, adapting to body
conditions and then transforming to fulfill a specific funct[@8i 25]. In aerospace, SMPs are
integral in developing morphing structures, such as wings, which change shape in response to
environmental factors, enhancing aerodynamic performance. Their lightweight, high shape
reconfiguration, recovery force, and good manufadiility make them ideal for these applications

[26]. They are particularly useful in engineering fields where adaptability and responsiveness are



crucial. Additionally, in smart textiles, SMPs adjust properties like porosity in response to
temperature variations. Their use in everyday consumer products, suchfiisngeéfnd adaptive
clothing, also demonstrates their versatif7]. Another significant application is in shape
morphing technologies, where SMPs are used to create objects that can change their shape

dynamically, offering innovative solutions in robotics and adaptive strudigi2f.

Figure 2. Scheme of SMPs: mechanism, stimuli, and applicaf®9is

Among different stimuli, the most commonly used one is heat, where the shape memory
behavior is typically associated with thermal transitjorasnely glass transition temperaturg)
of the polymer. Therefore, theratesponsive SMPs, in particular, are designed to respond to
changes in temperature. When heated to a certain threshold, SMPs soften, allowing them to be
easily deformed. Upon cooling, they retain this deformed shape. When reheated, they return to
their orignal form (Figure 3). This temperaterdependent behavior is integral to their



functionality and is utilized in various applications, from gedfling materials to deployable
structures in spadel,30 33].

Initial State Heated/Deformed Cooled Down/Temporarily Fixed Heated/Recovered

Figure 3. lllustration of thermosensitive SMP exhibiting its shape memory behavior when subjected to changes in
temperature.

2.1.1 Shape Memory Polymersversus Conventional Polymers: Structural and Functional

Differences

The shape memory effect is the ability of a SMP to return to its original shape from a
deformed state when exposed to an appropriate external stimulus. Therefore, the main difference
between a conventional polymer and a theregponsive SMP is primarilynitheir ability to
respond to heat and recover their original shape. This phenomenon largely lies in the specific
arrangement and characteristics of SMP6s mol e

As shown in Figure 4, for a polymer to exhibit shape memory effect, two structural
elements are needed: permanentpuehts and reversible switching segments. In other words,
SMPs are designed with a unique molecular structure that typically involvesiénedion of hard
and soft segments. The hard segments or net points define the permanent shape, while the soft
segments are responsible for the temporary shape and can be soften, deformed, fixed and recovered
by increase and decrease of temperature wgpeact to an activation temperature. The net points
establishing the permanent shape can be either physical or chemical. Physical net points might
arise from hydrogen bonding, crystallization, Van der Waals forces, chain entanglements and
block copolymer sucture, while chemical net points might be covalent bonds. Chemical
crosslinking at net points ensures that the deformation force applied to the polymer does not result
in extensive chain slippage and that the macroscopic shape alteration is reviersibterast,
switch segments are crucial for fixing the temporary shape and recovering the original shape, when

subjected to an external stimulus.
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Conversely, conventional polymers may not have such a distinct-pepagated structure.
They are typically either thermoplastics, which soften upon heating and harden upon cooling
without a defined temporary shape, or thermosets, which arelgrksd polymers that do not
soften upon reheating. These polymers lack the specific molecular architecture that enables the
shape memory effect. Their structure is more uniform and does not facilitate the reversible change

between a fixed and a temporary shigsg.
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Figure 4. Structural requirements for shape memory behavio

2.1.2Thermo-responsiveSMPsBehavior in a Thermomechanical Cycle

A thermoresponsive SMP can be activated thermally by raising the surrounding
temperature above its transition temperature, nafgtiirough direct or indirect heating. The
shape memory behavior of a SMP is primarily an entropic event. Figure 5 illustrates a conceptual
representation of the macroscopical (in the middle) and molecular process behind a thermally
triggered SMP. In the aginal configuration (Figure 5a), the SMP chains are at their maximum
entropic state, arranged in a random coil configunatidgpon heating these chains above thgir
(Figure 5b), chain movement is enabled, allowing them to be easily deformed into a temporary
configuration, leading to a reduced entropic state (Figure 5c). To fix the polymer in this lower state
of entropy, the SMP is cooled while under a fixed loadwels Tg, effectively immobilizing the
pol ymer6s molecular chains (Figure 5d). Af ter

polymer chains lack the necessary energy to revert the deformation and the temporary shape

11



remains fixed (Figure 5e). When the SMP is reheated abgwvime mobility of the molecular
chains is restored, causing the chains to experience entropic recovery and revert to their random

coil pattern (Figure 5f).

Overall, the shapeemory characteristic is not tied to an inherent material property,
indicating that the effect emerges from a mix of appropriate molecular polymer network design

and a specific shaping procg24,33,35,36]
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Figure 5. Schematic of the macroscopical (in the middle) and microscopical process of shape memory behaviour of
an SMP object in a shape memory cyeleoriginal state of the SMP; b) SMP heated to temperature g €)TISMP
loaded at T > T; d) SMP cooled down to T <gTvhile keeping the strain; €) SMP unloaded at TgfYthe
thermally recovered SMP after being heated to ;> T

A =5

Coolingdown to T<Tg
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2.1.3Thermoset and Thernoplastic Networks of ThermaresponsiveSMPs

Among thermeresponsive SMPs, thermoset and thermoplastic SMPs are particularly
distinguished (Figure 6). Thermoset SMPs can be created through chemical crosslinking of linear
or branched polymers. The shape memory and mechanical behavior in crosslerkedsét
SMPs is influenced by crosslink density. One type of thermoset SMP is the "amorphous” thermoset
network, characterized by a distint§. Above Ty, these amorphous thermoset SMPs exhibit
rubbery elasticity due to the presence of covalent crosslinks.

One widely known example of an amorphous thermoset network is epoxy. Epoxies are
formed by curing epoxy resins to create a densely crosslinked, amorphous polymer network that
lacks a regular crystalline structure. While epoxies are valued for their rebsistigidity, and
chemical resistance, they are not inherently shape memory polymers. However, epoxies can be
engineered to exhibit shape memory behavior, resulting in what is knowhapse memory
epoxies

To enable shape memory functionality in epoxies, several key factors must be carefully
controlled:

1 Crosslink density:must be optimized to be moderate, sufficiently high to ensure
mechanical stability but low enough to allow reversible deformation and elastic energy storage.
1 Tg: must be tunable to define the switching temperature between the temporary and original
shapes.

1 Network flexibility:often enhanced by incorporating flexible molecular segments into the
backbone to promote large, reversible strains.

The shape memory effect in SMEps is primarily driven byTé\bove Ty, the material
enters a soft, rubbery state where it can be deformed into a temporary shape; upon cooling below
Ty, this shape is fixed. Reheating abdyellows recovery of the original configuration.

Importantly, both the mechanical performance and the degree of shape recovery in SMEps
can be precisely adjusted by modifying formulation and curing conditions. This tunability makes
shape memory epoxies highly attractive for applications that demandognedion of durability,
high performance, and stimulussponsive behavi¢87].

Anot her type of thecmgsenal SMPed st hhehremofssed |
transition temperature equal to theelting temperatur€Tn). the modulus of semicrystalline

thermoset SMPs are dependent on crystallinity rather than their degree of crosslinking.
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Thermoplastic SMPs, are notable for their reprocessability. Polyurethane shape memory
polymers (PUSMPs) as amorphous thermoplastic Witkunsition = Tg are block cepolymers
composed of hard and soft segments that create their unique properties. The hard segments, formed
by the reaction of diisocyanates with shangin diols or diamines, create rigid domains that act
as physical crosslinks or netpointdefining the permanent shape through strong molecular
interactions like hydrogen bonding. In contrastft segments are usually made of an amorphous
polyol, like polyester or polyether. The length of soft segments and the content of hard segments
significantly influence SMP performance. Optimal shape memory properties are achieved with 35
40 wt% hard segent content in the PASMP. The activation of shapeemory behavior in
amorphous thermoplastic SMPs is attributed toTthef the soft segmen{88].

Thermoplastic SMPs witliransiton= Tm have a structure similar to those Witkinsition=
Ty, but the soft segment crystallizes upon elongation, makirtge transition temperature. High
crystallinity of the soft segment is essential for exhibiting shape memory behavior in crystalline
thermoplastic SMPE6].

77N

Thermo-responsive
shape memory polymers
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Figure 6. Classification of thermaesponsive shape memory polymers.
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2.1.4 Quantification of Shape Memory Behavior in a Thermomechanical Cycle: Shape Fixity

and Shape Recovery

Quantifying shape memory behavior within a thermomechanical cycle is crucial for
predicting the performance of materials in their intended applications. This predictive capability
is essential to avoid failure and select the most suitable SMP for a dissigd and application.

Two key parameters to quantify shape memory b
Shape fixity refers to the ability of the SMP to fix a tempibyadeformed shape. It
guantifies the extent to which the material can retain a deformed shape upon unloading at a

temperature belowg. The temporary shape is fixed by the vitrification mechanism and storing
strain energy of the polymer chains upon the fast cooling. Shape fixity measures the ability of the
material to memorize a temporary shape, which is crucial for applications rgchieimaterial

to hold a specific form before activatioBhape recovery is the ability of SMP to return to its
original shape upon exposure to heat. During the recptlegystored strain energy is gradually
released as the temperature approadhes the SMP. Shape recovery quantifiesthat er i al 6 s
ability to recover its original shape from the temporary shape. This property is fundamental for the
functionality of shape memory materials in applications such as actuatofsealatiy materials,

and deployable structures. The quantification of thespetiesin a thermomechanical cycle
involves cyclic loading and unloading tests, combined with thermal cycling. Figure 7 illustrates a
schematic of the stres$rain behavior of a thermorpensive SMP in a straicontrolled
thermomechanical program, enabling the quantification of shape fixity and shape recovery. Step 1
represents the loading of the SMP at a temperature abolg litsStep 2, stress increases as the
SMP is cooled to a temperature beldywvhile maintaining a fixed strain. Subsequently, in Step
3,the SMP is unloaded to zero forcaemperature belowWy. Finally, in Step 4, the SMP recovers

its original shape upon reheating to a temperature alpvéde shape fixity can be calculated by
measuring the deformation after unloading at a low temperature dgl¢see Figure 5e) and
comparing it to the initial deformation (see Figure 5a). The shape recovery is determined by
measuring the deformation after heating abdye(see Figure 5f) and comparing it to the
deformation before heating (see Figue}.5

Therefore, the extent of shape memory behavior in theesponsive SMP and its shape
memory parameters can be quantified through experimental data derived from a comprehensive

thermomechanical cycling program that includes sequential steps of heating, loading, cooling,
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unloading, and recovery. However, each phase in this cycle is critical, as it establishes specific
conditions for thena t e rshapgelménsory performance. During the test, several parameters must
be carefully controlled to achieve accurate and reproducible results, including heating temperature,
recovery temperature, heating rate, thermal expansion properties of the SMP, coeliagdrat
strain rate. Variability in any of these factors can impact the accuracy and reliability of the

measured shape memory gaweterg33,39 43].
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Figure 7. A schematic of the stressrain behavior of a thermeesponsive SMP in a stracontrolled
thermomechanical program.

2.2 Additive Manufacturing

Manufacturing complexshaped polymeric parts using traditional methods proves to be
time-intensive, often resulting in lower dimensional accuracy, and necessitates extensive post
processing and assembly efforts. However, these challenges can be signifechrdecby AM
technologies, commonly known as 3D printing. The main principle that distinguAdidrom
traditional manufacturing methods is that it constructs objects through @laissrer 3D printing
process, depositing material one layer at @ tibased on a digital model. Each layer is deposited,

cured, or solidified before the next layer is added directly on top, with the process repeating until
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the object is fully formed. This method allows for the creation of complex geometries and
structures that would be difficult or impossible to achieve with traditional manufacturing methods.
The layerby-layer approach provides a high degree of designbiéy, making it ideal for
prototyping, customized manufacturing, and producing intricate components. AM technologies
facilitate the direct construction of detailed designed objects with sophisticated geometries from a
digital computeraided design (CADifjle in a singular step. 3D printing offers significant potential

in lowering manufacturing expenses and decreasing production timelines, particularly for objects
and components with intricate designs that utilize various materials. This technology enables
decrease in the number of separate parts required, leads to lighter overall product weight, and

enhances the ability to customize the final proditi 48].
2.2.1 Additive Manufacturing Steps

Figure 8 illustrates the process of 3D printing from the initial design phase to the final
physical object.
1- 3D CAD File: The process begins with a 3D model created ©AD software. This model is
typically saved in the .STL file format, which is a widely used format for 3D printing because
it contains the surface geometry of the modeled object.

2- Slicing: The next step involves slicing the 3D model into layers. This is done aspgcific
software, which converts the 3D model into a series of thin layers and produGE@DE
file. TheA.GCODBOfile format contains instructions for the 3D printer, such as the movement
of the print head and the amount of required mateFiails slicing process is crucial as it
determines the resolution and accuracy of the final printed object. The more layers there are,

the higher the resolution and level of detiaat can be achieved.

