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Abstract 

Additive manufacturing (AM) commonly referred to as 3D printing is a method of 

manufacturing three-dimensional parts in a layer-by-layer fashion.  Common 

materials used in this process are polymers, metals, and ceramics. Nowadays, AM is 

utilized for more than just traditional structures - it is used to fabricate and create 

nontraditional designs. Additive manufacturing is associated with various industrial 

manufacturing processes and innovations including maintenance, repairs, and product 

design. Among the different applications of this process, the production of 3D printed 

morphing systems and parts for batteries represents an attractive approach for yielding 

high-performance structures. Non-metallic morphing components are commonly 

constituted by shape memory polymers (SMPs), which are actuating materials that can 

respond to thermal, electrical, or chemical stimuli. Here, SMPs were constructed by 

incorporating two different blends of photopolymer resins in a Vat 

Photopolymerization process. The printed SMPs were subsequently electroplated with 

copper to yield a conductive morphing structure for applications such as sensors, 

actuating systems, and functional antennas. The present work investigated the 

adaptability and functionality of the copper-plated 3D printed parts as morphing 

antennas capable of providing a multi-radio frequency.  Additionally, this research 

program investigated the production and performance of 3D printed LiFePO4 parts 

via Vat Photo Polymerization to be used as electrodes on additively manufactured 

energy storage devices. This effort represents a novel approach to further expanding 

the production of customized batteries. 
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1 Introduction 

Smart materials are also called intelligent materials and are designed to respond to 

external stimuli like light, magnetic field, electrical current, mechanical stress, moisture, 
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and chemical signal [1]. Those features position smart materials to play a leading role in 

scientific applications including solving engineering problems with high efficiency and 

providing a new opportunity to create customizable products [2]. For example, smart 

materials have been studied for suppressing the vibration of aircraft rotor blades via shape 

changes [3]. 

 

Figure 1: Active rotors blades concepts [3] 

 

1.1 Shape Memory Polymer  

A Shape Memory Polymer (SMP) is a smart material that can change its structure by 

responding to an external thermal or electrical stimulus. SMPs possess the ability to return 

from a deformed state to the original shape. Shape memory polymers can offer space and 

weight savings compared to common traditional materials [4,5]. The smart behavior and 

structure allow SMPs to be involved in significant science and engineering applications 

such as actuators, Micro Electro Mechanical Systems (MEMSs), active and passive 

controls, self-repair (healing), space systems, intelligent medical devices, and 

automobiles[6].  

 

One attractive application for SMPs is in the electronics field. Shape memory 

polymers carry noteworthy features such as morphological behavior and adaptive 

architecture which makes SMPs a favorable material in the electronic industry. 3D printed 

shape memory polymers are composed of photo-initiators, methacrylate semi-crystalline, 
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and inhibitors. The fabricated SMPs were printed by an inkjet printer, and a silver 

nanoparticle ink was subsequently added to the surface of the polymer to act as the 

electrical interconnection [7]. Following a thermal activation, the designed and the printed 

circuit closed allowing an electrical connection to be taken place across the system and 

lighting an LED (see figures 1-1). 

 

Figure 1-1: Heat-activated 3D Printed shape memory polymer [7]. 

 

An interesting application of SMP is in the robotic industries where shape memory 

foams are utilized to provide initial soft pretension in gripping. The shape of memory foams 

can harden by cooling, making an adaptive grip. Starting at this, the materials have been 

widespread usage, for example, sport wears as helmets and the building industry as foam 

with heat to seal window frames [8,9]. In the same field and application, shape-memory is 

used in McKibben artificial muscle to drive robotic joints. A McKibben actuator can 

function as a device moving only in two states; un-actuated and actuated. The transition 

between the two states is managed by air pressure. By developing the device and 

introducing the shape memory polymers, temperature control was introduced which could 

be an additional control mechanism. The two-parameter (temperature and pressure) means 

the actuator can exhibit more states. Figure (1-2) shows five states transitions for the SMP 

Mckibben artificial muscle {S1, …… S5}. It can be observed, that by controlling the 

temperature and the pressure the actuator can be transitioned from state S1 to S4 [10]. 
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Figure 1-2: Schematic representation of McKibben artificial muscle that uses SMP [10] 

 

1.2 Shape Memory Polymer Composites (SMPCs) 

Shape memory polymers are composites of more than one material with unique 

chemical, mechanical, thermal, and physical properties; those materials are merged to 

create a material with properties unlike the individual elements [11]. A major attempt to 

create smart composites has been led by the aerospace industry as a light actuator, and 

structural parts [12]. A prototype of a self-deployable structure made of carbon-fiber-

reinforced (CFR) based SMP is shown in figures 1-3 [13]. 
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      Figure 1-3: Prototype of deployable carbon fiber reinforced SMP. reinforced  [13]. 

 

       A composite system with high recovery and fixity capabilities can be utilized in 

the biomedical field. Various cardiac occlude devices are designed with composite 

materials that can be biodegradable, customized, programmed, and controlled by 

different stimuli  [14].  
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1.3 Metalizing 3D printed Parts   

Polymer metallization is an advanced step to make polymers conducive to fabricating 

electrically functional components. Various remarkable works have focused on the 

integration of conductive metals and 3D-printed polymers. One approach that has been 

widely examined to produce 3D printing of conductive polymers is the addition of carbon 

nanotubes (CNTs) to a polymer blend [15–17]. However, the approach of mixing CNTs 

and polymer results in poor conductance. The performance of the CNTs and polymer 

composites results in a variable value of electrical conductivity ranging from 1.6 × 10⁻² to 

81 S/m [18].  

Another approach to fabricating conductive 3D printed polymers is via conductive 

metal deposition onto the surface. The electroless technique has been investigated by 

multiple researchers. The deposition of copper into the surface of the part creates a thin 

layer of metal ions [19,20]. An interesting result accomplished by Lee et al [21] showed 

that the incorporation of metal electrodeposition onto the surface of a polymer part resulted 

in a high conductivity value of 3.8 × 105 S/cm. A similar approach was performed by using 

electroplating bath techniques to deposit copper onto the surface of the 3D printed parts. 

This technique is a process of adding a metal layer and it is used in Jewelry and electronic 

manufacturing, where the electrical current applied between the two electrodes - anode and 

cathode - is in contact with a liquid electrolyte bath. To accommodate the electroplating 

process, the surface of the 3D printed polymer must first be modified by inducing a semi-

conductive state by adding or coating it with some form of conductive ink on the surface. 

The addition of a semi-conductive filament followed by an electroplating copper process 

was investigated by Angel et al [22]. 
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 Figure 1-4: Standard copper sulfate bath: (a) group for fabrication of microscale 
inductors used for copper-plating (b)[22]. 

 

 

1.3.1 Application of Metalized 3D printed Parts/Shape Memory Polymer 

The development of electrically conductive 3D shape-memory structures based on 

an electrodeposition process allows the production of devices with morphological and 

complex geometries that can have applications in the biomedical and aerospace field. As 

mentioned before, one main area of interest for shape-memory materials is the electrical 

industry [23]. Figure 1.6 shows metalized 3D printed parts, which were developed to act 

as functional sensing microdevices in the field of MEMS [19]. 
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Figure 1-5: (a)Visual appearance of two Cu-coated cantilevers (b) SEM  
microphotography of the Co as plated (1000 X magnification)[19].  

 

1.4 Lithium-Ion Battery 

 The demand for high-performance rechargeable batteries attracted significant 

attention to power energy as an energy storage device for the growing market of electrical 

vehicles, portable electronics, and grid-level management systems [24]. The interesting 

rechargeable power led to an extensive increase in the rresearchfiled regarding lithium-ion 

batteries (LIB). In addition to that governments around the globe are now more conscious 

about creating green energy storage technologies such as solar and wind.  Figure (1-6) 

shows that research into batteries had significantly increased from 2010 to 2017 exceeding 

the percentage rate of increase of overall world publication to 260% growth, equivalent to 

119 188 new publications ( based on the search query on the Web of Science online 

database) [25].  
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Figure 1-6: Comparison of literature growth from 1987 to 2017 between search query 
“batteries” (blue circles) and pseudo-empty search query “the” (black squares) in the 
field of search “topic,” utilizing the website Web of Science accessed [25]. 

 

  The main structural component of a rechargeable battery includes two electrodes 

with different electrochemical potentials that present as anode and cathode, a separator to 

prevent electrical shorting between electrodes, and an electrolyte that transfer the ion 

between the electrodes resulting in the charge and discharge of the ionic batteries see figure 

(1-7) demonstrate the component of the Li-ion battery [24,26]. 
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     Figure 1-7: The four components of the Lithium-Ion Battery[26] 

1.5 Application of lithium Battery.  

The availability of lithium-ion batteries in various sizes and shapes with high 

energy density and low self-discharge trended them to be a perfect option for power 

supplies. In addition, lithium-ion batteries offer a wide spectrum of power solutions 

from portable energy solutions to energy storage solutions. Due to their 

electrochemical storage feature, lithium-ion batteries are commonly used in many 

applications. For instance, as emergency power backup for computers, phones, and 

medical technology, where they provide immediate power sources. Additionally, 

lithium-ion battery is used in electrical vehicles, where vehicles are fully dependent 

on rechargeable ion battery cell, limiting the need for oil resources[27,28].  

 

        Figure 1-8: demonstration of lithium-ion battery in electric vehicle [29] 

 

   The advantages of rechargeable Li-ion batteries offer over nickel-based systems 

including high specific energy, energy density, and lower power system life cycle cost, 

make Li-ion a favorable option for NASA space missions. NASA and the US Air Force 

recognize the advanced benefit of Li-ion technology to be part of their future aerospace 
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systems. NASA plans to utilize Li-ion batteries in future applications such as the 

planetary lander low earth orbit and planetary orbiters. Mars 2003 lander and Mars 

Microsats incorporate Li-ion batteries as baseline [30,31]. The main feature that these 

missions need for batteries to accomplish is to operate at sub-zero temperature (down 

to -30°C) at a stable charge/discharge rate. 

