
 

 

 

 

Additive manufacturing of inherently porous 

polymers: Polymerized high internal phase emulsion 

(polyHIPE) structures via vat photopolymerization  

 

 

Nihan SENGOKMEN OZSOZ 

 

 

 

 

 

The University of Sheffield 

Faculty of Engineering 

Department of Materials Science and Engineering 

 

 

 

A thesis submitted in fulfillment of the requirements for the degree of 

Doctor of Philosophy 

 

Submitted December 2023



i 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 

 

 

 

Acknowledgements 

 

“Science is the only true guide in life.” 

Mustafa Kemal Ataturk 

 

I would like to express my gratitude to individuals and institutions, all of whom have played a 

significant role in shaping my PhD experience. 

First of all, I gratefully acknowledge the Turkish Ministry of National Education for my PhD 

fellowship; this research would not be possible without their financial support. 

I would like to convey my deepest gratitude to my supervisor, Prof Frederik Claeyssens, for 

consistently being a supportive mentor. I appreciate your trust in allowing me to work 

independently, for encouraging me to aspire to significant goals, and for showing concern for 

both my development as a scientist and as an individual. 

I would like to thank Prof Neil Cameron and Dr Chris Holland for agreeing to be examiners 

for my PhD Viva. Additionally, I would like to thank Prof Russell Goodall and Dr Nicola 

Green, who assessed my work during the first year and second year Viva, for engaging in 

insightful discussions that broadened my perspectives.  

I also would like to thank Dr Rebecca Boston for letting me use a high-temperature oven, a 

crucial component in Chapters 3 and 4 of this thesis, in her laboratory, Dr Colin Sherborne for 

his kind helps on 3D printing of PolyHIPEs and inspiring discussions on their applications, Dr 

Nik Reeves-McLaren for training me on Raman Spectroscopy, Dr Ian Ross for training me on 

Scanning Electron Microscopy, Dr Oday Hussein for training me on Helium Pycnometry, 

ATR/FTIR, Thermogravimetric analysis and for providing technical support on Mercury 

Intrusion Porosimetry, Dr Robert Moorehead for training me on X-ray Diffractometer, Dr 

Vanessa Singleton for helping always in Kroto Labs, Dr Enes Durgut for being always there 

when I need any kind of help. 

I thank Mina Aleemardani, with whom I have shared my PhD journey from beginning to end. 

Despite having entirely different projects, thank you for always trying to help me.  



iii 

 

 

 

I also thank all members of the Kroto, particularly the researchers with whom I have shared 

this journey. I have appreciated their companionship; Mina Aleemardani, Enes Durgut, Boyang 

Liu, Rachel Furmidge, Louis Johnson, Jonathan Hinchliffe, Zeming Cheng, Meghna Suvarna, 

Daniel Syed Mohamed, Annabelle Fricker, Krit Rattanawonsakul, Tugba Cebe, Nicholas Farr, 

Caroline S Taylor, Victoria Workman, Woming Gao, Prarthana P Mistry, Katanchalee 

Nampuksa.  

To my dear friend Ulfida Erturk, thank you for your friendship spanning 15 years and for being 

always a pillar of support. I extend my gratitude to Cagri Gungor, Hilal Cibik, Ibrahim Akbal, 

Merve Yakar, Ilay Sik, Meltem Cidem, Mediha Gursoy, Eda Gursoy, Samet Arslan, Omer 

Faruk Kayar, Halil Kagan Nazik and numerous other friends from both Turkey and the UK for 

your support. 

My dear family, Huriye Sengokmen, Turhan Sengokmen, and Cihan Sengokmen; thank you 

for always being supportive and trusting me when I chose my path. My father-in-law, Ahmet 

Ozsoz, thank you for your endless support on this journey. 

I am profoundly thankful to my life partner and best friend, Ilkin Ozsoz. Words cannot fully 

convey my gratitude to you. Thank you for being yourself and for your unconditional love, 

endless support, and patience throughout this entire journey. 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

 

 

Abstract 

 

High internal phase emulsions (HIPEs) show promise as vat photopolymerization additive 

manufacturing (AM) resins for creating innovative lightweight porous materials. Despite their 

potential, HIPEs often scatter light during the AM process, resulting in poorly defined and low-

resolution structures. However, the incorporation of light absorbers can significantly enhance 

printing resolution. This study investigated the inclusion of light absorbers into the HIPE-based 

resin and assessed the compatibility of these resins with a commercial vat photopolymerization 

additive manufacturing setup. A water-in-oil emulsion, stabilized by the surfactant (hypermer) 

and formulated with 2-ethylhexyl-acrylate and isobornyl-acrylate was used in this study. Light 

absorbers, including hydrophobic beta-carotene and hydrophilic tartrazine molecules 

dissolving in the organic and aqueous phases respectively, were incorporated. The use of beta-

carotene and tartrazine together was found effective in achieving the best 3D printing 

resolution. Moreover, the emulsion remained stable throughout the printing process, resulting 

in a porous polyMIPE structure with open surface porosity. 

Expanding the application of 3D-printed polyHIPE structures, their utility as templates for 

electroless nickel plating to create highly porous metallic lattice structures with consistent wall 

thickness was examined. The electroless nickel plating process on polyHIPEs was optimized 

and the effects of different atmospheres during the heating process to remove the polyHIPE 

template from metallized 3D-printed polyHIPE lattice structures were explored. Distinct 

compounds were formed in various atmospheres, with fully oxidized nickel-coated polyHIPEs 

in an air atmosphere and the formation of nickel phosphide (Ni3P) structures in argon and 

reducing atmospheres alongside Ni metal. Notably, the porous structure of the polyHIPEs was 

retained in argon and reducing atmospheres, where the internal structure undergoes complete 

carbonization. This study demonstrated the versatility of intricate polyHIPE structures as 

templates for creating ultra-porous metal-based lattices. 

Furthering the exploration, inherently porous polyHIPE lattices with three distinct porosities 

(80%, 85%, and 87.5%) at various temperatures (500ºC, 600ºC, 700ºC, and 800ºC) were 

pyrolyzed to fabricate porous carbon structures. The successful carbonization was confirmed 

through Raman spectra and XRD analysis. Mechanical testing results indicated a higher 
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Young's modulus in carboHIPEs compared to polyHIPEs, with carboHIPE lattices 

demonstrating a lower Young's modulus compared to monolithic carboHIPE discs. This 

comprehensive exploration contributed valuable insights into the design and performance of 

hierarchically porous carbon materials fabricated using 3D-printed polyHIPE lattices. 

In conclusion, this study established the potential of HIPEs as printing resins for creating 

inherently porous intricate structures and utilizing them as templates for producing highly 

porous complex metal-based and carbon structures. 
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CHAPTER 1 

Introduction 

 

1.1. Additive Manufacturing      

 

Objects are fabricated utilizing diverse techniques and materials, depending on the intended 

application. Traditional manufacturing processes, like casting or injection molding, result in 

objects taking their ultimate form, whereas subtractive manufacturing approaches, including 

milling and lathing, shape objects by eliminating material. An alternative manufacturing 

technology to these well-established methods is additive manufacturing (AM), which was 

initially introduced by Hideo Kodama in 1980 [1], [2], [3].  

 

 

Figure 1. 1. Schematic diagrams of Kodama’s three types of stereolithography apparatuses. 

Photopatterning is controlled by (A) a mask with light projected from the top, (B) a mask with 

light projected from the bottom, or (C) a scanning fiber transmitter mounted on an XY plotter. 

( UV light,  mask,  solidified polymer layers,  liquid photoresin,  build plate,  vat, 

 shutter,  optical fiber,  XY plotter,  optical lens) Adapted with permission from [4] 

Copyright 1981 American Institute of Physics. 
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Following this, in 1984, Charles Hull secured a patent for the pioneering 3D printing 

technology, known as stereolithography (SLA) [5]. Additionally, despite the fact that Kodama's 

patent application was unsuccessful, he is widely acknowledged as the inventor of additive 

manufacturing. The schematic of Kodama’s stereolithography apparatuses Hull’s 1984 

stereolithography patent are illustrated in Figure 1.1 and Figure 1.2, respectively. 