3- 3D Printing: In this step, the 3D printer uses M&COD file to print the object layer by
layer. The illustration shows a simplified representation of a 3D printer with the print head
depositing material onto a build platform to create each layer. Over time, these layers build up
to form the final object.

4- Final Physical ObjectThe last image shows the final, physical object that has been produced
by the 3D printer. The object appears to be a solid pyramid, indicating that the printing process
has been completgd9].
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Figure 8. Sequential workflow of the 3D printing process from design to realizggjn

2.2.2Different Additive Manufacturing Methods, Applications and Challenges

3D printing, encompasses a diverse rangerotessesach designed to fabricate objects

with specific characteristics suited to their intendgedmetry andpplications. The selection of
an appropriate AM technique depends on the functional requirements of the final product,
including its mechanical properties, resolution, and aesthetic quality. This decision is further
influenced by the compatibility of matels available for each method, such as polymers,
composites, or ceramics, to optimize processopmance and product qualityo provide a
standardized framework, the ISO/ASTM 52900 standard classifies AM technologies into seven
distinct process categories, based on how material is deposited and solajifiedy-layer
(Figure 9)[51]:

1. Material Extrusion
VAT Photopolymerization
Material Jetting
Sheet Lamination
Powder Bed Fusion

Directed Energy Deposition (DED)

N o g &~ D

Binder Jetting
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Figure 9. Classification of additive manufacturing techniques according to ISO/ASTM 52900, grouped by material
form.

Each category comprises specific techniques and systems, with varying material
compatibility, resolution, mechanical properties, and application potentidle context of SMP
fabrication and 4D printing, which will be discussed later and are the focus of this study, the most
relevant categories are

1 VAT photopolymerization, which includesstereolithography(SLA) and digital light
processing DLP), is based on the selective curing of liquid photopolymer resins using a
light source (laser or projector). This method is ideal for fabricating thermoset SMPs due
to its high precision, excellent surface quality, and the ability to control croskdimgity
during polymerization52].

1 Material extrusion, particularly fusedfilamentfabrication (FFF) or Fused Deposition
Modeling (FDM), is based on the controlled deposition of molten thermoplastic filament
through a heated nozzle to build parts layer by layer. This method supports thermoplastic
SMPs with good repeatability, accessipiliand coseffectiveness, making it widely used
for prototyping and functional testifg3].

1 Powder bed fusion, most notablyselectivelasersintering (SLS), involves the layday-
layer sintering of powdered materials using a laser. Although less common for SMPs
compared toVAT photopolymerization and extrusidrased methods, SLS has been
applied to thermoplastic SMP powders to some extent, offering the advantage of producing
complex geometrief$4].

The following sections focus on the specific AM methods most commonly used for printing

with SMPs, especially those that support shape adaptability through thermomechanical stimuli
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A) Material Extrusion Fused Deposition Modeling (FDM)

FDM, also known as Melt Extrusion (Figui€a), is the most accessible AM technique,
favored for its affordability and versatility. The process involves the melting and precise extrusion
of thermoplastic filament through a heated nozzle, layer by layer, to create the desired structure.
In FDM systems, extrusion may be carried out using either a single nozzle-éxioumsion),
which deposits one type of filament at a time, or multiple nozzles @extltision), which enable
the simultaneous printing of diffent filaments. Multiextrusion offers greater design flexibility
by allowing the combination of distinct materials, colors, or even functional phases (e.g., rigid and
flexible polymers) within the same component, which is particularly advantageousciontiest
of 4D printing with SMPsFDM allows for the use of various infill patterns, such as grid,
honeycomb, or concentric designs (Figufe@)land the size and spacing of these patterns (so
called fill density) significantly influence the resolution grdperties of the printed part (Figure
11b). Smaller, tightly spaced patterns result in higher resolution and greater structural strength,
while larger, more widely spaced patterns reduce material usage and weight but may compromise
precision and durability. This flexibility makes FDM suitable &owide range of functional and
aesthetic requirements. Figurkclllustrated an example ahFDM-printed part firstly right after
3D-printing (the left most), with a textured surface #melpresence of suppostructures.

These supports must be carefully removed after printing, often leaving visible marks or
imperfections on the surface, as seen in the center example. The rightmost part demonstrates a
smoother finish achieved after support removal and additionappos¢sing, highlighting how

the surface quality of FDM products can be enhanced with proper handling. However, FDM may
not be the most suitable manufacturing method for producing intricate parts with fine details.

FDM supports a wide variety of materials, including standard polymers like polylactic acid
(PLA) as well as advanced options like filsemforced composites, megablymer blends, and
ceramics.

FDM is widely applied across industries for rapid prototyping, functional part
manufacturing, tooling, architectural modeling, and educational purposes. Its adaptability extends
to specialized fields such as aerospace, where lightweight and durablerpactgtieal, and
medicine, where FDMbroduced components can be used for anatomical models and assistive
deviced55i 59].
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Figure 10. Schematics of additive manufacturing methoat®monly used for printing SMPs) FDM; b) SLA;c)
2PP, d) DLP; e) SLS[60,61]

B) VAT Photomlymerization Stereolithography (SLA)

SLA (Figure 10b) utilizes ultraviolet (UV) lasers to cure liquid photopolymer resins into

solid structures, layer by layer, with remarkable precision. Unlike other 3D printing methods, SLA

achieves its high level of detail by curing the
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resin point by point, followiegd#sign's exact
coordinates. This process allows SLA to produce objects with intricate details, sharp edges, and



exceptionally smooth surface finishes, making it ideal for applications requiring aesthetic
refinement and high resolution. SLA is particularly walited for creating prototypes, limited
production runs, and items with complex geome{62s63]

Recent improvements in SLA technology include enhanced precision, reduced printing times, and
the availability of advanced resin formulations. For example, biocompatible resins have expanded
the utility of SLA into the medical field, supporting applications such as dental aligners, surgical
guides, and prosthetics. The method is also a preferred choice in industries like jewelry design and
custom prototyping, where precision and surface quality are paramoguate Ald illustrates
examples of SLAprinted poducts, showcasing their ability to achieve more intricate and complex
geometries compared to FDptinted prototype§o4i 66].

The cured resin parts often require poicessing, such as cleaning in an isopropyl
alcohol (IPA) bath and UV curing to ensure full polymerization and optimal mechanical properties.
Additionally, the resins used in SLA are often more expensive thaniatafer other 3D printing
methods, and their handling requires care due to their sensitivity to light and potential toxicity.
Furthermore, SLAprinted parts are typically more brittle than those produced using FDM or SLS,
which may limit their applicatio® in functional or loadbearing scenarios. Despite these
challenges, SLA remains a top choice for applications where precision and surface quality are
critical.

Beyond conventional SLA, oth&fAT photopolymerization techniques have emerged.
Micro-SLA enables the fabrication of microscale structures with exceptionally fine resolution,
making it valuable for applications in microfluidics, biomedical devices, and micromechanical
systems Even more advancedlwo-Photon Polymerization (2PHpK7,68] allows true 3D
structuring at the micrand nanescale by exploiting nonlinear lighhatter interactions to induce
localized polymerization. 2PP is particularly suited for creating highly detailed architectures,
responsive microactuators, and namginered SMPbased devices for negeneration 4D
printing applicationsFigure 10c shows the 2PP process, in which galvo scanners move the focal
point within the focal plane at speeds of several hundred millimeters per second to enable fast and
precise prinig [61].

C) VAT PhotopolymerizationDigital Light Processing (DLP)

DLP (Figure10d) shares similarities with SLA in that it also uses photopolymer resins and

UV light for printing. However, DLP differs in its approach to curing: instead of curing the resin
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point by point as in SLA, DLP uses a digital light projector to illuminate and cure an entire layer
at once. This layeby-layer curing process allows DLP to achieve significantly faster printing
speeds compared to SLA. Although DLP generally producdstislipwer resolution than SLA,

it still delivers excellent surface quality, making it wellited for applications requiring the rapid

production of small to mediwsized objects (Figre 11e)[69,70]
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Figure 11. a) Examples of infill patterns for FD¥rinted parts b) The internal geometry of FDM prints with
different fill density c) An example of FDNprinted part[71]; d) Examples of SL-Arinted partg[72]; e) Examples
of DLP-printed partg[73]; f) Examples of SL-$rinted parts[74].
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D) Powder Bed Fusiorfelective Laser Sintering (SLS)

SLS is a highly versatile method suitable for creating complex geometries, including
internal structures and interlocking componewtsich are challenging to achieve with other AM
methods (Figuré&0d). The process involves the sintering of powdered materials, such as polymers
(e.g., nylon), metals, or ceramics, layer by layer using a laser. Unlike SLA and FDM, SLS does
not require support structures, as unsintered powder provides inherent sugpgrpdnting.

SLS accommodates a broad range of materials, enabling manufacturers to customize
properties like strength, flexibility, and thermal resistance to specific nédtfmugh less
common thatVAT photopolymerization and extrusidrased approaches, SLS has also been used
to process SMPs, particularly thermoplastic powders suteasioplastic polyurethane (TPU)
though its application remains limited compared to other AM technigi@amon applications
of SLS include functional prototypes, ende parts, and ogponents for industries such as
automotive, aerospace, and healthcare. While SLS generally results in a rougher surface finish
than SLA or FDM, posprocessing techniques can address this aspect to achieve desired aesthetics
or functional characteristicédditionally, managing and recycling the unsintered powder can add
complexity and cost to the process. Furthermore, the equipment for SLS is typically more
expensive than other AM methods, which may limit its accessibility for srsaléde applications.

Figure 11f represents examples of Sip&inted part§75,76]

2.3 4Dprinting of Shape-morphing Structures

2.3.1 Shapemorphing Structures

Shapemorphing structures, capable of adapting their geometry, configuration, or
functionality in response to external stimuli, represent a transformative approach in modern
engineering. These systems are at the forefront of innovation, addressing timg gienvand for
adaptable, efficient, and multifunctional devices in fields such as robotics, aerospace, and
biomedical engineering. Developing such structures requires an understanding of bdibdygid
and compliant mechanisms, as their integration fatmsfoundation of many shapeorphing
designs. Rigiebody mechanisms, consisting of linkages, joints, gears, and cams, are a well
established field with standardized designs widely used in traditional manufacturing processes.

Kinematic chains, a fundameht component of rigibody mechanisms, are systems of
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interconnected rigid links and joints designed to produce controlled motion with specific degrees
of freedom. These chains are integral to many mechanical systems, such as robotic abas, four
linkages, and other systems requiring precise motion anel fi@iesmission. However, riglabdy
mechanisms, including those based on kinematic chains, have notable limitations, including
backlash, high assembly time and cost, frequent maintenance, wear, and addefy we&igjht
Compliant mechanisms are systems that derive their motion and force transmission from the elastic
deformation of their components, eliminating the need for traditional rigid links, hinges, bearings,
or sliders. By relying on strategically designed regiohBexibility, these mechanisms simplify
design, reduce weight and multiple piece assembly, as well as increase reliability, enabling elastic
deformation to perform specific motions or tagi&i 81]. Figure12a and b illustrate the difference
between two design approaches for achieving motion in mechanisms. On the left, the design
employs rigid links connected by kinematic joints, which allow rotation at discrete points. On the
right, the pin joints are replagewith compliant joints, which use the elastic flexibility of the
material to enable motion without the need for discrete mechanical components. This compliant
design eliminates the need for assembly of joints and reduces mechanical comphebeity w
maintaining similar functionality through elastic deformation.urggl2c represents a prototype

of the compliant gripper in its inactive mode (left) and gripping mode (right).

P. : .m v7’ \
a) m10|\, < B 2

\Compliam joint

Rigid link

Figure 12. a) The left design illustrates a rigioody mechanism that achieves motion through kinematic pairs (pin
joints), while the right design shows a compliant mechanism that relies on elastic deformation at the compliant
joints to enable motigrb) Schematic representation of a kinematic joint (left) and a compliant joint (rigiht)

Prototype of a compliant gripper in its inactive mode (left) and gripping mode ({B2itB4].
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Shapemorphing structures can be based on the principles of kinematic chains and
compliant mechanisms, designed to dynamically change their geometry, configuration, or shape
in response to external stimuli such as temperature, light, magnetic fieldscloemoal forces.

These structures combine flexibility and adaptability, allowing them to transition between
configurations for specific tasks or environmental adaptability. A key subset ofstuaphing
structures includes multistable structures, which caaintain stability in multiple distinct
configurations without continuous external input. This multistability enables "snap" transitions
between predefined shapes, enhancing functionality and efficiency in applications like deployable
systems, reconfigable robotics, and energpfficient actuator$78,81]

Designing structures that adapt their shape in response to specific stimuli is a growing area
of research with applications in robotics, aerospace, and biomedical devices. With an innovative
design that combines rigioody elements, compliant joints andahanisms, and kinematic joints,
it is possible to create a device capable of performing a predetermined deformational task. For
exampl e, etbliddvelopes aniadlaptive compliant gripper finger with embedded actuators,
allowing the gripper to morpits shape to accommodate various objectsuffeij3). This design
enhances thgrippelGs versatility and adaptability in handling differently shaped and sized items
[81].