 

     Figure 1-9: Prototypes of Li-ion cells fabricated under NASA–DoD consortium [30] 

 

1.6 Motivation for Thesis 

Advanced methods of constructing material utilizing 3D printing or additive 

manufacturing have been developing rapidly. 3D printing shows the potential as an 

effective technique. Additive manufacturing shows multiple advantages over traditional 

manufacturing, particularly in fabricating complex geometries, reducing cost, and allowing 

for incorporating a diversity of materials. Unlike common materials, shape memory 
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polymer experiences non-static material properties that are used for actuation and sensing 

applications in various industries. Metalizing 3D printed parts, specifically shape memory 

polymer, will enormously expand the electrical applications of shape memory as sensing 

and functional systems. Similarly, the study of additive manufacturing for producing 

battery parts using Vat Photopolymerization represents an approach that can be expanded 

into the production of conformable and high-performance energy device systems.  

1.7 Objectives 

This research has investigated the metalizing process of 3D printed shape memory 

polymers via electroplating techniques for fabricating morphological functional antennas. 

Chemical and electrical characterization analyses were applied to examine the copper 

quality. Additionally, this work has studied the creation and performance of 3D printed 

lithium iron phosphates electrodes for additively manufactured batteries utilizing a Vat 

Photo Polymerization technique.  

The specific goals of this research work are: 

• Metalizing 3D printed shape memory polymers via electroplating techniques. 

• Selectivity metalizing designed traces in 3D printed shape memory polymers. 

• Production of lithium battery electrode parts using vat photopolymerization. 

• Electrochemical and physical characterization of the 3D printed parts.  

1.8 Organization 

This thesis will be presented in the following order: 

1. Chapter 1. The present chapter addresses a brief review of shape memory polymers 

and their properties, and applications in shape memory polymers for sensors, 

actuating structures, and functional antennas. It also provides an overview of 3D-

printed lithium batteries. 

2. Chapter 2: Presents the background of shape memory polymers, electroplating, 

additive manufacturing techniques, and 3D printed LiFePO4 batteries.  
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3. Chapter 3: Presents the experimental setup followed in this work.  

4. Chapter 4: Discusses the results obtained in this research program 

5. Chapter 5: Addressed the conclusions drawn in this study.  

 

2.0 Literature Review 

  Additive manufacturing has shown Progress on the production of complex 

geometries for various scientific and engineering applications. This chapter addresses 

the background of 3D printed shape memory polymers and their mechanical and 

thermal properties, their 3D printing techniques, and their applications. Similarly, this 

chapter discusses the foundations of electroplating to induce a conductive phase on 

insulative materials. Furthermore, this literature review discusses the production of 

lithium iron phosphate via 3D printing, as well as the sintering techniques, and 

characterization 

 

2.1 Shape Memory Polymer  

Shape memory polymers were initially investigated in 1941 by Vernon [32]. 

However, the importance of SMPs was not fully known until the 1960s, when 

crosslinking polyethylene (PE) was used to create a heat-shrinkable responsive film 

and tubes. In the 80s, further investigation on shape memory polymers resulted in an 

improvement in their high recovery deformation features and shape fixity properties. 

Unlike shape memory alloys, the effect of shape memory polymers is not developed 

by heat but also by light, and chemistry[33]. 

 

Shape memory polymers are a class of smart materials that exhibit adaptive 

configurational features following thermo-mechanical activations. SMPs are 

commonly manufactured on their permanent shape and following an activation step, 

their shape can be modified into a temporary configuration. This temporary 
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configuration can be fixed if the system is allowed to be under its Tg while keeping a 

mechanical constrain. After the shape memory polymer is thermally heated above the 

transition temperature, it will return to the original shape if mechanical constraints are 

not applied [34]. Figure 2.1 displays the shape memory effect mechanism of SMP 

following a thermo-mechanical cycle.  

 

Figure 2-1: General SME mechanism of SMPs [32]. 

 

Shape memory polymers are of great interest in various industries, for instance, 

biomedical aerospace, and microelectronics. Indeed, shape memory polymers have 

attracted considerable attention in the medical field by developing the Trellix Embolic 

Coil which includes a shape memory polymer porous embolic scaffold, that provides 

significant advantages in peripheral vascular embolization and neurovascular 

conditions[35].    

 

2.2 Shape Memory Properties 

 Shape memory effects of SMPs can be triggered by multiple stimuli such as 

light, electricity, pH, magnetism, and humidity. The most common stimulus is the 

thermal-induced activation, where above its Tg, the SMP displays a glassy-rubbery 

change which allows for its deformation into a temporary shape. In constant, the 
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recovery of its permanent shape from the temporary state seems to be attributed to an 

entropy mechanism[36] See figure 2-2. The SME of SMPS seems to be strongly 

related to its crosslinking mechanism[37].  For instance, an SMP network was 

achieved by crosslinking a polydimethylsiloxane (PDMS) polymer with dense 

carboxylate groups (100 mol %) (PDMS-COOH) with a small quantity of poly 

(ethylene glycol) diglycidyl ether (PEGDGE) [38]. The developed SMP(PDMS-

COOH) exhibited a morphological and actuating behavior at 37°C with a shape 

memory recovery ratio of 98.06%. 

 

 

       Figure 2-2:  Schematic of thermally- responsive SMP [32] 

 

       Another effective stimulus applied to SMPs is the light-induced shape memory 

effect. A light-activated process utilizes photochemical (photo-crosslinking) or 

photothermal triggers. The light-activated SMPs use photo absorber particles that 

convert light to heat, and as a result, the temperature will increase in the SMPs. It is 

possible to manage the response of SMPs by adding conductive material to increase 

the thermal conductivity [39]. It is also possible to produce multi-stimuli-responsive 

SMPs by adding material that actuates to different wavelengths of light [40]. Figure 

2-3 shows a light-activated SMP.  
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Figure 2-3: A schematics of the SME of SMP stimulated by light [32]. 

 

An interesting stimulated polymer is an electrically-induced shape memory 

polymer. Various electrically conductive materials have been incorporated such as carbon 

nanotubes (CNTs) [41], silver nanowires, metals, and Fe3O4 nanoparticles  [42,43]. The 

incorporation of shape memory polyurethane (SMPU) and Ag nanowires NWs in bilayer 

structure has shown electrical conductivity and flexibility. The Ag NWs are distributed on 

the top surface of the polyurethane, forming a conductive percolating network layer (200Ω 

sq-1) after a 12% stretching [44]. However, the material loses electrical conductivity because 

of an increase in elongation. When the material is both permanent or temporary and 

connected to the circuit, the voltage of 1.5 V has been applied to activate a LED (Light-

emitting diode) [45]. 
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       Figure 2-3: Inclusion of metallic phases to produce conductive SMP system (a) 
Transmission electron microscopy (TEM) image of Ag NWs, (b) atomic force 
microscopy (AFM) image of Ag NWs, (c) schematic illustration of the composites 
fabrication process, and (d) the LED turned on as voltages were applied to the 
composite (the inset shows the circuit connecting with the composites) [44]. 

 

2.2.1 Mechanical Properties 

SMPs are multi stimulus controlled smart materials, which have potential features 

for use as a morphological application. SMPs experience large strain in their deformation 

steps, resisting aerodynamic loads in the glassy state. SMPs undergoes both brittle and 

rubbery state during morphological transition. Pure SMPs were prepared for the stress 

versus strain test at seven selected temperatures. It has been shown that by increasing the 

temperature the strength decreases considerably (see figure 2-4). In contrast, its strain at 

failure increases several orders of magnitude.    
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Figure 2-4: the stress-strain curve of pure SMPs at different temperatures[46] 

 

 

 

Therefore, during the transition between temporary and permanent states, they tear 

along micro-crack created by tension.  Due to these disadvantages, SMPs could experience 

some failures during the operation. To fix and enhance this disadvantage an elastic fiber 

comprising 20% spandex and 80% nylon SMPs was mixed with thermoset styrene-based 

SMPs to enhance the mechanical properties of composites. With the addition of elastic 

fiber, Young’s modulus and strength of SMPs at high temperature were enhanced and the 

tear strength of pure SMP at room temperature was also improved. Figure (2.5) shows a 

Dynamic mechanical analysis test applied for styrene SMPS and elastic fiber with 0%,20%, 

and 40% volume fiber fractions that were fabricated for experiments[46]. The modulus 

decreases from 1800-1400MPa to 30 -10 MPa at 60°C for all fiber fractions. 
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       Figure 2-5 curves of storage modulus of SMPs vs temperature with different fiber 
volume fractions. 

 

      Shape memory polymer base with silicon carbide (SiC) nanoparticulate 

reinforcements was tested for mechanical tests. The Modulus versus temperature curve 

from DMA testing was conducted for both base resin and a 20% SiC reinforced resin. 

For SMP base resin and the 20% weight fraction reinforced resin the loss modulus 

started to decrease around 60°C. The storage modulus started to drop around 25°C and 

the rate of decrease of the storage modulus increased as the temperature reaches 60°C. 

The beginning of the tan delta curve appears at around 40°C for both materials. The 

peak of the tan delta curve or the peak for the modulus curve are used to identify the 

glass transition. From the peak of the tan delta curve, the glass transition of 

unreinforced SMP material was found to be 75.5°C (see Figure 2-6 a), whereas the 

glass transition for the 20% reinforced was 68.2°C (see Figure 2-6 b). 
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       Figure 2-6: Modulus as a function of temperature from DMA testing for (a) the base 
resin and (b) a 20% SiC reinforced resin 

2.2.2 Thermal Properties 

Thermal mechanisms are key components to evaluate the shape memory effect. 