In brief, additive manufacturing, a layer-by-layer fabrication method, allows for the production 

of three-dimensional objects using computer-aided design (CAD).  

 

 

Figure 1. 2. Schematic diagrams of Hull’s 1984 stereolithography patent. Photopatterning is 

controlled by (A) a raster scanned spot source or (B) a masked collimated light source. (21, 

resin container; 22, UV-curable liquid resin; 23, surface of the liquid resin; 26, programmable 

source of UV light; 27, spot source of UV light; 29, elevator platform; 30, printed three-

dimensional object composed of layers such as 30a/b/c; 36, mask for collimated UV source) 

Adapted from reference [5]. 

 

From these initial developments the field of additive manufacturing emerged, for example in 

1988 fused filament fabrication was developed by Scott Crump [6], and selective laser sintering 

was developed by Deckard and Beaman in the mid-80s  Nowadays, additive manufacturing 

technologies are primarily categorized into seven groups according to ISO/ASTM 52900:2015 

- Additive Manufacturing-General Principles-Terminology. These categories, which include 
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sheet lamination (SHL), directed energy deposition (DED), binder jetting (BJT), material 

jetting (MJT), powder bed fusion (PBF), material extrusion (MEX), and vat 

photopolymerization (VPP), are illustrated in Table 1.1. Each sub-method differs from the 

others in terms of curing, the types of materials used in production, and the manufacturing 

process [2], [7].  

All the methods mentioned in Table 1.1 are described briefly, while vat photopolymerization 

is explained in more detail since the scope of this thesis focuses on vat photopolymerization 

additive manufacturing of inherently porous polymers. 

 

Table 1. 1. Additive manufacturing categories. 

 

 

1.1.1. Sheet Lamination 

Sheet lamination additive manufacturing technique primarily utilizes paper material sheets to 

create three-dimensional objects [8], [9]. The sheet lamination method can be divided into two 

subcategories: laminated object manufacturing and ultrasonic consolidation [8].  
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In this method, pre-manufactured material sheets, cut using a laser cutter, are used to produce 

the final part [8], [9]. Each material sheet forms one layer of the final part, making this process 

faster than other additive manufacturing techniques [8], [9].  

1.1.2. Directed Energy Deposition 

Directed energy deposition enables the fabrication of net-shape items from wires or powders 

layer by layer (Figure 1.3A) [10], [11]. Although directed energy deposition shares similarities 

with powder bed fusion (PBF), it differs from PBF in terms of the process principle. In this 

technique, the feeding material (wires or powder) and energy source are applied 

simultaneously, whereas in powder bed fusion, the order is powder followed by the energy 

source [11], [12].  

1.1.3. Binder Jetting 

Binder jetting is used to create three-dimensional objects by consolidating powders (Figure 

1.3B) [13]. In this method, powder is initially spread across the building platform using a roller, 

and then a binder liquid is deposited onto the powder particles via a print head as the second 

step [13], [14]. After each layer is thermally cured with a heater, these steps are repeated until 

the final product, specified before the fabrication process begins, is achieved  [13], [14]. 

Finally, unbound powders are removed, and the resulting product is sintered in a furnace to 

achieve the desired strength and density [13], [14]. However, it's worth noting that this post-

processing step may take longer than the actual production, potentially leading to a significant 

increase in costs [14]. 

1.1.4. Material Jetting  

Material jetting is also known as inkjet 3D printing, and it involves the deposition of liquid 

photopolymers onto a base platform layer by layer using printheads (Figure 1.3B) [15]. 

Furthermore, UV light is employed to solidify these photopolymers, which means that curing 

is achieved through UV light in this method [15]. 
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Generally, while material jetting is commonly used for fabricating prototypes, it is also well -

suited for manufacturing lightweight honeycomb structures, scaffolds, and lifestyle wearable 

products [16], [17], [18]. 

1.1.5. Powder Bed Fusion  

Powder bed fusion is one of the additive manufacturing techniques that employs a heat source 

to consolidate metal or polymer powder, thereby creating three-dimensional objects (Figure 

1.3C) [19], [20]. The heat source can be either a laser or an electron beam [21]. Depending on 

the heat source, powder bed fusion is referred to as laser powder bed fusion (PBF-LB) or 

electron beam powder bed fusion (PBF-EB) [21], [22], [23]. 

This three-dimensional fabrication method allows for the production of complex and uniquely 

shaped components with superior mechanical properties [19], [20]. Consequently, it is 

preferred over traditional manufacturing methods [19], [20], [21]. 
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Figure 1. 3. Schematic diagrams of common additive manufacturing methods. (A) Directed 

energy deposition (B) Material/Binder jetting, (C) Powder bed fusion, (D) Fused deposition 

modeling, (E) Direct ink writing, and (F) Vat photopolymerization (DLP technique). (A-B) 

Adapted from [24] Copyright 2022, (C-F) Adapted with permission from [25] Copyright 2022 

The Materials Research Society. 
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1.1.6. Material Extrusion   

Material extrusion, also known as fused filament fabrication (FFF) or fused deposition 

modeling (FDM), is an often-used additive manufacturing techniques for thermoplastic 

polymer objects [26], [27]. Essentially, a fused deposition modeling printer includes either a 

single-nozzle head or a multi-extruder nozzle head which is computer numerically controlled 

(CNC) [27]. If it contains multiple nozzles, one is used for the main material, while the others 

can be used for additional modeling materials and/or supports [27]. 

In FDM technique (Figure 1.3D), the production principle involves melting thermoplastic 

polymer filaments and extruding them onto a base plate from heated nozzles [28]. The nozzle 

head moves upward, or the base plate moves downward automatically to create the next layer 

after each layer is formed. If the shear thinning inks are used rather than thermoplastics, the 

method is called direct ink writing (DIW) (Figure 1.3E). Furthermore, when the shear thinning 

inks are biocompatible hydrogels, with inclusion of living cells, this technique is called 

bioprinting. 

1.1.7. Vat Photopolymerisation 

Vat photopolymerization is another additive manufacturing technology that relies on the curing 

of photosensitive resin using a laser or ultraviolet light [2], [29], [30] (Figure 1.3F). Essentially, 

the light-sensitive liquid resin is cured in a vat until it completely solidifies. 

It would be beneficial to review the 3D printing process and the photopolymerization principle 

separately to gain a detailed understanding of the working principle of vat 

photopolymerization. 

The 3D printing process involves three main steps to fabricate three-dimensional objects: pre-

processing, processing, and post-processing [2], [30]. The first step begins with the design of 

a 3D model using computer-aided design software [2]. Once the design is completed, the 3D 

model is converted into the standard triangulation language (STL) format [2]. In the second 

step, the STL model is sliced, and if necessary, a base and/or supports are added using software 

compatible with the 3D printer. The sliced model is then transferred to the 3D printer [2], [30]. 

Before printing the object, printing parameters are set and optimized; afterward, the object is 

created [2]. Finally, post-processing involves removing the cured objects from the 3D printer 
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and washing them to clean off any residual resin [2], [30]. Additionally, if needed, post-curing 

may be applied [30].   

The photopolymerization process requires photopolymers that can be cured using ultraviolet 

light and sometimes visible light [2], [29]. A light-sensitive photopolymer is placed in a vat, 

and the polymerization reaction is initiated while the curing light is applied [2]. After 

completing the crosslinking of the photopolymer, a solidified object with the same shape and 

dimensions as the 3D model previously transferred from the computer in STL format is 

obtained [2], [31], [32].  

 

 

Figure 1. 4. Liquid photopolymer to polymerization. Small circles, purple circles, and stars 

symbolize monomers, oligomers, and photoinitiators, respectively. Adapted from [2] 

Copyright 2021. 

 

Figure 1.4 presents the photopolymerization process schematically. Photoinitiators enable the 

formation of chains between monomers and oligomers by releasing free radicals and reagents 

when ultraviolet light is applied to the liquid photosensitive resin [2], [32]. Therefore, objects 

can be produced by repeating this reaction for each layer.  

Vat photopolymerization can be categorized into three sub-categories based on curing 

technologies: stereolithography (SLA), digital light processing (DLP), and continuous digital 

light processing/continuous liquid interface production (CDLP/CLIP) [2], [33].  