()

Figure 13. Design of the adaptive shapeorphing compliant structure with embedded contracting actud8dds

2.3.2.Integration of Stimuli -Responsive Materials to Shapenorphing Structures

3D printing technology allows for the creation of complex geometries that were previously
impossible or economically unfeasible with traditional manufacturing methods. A significant

advancement in this field is the emergence of 4D printing, which exteadsapabilities of 3D
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printing by introducing time as the fourth dimension. This innovative approach incorporates smart
shape memory materials in 3Winting methods, leading to manufacturing complex shape
morphing devices that can change their shape or function in respamgertaal stimuli. Unlike

the static and inert objects typically produced through conventional 3D printing techniques (Fig
14a), 4D printed parts are dynamic and adaptive, capable of undergoing controlled transformations
after fabrication (Figre 14b) [85i 89].

3D-printing of a ‘
passive material i
— [ ]
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memory material shape-morphing
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Figure 14. Comparison between: a) 3D printing of a passive material leading to a static device; and b) 4D printing
of a smart shape memory polymer resulting in a dynamic, shdpgtive device responsive to external stimuli.

Methods such as in situ polymerization and casting to a film have been extensively
employed with shape memory polymers. However, as the complexity of-atlapave devices
grows, the number of required manufacturing steps to finalize the device alsasésrdD
printing provides an opportunity for additively manufacturing smart and complex-allapéve
devices.The integration of smart materials into multistable structures enables more advanced
functionalities and enhanced controllability in 4D prigtiin fact, 4D printing of shapeorphing
structures, using smart materials, has led to improvement in various technologies such as smart
actuators, foldable robots, deployable structures, foldable electronics;s$tiflipg antennas and
biomedical device[90i 92].



The success of shajpeorphing structures lies in the effective integration of advanced
design techniques, smart materials, and AM technologies. By leveraging the capabilities of 4D
printing, it becomes possible to create complex, sti@msformative protypes that incorporate
various motion features, such as kinematic and compliant joints, in a single manufacturing step.
These selassembling prototypes eliminate the need for -pmtufacturing assembly,
significantly simplifying production. However, threalization of such intricate shap®rphing
objects requires exceptional precision and manufacturing accuracy. These challenges are
effectively addressed by advanced additive photopolymerization techniques, particularly laser
based stereolithography, whiensures the high resolution and accuracy necessary for fabricating

such innovative designs
2.3.3SLA 4D-printing of Complex Shapes and Adaptive Structure

SLA 3D printing method stands out for its ability to construct intricate objects with
exceptional detail and precision. The process involves the selective UV polymerization of a
photosensitive resin, achieved by exposing remts free surface to a laser beam. This laser,
characterized by specific power and frequency parameters tailoredrésitiie properties, scans
the surface layer by layer, solidifying the liquid resin into the desired shape. During the curing
process, SLA polymers undergo a vistpsncrease, transforming into a ¢gide resin before
evolving into crosslinked polymers (see lHig15). This crosslinking results in the formation of a
strong structure that inhibits their return to a liquid state

The key to SLA success in 4D printing lies in its compatibility with a wide range of resin
materials, including those with shape memory properties. By carefully selecting a suitable SMP as
the printing material, SLA can be used to create solid smart wtegcivith shape memory
properties. These materials can be deformed to algineed shape by folding, bending, or
twisting. This transformation is reversible, allowing the objects to return to their printed form by
exposure to a prdetermined stimulus. @ong et al. [96] conducted a study on the shape
adaptability of a 4Bprinted, SMPbased buckyball with a complex geometry, created using the
SLA method, as shown in Figure 16. They examined the theensitivity of the SMP in response
to temperature vairi@ns both below and above the Tg when immersed in water. Thwidiad

buckyball transitioned from a flat plane to its original shape with great durability.
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Figure 16. a) SLA SMP C60 buckyball in printing-c) Unfolded after printing, andd-h) Recovered its original
buckyball shape by [9%oaking at 65eC of wat

Ge et al [95] employed a micresLA 3D printing technique along with photocurable
methacrylatebased copolymer networks to fabricate micro grippers. These grippers demonstrated

the capability to grasp and release objects, as shown in Figure 1
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Figure 17. 4D printed SMP gripper that enables gripping and releasing of objects when thermally a¢@ted

The most commonly used SMP resin in the SLA-@Bihting method is epoxy resin.
Lantadaet al [16] showcased the manufacturing process of mvagcular shape memory epoxy
actuators with intricate geometrical designs. These nviasgular devices can be designed with
internal channels that resemble blood vessels, capable of transporting fluids siodntriag their
shape in response to the temperature of the fluid. These complex structures and 3D networks were
directly designed and 4printed from CAD files using SLA manufacturing technology .urejl8
demonstrates the shape memory behavior of therdided shape memory epoxy devices. The
micro-claw closes, and the spring expands due to the heating effect of the injected water running
through the micrevasculatures

Lantadaet al highlighted the critical role of design in 4D printing, showing that a
thoughtful and precise design is as vital as the manufacturing technique, material, and stimulus for
triggering. A precise and considered design is pivotal in manipulating the-alfeptéve system
to demonstrate our intended gtefined shape transformations effectively.

Balancing design and functionality is essential. For example, incorporating features like
hinges, springs, grippers, spiralsjlow channels or folds can enhance thateriafs response to
heat. These elements can move in a controlled manner, aligned witinatieeiafs phase
transitions, enabling complex actions such as folding, bending, or curling. It is crucial to design

the structure with an understanding of thateriats properties and thermomechanical behaviors.
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The thermal conductivity of polymers is generally low, making the-imelaiced activation of

SMPs a slow and often uneven process across the device. In their study, baatamaided the

need to incorporate micro or nanoparticles to facilitate induction heating. Instead, they employed
a microvascular design technique to let the hot water pass through the structure, establishing direct
contact between the SMP and the heats®tor a more effective activation.

Figure 18. Activation of shape memory effect in-pBnted shapeadaptive structures: the micrdaw closes and
the spring expands due to the injection of hot water through the 1wésculature$16].

This approach demonstrates the importance of leveraging material properties and
employing thoughtful design and manufacturing methods to create effective adaptive structures
[16].

In another study, a stent with a complex shape was fabricated using ShAnB& shape
memory epoxy, directly from the CAD model in a single stepurei@9 illustrates the CAD design
and printed braided stent on the top. The stent is in its temporarily compressed form following
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deformation (on the left below), which is designed to revert to its original shape upon heating (on
the right below). In fact, the braided design of this stent facilitates easier opening and closing due
to its flexible and sturdy lattice structure, allogifor precise deployment within tHeodyés
vessel496].

Figure 19. From the top left: CAD modeling of an SNbasedstents intricate structure, rapid prototyping,
temporary compression, and heatluced shape restoratida6].

2.4 Challenges and Research Gaps

For the successful 4D printing of a shamaptive device to perform a pdefined
movement task, selecting a suitable matesiadl proper additive manufacturing technique is
crucial. This selection should align with the intended design and the functional requirements of
the device. Understanding the choseaterias characteristics and its reaction to the activating

stimulus is essential as well. This knowledge enables us to predict how the material will alter its
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shape within the intended environment, allowitng precise design of the shaperphing
structure with attention to detail (kige 20). To successfully and accurately complete this path,
certain actions must be undertaken, some of which have not received sufficient attention in the

literature

Material's
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=

\\\\\\\\\f Device

Design

Figure 20. Stages of 4D printing: developing shaperphing devices through smart materials and responsive
design to 3Bprinting technique

2.4.1Thermomechanical Investigation of 4Bprinted Shape Memory Polymers

Before employing a device as a shagaptive mechanism, it is crucial to first examine
the thermomechanical behavior and shape memory characteristics of the chosen material. To
investigate the shape memory characteristics, namely shape fixity and stapyeof a 3D
printed specimen, it is essential to conduct the thermomechanical cycle within a carefully designed
experimental framework. Investigating the thermomechanical propertieancddditively
manufacturedMP specimen enables the predictiont®fiehavior effectively and utilizing them
in applications where precision and reliability are critical. This analysis helps us understand and
quantify the extent to which the material can support the design of a printed device, facilitating its
transforméion in shape in response to heat. While the mechanical and thermomechanical
characterization of thermoplastic specimens printed via FDM has been widely studied, thermoset
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specimens produced by SLA 3D printing have not been as extensively and precisely examined in
the literature. Therefore, complex morphing structures are often fabricated using SLA 3D printing

without prior quantification of the shape memory propef8&s89i 91].
2.4.2 Anisotropy Challenges in Additive Manufacturing

Despite the numerous advantages of@ting techniques, AM faces the challenge of
anisotropy in manufactured devices. Anisotropy refers to the directional dependence of a
ma t e rmpropeltied,aneaning that a material can exhibit different strengths, stiffness, or thermal
properties in different directions.

In AM, objects are constructed layer by layer, which can result in anisotropic mechanical
properties. The bonds between layers are often weaker than the material within each layer, making
the mechanical performance of the printed part highly dependeheatiréction of loading. The

terms "printing orientation" or "build orientation” refer to the direction in which the object is
printed relative to the build platform. This orientation plays a critical role in determining the
strength, surface finish, angetamount of support material needed for the print. Properly selecting
the build orientation can optimize tpea r perforsnance and reduce material usage.

Anisotropy in mechanical properties is a common characteristic in parts produced by AM
techniques (Figre 21). Mechanical properties can vary significantly depending on the loading
direction, with notable differences observed when the load is applied parallel or perpendicular to
the printed layers. This variation highlights the critical role of anisotropy inein€ing the
performance and reliability of ANdbroduced components

Figure 21. Image of an FDM 3Bprinted object showing the layered surface.
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Depending on the design and geometry of the item being printed, there are several possible
orientations for printing successive layers relative to the print platformcd=g illustrates a dog
bone specimen commonly wused in tensile testini
fabricated at various angles relative to the print bed, ranging from 0° to 90°, which can affect the
materiafs mechanical properties. Consequently, selecting the most suitable printing orientation is
crucial for optimizig the mechanical properties of the printed part to fulfill the specific

requirements of its intended applicati@00,101]

Figure 22. A tensile testing specimen with different printing angles with respect to the 3D printing platform. The
amount of support for each angle is shown in the white ¢b@d].

Given the widespread use of FDM as a preferregoBbting technique, due to its cest
effectiveness and accessibility, the impact of anisotropic characteristics on the mechanical
properties of FDMprinted specimens has gained more interest, compare tonottieods such as
SLA[102i 105]

While both SLA and FDM exhibit anisotropic properties, the extent and nature of
anisotropy differ due to their unique processes. SLA tends to produce parts with more uniform
properties across different directions, due to the nature of resin curing aslkih&nog, whereas
FDM parts often show more pronounced anisotropy due to the physical layering and cooling of
thermoplastic materials. However, it is crucial not to overlook the impact of anisotropy in SLA
3D-printed devices, especially those incorporatmgro-actuators or designed with microscale
features. In complex and smaltale applications, where precision in mechanical behavior is

critical, the effects of anisotropy can be more noticeable.
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Addressing the anisotropy challenge in additively manufactured devices requires a
comprehensive understanding of the underlying causes and the development of strategies to reduce
its effects. Some approaches include optimizing print orientation, adjpstiogssing parameters
to improve interlayer bonding, and pgsbcessing treatments designed to homogenize material
properties. Innovative design considerations, alongside precise application of forces and
triggering, can also decrease the influence dfaropy on structures with complex, shatering

geometries
2.4.3 Thermal Expansion in Shape Memory Polymers

Thermal expansion in polyn&is a physical response to an increase in temperature, which
results from the enhanced movement of polymer chains. As the temperature rises, the kinetic
energy of the polymer chains increases, leading to greater vibrational and rotational movements
within thematerias structure. This increase in motion causes the polymer chains to occupy more
space, manifesting as an expansion of rtteerias volume [106]. This phenomenon is not
isolated to conventional polymers but also occurs in SMPs in response to temperature rise.

The importance of thermal expansion in the shape memory cycle cannot be overstated.
Thermal expansion can cause SMP components to change size or warp, undermining the precision
of the shape memory effect. When an SMP device is heated to tagpape change, it may
overshoot or distort due to expansion. For example, in-fégaforced shape memory composites,
researchers observed Aunexpected deformati on,
t her momechadir.cal <cycl eod

If the expansion is neaniform (e.g, due to temperature gradients or material
inhomogeneity), parts of the structure may deform unevenly. Such dimensional instability means
the recovered shape may not exactly match the original design, which is problematic in
applications requiring tight tetances. Residual expansion after cooling can also prevent full
returning to the original dimensions, effectively introducing error in shape recovery, resulting in
limitations on the application fields of SMPs wherst f@ctuation, dimensional stability, and a low
thermal expansion coefficient are crucjaD8,109] Accordingly, Bibhuti Bhusan Ratkt al
reported that while thermal expansion can trigger useful actuation behaviors, it also poses
challenges for the predictability and control of material respdid€s.

| ssabayeva and Shi s hiprimtedshap®d memonepmlglactic adidd o0 n
(PLA) highlights the significant impact of thermal expansion on material performance. Their
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findings show that thermal expansion can compromise both dimensional stability and the
mat erial 6s ability to r et ur nThis study highklights the gi n a |
complex relationship between thermal expansion and the functionality of SMPs, particularly in 3D
printing applicationg111].