To investigate the thermal properties of SMPs, thermo-mechanical cycles are applied 

to SMP samples. As stated before, Appling a heat source to SMP samples allows to 

transition from the glassy to rubbery behaviors, where the SPMs can deform into a 

new temporary shape. 

 

Thermal crosslinking is one main parameter structured in different SMPs 

systems, which affects the molecular morphology and shape memory effect (SME). 

Figure 2-7 display a PU (SMP) mechanism which is chemically crosslinked. Here, 

when the PU is initially created, it forms the primary crosslinking net points that 

initiate the permanent shape. Heating the PU above the glass transition temperature 

reduces the stress of the polymer. The addition of external force causes the polymer to 

inherit a temporary shape. Once the desired temporary shape is targeted, the 

crosslinking phase is cooled below the glass transition temperature to freeze the 

crosslink. When heat is applied again into the PU (without mechanical constraints), 

the crosslinks return to their initial state [32]. This mechanism is similar to that 

described in the pho-crosslinked process.  

https://www.sciencedirect.com/topics/materials-science/dynamic-mechanical-analysis
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       Figure 2-7 Crosslinking SMPE and molecular model of the mechanism of thermally-
induced SME [32]. 

  

Figure (2-8) shows 3D plots of the SMP cycle. The SMPs start to deform under 

elevated loading above the transition temperature (Tg). The deformation step is 

followed by a cooling rate under a constant load. Once the SPM is cooled, the load is 

removed and the fixed shape (temporary shape) is observed. The SMP obtains the 

original shape by heating the SMP again without any additional load [32].  
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Figure 2-8 3D plot of an SMP through a thermomechanical shape memory cycle [32]. 

   

2.2.3 Biocompatibility of Shape Memory Polymer  

SMP has shown suitable functionality and capability to actuate which makes 

them attractive systems in many industries such as aerospace, electrical and medical 

on drug delivery applications. Bio-SMPs are utilized in medical applications due to 

their non-toxicity, biodegradability, and biocompatibility [47]. Bio-SMP is 

approached in biomedical industries as medical devices that have direct contact with 

interbody organs, tissues, and cells. Therefore, SMPs have been widely investigated 

for the interface within natural tissues. Bio-SMP can be produced naturally or 

synthetically to satisfy certain criteria such as bio functionality, biostability, and 

biocompatibility during implantation. Biocompatibility refers to the ability of the 

material to perform a desired and appropriate function concerning a medical therapy 

without any undesirable systemic effects on the beneficiary of the therapy [48]. In 
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general, biocompatible polymers are plastic that is tolerated by living organisms [49]. 

Much research and investigations are conducted to study biomedical SMPs and their 

applications in the medical field [50].  Lendlein [51] has introduced much information 

about the potential of Bio-SMPs applied in implants, surgical instruments and 

extracorporeal devices in the biomedical applications Lendlein also introduced the first 

commercial biocompatible polyurethane (SMP). Few Bio PU were created by 

Mitsubishi Heavy Industries, Ltd (Nagoya, Japan) [52]. 

 

       An attractive way of introducing biocompatibility of SMP is through scaffolds 

with electrical properties and biomimetic structures with promising engineering 

applications for nerve tissue. SMP polyurethane, which consists of organic poly(Ɛ-

caprolactone) PCL segments with inorganic polydimethylsiloxane (PDMS), has been 

synthesized. The incorporation of carbon fiber with polymers was later introduced and 

the addition of carbon nanofibers was followed. The study shows that adding carbon 

nanotubes to nanofibers increases the fiber diameter from 339 ± 76 nm to 619 ± 138 
nm, decreased resistivity from 3.6 GΩ/mm to 1.8 kΩ/mm, and decreased the 

crystallinity from 33 to 25%. All polymers (PCL/PDMS)-carbon fiber composites 

experienced satisfactory shape fixity ratios of >82% and shape recovery ratios of 

>90% after 5 thermal-mechanical cycles at a temperature of 45°C (table 1). Tables1 

also shows the combination of poly (PLC/PDMS) with CNTs/carbon black (based on 

carbon ratio P5, P5C05, P5C1, and P5C2) which could be used for the creation of 

smart 4D printing structures The performance of the SMP with the addition of different 

ratio of CNTs/carbon black composite is shown in table1  [53]. 

 

       Table 1: shape recovery ratio (Rr) and shape fixity ratio (Rf) of the nanofibers[53]. 
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     PC12 cells were incorporated into poly(PCL/PDMS urethane) and 

poly(PCL/PDMS urethane)/ carbon nanofiber to promote bio-cell to bio-cell 

interaction.  The proliferation of PC12 with SMP was studied over 9 days. Cells on P5 

showed the highest cell proliferation, indicating good biocompatibility. P5C2 showed 

the lowest cell proliferation rate, indicating that a high content of carbon black might 

be toxic to nerve cells as shown in Figure 2-9 [53]. 

https://www.sciencedirect.com/topics/materials-science/cell-proliferation
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      Figure 2-9: Proliferation of PC12 cells on the shape memory nanofibers, obtained by 
MTS. *p < 0.05 compared to TCP at each time point; #p < 0.05 compared to P5 
nanofibers at each time point [53]. 

 

2.3 Additive Manufacturing Shape Memory Polymer. 

Additive manufacturing (AM) of shape memory polymers is an innovative way 

of creating smart materials that can be used in different industries for their unique 

functionality [54]. Utilizing the advanced technology of additive manufacturing or 3D 

printing has the advantage of producing a part with complex geometries, low cost, and 

diversity of material [55]. 3D printing techniques have been demonstrated for multi-

materials such as metal, ceramic, and plastic [56]. Additive manufacturing of SMPs 

occurs by integrating 2 or more materials to create self-sensing and lightweight 

structures [57]. Additive manufacturing techniques for creating SMPs include vat 

photopolymerization (VPP), which consists of digital light processing (DLP) and 

stereolithography (SLA), and fused filament fabrication (FFF) [58]. Additive 

manufacturing is developing rapidly-the global revenue in the additive manufacturing 

sector. It was estimated to be $12 billion in 2020 and is expected to reach $78-$100 

billion by 2028 [59]. Therefore, the SMP technology has the opportunity to be highly 

influenced by the surge in additive manufacturing. 

https://www.sciencedirect.com/topics/chemistry/nanofiber


 

33 

 

2.3.1 Vat Photopolymerization (SLA, DLP) 

3D printing or additive manufacturing was first discovered over 30 years ago 

by Charles Hull. In 1986, the term stereolithography (SLA) was coined in his patent 

which explained the method of creating very thin solid objects layer by layer using a 

photosensitive material and ultraviolet (UV) laser light for curing  [60]. Nowadays, 

additive manufacturing is used closely with computer design software to fabricate and 

build complex objects. 3D printing has applications in various industries like dental, 

biomedical, automotive, and food [61,62]. 3D printing has found a niche industry like 

transferring medical treatment from one size to custom sizing, and from generalized 

medicines to personalized [63]. The American Society for Testing and Material 

(ASTM) divides 3D printing technology into seven classes: vat photopolymerization, 

powder bed fusion, material jetting, binder jetting, material extrusion, directed energy 

deposition, and sheet lamination. DLP and SLA printing fall under the vat 

polymerization (VPP) category and offer high printing resolution [64].  Vat 

photopolymerization is used to describe 3D printing technologies that utilize 

computer-controlled photopolymerization to create a solid object from a vat of liquid 

resin. VPP processes include stereolithography (SLA), continuous light interface 

production (CLIP), digital light processing (DPL), and two-photon polymerization 

(2PP) [65]. 
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       Figure 2-10:  Schematic representation of a (A) bottom-up SLA, (B) top-down SLA, 
(C) DLP, (D) CLIP and (E) 2PP 3D printing [65]. 

 

      Shape memory polymers have shown an increase in research and development 

in recent years. Many 3D printing technologies are used to create shape memory 

polymers like stereolithography (SLA), selective laser sintering (SLS), and fused 

filament fabrication (FFF). Those printing techniques are slicing the computer-aided 

designed model into layers which are next printed.  During the past few years, there 

were an increase in research and development conducted on combining both printing 

and SMPs technologies, which results in technologies called 4D printing. Figure (2.11) 

shows the increase in popularity among the scientific community by searching “3d 

print* shape memory” and “shape memory polymer. On the other hand, research on 

SMP and 3D printed shape memory polymers still increasing  [66]. 

https://www.sciencedirect.com/topics/materials-science/stereolithography
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       Figure 2-11: Results in the Web of Science, searching for “3d print* shape memory” 
and “shape memory polymer” [66]. 

        Some attempts have been made by Randchenko et al [66] to develop material 

for 3D printing by the SLA technique. His material consists of cycloaliphatic epoxy-

functionalized ionic liquid with one and two imidazolium units. To increase and 

improve the adhesion of the crosslinking rate, a thermoacid generator-diaryliodonium 

hexafluoroantimonate was used, which leads to a poly-ionic liquid network that shows 

a rubbery state.  From the presence of cycloaliphatic epoxy-functionalized ionic liquid, 

all networks undergo and showed shape memory properties with attractive shape 

maintenance at the temporary shape and recovery properties   

     Miao et al [66] have a combination of photolithography and PLA to produce 

hierarchical micro-pattern using smart soybean oil epoxidized acrylate ink for bone 

marrow mesenchymal stem cell growth and alignment. The printed scaffolds could be 
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triggered to self-assemble into a rolling structure by expression in ethanol which 

caused a cross-link density gradient due to the photolithographic process. 