In stereolithography, a laser is used to cure a light-sensitive polymer that is placed in a 

transparent tank [2], [34]. The curing process is the typical photopolymerization process 

explained above. On the 3D printer side, the build platform moves either down or up, depending 

on whether the 3D printer is working in a top-down or bottom-up manner, respectively [34]. 

This process continues until the designed object is obtained. 
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Digital light processing differs from stereolithography only in terms of the curing technique. 

While stereolithography uses a mirror to reflect the laser, digital light processing utilizes a 

digital light projector [35]. In this technique a 2D binary image is projected, notably speeding 

up the production process compared to stereolithography, which builds up the image pixel by 

pixel. In 2019, computed axial lithography was reported and allowed for a single 3D object to 

be rapidly produced in a rotating bath of resin via exposure to a dynamically changing light 

field [36]. 

Continuous digital light processing/continuous liquid light processing method employs an 

oxygen-permeable window and digital projection with LEDs for the curing process [37]. An 

area is created by the oxygen-permeable window, allowing the flow of photocurable polymer 

between the window and the printed object. Consequently, this leads to an increase in the 

resolution of the final object and a reduction in the rate of printing failures. The CLIP 

technology was recently improved by introducing a syringe pump to inject the resin (iCLIP) 

[38].  

Materials for vat photopolymerization must include a light-curable, reactive, and cross-linkable 

monomer or a blend of monomers and an initiator to initiate the photopolymerization reaction 

[33]. There are various commercial resin types available as starting materials for vat 

photopolymerization, categorized as standard resin, structural resin, tough and durable resin, 

elastic and flexible resin, ceramic and castable wax resin, and biocompatible resin, which can 

be selected based on the specific application [2]. Furthermore, photocurable resins can be 

prepared by mixing monomers, a crosslinker, and a photoinitiator. The most commonly used 

monomers for preparing starting materials for vat photopolymerization are acrylates and 

methacrylates [33].  

In this thesis, water-in-oil high internal phase emulsions were used as resin for vat 

photopolymerization additive manufacturing. These emulsions are created by mixing 

monomers, a crosslinker, a photoinitiator, and water through the emulsion templating 

technique. Section 1.3 provides detailed information about the formation mechanisms and 

fundamentals of high internal phase emulsions. 
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1.2. Polymer Additive Manufacturing  

 

 

Figure 1. 5. Polymer materials, used for typical polymer AM techniques. 

 

Various forms of polymers are employed in the AM methods described above, including PBF, 

MJT, MEX, and VPP. Feeding materials can be in the form of thermoplastic powders, 

thermoplastic filaments, viscous inks, and photosensitive resins (Figure 1.5).  

Thermoplastics possess the distinctive ability to soften or melt under elevated temperatures and 

solidify when cooled, granting them the flexibility to undergo reshaping and recycling 

procedures [39]. This class of materials is classified into two categories: amorphous and 

semicrystalline, each defined by specific molecular arrangements. In the case of amorphous 

thermoplastics, exemplified by polystyrene and polycarbonate, their molecular structures lack 

order and confer flexibility, transiting to a glassy state beyond the glass transition temperature 

(Tg) [40]. In contrast, semicrystalline thermoplastics such as polyamides exhibit distinct Tm 

and Tg points that correspond respectively to their crystalline and amorphous domains [41]. 

Notably, the viscosity of semicrystalline thermoplastics reduces when heated past their Tm, as 

they shift from solid to a more fluid-like state [42]. The processing of powdered forms of 
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thermoplastics and their composites can be achieved through the Powder Bed Fusion (PBF) 

technique, encompassing methods like Selective Laser Sintering (SLS) and Multi -Jet Fusion 

(MJF), which share similarities in their sintering mechanisms and material prerequisites [39].  

Thermoplastic filaments and their composite variants are suitable for fabrication using the 

Fused Deposition Modeling (FDM) technique [39]. In the standard FDM process, a filament is 

initially unwound through a feed pinch roller and directed into a heated liquefier. This heated 

segment causes the lower part of the filament to soften or melt, and it is subsequently pushed 

through the nozzle by the intact, solid upper portion of the filament, which is simultaneously 

introduced into the heated liquefier. The result of this process is the deposition of the liquefied 

filament, referred to as the "printed road," which then cools and solidifies on the build platform. 

Viscous polymer inks that are suitable candidates for the Direct Ink Writing (DIW) process 

encompass two primary categories: reactive resins, including photocurable and thermally 

curable resins, and polymer solutions [39]. Particularly prominent within this realm are highly 

viscous photocurable resins, extensively employed in DIW applications [43], [44]. These resins 

necessitate the integration of an external source of ultraviolet (UV) light within DIW systems 

to facilitate their photo-curing upon deposition, often termed as UV-assisted DIW. Noteworthy 

among the photocurable options are hydrogels such as gelatin methacrylate (GelMA), capable 

of undergoing chemical gelation when exposed to UV radiation. Beyond photosensitive 

alternatives, thermally curable resins, exemplified by epoxy resin, which solidify through heat -

induced processes, have been effectively harnessed [45]. Polymer solution inks, formed by 

dissolving polymers in suitable solvents, present a versatile avenue for DIW, with their 

viscosity amenable to adjustment by manipulating factors like polymer molecular weight and 

volume/mass fractions.  

Photosensitive resins, commonly used in VPP and MJT techniques, react to radiation, forming 

interconnected networks and solidifying permanently [39]. These resins consist of 

photoinitiators, monomers, oligomers, and additives, each playing a crucial role. Monomers, 

characterized by their small sizes and variable functional groups (e.g., mono-, di-, tri-, tetra-

functional), significantly influence curing, cross-linking, and final properties [36], [46].  

The addition of additives improves resin performance. Inhibitors or retarders are used to 

regulate factors like penetration depth and gelation, counteracting reflected light effects. 

Common inhibitors include quinones, sterically hindered phenols, and oxygen [47]. Sensitizers 
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enhance the activity of photoinitiators, while solvents help modulate viscosity and facilitate 

heat transfer during polymerization [39]. 

1.2.1. Porous Polymers 

A porous structure is generally described as a solid framework with notably abundant empty 

space enclosed within a well-defined boundary [48]. The pores become evident as enclosed air 

spaces, exhibiting individual pore sizes that range from the nanoscale to the macroscale. Porous 

structures combine large surface area, lightweight, and a high adsorption capability in 

comparison to solid structures.  

Porous polymers are a sub-category of porous materials, preferred over other porous materials 

due to their ease of machinability [49]. This sub-category attracts the attention of researchers 

due to its controllable properties: well-defined porosities, high surface areas, unique structures, 

design flexibility, ease of use, cost-effectiveness compared to other materials, and suitability 

for various applications including thermal insulation, electrochemical energy storage, tissue 

engineering, contaminant removal, water treatment, and catalysis  [48], [49], [50], [51], [52], 

[53].  

After 1990, there has been an increasing interest in combining porous structures with polymer 

materials [49]. Polymers can be produced with a range of pore sizes, including microporous, 

macroporous, and millimeter-sized pores [49], [54]. The choice of pore size depends on the 

application area. 

The conventional in-situ foaming technique is widely applied to manufacture porous materials 

like polymeric foams and sponges [48]. Additionally, methods like sacrificial templating and 

replica templating are employed to fabricate insulation pads and filtration foam [48]. For 

porous ceramic structures, the sol-gel method, combined with subsequent solvent exchange, 

proves highly efficient [48]. When shaping porous structures into straightforward bulk shapes, 

molding is the most commonly used manufacturing method. Precise control over porosity and 

pore arrangement is crucial for achieving specific functions. These emerging challenges go 

beyond the capabilities of traditional design and manufacturing approaches, hindering the 

creation of multi-scale and multi-functional porous networks within three-dimensional (3D) 

objects. 
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Additive manufacturing offers a versatile and efficient method for fabricating intricately 

designed 3D porous structures with minimal to no post-processing [48]. 

1.2.2. Additive Manufacturing of Porous Polymers  

With the advancement of nature-inspired multi-scale porous structure design, 3D-printed 

porous networks can naturally achieve multiple functionalities [48]. This includes robust 

mechanical properties and hierarchical pore arrangements for energy storage, as well as 

nutrient transfer in tissues [48]. While 3D-printed porous networks outperform counterparts in 

various applications, the optimization of ink for 3D printing remains incomplete [48]. 