In the additive manufacturing of complex, sr&dhle structures, thermal stresses can
become trapped during the printing process. Subsequent thermal cycling may lead to stress
relaxation, which can significantly increase thermal expansion. Therefore;stamting the
thermal behavior of additively manufactured objects is essential for accurately designing and
applying shape memory materials, ensuring their reliable performance in advanced technological

and engineering applications.

Thermal Expansion in Shape Memory Polymers, Possible Mitigation Strategies

One direct way to mitigate thermal expansion is to choose or modify the polymer
composition for a lower coefficient of thermal expansion. Polymers with higher crosslink density
or crystallinity generally exhibit less thermal expansion. For example, udingrmoset SMP
(cured network) instead of a thermoplastic can reduce expansion and improve dimensional stability
over cycleq33].

Another material design approach is to create SMP composites by adding fillers or
reinforcements. Fillers like silica, carbon black, nanoclay, carbon nanotubes (CNTSs), or fibers have
much lower CTE than the polymer, so they restrain the matrix from exgarndcorporating these
fillers can drastically lower the overall CTE of the material. For instance, cédsed fillers
(CNTs, graphite, etc.) not only reduce thermal expansion but also increase stiffness and thermal
conductivity, which helps an SMP hald programmed shape and heat uniforfat/2].

Moreover, how the SMP is processed and programmed can significantly affect thermal
expansion outcomes. One effective technique
deformed at a temperature below or just aroun@yjteather than far above it. This avoids heating
the entire part to a high temperature, thus minimizing the thermal expansion that occurs during
programming108].

Another strategy is to ensure uniform and slow heating/cooling during shape change, to
reduce temperature gradients that cause uneven expansion. Using temperdtohed

chambers or heating an SMP slowly can allow the whole part to expand more un{fedanking
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internal stress). In some cases, local heating (e.g., with a focused heater or light) is used to activate
only a portion of the SMP this prevents the entire object from expanding at once, improving
precision.

Additionally, annealing or preonditioning an SMP part after fabrication can help. By
heating the part once (without constraint) to let it freely expand and then cooling it, one can relieve
internal stresses from manufacturing. This means that whentthis [zder actuated in service, it
has | esBOofiburéess to cause unpredictable disto

Finally, applying mechanical constraints during actuation is a practical trick: for example,
using fixtures or applying a countfarce can resist thermal expansion. One study found that
holding a constant tensile load on a shape memory composite duatiggheas a reliable solution
to reduce the thermal distortion and improve its geometric staldiG&].

3D-printed SMPs can also be affected by the thermal expansion behavior of the material,
a factor that has been relatively underexplored. The anisotropic nature of théydsger
printing process can lead to directional variations in thermal expansiantraction, which
may significantly impact the final performance of printed devices. This effect is particularly
critical in applications where even minor deviations from theppogrammed deformation can
propagate through the structure, leading ttertmce stackip issues that affect overall
functionality. This challenge becomes even more crucial in 4D printing, where precise control over

shapeadaptive structures is necessary to ensure reliable and predictable actuation

2.4.4Design and Manufacturing of Shapemorphing Structures

The critical role of design in the development of shaymephing structures cannot be
overstated. The design process is pivotal inpBidted devices not only for defining the aesthetic
and functional aspects of the final product but also for ensurirsgidcisessful manipulation and
performance. The incorporation of innovative design features can facilitate or enhance the shape
shifting process.

Moreover, the selection of an appropriate 3D printing technique is equally crucial and must
be carefully aligned with the specific requirements of the intended application and functionality of
the device. Different additive manufacturing methods offeledaaidvantages in terms of material
compatibility, resolution, strength, and surface finish. Each of these factors can significantly

influence the efficiency and effectiveness of the skrapgohing behavior. For instance, a device
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designed to undergo precise and complex transformations may benefit from the high resolution
and accuracy offered by SLA. Conversely, applications requiring enhanced material strength and
durability might be better served by FDM or SLS techniques, whitliedaicate parts with strong
mechanical properties. Therefore, selecting an appropriate design and manufacturing approach
based on our specific application is crucial for the efficient development and rapid prototyping of
intelligent, shap@adaptive devies.

As discussed, the 4D printing of sheguaptive devices presents considerable promise
across various fields. However, the exploration of 4D printing and smart materials for the
development of shapmorphing structures with intricate geometries is stilatigely new, it is
anticipated that more demonstrations and prototypes will emerge in the near future. These
developments will undergo thorough examination to evaluate their benefits and potential
drawbacks. Obtaining a shaphifting structure through rap prototyping of smart materials,
incorporating thoughtful design via suitable 3D printing techniques as fast and simple as possible,
requires extensive investigation. SMPs currently stand out as the preferred materials for 4D
printing, attributed to theienhanced functionality. Future enhancements in 4D printing material
technology should aim at reducing activation temperatures, enablingstimltli and remote
selective activation, shortening activation times, amplifying activation forces, and faglita

multi-position actuation.
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Chapter 3

Materials, Methods, and Experimental Workflow

Given the experimental nature of this thesis, this chapter thoroughly outlines the
methodologies and processes used to investigate the shape memory and thermomechanical
behavior of a thermoesponsive SMP. It also provides a stpstep account of the design and
3D printing techniques employed to fabricate a smart, staajagptive structure from the SMP,
capable of performing a predefined task.

The research begins with the detailed characterization of thermoplastisNRes, supplied
in sheet form, to develop a protocol for accurately determining the shape memory parameters
through thermomechanical cyclinglhe mechanical and thermomechanical investigations
presented in this chapter (subchapters 3.2.2, 3.2.4, 3.6.8, 3.6.9) were carried out within a broader
research framework developed by the research
experimental metidologies, testing protocols, and paftthe data analysis were developed and
conducted in collaboration with Prof. ElI Ubi et
Ur baGEski . The results shown here include dat a
were subsequently extendedlanterpreted in the context of the present doctoral dissertation.

Furthermore, part of the doctoral research was conducted within the framework ef long
standing scientific cooperation between IPPT PAN and AICHI Institute of Technology (AIT),
Toyota City, Japan, established under the agreement signed in 2005 by Prof.N&w&cki,

Director of IPPT PAN, and Prof. Yasuyuki Goto, President of AIT. This international
coll aboration, coordinated on the | PPT PAN s
important scientific context for the research activities describedsrctiapter.

The chapter then describes the methods used for extrudirgMiRJinto filaments and 3D
printing the filament using FDM techniques. During these stages, specific challenges were
encountered, particularly related to the behavior of the thermoplastieSPP a elevated
temperatures, which significantly influenced the research direction.

As a result, the focus shifts towards thermoset SMEp, selected for their superior structural
integrity and functional performance in shapwrphing applications, enabled by SLA 3D
printing. The chapter details the SLA 3D printing process of epoxy resimyelisas the

characterization and thermomechanical investigation of the printed specimens.
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Based on the findings from these experiments, designs for the final smart devices are
proposed. The chapter concludes with a description of the 3D printing and prototyping phase of
the designed devices, where the final shayoephing structures are testéalensure they meet the
designated functional requirements.

The explanation of all design, fabrication, and experimental characterization steps for both SMPs
is structured to reflect the sequence of actions undertaken in the project. This approach ensures a

clear and logical presentation of the methods employed.
3.1 Materials

An important consideration in this study was to select a multipurpose and widely available
material for additive manufacturing to ensuhés research is replicable and beneficial to the
broader community of 3D printer users. The polyurethane shape memory pomar was
initially chosen and characterized for this study, is not commonly used, and its production is
limited. These factors later contributed to the decision to shift the fodhe tésearch to shape
memory epoxy, which offers broader acdeitisy and application potential

3.1.1 Shape Memory Polyurethane

The thermoplastic PASMP (MM 4520) utilized in this study was purchased from SMP
Technologies, Tokyo, Japan, in the form of 0.4 mm thick sheets, due to the Grant No.
2011/01/M/ST8/07754 of the Polish National Science Centre (Harmonia), coordinated by
Profes s or El Ubieta Pieczyska, with partner Pr ol
Technology (AIT), JaparT.he technical data sheet provided by the manufacturer indicates that the
materiaés molecular weight ranges from 1 to 2 x 105 g/mol, anddtis specified at 45 °C. The
chemical formula for PLBMP MM4520 is depicted in Fige23. The polymer is prepared through
a polyaddition reaction involving diphenylmethafid-diisocyanate, adipic acid, ethylene glycol,
ethylene oxide, polypropylene oxide, ‘hdtanediol, and bisphenol A. Each component
contributes distinct properties: forsitance, diphenylmethaifg4-diisocyanate imparts rigidity
and thermal stability, while segments derived from ethylene oxide and polypropylene oxide
enhance flexibility anadonfer thermoplastic characteristics. Given the thermoplastic nature and
thermaresponsive shape memory properties of $NP MM4520, its suitability for use in FDM

3D printingwasinvestigated This exploration not only assessestateriaés compatibility with
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FDM 3D printing but also expands the potential applications of shape memory polymers in smart

device fabrication and advanced manufacturing technologies

.. Polyurethane
Diisocyanate 0 0 0O
OCN-R-NCO _ | |
Chain Extender [—R-N H-C-O-R'-O-C-NH-R-NH-C
HO-R"-OH \ .
Polyol ﬁ i | / R
HO-R-OH [—R-NH-C-O-R'-O-C-NH-R-NH-Cgkn)

Figure 23. Composition of hard and soft segment in-BMP MM452(J108].

3.1.2 Shape Memory Epoxy

SLA 3D printing is based on VAT polymerization, which is an additive manufacturing
technology that involves photopolymerization in a resin tank, often referred to as a VAT. This tank
contains monomers, and photoinitiators, which are molecules that realttatolet light to
initiate polymerizationand additives that impart color and specific properties to the resin. The
intense beam of UV laser initiates and facilitates the polymerization reaction by irradiating the
photosensitive resjnleading to thepolymerization and crosslinkinggf the resin. The
photoinitiators absorb the light and generate active species. These activated species then react with
the monomers, causing an increase in molecular weight and leading to the formation of polymeric
chains or networks. As the resin solidifies, plodymeits molecular weight increases rapidly until
the viscosity reaches a level where the material effectively becomes solid. The polymerization
reaction then slows and ultimately stops as the concentration of available monomers in the exposed
regions diminishes.@ending the exposure time or increasing the laser power expands both the
depth and width of the crosslinked region. This photopetzation process transforms the liquid
photosensitive resin into a solid form through additive or layered techriitfl&414]

In this study,the epoxy resin SOMOS WaterShed R XC11122 (DSM Desotech BV,
Slachthuisweg 30, 3151 XN Hoek van Holland, the Netherlands)usedThe composition of
the resin is as follows: 450 wt% of epoxies, 20 wt% of acrylate, 125 wt% of oxetane,-85
wt% of photoinitiators, and-Q0 wt% of additives. It is a low viscosity (~260 cps @ 30 °C),

colorless, liquid photopolymer, suitable folMAof highly detailed parts with high resolution,
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toughness and water resistance, with the density of ~1.12° g&r@5 °C according to the
material 6s data sheet and standardized tests.
thermoplastic polymers such as acrylonitrile butadiene styrene (ABS) and polybutylene
terephthalate (PBT). Besides, the resin is cdiblgawith laser stereolithography systems from

the two main developers of this technology (3D Systems and Stratasys). It is worth noting that the

datasheet for this material does not mentisshape memory behavior.

3.2 Characterization and Testing of PUSMP Specimens

3.2.1Thermal Characterization, Using Differential Scanning Calorimetry (DSQ

DSC was performed on the PRMP to analyze the thermal transitions of the-$\IP
material. The analysis was conducted using a calorimeter Pyris1 DSC {Bkndn USA), and
took place under a nitrogen atmosphere. The sample, weighing approximately &dsmsgaled
in aluminum crucibles. The analysis initially involved a series of heating and cooling cycles with
a heating rate of 10 °C/min, covering a temperature range from 0 °C to 2000f@. Biglustrates

the stepwise temperature profile appliedttte sample over time

200

"
n
=
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Z
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Figure 24. Temperature profile over time during the sequential thermal cycles applied in the DSC analysis. Each
numbered segment corresponds to a specific heating or cooling step.
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The second DSC analysis involved a heatingling-heating cycle with a heating rate of

10 °C/min, covering a temperature range from 0 °C to 200 °C.