  

  

2.3.2 Fused Deposition Modeling  

In 1989 S.Crump et al  [67–69] patented and invented a new 3D printing method 

called Fused Deposition Modeling (FDM), also called fused filament fabrication 

(FFF). FFF is one of the most known 3D printing techniques in additive manufacturing 

due to its ability to print complex objects with outstanding thermal and chemical 

resistance and excellent strength. FFF is influenced by various printing parameters 

which control the part of the printing accuracy [67]. FFF is a technology that allows 

rapid and precise development of fabricating functional components by layers, formed 

by extrusion of plastic filament that is melted through a heated nozzle to form parts 

[70]. With the FFF process, materials are deposited in a layer-by-layer configuration 

and are solidified immediately the following extrusion from the nozzle[71]. FFF 

printing requires the printhead to move in the X, Y, and Z direction above the build 

platform to build CAD-designed 3D objects as shown in figure 2.12 [72,73]. 
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       Figure 2-12: Schematic of the FFF additive manufacturing process[74]. 

 

     Yue et al  [75] studied the 3D printing of cellulose nanofiber reinforced poly-

hydroxybutyrate / poly(ε-caprolactone) / iron oxide (PHB/PCL/Fe3O4) magneto-

responsive shape memory polymer composites with attractive mechanical 

properties. The combination of 3D printing technology and shape memory polymer 

composites represents a great opportunity for customized and intelligent products. The 

magneto-responsive shape memory polymer was developed with balanced toughness 

and strength by adding Fe3O4 and cellulose nanofibers (CNFs) to a PHB/PCL (80:20) 

composites as reinforcing materials. SEM analysis was applied to investigate the 

micro-morphology of PHB/PCL blends and composites with different Fe3O4 and CNFs 

contents (Figure 2-13).  
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In Figure 2.13(a), it can be observed how the PCL is diffused in the PHB matrix 

in the form of spherical droplets with gaps between the PHB phase and PCL phase due 

to the weak interfacial between PLC and PHB. Figure 2.13 (b) shows that the Fe3O4 

particles are evenly diffused in the PLC/PHB blend. The SEM image also shows 

interspaces between the PCL/PHB blend and Fe3O4, which explains the weak inter-

boding. Figure2.13(c) shows large aggregates of Fe3O4 (JF15%)which are noted by the 

red arrow. Figure2.13 (d&e) shows the addition of low content of CNFs which did not 

affect the diffusion of Fe3O4 in the matrix of  JF10%C0.5% and JF10%C0.75% 

samples. However, Figure 2.13 (f) shows that when the CNF (cellulose nanofibers) 

weight fraction was 1%, larger Fe3O4 aggregates were observed compared to the sample 

JF15%. This could be caused by the increase in hydrogen bonding force between Fe3O4 

and CNFs during the ultrasonic treatment process. 

 

       Figure 2-13: SEM images of composites with different Fe3O4 and CNFs contents. (a) 
Neat PHB/PCL blends (The proportion of PCL is 20 wt%). (b) (c) the composites 
with 10 wt%, and 15 wt% Fe3O4 respectively. (d) (e) (f) Composites with 10 wt% 
Fe3O4 with CNFs contents of 0.5 wt%, 0.75 wt%, and 1 wt% [75]. 

 

      Tensile tests were applied to CNFs/Fe3O4-based PHB/PCL composites. It can 

be observed that the addition of Fe3O4 increases the tensile strength and elastic modulus 

of the PHB/PCL blend. The tensile strength of JF10%(37.82MP) increased by 12.92% 

https://www.sciencedirect.com/topics/engineering/cellulose-nanofibers
https://www.sciencedirect.com/topics/engineering/caprolactone
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more than the neat blend (33.71 MPa) as shown in figure 2.14 (a). It can be caused due 

to the reinforced interaction between uniformly-diffusion Fe3O4 particles and matrix 

that increase the maximum stress and reduce the stress concentration. Figure 2.14 (b) 

shows the addition of CNF composite to the 10 wt. % Fe3O4 composites increase the 

tensile strength of the Fe3O4. In contrast, figure 2.14 (c) shows that the elongation at 

the break decreases by increasing the amount of Fe3O4 from 278.7% to 10.07%. 

However, Figure 2.14 (d) shows an enhancement in the Elongation at the break of the 

JF10% composite with the addition of C0.5% from 22.82% to 60.79%. Figure 2.14 (e) 

shows the Elastic Modulus increase from 849.7 MPa to 1044.9MPa with a proportional 

increase of Fe3O4. it is also shown an increase in the Elastic Modulus with increasing 

of CNFs to the JF10wt% from 982.4 MPa to 1011.9 MPa as shown in figure 2.14 (f) 

[75]. 
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       Figure 2-14: (a) (b) Tensile strength, (c) (d) elongation at break, (e) (f) elastic 
modulus of the composites with different Fe3O4 and CNFs contents, (g) Stress-strain 
curves of the JF10% and JF10%C0.5% samples [75]. 

 

 Figure 2.15 shows the magnetic field triggering the shape recovery behavior 

(instantaneous shape and thermal distribution) of the JF 10% and JF10%C0.5% 

samples through the shape recovery. It is observed that the increase of the temperature 

of the sample induced by a magnetic field and the temperature of the edge is lower 

than the temperature of the inside due to the temperature dissipation. In this work, all 

samples were placed in a temporary U- shape position above a magnetic induction coil 
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to ensure equal magnetic field strength. The sample JF10% shows a faster shape 

recovery time (24s) whereas the sample of JF10%C0.5% shows a slower shape 

recovery (35s). they suggested that the CNFs reduce the degree of chain entanglement 

of the blend molecules, which reduces the elastic energy [75]. 

 

       Figure 2-15: (a and b) Magnetic field triggering the shape recovery behavior (the 
instantaneous shapes and thermal distribution) of the JF10% and JF10%C0.5% [75]. 

 

2.4 Application of 3D printed Shape Memory Polymer  

Because shape memory polymer can respond to various stimuli such as 

temperature, pH, and light, the incorporation of SMP and additive manufacturing and 

3D printing creates opportunities for functional SMP to be fabricated in distinct sizes 

and complex structures. Those features will expand the application of SMP in different 

filed such as aerospace, medical, and electronics.    

A successful application of 4D printed shape memory polymers in the 

biomedical field is as an intravascular stent. An intravascular stent is a tube that 

supports the walls of the blood vessels. The application of SMPs in the biomedical 

field has the advantage of low bio-toxicity and biodegradability, which helps to 

overcome a lot of difficult problems. Therefore, the technology of 4D printing has 

become increasingly popular, utilizing different printing methods such as DIW, FFF, 

and SLA. Wei et al [76] created an SMP that consisted of magnetic Fe3O4 nanoparticles 
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and PLA which could be deformed by magnetic stimuli. The direct-writing technique 

was utilized to create the spiral intravascular stent structure. The vascular stent was 

self-expandable and was stimulated by the magnetic field. This SMP could also 

completely deform in 10 seconds (Figure 2.16). To overcome cardiovascular diseases 

such as vascular stenosis in coronary heart disease, self-expandable vascular stents can 

be used. Once the stent is triggered by the external magnetic field, the stent enlarges 

to support the stenosis of the vascular. As a result of the stenosis, the vascular stent 

will allow the blood to circulate normally. Magnetically-stimulated SMP materials and 

4D printing technologies are particularly useful in the biomedical industry. The 

technology is opening the door for remote-controlled medical devices and new 

possibilities for minimally invasive surgery. 

 

        Figure 2-16: DW printing of a 4D scaffold by PLA/Fe3O4 ink and its potential 
biomedical application: (a) optical image of the multilayer scaffold; (b) schematic 
diagram of the detailed structure of the scaffold; (c) top view of the optical image of 
the printed scaffold; (d) deformation shape of the printed scaffold; (e) schematic of 
the restrictive shape recovery process; (f) demonstration of the restrictive shape 
recovery process triggered by a 30 kHz alternating magnetic field; (g) recovery 
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shape under restrictive conditions; (h) potential application of the 4D scaffold as an 
intravascular stent [76]. 

 

      Bio-SMP can be used in endoscopic surgery as a surgical suture. In general, 

sutures are may damage the cell of the skin, if they were not stitched very properly or 

if the threads were too tight. Indeed, if threads are too loose, they will not be 

functionally effective. SMP with self-tightening can help overcome those problems. 

In the position of SMP, a suture made of SMPs can be stitched loosely in its temporary 

state and then come into contact with body temperature or transition temperature (Tg), 

it can be tightened accordingly. SMP sutures will help reduce the skin damage risks. 

SMPs sutures with biodegradable and biocompatible features would be more 

promising for wound closing devices. Lendlein [47] has placed effort into developing 

biodegradable SMPs surgical sutures. They presented hydrolyzable ester linkages into 

the polymer structures so they cleave under physiological conditions. The degradation 

can be managed by varying the composition and mass content of the precursor 

macrodiols. The polymer should lose mass linearly in vitro, causing a continuous 

release of degradation products leading to less risk of inflammatory response. In the 

in vivo, it was observed that the wound was closed and the knot was tightened when 

the temperature increased to 41 °C ( see Figure 2-17). 

 

 

       Figure 2-17: Degradable shape-memory suture for wound closure. The photo series 
from the animal experiment shows (left to right) the shrinkage of the fiber while the 
temperature increases [47]. 
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2.5 Lithium Battery 

The supply of environmentally sustainable energy has become one of the most 

scientific challenges facing humanity in the 21st century. Environmental security, 

energy security, and economic security can all be merged in introducing the energy 

issue within the next few decades  [77]. Over the past decades, more scientific research 

has focused on energy demand and environmental issues related to fossil energy and 

renewable energy such as solar, hydroelectricity, or wind to replace the traditional 

fossil fuels [78]. Meanwhile, the sustainable energy supply and electrical energy 

system are capable of capturing the energy generated now and supplying it when it’s 

needed to reduce the imbalance between energy production and demand could 

contribute to a low cost [79,80]. Because of the electrical energy system, high energy 

density, power density, and life cycle, lithium batteries, an electrochemical device 

used as a rechargeable battery, are reported the most important storage device [81].  