Optimized ink design and rheological behavior are expected to enhance the performance of 

multi-scale porous networks [48]. This also opens doors for novel applications such as 

triboelectric-based energy harvesting, solar energy storage, and carbon dioxide capture [48]. 

Despite promising advancements, current applications like 3D-printed batteries and bones are 

in their early stages and require in-depth research to ensure long-term stability, especially in 

challenging environments [48]. In-depth studies on degradation mechanisms and side effects, 

particularly for 3D-printed multi-scale porous structures, could offer meaningful insights. 

 

1.3. High Internal Phase Emulsions / Polymerized High Internal Phase 

Emulsions (HIPEs / PolyHIPEs) 

 

PolyHIPEs are a type of porous polymers known as polymerized emulsion-templated high 

internal phase emulsions (HIPEs) [49]. Emulsions are classified as high internal phase 

emulsions when the internal phase, dispersed within the continuous phase, exceeds 74% of the 

total volume  [49], [55], [56]. When preparing HIPEs, two immiscible liquids, the internal 

phase and continuous phase, are mixed by gradually adding the internal phase to the continuous 

phase. The internal phase is then removed through solidification of the emulsion, resulting in 

a porous structure [57]. Figure 1.6 presents the production step of polyHIPEs. The 

solidification process can be done through light, a redox-based polymerization, or heat [58].  
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Figure 1. 6. Production steps of polyHIPEs. (A, B) The gradual addition of the internal phase 

into the continuous phase while the system is mixed, (C) polymerization of the high internal 

phase emulsion (HIPE), (D) 2D projection of PolyHIPE, (E-G) the formation of the pores and 

windows, and (H) scanning electron microscope image of the PolyHIPE. Adapted from [57] 

Copyright 2020. 

 

1.3.1. High Internal Phase Emulsion Stabilization   

PolyHIPEs are created from stable HIPEs formulated with stabilizing agents to reduce the 

interfacial tension between the continuous phase and the internal phase [49], [57], [59], [60]. 

If the interfacial tension is high, achieving the desired porous microstructure may be 

challenging. To address this issue, surfactants or particles can be used as stabilizers, as 

emulsions are thermodynamically unstable [61]. 

Typically, surfactants, which have a water-soluble (hydrophilic) head and an oil-soluble 

(hydrophobic) tail, are considered amphiphilic compounds, and are preferred as stabilizers.  

[57], [60]. Surfactants ensure the formation of a continuous film around the inner phase, which 

can either be the continuous phase in a water-in-oil (W/O) emulsion or the internal phase in an 
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oil-in-water (O/W) emulsion. This continuous film stabilizes the emulsion and reduces 

interfacial tension [57]. Figure 1.7A illustrates surfactant-stabilized emulsions. Additionally, 

surfactant types can be classified as anionic, cationic, non-ionic, or amphoteric, depending on 

the charge of the water-soluble head [57]. The amount of surfactant used to prepare the 

emulsion affects its stability and the microstructure and properties of polyHIPEs [57], [58].  

When emulsions are stabilized using microparticles or nanoparticles placed at the interface 

between the continuous phase and the internal phase, they are referred to as Pickering 

emulsions [57], [60]. [57]Oil-wetted particles stabilize water-in-oil emulsions, while water-

wetted particles stabilize oil-in-water emulsions, depending on the wetting properties of the 

particles. The schematic diagram of particle-stabilized emulsions is shown in Figure 1.7B. This 

stabilization method is less effective than surfactant stabilization because particles tend to 

disperse in the phase they are wetted by if they are not wetted by both phases [57], [60].   

 

 

Figure 1. 7. (A) Surfactant-stabilized and (B) particle-stabilized emulsions. Adapted from [57] 

Copyright 2020. 
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1.3.2. Polymerization Mechanisms 

PolyHIPEs are primarily synthesized from monomers such as styrenes, methacrylates, and 

acrylates, using free radical polymerization [49], [57], [59], [62]. Free radical polymerization 

can be initiated by photoinitiators, thermal methods, or redox reactions [57]. Typically, this is 

a chain-growth polymerization reaction where monomers are added one by one to a growing 

polymer chain. 

Another polymerization mechanism is step-growth polymerization, where polymerization 

occurs through multifunctional monomers initially reacting to form dimers. These dimers then 

further react to form higher molecular weight oligomers. Condensation polymerization 

commonly follows this process. PolyHIPEs produced through condensation polymerization 

have had limited success [62]. Although this polymerization mechanism results in higher 

density and fewer interconnections in porous structures, successful production of polyurethane-

based PolyHIPEs has been reported in the literature [62], [63]. 

Additionally, ring-opening polymerization is a relatively recent method that can be employed 

for the polymerization of ε-caprolactone and L-lactide-based HIPEs [57]. 

1.3.3. Polymerized High Internal Phase Emulsion Morphology 

The morphology of polyHIPEs includes pore size, pore shape, pore interconnectivity, and the 

size of interconnecting holes [60]. Pore interconnectivity is a significant morphological 

property because it plays a crucial role in determining the applications of polyHIPEs [60]. 

Based on pore interconnectivity, polyHIPEs are categorized into two types: open-cell structures 

and closed-cell structures [60]. The pore size of polyHIPEs typically falls within the range of 

1-150 µm [57]. 

The morphology of polyHIPEs can be controlled by adjusting the concentration of the 

stabilizer, the amount of internal phase, and the mixing speed [57], [60], [62]. Although the 

degree of porosity is primarily controlled by the internal phase, the volume of the internal phase 

may not always equal the percentage porosity measured after curing [57], [60], [62]. This 

discrepancy is because polyHIPE objects can shrink during drying or swell when washed with 

solvents [57]. Furthermore, the surfactant, acting as a stabilizer, plays a crucial role in 
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determining the porous structure. The concentration of surfactant can determine whether 

polyHIPEs will have an open-cell structure or a closed-cell structure [62].  

1.3.4. Rheological, Physical, and Mechanical Properties 

Rheologically, HIPEs are viscous emulsions in which viscosity depends on the concentration 

of the internal phase, the composition of the continuous phase, and mixing speed [49], [57]. 

Viscosity is a critical factor as it influences the reproducibility of the fabrication and printing 

quality.  

Physically, the density of polyHIPEs is approximately 0.1 g/cm³, classifying them as low-

density polymeric foams [49], [57]. Higher porosity can be achieved in polyHIPEs to further 

reduce their densities.  

Mechanically, polyHIPEs can exhibit a range of mechanical properties through adjustments in 

their porous morphology and composition [49], [57]. When porosity is increased, mechanical 

properties tend to decrease. Furthermore, enhancing mechanical properties can be achieved by 

increasing pore size and density.   

 

1.4. Additive Manufacturing of PolyHIPEs 

 

The recent interest lies in utilizing additive manufacturing to create inherently porous 

structures. PolyHIPEs, due to their inherent porosity, facilitate the production of 

ultralightweight structures for various applications, including tissue engineering and catalysis. 

They can also serve as templates for fabricating ultralight and inherently porous metallic and 

carbon structures. 

Inherently porous polyHIPEs were fabricated via light-based additive manufacturing by 2 

different research groups in 2013 for the first time, simultaneously. Susec et al. explored the 

use of high internal phase emulsions (HIPEs) in lithography-based additive manufacturing 

using trimethylolpropane triacrylate (TMPTA) as the monomer and thiol-ene-based 

composition for higher toughness (Figure 1.8A) [64].  In the study conducted by Johnson et 

al.,  researchers investigated the use of acrylate-based HIPEs in a micro-stereolithography 
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(μSL) set-up and the research combined micro-stereolithography (μSL) and emulsion 

templating to create large-scale structures with precise micron-scale porosity control, 

integrating additive manufacturing with microstructuring  (Figure 1.8B) [65]. Both 

investigations demonstrated the effective use of light-based additive manufacturing to 

polymerize high internal phase emulsions, resulting in the fabrication of complex porous 

structures that retain a morphology consistent with the bulk photopolymerization of HIPEs. 