3.2.2Mechanical Characterization, Using Tensile Testing Machia
A) Specimen

The geometry and size of the dogne specimenséeFigure25a) used for uniaxial tensile
testing in mechanical studies were determined through extensive prelinmvesyigationby the
operator on similar materialsand the specimens were cut using a special device designed and
manufactured within the framework of Grant No. 2011/01/M/ST8/07754 of the Polish National
Science Centre (Harmoni a), coordinated by Pro
Hisaaki Tobushi, AICHI Institute of TechnologgAlT), Japan A principal design goal was to
ensure that the specimens would fracture in the center when subjected to loading until failure.
These specimens were precisely cut from aSMP sheet using a cutting die and preseffigure
25b).

a)

Gl 1.7 007 O.5v=51 [

Figure 25. a) Technical drawing of the ddgone PUSMP specimensedfor mechanical and thermomechanical
investigationsb) Image of the PLEMP sheet along with the dbgne specimens that were cut friim
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B) Tensile Test to Failure

Tensile tests were conducted on tlegrbone PUSMP specimens using an Instron 5969
testing machine (Instron, USA) (Figuréa), purchased under Grant No. 2014/13/B/ST8/04280 of
the Polish National Science CentreThetensiler di na!
testing machine provided a maximum load capacity of 50 kN (Figure 26b) and was equipped with
an environmental thermal chamber to ensure uniform temperature control around the specimen
(Figure 26¢)The specimensf 6 mmgauge lengtlvere momtedand subjected to elongation by
the testing machine at a constant strain rate dfsfQunder isothermal conditions at 25°Ty ¢
20AC) unt i | fracture Thss petup wasedesigried to investigate the elpkditic
behavior of the PLBEMP at ambient temperature, providing valuable insights for further
thermomechanical investigations. Throughout the elongation, the testing machine recorded both
force and displacement, which were used to plot the sitess curve using the following

equatiors.

; (1)
(2)

Equations 1 and 2 are used to calculate the stress and strain values, respectively. In these

EquationsF represents the applied forde,- the initial length of the specimen (which here is the
gauge length)PL - the displacement corresponding to each force, @ndthe original cross
sectional area of the specimen.

C) Single LoadingJnloading Tensile Test

Before the tensile loadirgnloading test, one specimen was preheated to 110 °C in a
thermal chamber (outside of the tensile grips), and then, gradually cooled to room temperature,
while the other specimen was tested without preheating. In this testatbeaiwas elongated to
60% under a constant strain rate of?1€}, reaching the postield hardening phase at room
temperature, corresponding to the glassy state of th8NAR. Subsequently, the specimen was
unloaded to zero force. This test was desifto evaluate thena t e rbehaviodsiring cold
deformation, which involves loadiagnloading below it§q while in the glassy state.

The same tensile loadingnloading test with the same condition was conducted on PU
SMP dogbone specimens d-20°C (25°C),Tq (45°C), andTg+20°C (65°C) to assess the effect
of temperature on the mechanical response cSRIP.
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D) StrainControlled Cyclic LoadingJnloading Tensile Test

To assess the endurance of-BMP under repeated deformation, a st@ntrolled cyclic
tensile loadingunloading test was conductedpfeheateddt 110 °C) and gradually cooled SMEp
specimen was subjected to 9000 cycles of tensile loading at a constant strain rateséf 10
reaching 60% strain per cycle before being fully unloa&utce the specimen was subjected to
straincontrolled cyclic loading and unloaded to zero strain in each cycle, the minimum stress
consistently returned to zero. As a réstile maximum stress before unloading directly represents
the full stress range in each cycle, and was therefore used instead of stress amplitude for
characterizing the evolution of mechanical response. Additionally, because the stress always
cycled betwen zero and a positive maximum, the asymmetry coeffickrat{o), defined aRk =
Omin/imax, remained constant at zero throughout the test, indicating fully tensileeversed
loading.The test was performed at ambient temperature, ensuring thaatbeatremained in its
glassy state throughout. Streggin data were recorded to evaluate changes in mechanical
response over successive cycles, focusing on hysteresis behavior and potential material

stabilization.

Figure 26. a) Coupled setup of the Instron tensile testing machine inside an environmental thermal ¢lmber
Maximum load capacity of 50 kN, supporting the entire setupn environmental thermal chamber for controlling
and maintaining uniform temperature around the tengilps.
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3.2.3Surface Morphology Analysis, Using Scanning Electron Microscopy (SEM)

Analysis of PUSMP surface microstructure was performed using a JEOL-GENLV
microscope to observe the surface morphology and the formation of microdefects in$haHPU
after 1, 3, 5, 8, 9000 loadingnloadingtensile cyclesAdditionally, SEM was used to examine the
surface of the specimen after thermal recovery, allowing for an investigation into the crack healing
phenomenon in the RBMP following plastic cold deformation. Before imaging, samples were
coated for 2x2 minutewith an approximately 8 nthick gold layer using a SC7620 Polaron mini

sputter coater (Quorum Technologies Ltd, Ashford, UK).
3.2.4Thermomechanical Characterization of PUSMP; Shape Memory Behavior

After conducting mechanical investigations at two temperatures, below and abdye the
it wasfound that the high flexibility of the delgone PUSMP at 65°C makes it difficult for the
testing machine to sense the force due to its high maximum load capacity (50 kN). Therefore, to
investigate the thermomechanical properties of theSRP, a stripe@ecimen with a larger cross
section (Figire 27) was used instead of a dbgne specimen. Here, the primary objective is to
design a thermomechanical cycle progrémnaccurately quantify shape memory behavior,

focusing on two parameters: shape fixity and shape recovery

10

85

Figure 27. Engineering drawing and picture of the stripe f8MP specimen.

The shape memory behavior of the-BWIP was examined using a thermomechanical

loading program conducted inside the environmental thermal chambere 2b).
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1 In the first step of the thermomechanical cycle, theIMP specimemvith a gauge length
of 25 mmwas placed in the grips of the tensile machine and heafeg20 °C (65 °C)
under a small force of 0.2 N while recording the thermal elongation of the specimen

1 Once the thermal chamber reached 65°C, the specimen was held at this temperature for 30
seconds to ensure uniform heating. It was then uniaxially loaded at a strain rafeséf 10

up to20% strain.

1 Subsequently, the deformed specimen was coolegt20°IC (ambient temperature) while

maintaining the maximum strain.
T Next, the cooled specimen was unloaded at a strain rate’af'16 zero force.

1 Finally, the specimen was reheated’§#20 °C under a 0.2 N force to estimate the shape
recovery of the PLEMP. The force during the heating steps was set to 0.2 N instead of
zero because several gests on shape memory polymers indicated that a minimal fixing

force is necessary and facilitatémpe transformation.

The stressstrain curve of each step of this cycleere determinedsingEquatiors 1 and
2. Based on these characteristite shape fixity and shape recovergre calculatedwhich are
key shape memory parametérbe calculation procedureill be explained in detail in thehapter

e nt i Rebubtschndiscussion.
3.3 FDM 3D Printing Process of PUSMP

To explore the practical applications of fMP, an FDM 3D printing wastilized to
fabricate smalshapeshifting devices. FDM was chosen as it is one of the most effective additive
manufacturing techniques for thermoplastic shape memory polymers. However, due to the lack of
commercially available PASMP filament, we customized the 3D printing process by repurposing
and extruding our own filament. To achieve thise waste and discarded PEMP specimens
from previous mechanical and thermomechanical tesi® recycled These specimens were
shredded and reprocessed into a filament suitable for FDM 3D printing. The shredding process
was carried out using the SHR3D shredder, as shown in Fige 28.
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Once shredded, the PEMP particles were processed using a 3devo filament extrusion
system (Figre29a). The shredded material was placed in the hopper, a fshapéd component
that directs the raw polymer into the extruder (fFg9b).
The control panel (Figre 29c) allowed for precise temperature regulation across multiple heating
zones in the extrusion barrel. The display showed both the set and actual temperatures for each
zone, labeled 4, 3, 2, and 1, which correspond to different segments along the exaseeomB
DSC analysis and the technical data sheet of the material, we determined the melting temperature
of PU-SMP to be between 15C€ and 17C0C. The specific temperature settings for each heating

zone are provided in Table 1.

Figure 28. Pictures of shredding process of BBMP.

The filament diametewas setto 1.75 mm,corresponding t@ standard size for FDM
printing. The feed rate of the extrusion screw was adjusted to 3.4 RPM, controlling the speed at
which the material was processed through the system.

As the molten polymer exited the extrusion nozzle ff@g@9d), it was directed through a
filament cooling system to ensure dimensional stability. Cooling fans helped solidify the extruded
filament, while drive rollers maintained tension and ensured a consistent filament diameter as it
was wound onto the filamenpagol (Figure 29e). The molten polymer then exited the extruder
(Figure 29d), forming the filament through the extrusion nozzle. The filament passed through a

guide to ensure it was directed prdpewnto the spool, while cooling fans helped solidify the
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filament quickly after extrusion. The drive rollers pulled the filament from the nozzle and guided
it onto the spool, ensuring consistent tension and diameter. Meanwhile, the control panel
continuously monitored the filament diameter and displayed it.

Finally, the filament spool collected and wound the extruded filamentar@29e). The
red color of the final filament was due to residpgjmentfrom previous extrusion processes
remaining in the extruder (Rige 2f).

1 .Cooliné fans
AN
(@)

s

5 Ll
brjve rollers

Figure 29. a) 3devo filament extrudeb) hopper filled with shredded RBMP, ¢) control paneld) molten,
extruded PUSMP exiting the extrusion nozzk filament collected and wound on a spdpfilament spool.
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Table 1. Temperature settings and justifications for each extruder zone

Zone Temperature (°C) Justification

At the upper limit of thepolymes melting range. This
temperature is sufficient to begin softening the polymer pelle
Feeding Zone (4) 170 they enter the extruder, ensuring they start to melt witl
clogging the feed mechanism. It ensures the material is adeq

softened for subsequent compression metting.

Above the melting range of the polymer. This higher tempere
. ensures that the polymer fully melts and transitions int
Compression Zone (3 185 o
homogenous molten state. It also helps eliminate any rema

solid particles, ensuring a consistent melt flow.

Still above the polymes melting point. This temperatur
maintains the polymer in a fully molten state while sligh
Metering Zone (2) 190 increasing to ensure thorough mixing and stabilization of the f
This helps in maintaining consistent pressure and flow rate b

the polymer reaches the néezz

Slightly below the upper limit of theolymeits melting range.
This ensures that the polymer remains molten and flows smo
Nozzle Zone (1) 169 through the nozzle. It also helps in achieving the right viscg
for filament extrusion, preventing clogging and ensuring unif

filament diameter.

3.3.1Design, FDM 3D Printing of PUSMP and Evaluation of Shape Memory Behavior

Several simple structures were designed using Autodesk Inventor. These designs were
intended to function as shapdaptive connectors, actuators, or grippers, capable of recovering
their original form after deformation.

The extruded filament was then fed into an Ender 3 FDM 3D printer for printing the PU
SMP devices (Figurg0). The filament was heated to 180 °C and melted inside the nozzle beyond
thep o | y myags Ganmsition temperature. The material was then deposited onto the build plate
through the coordinated movement of the extrusion head and the build plate along the x, y, and z
axes. To assess the shape memory behavior, the printed structures wetedstdgedeformation

recovery cycle. Given the inherent filexity of PU-SMP at room temperature, the prototypes were
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manually deformed without requiring additional heating ab®yeRecovery was induced by
placing the deformed structures on a heating plate set%6.45

The shape recovery process was evaluated based on structural integrity, particularly
observing whether the initial deformations and delaminations diminished upon heating.

Figure 30. Ender 3 FDM 3D printer setup with the extruded-BWP filament loaded on the spool.

3.4 Transition to Shape Memory Epoxy

The initial phase of this research utilized BMP, which, while effective in certain
applications, presented several challenges that limited their utility in our specific context. The key
issues included thma t e rbehavioibas elevated temperatures and inadequate layer adhesion
during the FDM 3D printing process. It has to be mentioned here that due to material shortage
issues, repeating of the testing conditions to optimize the parameters for this SMP was limited.
Furthermore, FDM 3D printing of thermoplastic SMPs proved unsuitable for the complex, small,
and delicate designs intended for the shapephing structuresThe FDM process, while
versatile, lacks the resolution and detail needed for such intricate geometries, leadinthtovess

ideal performance and reliability in the final products.
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Therefore, a transition to a different shape memory polymer and manufacturing method
was necessary. Shape memory epoxy offers several advantages «3&iH3hat are critical for
our applicationssuch as enhanced thermal stability, improved layer adhesion, versatility in
mechanical properties, better resolution and surface finish.

The following sections provide an overview of the software used for CAD design, slicing,
and orientation of a delgone specimen for thermomechanical investigation. Next, the additive
manufacturing process of a shape memory epoxy specimen is technicdiynecp The
experimental methods and framework for characterizing and testing the 3D printed specimens, as
well as the rationale behind the experiments, are then described. Subsequently, the design and
optimization of the shapeorphing structures and tlegic behind the design are discussed. In
the final stage, the 3D printing and prototyping phase are carried out in order to verify whether the
3D-printed devices exhibit the desired shape adaptive propEtids]

3.5 Sereolithography Additive Manufacturing of Shape Memory Epoxy

Specimens for Testing

3.5.1 Sereolithography Process Overview

Stereolithography is a 3printing manufacturing method that produces solid models from
a liquid photopolymer resin using an intense UV laser beam (F&jyrd he process unfolds as
follows:
1. Design and slicing: The desired model is designed using CAD software, and the design

data is sliced into thin layers representing the esestions of the final object.

2. Material preparation: A liquid resin with photopolymerization properties is selected and

filled in the resin tank.

3. Build setup: The sliced data is imported to the SLA machine. The build platform is
positioned just below the surface of the liquid resin.