Lithium was discovered by the Swedish chemist Arfwedson [82] in 1817 during the 

analysis of the mineral petalite (LiAlSi4O10). Lithium was later isolated by Brande 

Davy  [83] through the electrolysis of lithium oxide in 1821. A century later Lewis 

[84] started to research and explore lithium electrochemical properties, considering 

lithium’s attractive physical properties such as high specific capacity (3860 mAh g-1), 

low potential (- 3.04 V vs SHE), and low density (0.534 g c-3). In 1958 Harris [85] 

investigated the solubility of lithium in different non-aqueous electrolytes including 

cyclic esters (carbonate and ϒ- butyrolactone), and inorganic lithium salt (LiClO4) 

dissolved in propylene carbonate (PC). Harris detected the formation of a passivation 

layer that was able of preventing a chemical reaction between electrolyte and lithium 

while allowing the lithium-ion to cross, which led to the studies of the stability of 

lithium-ion batteries and the commercialization of primary lithium batteries. The non- 

aqueous 3V lithium-ion batteries have been available commercially as a cathode in the 

market since the 1960s, including lithium-sulfur dioxide (Li/SO2) in 1969, lithium – 

polycarbon monofluoride (Li/(CFN))n manufactured by Matstushita in  1973 and so 
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many other lithium batteries that give the birth to rechargeable to lithium-ion batteries 

[86–88]. The prototype lithium-ion battery was developed by the work of Akira 

Yoshino in 1985 based on masterful research by M. Stanley Whittingham, Rachild 

Yazamni, and Koichi Mizaushuma between the 1970s-1980s [89–91]. Sony 

corporation and the Asahi Kasei team are the first to release the commercial lithium-

ion battery introduced by lithium cobalt dioxide that was modified somewhere from 

Goodenough’s earlier work. This development of Sony battery was modified over 

years bringing more battery technologies. The past years have shown growth in the 

benefit of lithium-ion batteries in several industries such as cellphones, laptops, 

aerospace, electronics, micro- electrochemical system, and electrical vehicles 

(Blomgren GE and Reddy MV).  

2.5.1 3D printed battery 

Additive manufacturing has shown a significant interest in fabricating 3d 

printed battery electrodes, which is a promising, efficient, and controllable technique 

in fabricating high complex battery architectures [92]. Several additive manufacturing 

techniques we incorporated in the designing and manufacturing of lithium battery 

parts. Research done by Yinhua and his team [93] developed a patterned stretchable 

electrode using Direct Ink Write (DIW) printing technology using highly viscous 

electrode ink including incorporation of lithium iron phosphate (LiFePO4 ) or lithium 

titanate oxide  (Li4Ti5O12) nanoparticles with, multi-walled carbon nanotubes 

(MWCNT’s) and poly(vinylidene fluoride) (PVDF) dissolved in n-methyl-2-

pyrrolidone. The inks were extruded precisely onto a polyimide sheet based on pre-

designed shapes see figures (2-18 a&b). The electrode exhibited a decrease in viscosity 

when the share rate increased. The high result of viscosity is 104 around the shear rate 

of 0.015 s-1 for electrodes which display the printability and shape ability. It was 

marked that the DIW 3D printing technology enables high accuracy, low cost, and 

effective printing process. After completing the printing process the designed 

electrode was left to dry and lifted from the polyimide substrate to stand free figures 

(2-18 c).   
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       Figure: 2-18 Patterned stretchable electrodes fabricated by 3D DIW printing. (a) The 
fabrication processes. (b) Optical photos at different steps during the printing 
process. (c) Optical photos of the as-made stretchable LTO and LFP electrodes. The 
scale bar is 1 cm [93]. 

 

    Ragones et al [94] used a similar approach using on a 3D FFF 3D printer where 

LiFePO4 based film is the cathode and Li4Ti5O12 film is the anode. Also, the anode 

and cathode current collectors and ion-conducting membrane or solid electrolyte are 

fabricated concurrently, therefore qualifying free form-factor batteries. By utilizing 

the FFF techniques, the electrode networks might be designed according to the 

application shape. See figure (2.19). 
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       Figure 2-19 : (A) Schematics (a and b) and 3D printed models (c and d) of the 
interlaced electrodes networks. (B) Schematics of the cross-sectional views of core-
shell electrodes. (C) Pictorial view of a 3D battery [94]. 

 

2.5.2 Electrical Performance of 3D printed Batteries  

Yinhua et al [93] introduced the electrochemical performance of the 3D printed 

electrode in the undeformed state utilizing the DIW printing technology. Materials and 

components used to develop the battery are LiFePO4, Li4Ti5O12, MWCNT’s, and 

PVDF dissolved in n-methyl-2-pyrrolidone solution. Figure 2-20 (a) shows the voltage 

profile discharge/charge of the printed Li4Ti5O12 electrodes in the voltage of 1.0_2.5 

V at 0.3 C (1 C = 170 mAh g-1) in comparison with conventional slurry-cast 

Li4Ti5O12 electrode using copper foil. It is observed that the 3D printed Li4Ti5O12 

electrode can distribute a discharge capacity of 166.1 mAh g-1 at the initial delivery 

and then a discharge capacity of 139.7 mAh g-1 after 50 cycles, compared to the 

conventional slurry-cast electrode. The capacity loss can be accredited to the 
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development of solid electrolytes on the surface of the Li4Ti5O12 electrode and a side 

reaction between the liquid electrolyte and Li4Ti5O12 nanoparticles. The curve also 

presents a steady discharge/ charge voltage of around 1.53 V and 1.61 V.  The rated 

capacity of the Li4Ti5O12 electrode and the related discharge/charge voltage profile 

are also introduced in figure 2-20 (b). Due to the conductivity of the MWCNT’s on 

the 3D printed Li4Ti5O12 and the slurry-cast Li4Ti5O12 electrodes exhibited good 

rate capability. It was observed a decrease in the discharge capacity of the Li4Ti5O12 

electrode from 137.0 to 129.0 to 117.0 mAh g-1 when the current rate increased from 

0.3 C to 0.6 C and 1.0 C as shown in figure (2-20b). The printed Li4Ti5O12 electrode 

showed great stability after 50 cycles and maintained a capacity of 136.4 mAh g-1 and 

high efficiency of 99.4% at a rate of 0.3 C (see Figure 2-20 c). Comparing Li4Ti5O12 

electrode and LiFePO4 electrode, LiFePO4 electrode exhibits higher voltage profile 

rage between 2.0_ 4.0 V at 0.3 C (1 C = 170 mAh g-1), showing charge/discharge 

capacities of 157.8 and 154.5 mAh g-1, corresponding to the slurry-cast LiFePO4 

electrode. The curve shows long and steady discharge/ charge voltage around 3.35V 

and 3.48 V for both the first and 50th cycle correspondingly see figure 2-20 (d). when 

the current rate increases from 0.3 C to 1C, the 3D LiFePO4 electrodes exhibit a good 

rate capacity that dropped 7% (see Figure 2-20 e). LiFePO4 electrodes performed 

better cycling where the discharge capacity reaches 99.6% after 50 cycles. It can be 

observed that the electrochemical properties of the 3D printed electrodes prove 

reasonable stability compared to the conventional slurry-cast electrodes as shown in 

figure 2-20 (f).    
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       Figure 2-20: Electrochemical performance of the printed stretchable electrodes. (a) 
Discharge/charge voltage profile of the printed LTO electrode compared with 
conventional slurry-cast LTO electrodes at 0.3 C. (b) Rate capability of the printed 
LTO electrodes compared with conventional slurry-cast LTO electrodes. (c) Cycling 
performance of the printed LTO electrodes at 0.3 C. (d) Discharge/charge voltage 
profile of the printed LFP electrode compared with conventional slurry-cast LFP 
electrodes at 0.3 C. (e) Rate capability of the printed LFP electrodes compared with 
conventional slurry-cast LFP electrodes. (f) Cycling performance of the printed LFP 
electrodes at 0.3 C. 

 

2.5.3 Advantages and Disadvantages of 3D printed Battery 

Additive manufacturing is becoming a global trend in the production field. The 

demand for additive manufacturing is expanding due to significant revolutionary 

benefits [95]. 3D printed batteries also known as 3D printed electrochemical energy 

systems (EES) have recently drawn considerable interest due to the improved 

electrochemical performance providing areal energy densities and power densities by 

incorporating the freeform control of complex geometry, offering 3D printing batteries 

a unique advantage. Indeed,  the 3D printing technology allows the fabrication of 

lightweight and flexible EES to be integrated into wearable electronics [96,97]. At the 

present, traditional technologies still cannot be implemented on flexible devices [98]. 
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On the other hand, Additive manufacturing has some disadvantages in fabricating EES 

such as a low processing rate due to low resolution and the slow UV laser beam 

scanning. Another 3D printing technique used to develop an EES is FFF 3D printing. 

The first downside of developing batteries using the FFF technique is the inability to 

produce batteries with high resolution due to the layering method of FFF technology, 

there are many rigid edges on the surface of the printed batteries which require 

additional finishing methods such as polishing [99]. 

 

2.5.4 Application of 3D printed Battery  

Lithium-ion batteries have revolutionized renewable energy sources. The 

revolution started in the 1970s during the oil crisis when societies were looking for 

alternative energy sources to replace fossil fuels. Considerable investigations have 

been conducted since then, testing varied materials to discover the most sufficient 

approach and application for lithium-ion batteries. Lithium-ion batteries are 

commonly used for electrical vehicles and portable electronics such as laptops, 

computers, cell phones, and smartwatches. 3D printed electrodes can be explored in 

the application of flexible wearable sensors. Here a 3D printed lithium metal battery-

based sulfur cathode (Li-S battery) is designed and manufactured using DWI 

techniques. The cathode is first prepared by mixing graphene, silica oxide (SiO2), and 

a phenol-formaldehyde (PF) resin paste which is used as the writing ink. The 3D 

printed cathode exhibits an active material loading of about 10.2 mg cm2, an initial 

capacity of 967.9 mAh g-1, and a cycle lifespan of 500 cycles with 505.4 mAh g-1 

capacity at a current density of 0.2 C. The battery case was 3D printed utilizing the 

fused-deposition model technique (FDM). The battery lighted up the light-emitting 

diode (LED) lamp successfully, which indicates the functionality of the additive 

manufacturing and 3D printing technologies in providing a promising solution with 

low cost for wearable electronics [100]. 
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       Figure 2-21: Schematic diagram of the fabrication of 3D printed Li-S bracelet 
battery. a) Direct ink writing 3D printer. b) 3D printed cathode. c) Assembly diagram 
of bracelet battery. d) Fused deposition 3D printer. e) 3D printed battery case. f) 
Bracelet battery at a pressure of about 10 kg. g–i) Bracelet batteries with lights on 
and off, and bracelet battery on the wrist [100]. 