This achievement highlighted the potential for manufacturing hierarchical materials through 

this approach.  

In the following research, the four-layer woodpile structured scaffolds were fabricated from 

acrylate-based HIPEs via a single-photon direct-write micro-stereolithography setup for bone 

tissue engineering applications for the first time  (Figure 1.8C) [66]. This study also showed 

that by varying ratios of EHA and IBOA monomers and overall porosity, the mechanical 

properties of the PolyHIPEs could be tuned. Furthermore, same research group were 

investigated hydroxyapatite (HA) containing acrylate-based HIPEs by using the same 

technique  (Figure 1.8D) [67]. According to this research, the inclusion of HA particles 

improved the polyHIPEs’ mechanical characteristics, specifically the Young's modulus and 

maximum stress at yield. Importantly, the inclusion of HA did not disrupt the phase separation 

or the porous microstructure of the HIPE. Similarly, Malayeri et al. fabricated inherently 

porous woodpile structure from acrylate-based HIPEs by using a single-photon direct-write 

micro-stereolithography setup to structurally mimic the trabecular bone for osteosarcoma-

based 3D cell culture  (Figure 1.8E) [68]. The researchers mentioned that these polyHIPE 

scaffolds were modified using acrylic acid plasma polymerization, displaying enhanced 

biocompatibility over extended periods, and facilitating the proliferation of osteosarcoma cells 

in a manner resembling in vivo conditions. This implied their potential uses in regenerative 

medicine for replicating tissue structures and simulating tumor behavior.  
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Figure 1.8. Examples of polyHIPE structures fabricated via light-based additive 

manufacturing. Additively manufactured polyHIPE structures for the first time (A) Adapted 

with permission from [64] Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA and (B) 

Adapted with permission from [65] Copyright 2013 WILEY-VCH Verlag GmbH & Co. 

KGaA. Additively manufactured woodpile polyHIPE structures (C) Adapted with permission 

from [66] Copyright 2013, (D) Adapted with permission from [67] Copyright 2016 Elsevier, 

(E) Adapted from [68] Copyright 2016, and (F) Adapted from [69] Copyright 2018. 
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Interestingly, Sherborne et al. observed that challenges arise from the HIPEs' light-scattering 

nature, resulting in lower resolution and the formation of a closed porosity 'skin' layer on the 

surface  (Figure 1.8F) [69]. Their study aimed to improve resolution and minimize skin 

formation using acrylate-based HIPEs with a UV light-absorber (UV-234 or Tinuvin®234) 

through light-based additive manufacturing. The results demonstrated that the addition of this 

absorber enhances resolution, reduces skin formation, and promotes cell proliferation. It was 

found that the incorporation of light absorbers holds potential for enhancing the resolution of 

PolyHIPE structures, making them appropriate materials for tissue engineering and cell culture 

applications.  

Thanks to recent advancements in additive manufacturing, several commercially available 3D 

printer options have emerged, primarily relying on vat photopolymerization additive 

manufacturing. Notably, the same two research groups that pioneered the use of light-based 

AM setups to produce polyHIPEs achieved another milestone in 2023 by utilizing HIPEs on 

commercial light-based 3D printers simultaneously for the first time. 

In the one of them, researchers developed a reactive thiol-ene high internal phase emulsion 

using specific monomers (1,6-hexanediol diacrylate and tris 2-(3-mercaptopropionyloxy)ethyl 

isocyanurate) for light-based additive manufacturing, resulting in highly porous and 

customizable polyHIPE materials  (Figure 1.9A) [70]. The main objective of this formulation 

was to enable shorter exposure times and reduce the amount of photoinitiators, all while 

avoiding the use of harmful solvents for scalability. The addition of a selected thiol as a chain-

transfer agent improved the flexibility of the acrylate-based system and reduced oxygen 

inhibition.  
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Figure 1.9. Examples of intricate polyHIPE structures fabricated via light-based additive 

manufacturing. (A) Adapted with permission from [70] Copyright 2023, Mary Ann Liebert, 

Inc., (B) Adapted from [71], and (C) Adapted from [72]. 

 

In the other study, Sengokmen Ozsoz et al. focused on optimizing acrylate-based HIPEs to use 

in commercial vat photopolymerization additive manufacturing, which employs a 405 nm LED 

source and DLP projector for high-resolution printing by using various amounts of beta-

carotene (hydrophobic) and tartrazine (hydrophilic) as light absorbers  (Figure 1.9B) [71]. The 

research emphasized a significant enhancement in improving the 3D printing resolution of 

polyHIPEs for fabricating intricate porous polymer structures. This was achieved by utilizing 

a blend of beta-carotene and tartrazine as light absorbers. Moreover, the study found that it is 

practical to fabricate intricate inherently porous polymers using commercial stereolithography, 

revealing a wide range of potential applications.  

In addition, the same research group used their optimized HIPE resin to create inherently 

porous lattice structures utilizing a different commercial 3D printer that works on the same 
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principle  (Figure 1.9C) [72]. Then, they focused on using these polyHIPEs as templates for 

electroless nickel plating to create ultra-porous metal-based lattice structures with a consistent 

wall thickness. The research aimed to optimize the electroless nickel plating process on 

polyHIPEs and investigate the effects of different atmospheres during the heating process to 

remove/carbonize the polyHIPE templates. The study demonstrated the potential of using 

intricate polyHIPE structures as templates to produce ultra-porous metal-based lattices for 

diverse applications. 

Another additive manufacturing technique to fabricate polyHIPEs is extrusion-based AM. Up 

to 2016, the use of HIPEs as vat photopolymerization additive manufacturing resins were only 

investigated. Their use as extrusion-based additive manufacturing inks was studied by Sears et 

al. for the first time in 2016  (Figure 1.10A) [73]. The researchers used methacrylate monomers 

(DUDMA and PPGDMA) to prepare the emulsion ink. 3D-printed polyHIPE constructs were 

created using extrusion-based additive manufacturing. The utilized emulsions exhibited a 

tendency for shear-thinning behavior, allowing them to be deposited layer-by-layer. UV 

polymerization through the cure-on-dispense technique was applied to each layer, resulting in 

complex scaffolds featuring internal lattice structures and microscale porosity. The study 

emphasized the notable impact of viscosity and cure rate on the precision of the printing 

process. The same research group investigated the use of HIPEs for multi material printing to 

fabricate bone grafts by modifying their extrusion-based printer  (Figure 1.10C) [74]. In the 

study, propylene fumarate dimethacrylate (PFDMA) was utilized as the material for creating 

bone grafts due to its compatibility with living tissues and its capability to facilitate bone 

growth. A novel technique was introduced to manufacture bone grafts, involving a combination 

of PFDMA polyHIPEs, known for their hierarchical porosity, and a robust outer layer made 

from either poly(ε-caprolactone) (PCL) or poly(lactic acid) (PLA). This innovative approach 

was made possible by a multi-mode printing setup that integrated paste extrusion and 

thermoplastic extrusion methods. This resulted in scaffolds with enhanced strength, thereby 

promoting the vitality and proliferation of cells.  
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Figure 1.10. Examples of polyHIPE structures fabricated via extrusion-based additive 

manufacturing. (A) Adapted with permission from [73] 2016 WILEY-VCH Verlag GmbH & 

Co. KGaA, (B) Adapted with permission from [75] Copyright 2017 American Chemical 

Society, (C) Adapted with permission from [74] Copyright 2017 IOP Publishing Ltd, (D) 

Adapted with permission from [76] Copyright 2017 American Chemical Society, and (E) 

Adapted from [77] Copyright 2020.  

 

Particle-stabilized HIPEs (Pickering HIPEs) can also be considered as potential printing 

resins/inks, just like surfactant-stabilized HIPEs. 