4. Layer formation: A laser generator and scanner guide a focused laser beam across the resin
surface, solidifying the resin according to the pattern of the first-sexsgonal layer. The
laser beam triggers photopolymerization in the resin to form alagkd.
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5. Layer advancement: After the first layer is formed, the build platform is lowered to a
specific depth (layer thickness), submerging the formed layer under a fresh resin layer. A

sweeper moves to ensure an even coating of resin for the next layer.

6. Layerby-layer build: The laser draws (solidifies) subsequent esestional layers on top
of the previously cured layers, adhering the layers together to gradually build up the entire
3D model. This process continues until the entire object is completed.

7. Postprocessing: The completed part is removed from the resin tank and cleaned. It is then

exposed to higintensity UV light to ensure full polymerization.

8. Finishing: Final finishing methods such as sanding, painting, or dyeing can be applied to

the completed part to achieve the desired appearance and surface id&)ire

l Laser Generator|Scanner Laser Beam

Part

Sweeper

Move
é

—Support structure

l Layer Thickness| [T~—Build platform

Resin Tank

Figure 31. Schematic of SLA 3D printing [107].
3.5.2 Shape Memory Epoxy Specimens

To fabricate the shape memory epoxy specimens used in this study, a series of preparatory
steps were carried out, including CAD design, orientation selection, slicing, and support
generation. The following subsections detail the design considerationsDapdrding setup
necessary to produce higjuality SLA-printed specimens suitable for thermomechanical testing
[3,115]
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A) CAD Preparation

SLA technology allows for the direct 3D printing of highly intricate and complex
components fron€CAD, with one of its key advantages being the ability to enable personalized
production. In this study, standard dogne specimengommonly used for thermomechanical
testing were initially designed using NX2 software (Siemens PLM Solutions, Germany). The
geometry was selected based on prior experience witBMPB for thermomechanical analysis
(see Figure 2a). This specific design promotes fracture initatat the center of the specimen
when subjected to tensile loading until failure
B) Orientation, Slicing and Support Generation

Choosing a printing orientation (with respect to the 3D printer platform) and slicing process
are crucial steps in 3D printivghichinvolve converting the 3D model designed in CAD software
into a format that the 3D printer can interpret and print layer by layer. Slicing involves dividing
the 3D model into numerous horizontal layers, generating a path for the printer to follow. This
process translates the geometric design into specific instructions for the printer, detailing the
movements and actions required to build each layer accurately. In this study, the designed dog
bone specimen was imported into 3D Lightyear software for slitiiogvever, the configuration
and angle relative to the 3D printer platform must be decided before slicing gmih8Bg. The
three printing orientations schematically illustrated in Figleu@ among the most commonly
selected configurations for 3D printing dbgne specimens. These orientations are typically used
in layerby-layer additive manufacturing on a standard build platfofitne orientations are
vertical, onthe side edge (lateral), and flat. It should be noted that, due to thebdgyayer
building process in 3D printing, each orientation affects the anisotropy in the final structure,
influencing the thermomechanical properties, surface finish, dimensional accuracy and print time
of the printed specimen.

In this study, the vertical orientation was not selected for printing thédiog specimens.

The primary reason is the recommendation in
build height, which facilitates faster 3D printin§econdly, when the specimen is printed in a
vertical orientation, the layers are stacked perpendicular to the direction of the applied tensile force,
making them more susceptible to delamination under loa@iogversely, when the specimen is
printed in either the ordge o flat orientation, the layers are parallel to the tensile force during
testing.
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Figure 32. Common build orientations for 3printing of dogbone specimens: vertical, edge and flat.

Taking the above into accountthe lateral and flat orientations for 3D printing the
specimensvere selectedb ensure that the angle between the printed layers and the 3D printing
platform, as well as the tensile force during mechanical testiag ,equal taero. This approach
led totwo types of specimens with identical geometry, dimensions, and layer thichoesver,
with differentnumber of layers and the surface area of each layeur@=38). The variations in
layers configuration between the two orientatiarese expected to influence the properties and
performance of the specimen. In this study, the specimen printed on its side surface is referred to
as SMEp1, while the specimen printed flat is designat&iisp2[116].

SMEp 2

Figure 33. Two 3Dprinting configurations of the degone specimen relative to the 3D printer platform: one along
the ¥axis from the lateral surface (left) and the other from the flat surface (right).
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Another importantssueduring theSLA 3D printing is the generation of supports. In the
3D printing process, it is essential to create a small, easily removable region between the SLA
build platform and the parts. Without supports, the initial layers of an object would cure directly
ontothe SLA platform, causing the solidified resin to adhere to the platform. This situation would
make some difficulties during removng stage of thdinished parts without damaging them.
Therefore, the use of supports reduces the points of contact betveeparth and SLA build
platform. Figire 34a and b illustrate the support structures used in SMEpl and SMEp2,
respectivelywhi ch connect the specimends printing st

the 3D printing process, the supports are printed first, followed by the actual specimen

a) b)

Figure 34. 3D modeling of support generation for: a) SMEp1; and b) SMEp2, showing how each specimen is
oriented and anchored to the SLA printing platform.

One of the key functions of the 3D Lightyear software is the generation and attachment of
supports to STL files. This step is essential in preparing STL fileth&BLA printing. After
supports are generated and optimized, they are included in the preparation (slicing) process along
with other objects on the 3D Lightyear build platform. These supports are then incorporated into
the build files and fabricated as a paftthe SLA job, ensuring that parts can be removed
successfully withouany damage

3.5.3 SLA3D printing of Shape Memory Epoxy Specimens

As described, SLA is based on the focused ployapoint polymerization of a thin layer of
resin inside the VAT using a laser beam. The 4580 machine, developed and commercialized
by 3D SystemgRock Hill, SC, USA) was utilized for this process at room temperature. Figure

35 demonstrates the SLA 3D printer setup and the building platform made of aluminum.
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Figure 35. Schematic representation and actual images of theZ808 3D printer setup, including the aluminum
3D printing platform.

Before the build begins, the system verifies the SOMOS WaterShed R XC11122 epoxy
resin level in the VAT. If the resin volume is insufficient, additional resin must be added. Once
the resin is near the correct level, an automatic leveling system perfoemaslfustments to ensure
optimal resin height.

The sliced design of the ddmpne structure was imported into the system to be 3D printed
in two different orientations. The process started with the laser beam drawing the initial support
crosssections, which adheddo the platform. After each layer was drawn by the UV laser, the
elevator dips the solidified crosgction below the resin surface, coating it with epoxy resin. After
forming a few support layers, the first laydrthe partwas solidified. Then, the elevator placed
the part approximatelyna-layer thickness below the resin surface, and the recoater blade (Zephyr
recoating system) swept across to apply a fresh coating of resin for the next layer. Subsequently,
the laser drew the next layer, which firmly became attached to the previousTlaigeprocess
was repeated until all layelnadbeen drawn to form the threimensional object. The SL-:B500

printer specifications are provided in Table 2.
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Table 2. Technical specifications of the SI3800 3D printer.

Laser type Solid State Nd:YVQ@(Neodymiumdoped Yttrium Vanadate
Laser power 160 mW
Laser wavelength 354.7 nm
Laser beam diameter 0.207 0.30 mm
Part drawing speed 2.54 m/sec
XY resolution 0.251 0.2 mm spot size
Layer thickness resolution 0.051 0.1 mm
Maximum vuild volume 350 x 350 x 400 mm

3.5.4Post Processing of Shape Memory Epoxy Specimens

Postprocessing of stereolithography parts involves cleaning, final curing, and finishing.
A) Cleaning

SLA 3D printing results in partially cured parts, requiring the removal of excess liquid
resin before complete curing. Following the 3D printing process, excess liquid resin must be
drained from the part for-B5 min. To achieve this, the platfonvastilted to remove the resin
from the exterior and drain any trapped liquithe 3Dprinted dogbone specimenvas then
detached from the platform, along with any supports that connect the specimen to the platform.
The supportsvereremoved. Any notpolymerized esin remaining on the surface must be washed
off. To achieve this, the pargere typically submerged in ¥AT containing a suitable solvent
that does not cause the polymer to swell. An ultrasonic bath is often used to effectively remove the
resin. Tle washing step may be repeated to achieve a smooth surfaceifinistessary

B) Final Curing

Once cleaned, the specimass placed in a Post Curing Apparatus (PCA) to solidify any
uncured sections by exposing the part to UV light. For this process, the spaasplaced in a
UV chamber for 10 minutes, as specified by th
size of the manufactured parts, to achieve the desired final properties.
C) Finishing

For finishing, sandpaper was used to smooth the edges of the specimen, which were rough

due to the removal of supports.
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3.6 Characterizationand Testing of SLA 3Dprinted SMEp Specimens

3.6.1 SurfaceMorphology Analysis, Using Scanning Electron Microscopy (SEM)

The surfaces of SLA 3printed specimens, fabricated from two different surfaces (flat
and edge), were analyzed, using a JEOL <BR90LV microscope, once after 3D printing and
once following fracture due to elongatiander tensionto compare the surface morphology and
determine how different 3D printing configurations influence the overall surface characteristics
and integrity. Before imaging the surface, samples were coated for 2x2 minutes with an
approximately 8 nm thick gold yar using a SC7620 Polaramini sputter coater (Quorum
Technologies Ltd, Ashford, UK). By examining the microstructural detaite can better
understand the impact of build orientation on the material propegtiasty of the printed layers

and failure mechanism.
3.6.2Water Absorption Characterization

The swelling test was conducted on three specimens from each of SMEpl and SMEp2
specimens. Initially, the dry specimens were weighed to establish a baseline. Following this, each
specimen was submerged in water in separate beaker to prevertartzsaindon and ensure
accurate measurement of water absorption for each sample

The specimens were weighed at specific time intervals: atteh, 3h, 4h, 8h, 24h,
and 48h. This allowed for the monitoring of water intake over time and provided a profile of the
swelling behavior for both types of specimens. The weight measurements were used to calculate
the swelling rate and to understand the water absorption characterigtesdifferent printing

orientations in SLA 3Bprinting method
3.6.3 themical Analysis, Using Fourier Transform Infrared Spectroscopy(FTIR)

FTIR was used to characterize the functional graafgbe 3Dprinted SMEp specimens.
The purpose of the FTIR analysis was to explore if different printing orientations affect the
molecular structure and degree of crlisking or not. The analyses were conducted in attenuated
total reflectance (ATR) mode with Bruker Vertex70 FTIR spectrometer and carried out in the

wavenumber range of 408000 cm *with a resolution of 2 cin'and eight scans for each sample
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3.6.4Thermal Characterization, Using Thermogravimetric Analysis (TGA)

Thermal stability of the crodsked sample was assessed using TGA. This analysis was
carried out on a Discovery TGA 5500 (TA Instruments, USA) at a heating rate of 10 °C/min. A
sampleof 6.2 mg was placed in a platinum crucible and heated from room temperature to 700 °C
under anitrogen flow of 25 mL/min.

The TGA experiments were carried out at th
Chemistry (1 aHi, Romania) by Dr. M. Cristea a
Polisii Romanian scientific cooperation between the Polish Academy of c&sieand the

Romani an Academy, in collaboration with Prof.
3.6.5Thermal Characterization, Using Differential Scanning Calorimetry (DSC)

DSC was performed on the crosslinked-@ihted SMEp specimens to assess thermal
characteristics and transitions of the specimens printed from the lateral and flat surfaces. The
analysis was conducted using a calorimeter Pyris1 DSC (Pelkier, USA) andook place under
a nitrogen atmospher@ samplewith an approximate weight & mg was sealed in aluminum
crucibles. The analysis involved a heatoapling-heating cycle with a heating rate of 10 °C/min,
covering a temperature range from 0 °C to 90 °C

3.6.6Dimensional Stability Investigation, Using Thermomechanical Analysis (TMA)

TMA testing was carried out on 3printed SMEp specimens to evaluate their dimensional
stability during thermal cycling, with particular attention to the effects of printing orientation and
the anisotropy introduced by the laymrlayer manufacturing pr@ssFor accurate and consistent
comparison, specimength a crosssection equal t& mm x 5 mm were cut from both printing
orientations, SMEp1 (sidprinted) and SMEp2 (flaprinted). Each specimen underwent thorough
cleaning and conditioning to elimirsaany surface contaminants that could influence the results.

The TMA tests were performed using a TMA450 thermomechanical analyzer, equipped
with interchangeable macro and micro probes to capture dimensional changes at different scales.

The initial phase of the thermomechanical analysis focused on establishing optimal testing
parameters, including probe size, holding force, and heating rate, to ensure reliable data collection
for the subsequent heathogoling-heating cycle. These prelimary trials were conducted
exclusively on SMEpl specimens, serving as a pilot study to develop a consistent testing

framework for the rest dheanalysis
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A) Macroexpansion Measurements

For macroexpansion analysis, the larger probe was selected to cover the majority of the
sample surface, providing an overview of bulk expansion behavior across multiple printed layers
(Figure36a). A low fixed force of 0.002 N was applied to gently hold the specimen in place while
allowing free thermal expansion.