 

 Wenjie () 3D printed, multilayer graphite (GT) and silicon monoxide (SiO) anode, and 

lithium nickel manganese oxide (LNMO) cathode to create a  lithium-ion battery. The 

LNMO plane shape cathode was fabricated utilizing direct ink writing technology. 

Then, the 3D printed battery case was 3D printed using fused deposition modeling 

technology. the battery case was made of a shell and groove and a lid that can be 

inserted inside the groove. The heterotypic battery was finally assembled. And sealed 

with silicone. Two electric wires were drawn; between the cathode and anode, before 

the plane was fully assembled. The plane shape battery was then used as a power 

supply for a LED light. Figure 2-22 shows the process followed by Wenjie [x]. For the 

future demonstration of the structural energy storage, two 3D printed plan shape 
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batteries were placed in the rear wings of an airplane model. Here the two-plane shape 

batteries were used as an electrical power supply, showing the combination of 

structural loading and energy storage [101].  

  

 

       Figure 2-22: Model plane used to incorporate a printed battery a) The 3D LNMO 
cathode. b) The 3D printed battery case by using a fused deposition 3D printer. c) 
The inner structure diagram of the 3D plane battery. d) The photo of the assembled 
3D plane battery. e, f) The 3D plane battery with LED lights at a weight of about 5 
kg. g, h) Two 3D plane-shape batteries assembled on aircraft models, providing 
electrical power for the aircraft lighting system [101]. 

3.0 Experimental Approach 

This thesis introduces the investigation of metalizing fabricated 3D printed shape 

memory polymer antenna via electroplating technique. The project utilized additive 

manufacturing, SLA vat photopolymerization technology, and the help of features and 

parameters, material mixing adjustment to obtain the optimal printing of SPMs. Later, 

SMPs are utilized to fabricate antennas. The fabricated SMP antennas undergo ideal 

mechanical, electrical, and chemical characterization.  
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Likewise, the development of the 3D-printed lithium-ion battery was investigated 

in this paper. The battery was printed and post-processed using DLP 3D technology 

and lithium iron phosphate materials. Following the creation of the LiFePO4 electrode, 

the electrode was sintered and characterized to navigate the optimal battery 

performance. 

3.1 Materials 

3.1.1 Shape Memory Polymer  

A commercially available Clear photopolymer resin (RS-F2-GPCL-04) 

manufactured by Formlabs was utilized as the base material for this investigation. The 

system displayed a brittle behavior at room temperature, with low recovery fixity as 

demonstrated by Cersoli et al [102] [103]. To reduce the brittleness of the Clear resin 

materials, Elastic photopolymer resin (RS-F2-ELCL-01), was also manufactured by 

Formlabs and blended with Clear resin to modify its brittle behavior. Five resin 

mixtures with different mass fraction ratios of Elastic materials in the range from 0 

(100% Clear resin) to 0.4 (60% Clear resin, 40% Elastic) were mixed with a laboratory 

stand mixer for 5 minutes and placed in an ultrasonic device at 40°C for 60 minutes. 

The Clear-Elastic resin blend was then printed using a Form2 SLA 3D printer 

(Formlab printer). The profile for the printed part was prepared using the SolidWorks 

computer designing software. The printer was operated on “open mode” and had a 

layer height of 100 um. After the printing process was completed, the printed parts 

were washed in isopropyl alcohol (IPA) for ten minutes and then placed in an 

ultraviolet curing chamber made by Formlabs at 60°C for 20 minutes. Furthermore,  

the copper dispositioning begins by soaking the 3D printed SMPs in a bath of isopropyl 

alcohol (240g) and graphite powder (1.5g) mix for 24 hours. The parts are removed 

and set aside to dry. In the case of selective copper deposition, the desired section of 

the 3D printed SMPs is coated with a Graphite Conductive Ink base, commercially 

available, purchased from Working Ink, UK [104]. In the case of full-parts copper 

deposition, the 3D printed parts are fully coated with Graphite Conductive Ink. Then, 

the graphite-coated part is placed in an electroplating solution to deposit copper in the 
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coated area.  The electroplating solution consists of 7g of H2SO4, 40g of copper 

sulfate, and 200 ml of deionized water. The 3D printed SMPs part is connected to a 

DC power supply at 0.2 V and 0.1 A for 2 hours or until the part is fully copper-coated. 

Figure 3-1 shows a schematic electroplating process used in this work. Figure 3-2 

shows the dispositioning copper steps followed in this research program.  

 

Figure 3-1: demonstration of the electroplating process. 
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       Figure 3-2: 3D printed parts used in the work for investigating the copper 
electroplating process in both selective and complete methods. The as-printed shape 
memory polymer (left), the conductive coating applied only to a spiral pattern on the 
part (middle), and the copper traces after electroplating the ink (right).  

  

  For this thesis, both a dipole and helical antenna were 3D printed using the Clear-

Elastic resin blend (80%w Clear -20%w Elastic). This ratio was selected based on a 

previous work performed by Cersoli et al [102], who studied thermal and mechanical 

analysis of this blend. The dipole antenna was selectively coppered, whereas the 

helical antenna was completely copper-coated (see Figure 3-3). 
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       Figure 3-3: copper-plated SMPs antenna (a) complete surface. (b) selective copper 
plated trace.  

 

3.1.2 3D Printed Battery 

Considering the development of lithium-ion batteries, a photopolymer UV 

curing Genesis resin, manufactured by Tethon 3D, was used as a base material 

[105,106]. To develop an electrochemical energy storage system, a lithium iron 

phosphate (LiFePO4) powder (particle size 1.5 µm) and Conductive Graphite 

(TIMCAL KS-6) (particle size 3.4 µm) were purchased from MSE Supplies and were 

blended to 3D printing resin [107].  The cathode resin consisted of a ratio of 60g of 

the  Genesis resin, 36.36g of LiFePO4, and 3.64g of Conductive Graphite. The anode 

resin consisted of 90% Genesis resin and 10% Conductive Graphite. Both electrodes 

were mixed for 10 minutes using a laboratory stand mixer and were placed in a rolling 

machine for 24 hours at room temperature. Next, this mixture of battery electrodes 

was printed on the Admaflex DLP (Digital Light Processing) printer.  The electrodes 

were printed in a disc shape using a layer thickness of 10 µm. The 3D-printed disc 

shapes were designed using the SolidWorks software (see Figure 3-4). 
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        Figure 3-4: Lithium Iron Phosphate SolidWorks Design.  

 

The Admaflex-130 printing parameters were adjusted accordingly to conduct 

a precise printing process for differently sized 3D-printed parts. Once the electrodes 

were printed and removed from the build platform, they were cleaned using 75% 

alcohol wipes and water. Subsequently, the printed discs were weighed, and 

dimensions were taken.  
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       Figure 3-5: 3D printed green state disc-shaped electrodes.  

 

The electrodes were placed into a programable tube furnace and sintered to 

form a solid mass of materials and to enhance the mechanical, thermal, and electrical 

properties through heat. The sintering profile involves a ramp of 0.96°C/min up to 

150°C, followed by a hearing ramp of 0.0387°C/min up to 320°C. At 320°C, the 

furnace dwelled for four hours. After this dwelling temperature, the furnace was 

ramped at a rate of 0.99°C/min up to 400 °C and kept at this temperature for 10 hrs. 

Then, it was ramped at 1.02°C/min up to 500°C and then at a rate of 2.1°C/min up to 

850 °C, where it was kept for 2 hours. Finally, the furnace was left to cool down 

naturally to room temperature (Figure 3-6 shows the post-thermal profile used on the 

printed parts).  
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        Figure 3-6: Sintering profile for DLP battery electrodes printed on Admaflex-130.  

 

The electrodes were weighed and measured after sintering for shrinkage 

studies. Table (2) shows the shrinkage of four samples printed in different thicknesses, 

diameters, and weights. The 3D-printed LiFePO4 samples experienced shrinkage of 

12-25% on the thickness coordination and 16-27.5 % on the diameter coordination. 

Also, the LiFePO4 experienced 47.9-62.4 % weight loss during the sintering process. 

Furthermore, advanced thermal and chemical characterization techniques were 

performed to evaluate the electrodes’ quality. Finally, electrodes were assembled into 

a cell and tested for electrochemical energy and cycling using Gamry-interface 5000E 

coordination. 
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      Table 2: Geometrical and electrical evaluation of the printed LiFePO4 material. 

 

3.2 4 Point Probs Test 

A four-point probe test was applied to the copper-coated 3D-printed SMPs to 

measure the sheet resistance. The part was placed on a platform of the Niko Eclipse ME600 

inspection microscope. Four probes with equal spaces were placed in contact with copper-

coated SMPs. ADC current was applied to the part using a Signatone S-300 4-point probes 

device, here, the current was applied to the printed electrode between the outer two probes, 

and a digital multimeter Keithley 2410 SMU measured the voltage difference between the 

inner two probes. The following equation was used to determine the sheet resistance of the 

copper coated SMPs 

                                   𝝆𝑠 = 𝑉
𝐼4.534 [ᘯ.sq]                                (1)   

 

The battery electrodes also were tested for sheet resistance. Four-point probes were 

applied to the 3D-printed electrodes. The electrodes were positioned on the platform of 

the Signatone S-300 4-point probe device. The sheet resistance of the battery electrode 

was calculated using equation (1). 
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    Figure 3-7: Schematic of sheet resistance measuring principle [108]. 