Extrusion-based additive manufacturing was utilized by Yang et al. to create inherently porous 

cuboid scaffolds with a consistent macroporous structure from Pickering HIPEs for the first 

time  (Figure 1.10B) [75]. These Pickering polyHIPE scaffolds, intended for drug delivery 

applications, consisted of a polymer matrix incorporating poly(L-lactic acid) (PLLA) and 

poly(ε-caprolactone) (PCL). The manufacturing process included the solvent evaporation of 

3D printed Pickering HIPEs, which were stabilized with hydrophobically modified silica 
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nanoparticles (h-SiO2). Another study focused on the use of Pickering HIPEs in extrusion-

based additive manufacturing was performed by Ghosh et al  (Figure 1.10D) [76]. They 

employed poly(ε-caprolactone) (PCL)-based HIPEs stabilized with hydrophobically modified 

nanoclay particles to print woodpile structure for bone tissue engineering applications. The 3D-

printed scaffold's characteristics including morphology, mechanical properties, 

biomineralization, drug release, and cell viability, were investigated. The findings suggest that 

these scaffolds hold promise for bone tissue engineering and controlled drug delivery, 

showcasing their versatility and potential for applications in bone implants and other fields. 

HIPEs can also be used as printing materials for functional purposes. An interesting study 

demonstrating this  was carried out by Wenger et al., focusing on using enzyme-laden 

hydrogel-filled acrylate-based HIPEs in extrusion-based additive manufacturing to fabricate 

biocatalytic reactors  (Figure 1.10E) [77]. The prepared HIPEs as printing inks exhibited 

excellent printability for intricate structures, eliminating the requirement for support material. 

The research demonstrated the potential of HIPEs for enzyme-containing bioinks in 3D 

printing, thereby improving the efficiency of biocatalytic reactors.  

In conclusion, over the past decade, surfactant-stabilized and particle-stabilized HIPEs have 

been employed as printing resins/inks in light-based and extrusion-based additive 

manufacturing to fabricate intricate inherently porous structures for a wide range of potential 

applications. The studies conducted so far have shown significant advancements in this field. 

 

1.5. Applications of polyHIPEs 

 

There is an increasing body of research on polyHIPE materials that show that polyHIPEs could 

be utilized in numerous potential applications. Indeed, the original patent from Unilever 

highlighted air filters, catalyst supports and insulation materials as applications [78].  

The recent studies demonstrated that the most widely studied polyHIPE applications involve 

adsorption, absorption, and catalysis, followed by exploring polyHIPE scaffolds for tissue 

engineering and controlled release [60]. There is also recent interest in utilizing polyHIPEs for 

thermal and acoustic insulation purposes [60]. 
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1.5.1. Adsorption and Absorption  

The recent emphasis has broadened the application spectrum of hydrophobic polyHIPEs 

beyond their original use in absorption-related contexts, extending from the absorption of 

bodily fluids to the removal of pollutants from water [60]. Their hierarchical porous structure, 

facilitating fluid passage with minimal resistance and adaptable surface chemistry, implies 

promising opportunities for extensive industrial adoption and potential commercialization.  

The domain of aqueous solution absorption remains a focal point, with both hydrophobic and 

hydrogel-infused polyHIPEs under scrutiny for their efficacy in absorbing water and various 

solutions [60]. Particularly noteworthy is the swelling-driven expansion of voids in hydrogel-

incorporating polyHIPEs [79], leading to effective absorption of substantial amounts of water 

and synthetic urine (Figure 1.11A) [80]. Additionally, the utility of polyHIPEs in the 

extraction/purification of aqueous solutions [81], [82], [83], [84], [85], [86], [87], [88], [89] 

and the separation of water-oil mixtures [90], [91], [92] has been substantiated. These 

applications harness the inherent benefits of polyHIPEs, encompassing their high capacity for 

accommodating large quantities, consistent performance, and enduring stability. Investigations 

into gas adsorption and permeability underscore the potential of polyHIPEs in capturing and 

storing carbon dioxide [93], [94]. Refinements in surface chemistry and the inclusion of 

materials with substantial surface areas have bolstered the CO2 adsorption capabilities [95]. 

Notably, the permeabilities of nitrogen gas exhibit variability influenced by factors like pore 

diameter interconnections and surface chemistry, potentially holding implications for gas 

permeability applications [96], [97]. 

1.5.2. Flow-Through Reactions and Catalysis 

Various polyHIPEs have been investigated for facilitating flow-through reactions and catalytic 

supports. The effectiveness of polyHIPEs in supporting catalysts was conditional upon various 

factors, including the characteristics of the catalyst itself, its integration onto polyHIPE 

surfaces, and its availability [60]. For instance, a polyHIPE membrane containing Metal-

Organic Frameworks (MOF) exhibited notable success in enabling Friedel−Crafts alkylation 

of p-xylene (Figure 1.11B) [98]. Hydrophobic polyHIPEs were employed as stationary phases 

in chromatography [99], catalyst supports for reduction reactions [100], and coatings for 

electrochromatography separation columns [101]. Additionally, polyHIPE catalysts featuring 
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acid−base sites exhibited promise in catalyzing the conversion of cellulose [102], while 

polyHIPEs incorporating catalytic gold nanoparticles effectively facilitated the reduction of 4-

nitrophenol [103]. These applications collectively underscore the remarkable adaptability and 

efficiency of polyHIPEs across a wide spectrum of catalytic processes. 

1.5.3. Release and Encapsulation 

Applications related to absorption and adsorption frequently require the recovery of sorbates 

to enable the reuse of sorbents [60]. In contrast, the utilization of polyHIPEs in controlled 

release entails the integration of substances intended for release within the voids. 

Noteworthy findings from release behavior investigations emphasize the profound influence of 

the porous structure, exemplified by the liberation of water-soluble dyes from hydrogel-

incorporating polyHIPEs (Figure 1.11C) [104], [105]. The encapsulation of liquids is pivotal 

in sectors like pharmaceuticals and cosmetics [60]. Some polyHIPEs possess closed-cell 

configurations, enabling straightforward removal of the internal phase [59], [106]. Recently, 

elastomeric polyHIPEs characterized by their closed-cell architecture have been engineered, 

showcasing impressive water retention and resistance to compression [59]. These advances 

have found applications in areas such as controlled-release fertilizer and the storage of thermal 

energy. 
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Figure 1.11. Examples of the applications of polyHIPEs. (A) Absorption, Adapted with 

permission from [80] Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, (B) 

Catalysis, Adapted with permission from [98] Copyright 2016 WILEY-VCH Verlag GmbH & 

Co. KGaA, (C) Release, Adapted with permission from [109] Copyright 2010 Elsevier Ltd, 

(D) Shape memory, Adapted with permission from [107] Copyright 2015 Elsevier Ltd, (E) 

Beads, Adapted with permission from [108] Copyright 2015, Springer Science Business Media 

Dordrecht. 

1.5.4. Tissue Engineering Scaffolds 

Macroporous structures find significant relevance in diverse biomedical applications like 3D 

cell culture, tissue engineering, and controlled release [60]. However, their adoption in the 

biomedical sector necessitates meeting stringent criteria for material purity and 

biocompatibility. A crucial challenge lies in eliminating residual external phase constituents 

while preserving the porous structure. Tissue engineering utilizing polyHIPEs has witnessed 

progressive evolution, particularly in the field of 3D cell culture scaffolds.  
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Noteworthy advancements include polyesters [109], [110], [111], [112], [113], [114], 

polymethacrylate  hydrogels [115], polyacrylates [67], and polyacrylamide [116], [117] 

characterized by biocompatibility and cytocompatibility. Emerging research avenues involve 

integrating bioactive nanoparticles, such as hydroxyapatite, to enhance the mechanical 

attributes and bioactivity of polyHIPEs [67], [109], [110], [111]. Innovations in advanced 

polymer chemistries and additive manufacturing techniques hold substantial promise for 

fabricating intricate shapes tailored to tissue engineering needs [64], [67], [73]. Another 

interesting point is the development of injectable HIPEs that undergo in-body reactions to yield 

polyHIPEs, necessitating biocompatible components and physiological temperature 

responsiveness [109], [114], [118], [119]. The outlook for realizing commercial applications 

of polyHIPEs in tissue engineering remains promising. 