Three SMEp1 specimens underwent a heating process separalelythe probe in the
chamber, in which the temperature was ramped from 25 °C to 85 °C at controlled heating rates of
5 °C/min, 10 °C/min, and 20 °C/min. The resulting dimensional changes and thermal expansion
coefficients were continuously monitored aedorded

B) Microexpansion Measurements

To gain deeper insight into the thermal expansion behavior at the layer level, the probe was
replaced with a smaller micro probe to focus on a localized region, targeting a smaller surface area
and fewer printed layers (Rige 3b). This setup provided a more detailed view of the expansion
characteristics within individual layers.

The same heating rates and temperature range were applied to three individual SMEp1l
specimengfrom 25 °C to 85 °C aheating rategqual to5, 10, and 20 °C/min), with the holding
force initially kept at 0.002 N, matching the macroexpansion tests. However, measurement noise
was observed at this scale, likely due to the lower force applied in combination with minor surface
irregularities

C) Optimization for Improved Accuracy

To improve measurement accuracy and reduce noise during the microexpansion tests, the
applied force was increased to 0.02 N in a subsequent set of experiments. This adjustment provided
better contact between the probe and the sample surface, enhanchedjalzitiy.

Each adjusted test followed the same thermal profile on three iodi&MEp1 (from 25
°C to 85 °C aheating ratesqual tdb, 10, and 20 °C/min) to ensure comparability. All dimensional
changes were recorded continuously, and the coefficient of thermal expansion (CTE) was
determined by drawing a tangent to the expansion curve within the target temperature range.

Table 3 summarizes the TMA experimental conditions, including probe type, applied force,

and heating rates for each test configuration
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Figure 36. a) SMEp sample positioned between the TMA macro probe and the sample ho®MEp sample
positioned between the TMA micro probe and the sample holder

Table 3. Summary of the TMA experimental conditions

Experiment | Heating rate (°C/min) Probe Force (N)
No. 1 5,10, 20 Macroexpansior]  0.002
No. 2 5,10, 20 Microexpansion| 0.002
No. 3 5, 10, 20 Microexpansion 0.02

3.6.7Thermal Expansion and Contraction Behavior in a HeatingCooling-Heating Cycle

To assess the dimensional stability of the SMEp1 and SMEp2 specimens under thermal
cycling, a heatingooling-heating cycle was performed using the micro probe setup. Following
preliminary trials to optimize the testing parameters, the small probe (RB@irevas selected to
enable localized evaluation of dimensional changes in SMEp1 and SMEp2, while a holding force
of 0.02 N was applied to ensure stable contact and reduce measurement noise during thermal
expansion monitoring.

The thermal cycle consisted of:

1 Heating from 25 °C to 85 °C
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1 Cooling back to room temperature
1 A second heating phase up to 85 °C

All temperature changes were applied at a controlled rate of 10 °C/min during both heating
and cooling.

Throughout the entire cycle, the micro probe continuously tracked expansion and
contraction in the thickness direction of the specimens. To ensure the repeatability of the results,
each test was repeated three times on separate specimens of both SMEMEp2d The
resulting dimensional changes were recorded as a function of temperature, providing a
comprehensive view of the thermal expansion and contraction behavior of the two printing

orientations
3.6.8Mechanical Characterization, Using Tensile Testing Machine

To evaluate the mechanical properties of SMEpl and SMEp2 and to investigate the
influence of build orientation on their elasptastic response, uniaxial tensile tests were performed
on dogbone specimens of both types. The tests were conducted at tyweraduanes, room
temperature (below th&g) , representing the material 6s beh
(aboveTy), to capture the mechanical response in the rubbery state.

All tests were carried out using an Instron 5969 universal testing machine, equipped with
a temperatureontrolled environmental chamber (Figu®,2allowing precise regulation of the
testing temperature. Prior to each test, the specimen was mounted between the grips (gauge
length=6 mm) and conditioned inside the chamber until the target temperature was fully stabilized,
ensuring uniform thermal edibrium throughout the sample. After reaching 75 °C, the specimens
were held at the set temperature for 8@® seconds before initiating the test, allowing sufficient
time for the material to reach thermal equilibrium within the chamber.

The specimens were loaded at a constant strain rate?afintil complete failure, and
the stresstrain response was continuously recorded. Each test was repeated on three separate
specimens of both SMEpl and SMEp2 at each temperature, ensuring repeatability and statistical

reliability of the measured properties
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3.6.9 Thermomechanical Characterizationof SMEp; Shape Memory Behavior

The shape memory behavior of SMEpl and SMEp2 specimens was evaluated using a
controlled thermomechanical loading protocol conducted inside a tensile testing machine equipped
with an environmental thermal chamber. To ensure the reliability and reprodyabthe results,
the test was repeated three times for each material type, using three separate specimens per group.
The same experimental setup, with tensile grips mounted inside the chamber, was employed (see
Figure ). A schematic representation t¢fetthermomechanical cycle applied to the-8oge
specimens is shown in Figuré.3

A) Standard Thermomechanical Cycle

In the firstphasedhec y cl e, each specimen (gauge | engt
the grips of the tensile testing madfhioeA&hd |
at a controlled rate of 12 AC/min, while apply
(Figure Jdib) . The speci men Wasecondetdehsuee thermabequliBriuh.or 3
In the second phase, the specimen was subjected to uniaxial tensile loading at a constant strain rate
of 102 s'until reaching 20% strain (Figure’®. This strain value was selected based on prior
mechanical testing results, confirming that neither SMEp1 nor SMEp2 fractures before this strain
threshold at elevated temperature.

In the third phase, the specimen was cooled down to room temperature (belgywthiée
being held at maximum strain, effectively fixing the temporary shape through vitrification. As the
temperature decreased, stress bupddue to contraction was recorded, representing the locking
of internal strain energy (Figur@@®).

In the fourth phase, once the specimen reached room temperature, the tensile load was
unloaded to zero while maintaining the shape in its temporary, deformed configuration. This
concludes the fixing step.

Finally, in the fifth phase, the speci men
preload (0.02 N), and the recovery behavior w
performance of the material (Figurée3. This complete cycle allowed the determination of both
shape fixity and shape recovery for SMEp1 and SMEp2. The detailed results of this analysis are

presented in the Results and Discussion section.
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Figure 37. Schematic representation of the thermomechanical cycle applied on timdegpecimena) Initial

state of the specimen prior to heating and deformation; b) Heating to 75 °C under a minimal holding force of 0.02

N; ¢) Uniaxial tensile loading to a defined strain level; d) Cooling to room temperature to fix the temporary shape,
followed byunloading; e) Reheating to 75 °C to evaluate shape recovery.

B) Supplemental’"hermomechanical CycleThermal Expansioinduced Deformation without

Mechanical Loading

To further investigate the isolated effect of uniaxial thermal expansion on shape memory
behavior, particularly its potential negative influence on shape recovery, a separate
thermomechanical procedure was carried out. In this experiment, the specimessbjected to
the same thermal cycle as before, but without any mechanical loading step.

I n this modified protocol, each speci men was
12 AC/ min under the same minimal applied forc
(i.e., deformation caused by heating alone). The specimen wad hea t 75 AC for 1
stabilize the thermal strain.

Instead of applying tensile loading, the thermal elongation that occurred during heating
was immediately fixed by cooling the specimen to room temperature while still held in the grips.

This process effectively locked the thermally induced deformatiome wig contraction force was
recorded as the specimen cooled and attempted to shrink.

Once fully cooled, the contractianduced stress was released to zero. In the final step, the
speci men was reheated to 75 AC under the same
recorded. This approach enabled the evaluation of the recditgrabSMEp1 and SMEp2, when
deformed exclusively by thermal expansion without the influence of mechanically applied strain.
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3.6.10 SLAprinting of Shape-morphing Prototypes

For this study, a series of complsikaped prototypes incorporating various mechanisms
and smart structural concepts were designed usind N X hese designs aimed to harness the
unique advantages of SLA 3D printing method by integrating shregphing aatators within
functional geometries. The prototypes served as grbobncept structures, combining kinematic
chains and compliant joints to demonstrate the potential of shape morphing in conceptual device
development and to highlight the functional arfigdition enabled by these integrated
mechanisms.

Once the designs were finalized and optimal build orientations were selected, the
prototypes were fabricated using an SBBOO0 laser stereolithography system. Model slicing and
support structure generation were performed using 3D Lightyear software,mbgrammed the
laser beam trajectories necessary to selectively polymerize the photocurable resin. The printing
process was conducted layer by layer, with the laser initiating polymerization to build up the
intricate 3D geometries. After printing, the gaunderwent a téhinute posicuring process in a
UV oven, in accordance with the resin manuf ac:

of the components, resulting in fully solidified and dimensionally stable structures.
3.6.11 Shape Memory Training of 4Bprinted SMEp Shapemorphing Structures

The shape memory cycle was performed in line with the thermomechanical protocols
previously described, to train and evaluate the shape memory behavior of-phmtéd SMEp
devices. Thanks to the moisture resistance of the SOMOS® Watershed XC 1112RBegsinted
prototypes could be directly activated using hot water, enabling them to reach temperatures above
their Tg. This method significantly shortens tee v i tkeem@lgesponse time due to the higher
convective heat transfer coefficient of watempared to air heating.

Each device included a centrally placed actuator (eitherstrafSed spring or a torsional joint)
serving as the active region that connects and governs the motion of the entire structure. This
design allowed localized training of the actuator alone, vihédeconfiguration of the full device

was modified through the transmission of motion via integrated kinematic chains or compliant
joints.

To activate the shape memory cycle, the act

using hot water applied with a syringe, targeting only the active region to minimize heat exposure
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to the surrounding structure. Once softened, the actuator was manually deformed, either by
stretching the Shaped spring or by adjusting the intersection angle in the-shag®d device.
While maintaining the deformation, the actuator was then cooléddwit ol d water ( ~25
the temporary shape. Following the removal of external force, the recovery step was initiated by
reheating the actuator to ~75 AC to restore t
To evaluate the effectiveness of the actuation, apex angles at key joints and intersections
were measured before and after recovery using ImageJ software. These angular measurements
provided an estimate of the overall shape recovery achieved by triggahynthe actuator.
Additionally, a FLIR A655sc thermal imaging camera (Sweden) was employed to monitor
the temperature distribution across the prototypes during actuation. Each device was positioned at
an optimized distance from the camera, and the thermal range wassg#tte tocalized heating.
The FLIR software was used to process the images and quantify the surface temperature

distribution. Measurements were repeated to ertkesccuracy and reproducibility of the results.
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Chapter 4
Results and Discussion (I): Preliminary Thermomechanical
Investigation of PU-SMP

This chapter presents the design of a thermomechanical investigation proto&MRs,
focusing on a thermoplastic polyurethab@sed SMP (PLEMP). The mechanical and
thermomechanical studies (Figures 40, 41, 43a, 43048550, 52, 54 and Table 8) were
conducted within a broader research frameworKk
with, Dr. Maria Staszczak, and Mr. Leszek Urb
Part of the doctoral research was carried out within the lstending scientific cooperation
between IPPT PAN and the AICHI Institute of Technology (AIT), Toyota City, Japan, established
in 2005. This international collaboration, coordinated at IPPT PAN bPr o f . El Ubi et a
provided an important scientific context for the research presented in this chapter.
A significant challenge encountered during the investigation wasntagerials low
thickness coupled with its high deformability at elevated temperatures. This characteristic
rendered the tensile testing machine ineffective, as it could not adequately detect the force exerted
by the grips on the specimen at high temperatures. Coestgua comprehensive analysis of the
materialis mechanical behavior at high values of temperature was not feasible.

Additionally, the limited availability of the RSMP material restricted the extent of our
experimental exploration. Despite these limitations, the chapter lays the groundwork for the initial
technical experiments conducted for investigating of the theetioamical properties of PU
SMP. These preliminary findings set the stage for more detailed further studies, particularly
focusing on epoxpased thermoset SMP (SMEp), which will be elaborated upon in subsequent

chapters.

4.1 Investigation of PU-SMP Glass Transition Temperature by Differential

Scanning Calorimetry (DSC)

Understanding the thermresponsive behavior of SMPs is crucial for their practical
applications, as it directly relates to their activation temperature range, governed pyTieT

represents the boundary between two distinct states of the polymer: Telinve material exists
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in arigid, glassy state, whereas ab®ygt transitions into a flexible, rubbery state. The transition
is critical because it defines the temperature range where the SMP can either fix a deformation in
its glassy state or recover its original shape in the rubbery state.

DSC measurement was employed to analyze the thermal transitions of the-thermo
responsive PLBMP. This technique measures the heat flow associated with temperature changes
in the polymer. The material was subjected to a series of heating and cooling cycles, Wth the
determined for each cycle to evaluate the thermal transitions at different temperature steps. The
DSC curves for all cycles are presented collectively in Fig8ae Bo ensure clarity, each cycle is
displayed separately in distinct figuresgitie Bbi e), and the correspondifigvalues, along with
any observed endothermic peaks, are summarized in Table 4.

The specimen was first heated frofi@to 50 °C and subsequently cooled back down to
0 °C (Figure 8Db). In the following cycle (Figure&), the specimen was heated to 110 °C, and
then, cooled down to 0 °C. In the subsequent cycle (Figidk the specimen was heated from 0
°Cto 200 °C and then cooled back to 0 °C. Finally, the specimen was heated°ftaim 200 °C
once again (Figureg).