3.3 Optical Microscope 

The copper-plated SMPs underwent a surface evaluation test using advanced 

optical microscopy. A rectangular copper-plated SMPs was placed on the microscope’s 

platform to create magnified images to get a closer view of the copper layers.  

The 3D-printed electrodes were set on a platform of a digital microscope (Keyence 

VHX-5000). Images with various magnifications were taken before and after the 

sintering process. 

3.4 Scanning Electron Microscopy (SEM) 

An SEM instrument was used to produce a large magnification image using an 

electron beam source. An electron beam is produced at the top of the microscope by the 

electron gun source. The electrons follow a vertical direction throughout aligned lenses. 

The beam travels through the electromagnetic field and lenses, which forces the beam 

toward the substrate. The beam hits the substrate and electrons, and X-rays are ejected from 

the substrate. A detector collects the backscattered and secondary electrons and converts 
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them to various signals containing information that then sends them to a screen to produce 

an image (see Figure3-8) [109]. 

 

Figure 3-8: Schematic of SEM mechanism [109]. 

 

To investigate the microstructure and the chemistry of copperplated SMPs, a 

Scanning Electron Microscopy (SEM) analysis was utilized. The graphite coated SMPs 

was investigated under an SEM (Keysight technology 8500 FE-SEM) to evaluate the 

graphite adhesion onto the surface of the SMP substrate. Once the graphite-coated SMPs 

substrate is copper-coated using the electrolysis techniques, the surface of the copper-

coated SMPs was evaluated using SEM analysis to determine the copper’s topography and 

composition (see Figure 3-9).  
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       Figure 3-9: Sample used on an SEM analysis (a) graphite conductive ink coated and 
(b) copper-plated shape-memory substrate in the SEM’s holder. 

 

         As stated, the 3D-printed electrodes were observed under SEM in both the 

green and sintered states to evaluate the printing quality. In the case of the green 

state, the electrodes were prepared by attaching the copper film to the surface of the 

electrodes (see Figure 3-10 a&b). The sintered electrodes were placed on sample 

holders and scanned to investigate the microstructure of solid electrodes (see Figure 

c&d).  

 

      Figure 3-10: green state (a) graphite anode and (b) lithium iron phosphate placed in 
the SEM holder. Sintered (c) lithium iron phosphate cathode (d) conductive graphite 
anode placed in the SEM holder.  
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3.5 Energy Dispersive Spectroscopy (EDS), Thermogravimetric 

analysis (TGA), and X-Ray Diffraction (XRD) 

Energy dispersive X-ray (ESD) techniques were performed on the copper-plated 

3D SMPs for elemental and chemical characterization using a Keysight technology 

8500 FE-SEM. The SMPs sample was prepared and positioned in an EDS holder. 

Here, an energy of 12 keV EDS source was used on the samples. The EDS measures 

the energy and electron beam intensity distribution of X-ray signals hitting the surface 

of the sample [110]. Elements were selected from the periodic table to detect and 

identify elemental counts.  

The battery electrodes were also subjected to an EDS analysis to quantify their 

composition. Additionally, the lithium-ion phosphate was subjected to a charging and 

discharging process. A leading energy value of 5 keV was dispersed into the graphite 

electrode sample 

The 3D printed battery electrodes underwent a thermal decomposition analysis 

using thermogravimetric analysis (Hi-Rec TGA-2950 instrument) in nitrogen. The 

TGA temperature was programmed to reach up to 1000°C following a ramping rate of 

10°C/min and a dwelling time of 5min at 1000°C. From this test, the number of 

inorganic solids on the electrode was calculated based on a mass balance. 

 

 To identify the crystalline phase of the 3D printed electrodes, X-ray 

diffraction (XRD) analysis was implemented in a Rigaku MiniFlex). Here, the sintered 

LiFePO4 and graphite were grinded to a micron and nanoparticles size powder using 

mortar and pestle. Then, the electrode powder was placed into an XRD powder 

holder (see Figure 3-11). Finally, the electrodes were analyzed for 12 hours to identify 

the crystalline phase present in the electrodes and compare the resulting information 

to the received material. 
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        Figure 3-11: shows a grinded sintered LiFePO4 substrate in an XRD powder holder. 

 

3.6 Characterization Methodology   

3.6.1 High-Frequency Simulation Software (HFSS) For Shape Memory Polymer   

To first examine the functionality of the fabricated 3-D printed antennas. The 

copper-plated dipole and helical antennas were tested using a Vector Network 

Analyzer (VNA) to measure their gain over frequency range by elucidating their S11 

parameter under 1-port analysis. The 3D- printed antennas were connected to a 50-

ohm coaxial SMA connector attached to VNA. The printed antenna was subsequently 

simulated using the High-Frequency Simulation Software (HFSS). Here the antenna 

was simulated in its permanent and temporary shape following a thermo-mechanical 

cycle.  
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3.6.2 Battery Cycling 

To determine the electrochemical energy performance of the battery electrode, a 

cyclic charge/discharge test was conducted using the Interface 5000E from Gramry 

Instrument).  The 3D printed lithium iron phosphate and graphite discs were inserted 

into the electrode holder. Then, the holders were connected to electrochemical cells. 

An electrolyte lithium hexafluorophosphate was poured into the cell using a glove bag. 

The glove bag was connected to an argon gas tank to avoid electrolyte chemical 

reactions. LiFePO4 was considered as the working electrode, whereas graphite was 

the counter electrode (see figure 3-12). Additionally, the electrodes were tested in a 

full and half-cell configuration by incorporating a reference electrode (Saturated 

Calomel Electrode).  Gamry instrument Framwork was utilized to monitor and control 

electrodes’ static charge/discharge settings. 

 

 

        Figure 3-12: Photo of the electrochemical cell used in this work. 
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4.0 Results and Discussion 

This section presents the electrical, physical, and chemical results obtained on the 

copper-plated SMPs as well as on the printed electrodes, in addition, this section will 

discuss the functionality of the fabricated 3D printed dipole and helical antennas. 

Furthermore, this section discusses the battery electrode outcomes encountered in this 

work.   

4.1 Shape Memory Polymer  

4.1.1 Electrical characterization of plates materials   

To determine the sheet resistance and the bulk resistivity of the thin layer of 

copper-plated SMPs, a 4-point probes test was here used. The 4-probes were placed at 

an equal adjusted distance on the surface of the copper-plated substrate. Gradually, a 

current flow between 10-100 mA was applied to the substrate to measure the sheet 

resistance using equation (3-1). It was found that the copper-plated SMPs exhibited a 

sheet resistance of 0.2845 Ω/sq. Additionally, the SEM analysis showed that the 

thickness of the copper coated on the SMP surface was around ~1μm (see Figure 4-1). 

The SMPs exhibited a bulk resistivity of 2.845 x 10-7 Ω·m for the copper layer which 

compared to a pure copper bulk resistivity of 1.71x10-8 Ω.m [111].  
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     Figure 4-1: SEM image of the cross-section of the copper-plated SMPs. 

4.1.2 Optical Microscope  

After the printing, the SMPs were soaked in a bath of isopropyl alcohol and 

graphite powder for 24 hours, and the constructed SMPs were coated with liquid 

graphite conductive ink on the surface. Optical images show the conductive ink with 

adequate wetting and coverage on the surface (see Figure 4-2).  
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       Figure 4-2: Optical image for the graphite-coated SMPs. 

4.1.3 SEM 

A high magnification SEM image was conducted on the graphite-coated SMP. 

The image shows the graphite ink particles filling the porous surface of the SMPs, 

which assists the copper plating process. (see Figure 4-3).  
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       Figure 4-3: SEM image of the graphite-coated SMPs.  

  

 To evaluate the quality of the surface structure of the copper layer, an SEM analysis 

was performed. SEM micrographs were taken of the copper-plated SMPs. It was 

observed that spherical copper particles of different sizes (indicated by red arrows) 

were accumulated upon the surface of the graphite-coated SMP to form a copper layer 

(see Figure 4-4).   
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      Figure 4-4: SEM image at high magnification of the copper-plated SMPs. 

 

4.1.4 EDS 

Energy-dispersive X-ray microanalysis (EDS) was used on different areas of 

the copper-plated SMPs substrate to confirm the existence of the copper element on 

the surface of SMPs. The ESD analysis shows approximately 92.5% of copper on the 

printed parts with the remaining 7% being carbon and oxygen. (See Figure 4-5).  
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      Figure 4-5: EDS of the copperplated SMP substrate. 

 

 

4.1.5 Functional Antennas  

To examine the functionality of metallization of 3D printed SMPs, A dipole 

antenna was 3D printed and copper-plated via electrolysis technique. First, a dipole 

was fabricated using the SLA printing technique. Second, the fabricated antenna’s 

trace was selectively copper plated utilizing the electrolysis technique. The antenna 

was deformed into a semicircle with different radiuses (R=12.7mm and R=19.1mm) 

to examine the morphological behaviors of the metalized SMPs (see Figure 4-6). 

Following the production of the dipole system, a helical system was manufactured, 

copper-coated, and tested. 
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       Figure 4-6: Selectively copper plated antenna (a) the dipole antenna in a straight 
configuration and (b) the dipole antenna in semicircle configuration. 

 

Here the fabricated antenna was connected to a coaxial connector using a flat 

sheet of copper as a ground plane. The antenna was heated to enter the rubbery phase 

and deformed and cooled to keep it in the temporary shape. (see Figure 4-7). The 

additional thermal process resulted in the antenna returning to its original state. A 

VNA testing was carried out on the antenna in the permanent and temporary shape.   
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       Figure 4-7: Copper-plated SMP helical antenna. (a) the helical antenna with the full 
length of 100 mm (b) compressed helical antenna with a length of 40 mm. The S11 
parameter plots vs simulation are shown below each helical antenna.  