1.5.5. Shape Memory Materials 

Shape memory polymers find extensive application, particularly in the biomedical field, 

offering the demand for minimally invasive implantation [120]. These polymers commonly 

incorporate a reversible transition element to uphold temporary configurations and a restoration 

element for reverting to their original forms. The reversible transition can be predicated on 

temperature parameters like glass transition (Tg) or melting point (Tm), while the restoration 

mechanism may entail cross-linking or higher transition temperatures. The growing repertoire 

of intricate macromolecular structures within polyHIPEs presents an avenue for innovating 

novel shape memory systems. Illustratively, shape memory polyHIPEs fabricated from 

(meth)acrylates featuring crystallizable aliphatic side chains adopt temporary shapes at 

elevated temperatures, regaining their original forms through elastomeric networks [121], 

[122]. The emergence of shape memory hydrogel-filled polyHIPEs exhibiting swift recovery 

kinetics, particularly when immersed in heated water, underscores the potential in this domain 

(Figure 1.11D) [107].  

1.5.6. Membranes and Beads 

PolyHIPEs provide the benefit of facilely fabricating monolithic forms, aided by methods like 

doctor blading tailored for membrane uses [123]. Notably, polyHIPE beads incorporating 
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photocatalytic TiO2 nanoparticles exhibited robust efficacy in wastewater treatment, sustaining 

performance throughout successive cycles (Figure 1.11E) [108]. 

1.5.7. Porous Carbons and Porous Inorganics 

The primary focus of porous carbons and inorganic substances derived from polyHIPEs has 

been on adsorption applications, leveraging the extensive surface areas resulting from micro- 

and meso-porosity [60]. Carbons derived from polyHIPE precursors, such as styrene, DVB, 

and VBC, offer hierarchical porosity that facilitates efficient substance transport [124]. 

Processes like carbonization, hyper-cross-linking, porogen removal, and activation contribute 

to their high surface areas and conductivity. Porous carbons derived from polyHIPEs have 

demonstrated efficacy in dye adsorption [125], vapor adsorption [126], and supercapacitor 

electrodes [127]. Moreover, porous Si(HIPE)s exhibited potential for biotechnological uses, 

particularly in bacterial colonization applications [128]. 

1.5.8. The use of PolyHIPEs as templates to fabricate intricate ultra-porous 

metallic/carbon/ceramic structures 

With the help of the latest developments in the use of HIPEs in additive manufacturing (AM), 

polyHIPEs have emerged as promising materials for fabricating intricate, ultra-porous 

structures made of metals, carbon, or ceramics. This is a relatively new and open-ended field 

with vast potential for innovative applications and sustainability.  

In this context, the use of HIPEs as printing resins in this thesis has been thoroughly 

investigated and optimized to create inherently porous, intricate structures. Furthermore, their 

potential in fabricating complex, ultra-porous structures combining metals and carbon has also 

been explored.  

 

1.6. Aim and Objectives 

 

The aim of this PhD thesis is to explore and optimize the use of High Internal Phase Emulsions 

(HIPEs) as vat photopolymerization additive manufacturing (AM) resins to create intricate 
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lightweight porous materials and to investigate their potential to fabricate inherently porous 

metal-based and carbon structures. This is achieved by: 

1. Investigating the incorporation of light absorbers, hydrophobic beta-carotene and 

hydrophilic tartrazine molecules, into HIPE-based resin to enhance printing resolution 

in commercial vat photopolymerization additive manufacturing. 

2. Assessing the compatibility of HIPE-based resin with commercial 3D printers based on 

vat photopolymerization, ensuring stability throughout the printing process and 

achieving the porous polyHIPE structure with open surface porosity. 

3. Optimizing the electroless nickel plating process on polyHIPEs and investigating the 

effects of different atmospheres during the heating process to remove the polyHIPE 

template from metallized 3D-printed polyHIPE lattice structures. 

4. Investigating the pyrolysis of 80%, 85%, and 87.5% porous polyHIPE lattices at various 

temperatures to fabricate porous carbon structures and evaluating their mechanical 

properties. 
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CHAPTER 2 

Optimization of a High Internal Phase Emulsion (HIPE) 

based resin for use in commercial vat photopolymerization 

additive manufacturing 

 

Abstract 

High internal phase emulsions (HIPEs) are potential stereolithography-based resins for 

producing innovative lightweight porous materials; however, the use of these resins has only 

been shown in bespoke stereolithography setups. These studies indicated that  HIPEs tend to 

scatter the light during structuring via stereolithography, and can produce poorly defined, and 

low-resolution structures, but the inclusion of light absorbers can drastically increase the 

printing resolution. In this study, we focused on the inclusion of biocompatible light absorbers 

within the resin and the compatibility of those resins with a commercial vat 

photopolymerization additive manufacturing (or stereolithography) setup. A surfactant 

(hypermer) stabilized water-in-oil emulsion based on 2-ethylhexyl-acrylate and isobornyl-
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acrylate was used. For the light absorbers, both hydrophobic (beta-carotene) and hydrophilic 

(tartrazine) molecules were used, which dissolve in the organic phase and aqueous phase, 

respectively. It was found that using a combination of both beta-carotene and tartrazine 

provided the best stereolithography-based 3D printing resolution. Additionally, the emulsion 

was stable for the duration of the printing process and showed a porous polyHIPE structure 

with open surface porosity. The formulation of these HIPE-based resins permits them to be 

used in a wide range of applications since complex structures could be fabricated from HIPEs. 

 

Keywords: PolyHIPE, Vat photopolymerization, Stereolithography, 3D printing, Light 

absorber 

 

2.1. Introduction 

 

From the 1990s onwards, there has been an increased interest in the manufacture of porous 

polymer structures because of their flexibility of design, and relatively easy and low-cost 

manufacture [49], [50], [51], [52], [53], [129]. Primarily, research in porous polymers focused 

on producing polymers with tunable physical properties, well-defined tunable porosities from 

micrometer to millimeter size and high surface areas. This led to a variety of potential 

applications, for example, filter materials, catalyst support, or scaffold materials in tissue 

engineering and 3D cell culture [49], [54].  Porous polymers can also be used as templates for 

the manufacturing of porous metals, ceramics, carbons, and composites [49]. 

One versatile technique to produce porous polymers is emulsion templating where an emulsion 

of a pre-polymer or polymer solution continuous phase is combined with water as dispersed 

phase. During the process the polymer sets, and the water is removed to obtain the remaining 

polymer network template formed by the emulsion. When using large amounts of internal 

phase (over 74% of the total volume) and a suitable emulsifying surfactant, this process 

produces High Internal Phase Emulsions (HIPEs) [49], [55], [56], [130]. These are templates 

to produce highly porous polymer structures (polyHIPEs) with potentially interconnected 

porosity [49]. PolyHIPEs can be shaped via traditional manufacturing techniques such as 
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casting (molding) to make structures with low design complexity and flexibility, where post -

processing can be applied to create complex structures [73], [131]. An interesting novel route 

to shape polyHIPEs is via combining emulsion templating with additive manufacturing. This 

allows single-step manufacturing of inherently porous and lightweight complex structures with 

little to no post-processing [65], [66], [69].  

Currently, additive manufacturing is emerging as an industrial manufacturing technique to 

fabricate three-dimensional objects directly from computer-aided design (CAD) files through 

layer-by-layer manufacturing, originally invented in the 1980s [1], [2]. Additive manufacturing 

is a general term for a group of technologies, also known by the public as 3D printing. Additive 

manufacturing technologies are mainly divided into seven categories according to the 

terminology set out by ISO/ASTM 52900: 2015 [2], [7]. These categories are binder jetting, 

directed energy deposition, material jetting, powder bed fusion, sheet lamination, material 

extrusion, and vat photopolymerization. Material extrusion (fused deposition modelling) and 

vat photopolymerization (stereolithography) are used for the additive manufacturing of 

polymer materials and have both been used to build porous polyHIPE 3D structures [65], [66], 

[67], [69], [74]. In these studies, bespoke emulsions were prepared by mixing water with 

suitable monomers, surfactants, crosslinkers, and photoinitiators and were printed on 

experimental in-house setups. However, to our knowledge, their printability in commercial 

stereolithography-based 3D printers has not been demonstrated. 

Even though additive manufacturing allows the manufacturing of complex polyHIPE 

structures, HIPE-based resins tend to scatter light during structuring via stereolithography [69]. 

Therefore, this can cause the production of poorly defined, low-resolution structures. 