As mentioned before, polyurethane is known for its-plase structure, consisting of hard
and soft segments. The hard segments are composed of rigid, crystalline, -aryséatiine
domains derived from diisocyanates and chain extenders. These segowntsute to the
mechanical strength, thermal stability, and elastic recovery of the po]¥tgr

The key findings that can be identified from Figu8=a8e as follows:

1 During the initial heating cycle (1 in Figur@&® from 0°C to 50 °C, a glass transition step
is at approximately 29.26 °C. This transition may correspond fGythiethe soft segments

within the PUSMP, reflecting the thermal activation of the flexible polymer chains.

1 An endothermic peak at 74.31 °C was observed during the second heating “@ta 0
110 °C (3 in Figure 8c), suggesting the presence of a distinct-temperature phase,
likely composed of hard segments or a specific arrangement of polymer chains that melts
or reorganizes at this temperature. Heating to 110 °C destroys this phase through melting

or breaking pecific interactions within this phase.

1 The disruption of the hard phase at 74.31 °C during the second heating causes a

reorganization of the polymer structure. As the hard segments melt or break down, they

70



potentially mix with the soft segments, leading to a highgdue to increased overall

rigidity.
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Figure 38. DSC analysis of the PISMP through multiple thermal cycles) All DSC cycles; be) Individual DSC
curves for separate thermal cycles: b) heatiRg00°C followed by cooling to 0 °C; c) heating to 110 °C followed by
cooling to 0 °C; d) heating to 200 °C followed by cooling to 0 °C; and e) heating to 200 °C.
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1 After heating to 110 °C and subsequent cooling, the material exhibits greeaund 32.47
°C during the third heating (indicated as 5 in FiguBe)3reflecting a change in the soft phase

due to the integration of hard segments from the destroyeteloywerature phase.

1 Heating to 200 °C in the third heating further destroys additionalteigiperature phases,
indicated by endothermic peaks at 119 °C and 151 °C. These phases are likely more stable and
require higher temperatures to break down. The breakdown releasesambsegments into
the amorphous matrix, increasing the overall rigidity and shiftinggiegher to 45 °C in the

fourth last heating (indicated as 7 in FiguBe)3

The Ty of 45 °C reported in thenanufactureds data sheet may not accurately reflect the
actual Tg under specific application conditions, especially when heating to relatively low
temperaturesTg+20 °C). Consequently, thgy observed in subsequent heating cycles can vary
depending on the maximum temperature to which the sample is heated. Here, the DSC results
indicate that the actudl, of the material is lower than £&, if it has not been previously heated
to 200°C and cooled down. This finding alsaggiests that th&g of the material is close to room
temperature, necessitating caution when working with it at elevated temperatures. Therefore, the
thermal history of the material significantly impacts Tgs which should be considered when

planning applications.

Table 4. Summary of thermal cycles performed during DSC analysis, showing ¥h&i€s and observed
endothermic peaks for each cycle.

Cycle number | Temperature (°C) | Tg (°C) | Endothermic Peak (°C)

1 0-50 29.26

2 50-0 27.35

3 0-110 28.98 74.31

4 1100 33.21

5 0-200 32.47 119.34 and 151.11
6 2000 44.27

7 0-200 44.79 160.82

The DSC measurement was repeated, by performing just three cycles on-8HPU
heating from O°C to 200°C, cooling from 200C to 0°C, and then reheating from°C to 200
°C. This single run captured all the thermal transitions observed in the previous DSC
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measurements across multiple cycles. Building on the previous DSC results (B)gurer8 the
second heating curve (illustrated as the blue line in FigByevre used in determining the
activation temperature range of the material. The onset and endpoint of the notable step change in
this curve were identified at 43C and 48°C, respectively.Both temperatures specify the
boundaries of the PASMP activation range. Furthermoii,is derived from the midpoint of the

step tangent on the DSC second eptturve, calculated to be approximately 45 This
temperature is pivotal as it represents the threshold above which {B&Ptan be deformed

and subsequently recovered, and below which any deformation imparted on the device remains
fixed. This understanding of the temperature dependent belwdttoer PUSMP is crucial for its
practical application in shape memory devices. The vicinitfgobf the PUSMP to ambient
temperature allows for large plastic deformation, a high number of cyclic loadingutviéilare,

fast thermal actuation, as well as high values of shape recovery, in a lower temperature

environment
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Figure 39. DSC thermogram illustrating the thermal behavior of the material during sequential thermal cycles. The
graph shows the first heating cycle (green curve), cooling cycle (red curve) and second heating cycle (blue curve).
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4.2 Investigation of PU-SMP Mechanical Properties by Tensile Testing

Machine

Uniaxial tensile tests were conductedhoroughly investigate the mechanical properties
of the PUSMP, particularly its elastic and plastic deformation behavior for subsequent
thermomechanical analysis. The tests were performed chalugspecimens at room temperature

(25°C = T4-20) using a constant strain rate of?) until specimen failure (Figur0).

Figure 40. Sequential images depicting the uniaxial tensile test performed on tHeodeg?USMP specimen at
room temperature (25 °C) in the initial state (left photo), the elongation phase under a constant strain réts'of 10
(middle photo), and the final rupture of the specimen (right photo).

A typical stressstraincharacteristiof the PU-SMP obtained from tensile testsftacture
is illustrated in Figure # Key mechanical properties, includitgeYoungdés modul us,
strength, elongation at breakd ultimate strengtare summarized in Tabke These parameters
provide valuable insights into thenateriabs performance under tensile stress at ambient
temperature. However, due to the high flexibility of thermoplastieSRMP above itdg and the
substantial load capacity of the testing mael{50 kN), theestingmachine was unable to register
the applied force. As a result, the streggin behavior of PASMP in its rubbery state aboig

could not be determined
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Figure 41. Stressstrain curve of PUSMP obtained from the uniaxial tensile test conducted at room temperature
(25 °C) with a strain rate of 19s? until fracture.

Table 5. Mechanical properties of PASMP at room temperature.

Mechanical Properties  Values atTg4-20 =25 °C

Youngbés Modi 391.16
Yield Strain (%) 4.29
Yield Stress (MPa) 17.98
Elongation at Break (%) 194.52
Ultimate Strength (MPa) 328.58

To further clarify the mechanical behavior of the-BMP, it is noteworthy to mention the
exceptional deformability of the material at room temperature, as observed in thestshiess
curve in Figire 41. The curve distinctly shows strain hardenthgt occuss postyielding and
beforefracture Suchacharacteristiof SMPsindicatesthe potential suitability of the material for
cold programming118,119]

Traditionally, the thermomechanical cycle used to investigate the shape memory behavior
of thermaresponsive shape memory polymers begins by heating the polymer abdyeats
achieve a rubbery state, where deformation is eal$iés. necessary because thg of these
polymers is significantly higher than room temperature, meaning that the polymer remains in a
glassy statat room temperatur®eforming the polymer in its glassy state can result in substantial

plastic deformation, which may hinder shape recovery or even lead to material failure. Therefore,
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the appropriate thermomechanical cycle for these polymers typically involves sequential steps of
heating, loading, cooling, unloading, and reheating to evaluate shape recovery performance.
However, polymers with &4 close to room temperature are flexible enough to exhibit plastic
deformation withoufractureat ambient conditions without prior heating. In cold programming,
SMPs are loaded and unloaded at room temperature and then heated only for recovery, eliminating
the need for initial heating and codjisteps. This simplifies the thermomechanical cycle to just

| oading, unloading, and heating.

three steps:
temperatureo [BGd At he

after unl oadi

ng at room
122]. Figure £ schematically illustrates the difference between conventional thermomechanical

(hot programming) and cold programming approaches to studying shape memory behavior
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Figure 42. Schematic of: a) conventional hot programming of SMP in a thermomechanical cycle; b) cold
programming of SMP.

The coldprogramming feature is especially beneficial for polymers, where their low thermal
conductivity can make reaching specific temperatures-tomsuming. This approach eliminates

the need for heating to induce flexibility or cooling to fix the defation, as both processes can

be efficiently performed at room temperature. Additionally, flexible SMPs wiyckse to room
temperature enable shape recovery after deformation at lower temperatures, further enhancing

their practicality
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4.3 Microstructural Analysis of PUSMP After Cold Deformation and

Thermal Recovery

The temperature sensitivity of plastic deformation in polymers is a critical factor that must
be considered. Below thig, polymers exist in a glassy state, where molecular mobility is greatly
restricted. In this state, deformation often leads to brittle fracture or crazing. The formation of
crazes is driven by the inability of the polymer chains to dissipate mechanicgy ¢heyugh
molecular motion, resulting in localized stress concentrations that exceed the cohesive energy of
the material. In contrastshen a polymer is deformed abolkg in its rubbery state, the deformation
mechanism shifts to involve the sliding and disentanglement of molecular chains, allowing for
better energy dissipation and preventing localized failuthermoresponsive SMP exhibits the
remarkable ability to recover from deformations that exceed both its elastic limit and yield point
through the application of heat. To investigate this behavior, the effect of cold programming on
the microstructure of @-SMP was examined, whetlee material was loaded and unloaded at room
temperature, followed by recovery induced abovédts

This investigation had two primary objectives: first, to compare the loaditagading
behavior of PUSMP specimens with different thermal histories betbeir Tg; and second, to
examine the microscopic behavior of the SMP when strained beyond its elastic and yield limits
(below itsTg) and subsequently subjected to thermal recovery.

The tensile loadinginloading cycle of PLEMP was performed under ambient conditions,
as shown in Figures34 and &b. For the first specimen, a dbgne PUSMP specimen was tested
without any preheating. It underwent a tensile loadintpading cycle, during which the specimen
was strained to 60% and then released at a constant strain ratesof(E@yure 48a). In contrast,
the second specimen was preheated to 110 °C in a thermal chamber, gradually cooled to room
temperature, and then subjected to the same tensile leadlioading cycle (Figure3b). The
60% deformation level was specifically chosen based on prior tensile tests to rupture (Bigure 4
which indicated that at this strain level, the polymer is in the shraidening phase. This means
it has surpassed the yield pgihbwever,it remains well below the fracture threshold, ensuring
the integrityof the material throughout the cyclic loadingloading process.

The mechanical properties of the Amreheated and preheated -BWIP specimens are

summari zed in Table 6. The | ower yield stres
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preheated specimen confirm the findings from the DSC analysis (Fi@urevBich indicate
structural changes during preheating. When the specimen is preheated to 110 °C and gradually
cooled down, heating disrupts the hard phase within the polymer matrix. This disruption facilitates
a reorganization of the RBMP structure, wire the hard segments break down and mix with soft
segments. This results in increased rigidity and a highevhich explains the sharper yield stress
and signi f i cannmodulus imtheglrereated gpeainmey. & 5 important to note that
the values for each mechanical property are mean values obtained from repeated experiments.
However, these values can vary with each test, as the material is sensitive to the environmental
conditions during testing. Therefore, the comparison between the mechanical properties of the
preheated and ngpreheated specimens is more meaningful than the exact values themselves.

Figure 8c presents the SEM analysis of the gauge section (the stressed region) of the non
preheated PLSMP specimen after deformation. Due to its lowWgrand reduced rigidity, the
deformation primarily results in the formation of small migmds aligned parallel to the direction
of applied force. These voids are scattered randomly across the surface and do not unify into larger
defects such as crazesayacks. This indicates that the plastic deformation of apreheated
specimen with &4 closer to oom temperature causes minimal surface damage, likely due to its
increased flexibility at ambient conditioris.contrast, Figure3t reveals the SEM analysis of the
gauge section of the preheated-BMP specimen posteformation. The microstructural features
highlight the formation of crazes and craze yieldimtpich are characteristic of deformation
mechanisms in thermoplastic and amorphous polymers. Fi@erechematically illustrates the
micro-mechanism of craze formation, which occurs perpendiculdretéoading direction due to
plastic deformatiofil23,124]

The crazes are composed of elongated polymer chains (fibrils) separated by voids, with the
fibrils oriented along the tensile stress direction. As the deformation progresses, the fracture of the
fibrils and the expansion of voids lead to crack formatidme presence of su@deformation
mechanism is evident in the SEM image of the preheated specimen (RBdure/dere localized
crazes and void formations are visible, demonstrating the larger plastic deformation of the material.

Interestingly, the yield strains of both specimens are comparable, suggesting that similar
levels of deformation are required to reach the plastic zone. However, theTyighine preheated

specimen necessitates greater stress to exceed the yield point and induce plastic deformation, as
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reflected in the stresstrain curves. This emphasizes the influence of thermal history on the

mechanical response and microstructural evolution 6BRP under deformation.

Figure 43. a) Stressstrain curve of notpreheated PLEMP during a single uniaxial tensile loadiogloading cycle at
ambient temperatumnducted at strain rate of £&;b) Stressstrain curve of preheated RBMP under the same
conditions c) SEM image of the ngpreheated specimen pas¢formation, showing scattered mievoids parallel to
the loading direction (F)d) SEM image of the preheated specimen-ge8&trmation, revealing crazes and voids
perpendicular to the loading direction (F¢) Schematic of craze formation, illustrating fibrils and voids contributing to
deformation[125].
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