 

The helical antenna was also simulated and compared to the measured S11 

parameters.  The antenna is modeled as a bulk copper surface, 30 micrometers thick 

surrounding a dielectric core. Though the thickness of the conductive coating in the 

simulation is several skin depths for bulk copper at 1.5 GHz, significant inaccuracy in 

resonant frequency was not observed in the temporary part geometry of figure 4-7a. A 

narrowing of the resonance peak was observed at 1.6 GHz and a more uniform 

rejection was observed below 1.5 GHz. Inaccuracy in the return loss of the fixed 

antenna of figure 4-7b can be attributed to slight variations in the geometry of the 

simulation relative to the final part. This can cause a mismatch in the attenuation of 

the current distribution at the feed point between the simulated and tested cases.  
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4.2 3D Printed Battery Components 

4.2.1 4 Point Probs  

A four-point probe was employed on the battery electrodes to determine the 

sheet resistance. Regarding the LiFePO4/C (cathode), a current between 5x10-6_ 1x10-

4 A was applied to measure the voltage of the LiFePO4/C (see Figure 4-8). It was found 

that the sheet resistance of the LiFePO4 disc is 2.7x10-4 Ω/sq. Knowing the thickness 

of the LiFePO4 sample is 8.8x10-4m, it resulted in a bulk resistivity of 2.376x10-7Ω.m, 

which represents a value 101.01 lower than the reported on LFePO4/Carbon 

(101.10  Ω.m) by 99.9%  [112]. Indeed, it is worth mentioning that the bulk resistivity 

reported by 99.9% is based on a system containing 10 % of carbon.  

A 4 four-point probe testing was also performed on the graphite (anode) to 

measure its sheet resistance. Here, a current of 5x10-6_1x10-4A was used between the 

probes to measure the voltage (see Figure 4-9). The sheet resistance of the graphite 

disc was calculated to be 9.41x101 Ω/sq. The thickness of the graphite electrode is 

8.2x10-4m, which results in a bulk resistivity of 7.49x10-2Ω.m, which does not compare 

favorably to the bulk resistivity of natural graphite is 9x10-6Ω.m [113]. 

 

       Figure 4-8: The current vs volt of LiFePO4 sample to measure sheet resistivity. 
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        Figure 4-9: The current vs volt of LiFePO4 sample to measure sheet resistivity. 

 

4.2.2 Optical Microscope 

    An optical microscope analysis was performed on the surface of the electrode in 

the green state, and after sintering it to characterize their surface details. The optical 

images were at various magnifications. The optical images show a successful printing 

process of the battery electrode discs (see figure 4-10a). The optical images show a 

smooth surface of the green state LiFePO4 (cathode). Figure 4-10 also shows the 

optical images of the graphite (anode) in the green state. The graphite exhibited a fine 

surface after the printing process.   
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        Figure 4-10: Optical images of LiFePO4 (cathode) in the green state (a) low 
magnification and (b) high magnification. Optical images of graphite (anode) in the 
green state (c) low magnification and (d) high magnification 

 

      An optical analysis was also applied to the electrode samples after the sintering 

process. Figures 4-11a&b) show large cracks across the sample (indicated by the 

yellow and blue arrows) which are associated with the coefficient of thermal expansion 

and shrinking mechanisms of the parts during the thermal treatment. The side of 

LiFePO4 was also observed after performing the sintering process indicated by the 

blue arrow (see Figure 4-11b). It is worth mentioning that although the parts displayed 

large cracks, they were mechanically strong. Similarly, the sintered graphite electrode 

was observed under the optical microscope. The sintered graphite electrode exhibited 

long cracks propagated in various locations indicated by the red arrow (see Figure 4-

11 c&d). 
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      Figure 4-11: Optical images of the sintered samples. LiFePO4 (cathode) (a) surface 
and (b) side images. Graphite (c) surface and (d) side view. 

 

4.2.3 TGA  

                The 3-D printed electrodes were investigated using a TGA (Thermogravimetric 

analysis) to measure the change in the physical-chemical properties of electrodes at 

elevated temperatures (see figure 4-12). The TGA was utilized to measure the 

decomposition weight loss (%) of an electrode blend consisting of Lithium (36.36g), 

Graphite (3.64g), and Genesis resin (60g) versus temperature. Three samples were run 

for statistical analysis. The TGA showed that the Genesis rein started to decompose at 

a temperature of about 200°C, and remained to drop until it was mostly decomposed 

at 500°C. At 850°C, which is the dwelling temperature for the actual sintering process, 
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59.28% of the sample was decomposed (associated with the Genesis resin). This 

resulted in a residue of40.82% which represents the remaining LiFePO4+ Graphite 

(solid) phase. The residual 0.82% solid could be related to the deposition of carbon 

from the Genesis resin. Similarly, the genesis resin and graphite (anode) blend 

underwent a TGA analysis. The fabricated anode resin consisted of graphite powder 

(10 %) and genesis resin (90%). The TGA shows a remaining active graphite material 

weight of 10.92%. 
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        Figure 4-12: TGA analysis of (a) LiFePO4, and (b) graphite with Genesis resin 
composites. 

4.2.4 SEM 

 

An SEM analysis was carried out on the sintered electrodes. In addition to the 

aforementioned cracks, it was found that the LiFePO4 particles are mostly fused (see 

figure 4-13 a-c). The graphite (anode) also shows cracks as well as a considerable 

amount of fused particles (see figure 4-13 f)    
 



 

81 

 

 

 

      Figure 4-13: SEM images for the sintered electrode. 

 

4.2.5 XRD 

The crystallinity of the composite of lithium iron phosphate and graphite electrode 

was examined by an X-ray diffraction technique (XRD) (see Figure 4-14). The received 

LiFePO4was also examined to compare and establish control. Comparing the sintered and 

the received material it seems that the XRD shows the presence of LiFePO4 as well as the 

peaks related to carbon. Comparable results have been observed by Xiaoli xi et al [114]. 

Indeed, the LiFePO4 and peaks seem to fit with those shown by the as-received control. 

Similarly, the graphite peaks appear to match those displayed by the as-received graphite 

material peaks.  
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       Figure 4-14: XRD analysis comparing both sintered and as-received material 

LiFePO4 

 

 

       Figure 4-15: XRD analysis for conductive graphite, comparing both sintered and as-
received material. 

4.2.6 Electrochemical characterization 

   The battery was charged at a constant current rate of 500 µA. For a typical 

Lithium-ion battery, the voltage limits ranged from 3.0 V ≤ V ≤ 4.2 V. The computed 

charge capacity of the battery was determined to be 30 µA-hr. Figure 4-16a shows the 

charging curve of the battery.   
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    Furthermore, the cell was discharged at 5 µA see figure 4-16b. As soon as the 

charging current was stopped, there was an instantaneous drop to 1.3V from the upper 

limit of the potential was observed. This massive drop is due to the structure change 

of the graphite anode during the sintering process (see Figure 4-15 XRD). Moreover, 

the computed capacity of the battery after discharge was found to be almost 7 nA-hr. 

 

 

 

 

Figure 4-16: Charging and discharging profiles of the 3D printed LiFePO4 samples        
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5.0  Conclusions 

                 This work presented the metallization of a shape memory polymer and the 

development of 3D printed lithium batteries. The first work investigated the 

electroplating of a 4D printed functional antenna via electrolysis technique. 

Additionally, electrical and chemical characterization methods were applied to 

quantify the metal coating. The second work investigated the creation of a 3D printed 

lithium battery component via DPL. The lithium battery components underwent 

various material characterization techniques.  

                 The following points have been identified as the main outcomes of this work.  

  

      SMP:   

1. The incorporation of a conductive graphite ink on the 3D printed parts acted as an 

efficient coating film for subsequent metallization stages.  

2. The electrolysis technique showed a successful path for coating copper on printed 

SMPs while maintaining a morphological behavior.  

3. The 4- Point probes technique yielded a sheet resistance of 0.2845 Ω/sq on the 

electroplated copper layer. In addition, copper layer thickness was found to be ~1μm 

using SEM cross-sectional images. Here, the SMPs exhibited a bulk resistivity of 2.845 

x 10-7 Ω·m.  

4. A helical antenna was printed as well as coated with copper, and it was observed 

that it displayed a clear shape memory effect. The antenna was subjected to VNA 

testing and an HFSS simulation process. The results showed a relatively good 

simulation profile in the temporary and permanent stages of the SMP.   

  

        3D printed electrodes for batteries  

  The SEM analysis showed that although the sintered printed electrodes displayed 

some cracks on the parts, the particles seemed to have yielded a high degree of inter-

diffusion. The TGA showed that they applied to the battery electrodes to measure the 

weight loss (%) of electrode material blend when exposed to a heat source. Lithium 

iron phosphate/carbon (cathode) had experienced a residue of 40.82% of solids, while 
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at 850°C which is the amount of active material that the cathode blend started with 

before sintering. Graphite (anode) exhibited 10.92% of carbon (solids) was determined 

on the sintered graphite printed anode. reside material which represents the amount of 

graphite active material.   

5. The crystallinity of the sintered lithium iron phosphate/carbon using XRD resulted 

in good agreement with the spectra obtained from the as-received material.    

6. The electrochemical profile of the printed anode and cathode showed that while the 

charging profile displayed a charging capacity of 30 µA-hr on the cathode, the anode 

experienced a sudden voltage drop from4.2V to 1.3V. The battery was discharged at 5 

µA, and the computed capacity was found to be 7 nA-hr.  

7. This project was the initial step towards the printing process of LiFePO4 via DLP. 

A considerable number of modifications, optimization, and studies need to be 

performed to provide a proper 3D printed battery.  
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