Improving the resolution by using light absorbers has previously been reported by Choi and 

Wicker in standard non-porous stereolithography resins [132], and by Sherborne et al. in 

emulsion-based resins [69]. Sherborne et al. used Tinuvin 234 as a light absorber to reduce the 

resolution in a house-built stereolithography set-up to 200 µm for HIPE-based inks by reducing 

the light scattering arising in the focal point. Additionally, it was observed that the surface of 

the structures without light absorbers was non-porous, which was attributed to surface skin 

from the poorly cured polymer in the scattering region. The surface skin reduced the 

functionality of the structures, especially in applications that depend on surface porosity (e.g., 

cell culture scaffolds). 
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In this study, the use of high internal phase emulsions as potential 3D printing resins for 

producing inherently porous structures with a commercial vat photopolymerization-based 3D 

printer (Kudo 3D Titan2 HR) was investigated. This set-up integrates a 405 nm LED source 

and a DLP projector to project high-resolution images (up to 25 µm) on a 10.2 cm × 7.4 cm 

build platform [133]. It illuminates the sample from the bottom through a transparent base and 

a thin layer of uncured resin on the z-translation platform (bottom-up setup). In this bottom-up 

setup, there are 3 steps: a curing step, a pull-off step where the z-platform translates to pull the 

reacted resin from the transparent base, and a third step where the build platform moves back 

to produce the next layer. This convoluted sequence of steps for each layer could have 

significant consequences for emulsion stability and porosity, and this has been studied in detail 

in this publication.  

We aimed to investigate the effects of two light absorbers on mainly the printing resolution and 

porous microstructure. Beta-carotene and tartrazine were used, which are biocompatible light 

absorbers, as highlighted in previous literature [134]. Beta-carotene is a hydrophobic 

compound, while tartrazine is hydrophilic. Accordingly, beta-carotene resides in the organic 

phase, whereas tartrazine is retained in the aqueous phase. This study explores the overall 

effects of hydrophobic and hydrophilic light absorbers in these emulsions and determines 

whether employing both together has any advantages over using each one separately. 

 

2.2. Experimental 

2.2.1. Materials 

2-ethylhexyl acrylate (EHA), isobornyl acrylate (IBOA), trimethylolpropane triacrylate 

(TMPTA), 2 different forms of photoinitiators; diphenyl (2,4,6- trimethyl benzoyl)-phosphine 

oxide (in crystal form) and 2-hydroxy-2-methyl propiophenone (in liquid form), beta-carotene 

(synthetic, ≥93% (UV), powder), and tartrazine (dye content ≥85 %) were all purchased from 

Sigma Aldrich. The surfactant Hypermer B246-SO-M was kindly donated by Croda.  
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2.2.2. Preparation of High Internal Phase Emulsions 

37.30 wt% 2-ethylhexyl acrylate (EHA), 37.30 wt% isobornyl acrylate (IBOA), 16.40 wt% 

trimethylolpropane triacrylate (TMPTA) (crosslinker), and 9.00 wt% Hypermer B246-SO-M 

(surfactant) were mixed to form the continuous organic phase. This mixture was heated using 

a heat gun until the surfactant was dissolved at 50°C. Afterwards, photoinitiators were added 

to the continuous phase at 2.5 wt% in crystal form and at 2.5 wt% in liquid form. The solution 

was heated to 40°C for 5 minutes to dissolve the photoinitiator, which is in crystal form.  

HIPEs containing beta-carotene and tartrazine were fabricated by adding both to the continuous 

phase before the addition of the photoinitiator. Beta-carotene was added from 0.1 to 1.0 wt% 

(of the continuous phase), and tartrazine was added from 0.1 to 0.4 wt% (of the continuous 

phase) in increments of 0.1 wt% (Table 2.1). 

Finally, 80 vol.% of distilled water, dH2O, (the internal phase) was added to the continuous 

phase to form an emulsion. The water was added dropwise while stirring the emulsion at 300 

rpm (SciQuip-Pro 40 stirrer). 

 

Table 2. 1. EHA, IBOA, TMPTA, hypermer, beta-carotene, and tartrazine ratio (wt%) 

 

 

Samples 

Organic Phase Light absorbers 

EHA 

(wt %) 

IBOA 

(wt 

%) 

TMPTA 

(wt %) 

Hypermer 

(wt %) 

Beta-

carotenea 

(wt %) 

Tartrazinea 

(wt %) 

Pure 37.30 37.30 16.40 9.00 - - 

Beta-carotene 37.30   37.30 16.40 9.00 0.10 to 1.00 - 

Tartrazine 37.30 37.30 16.40 9.00 - 0.10 to 0.40 

Blend 37.30 37.30 16.40 9.00 0.40 1.00 

aBeta-carotene and tartrazine concentration with respect to the organic phase 
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2.2.3. 3D Printing of High Internal Phase Emulsions  

PolyHIPE structures were 3D printed using a commercially available, desktop 3D printer 

(Kudo 3D Titan2 HR). The 3D printer employed the vat polymerization technique and 

combined stereolithography (SLA) and digital light projection (DLP) methods using a 405 nm 

light source.  

Computer-aided design (CAD) was used to produce the structures for 3D printing (SolidWorks 

2018). These were formatted as .stl files and then prepared for 3D printing and sliced using 

Creation workshop (version 1.0.0.75).   

2.2.4. 5×5 mm cylinders for the optimization of the light absorber content  

Cylinder samples, 5 mm diameter × 5 mm height, were 3D printed and used to optimize the 

amounts of light absorbers in the emulsion. These cylinders contained 233 layers with a base 

and supports after slicing (Figure A2). Initially, the HIPE containing no beta-carotene or 

tartrazine, further denoted as “pure”, was used to 3D print the polyHIPE cylinders. Printing 

parameters (exposure time, lifting speed, lifting height, etc.) were varied to achieve the best 3D 

printing performance (the final parameters and overall print time are listed in Table A1 and 

Table A18, respectively). After determining the most suitable 3D printing parameters for the 

pure HIPE, HIPEs including beta-carotene and tartrazine at varying concentrations were used 

to 3D print the polyHIPE cylinder structures. Additionally, the 3D printing parameters were 

modified slightly to achieve the best results when including the light absorbers (Tables A2-

A4,A18). Once 3D printing was completed, the cylinders were washed with acetone to remove 

non-polymerized HIPE and then air-dried. 

2.2.5. Investigation of the 3D printing resolution 

Various calibration objects were 3D printed using the HIPEs to determine the resolution that 

could be achieved.  

A calibration object including 5 mm-high posts of 3 mm, 2 mm, 1 mm, and 0.5 mm diameters 

was 3D printed from the pure HIPE and then from HIPEs that contained the optimized amounts 

of beta-carotene, tartrazine, and a blend (0.4% beta-carotene and 0.1% tartrazine) (Figure A5 

and Tables A12-A15, A18). 
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Additionally, cylinders, 5 mm diameter × 5 mm and 10 mm height, having 15°, 30°, and 45° 

inclines were also 3D printed from the pure HIPE and the HIPE containing the optimized 

amounts of beta-carotene, tartrazine, and a blend of them (Figures A3, A4 and Tables A5-A11, 

A18). 

2.2.6. Pyramid and Buckyball structures 

3D designs of pyramid and buckyball structures were obtained from thingiverse.com [135], 

[136]. These 3D-designed structures were fabricated from HIPEs containing a blend of beta-

carotene and tartrazine to demonstrate the usability of HIPEs as 3D printing materials for 

producing complex geometric structures (Figures A6, A7 and Tables A16-A18).  

 

2.3. Characterization of HIPEs and polyHIPEs 

2.3.1. UV/Vis Spectrometer 

A Jenway 6305 spectrophotometer was used to measure the light absorbance of optimized 

amounts of light absorbers at 405 nm using 10 mm disposable UV cuvettes. Beta-carotene was 

dissolved in the organic phase (hydrophobic compound), while tartrazine was dissolved in the 

aqueous phase (hydrophilic compound). Absorbances were measured against blank samples of 

the organic and aqueous phases for beta-carotene and tartrazine, respectively. 

2.3.2. Scanning Electron Microscopy 

A Tescan Vega3 Scanning Electron Microscopy (SEM) was used to image the cross-section 

and outer surface of 3D-printed polyHIPE samples. Before SEM imaging, samples were gold 

coated to provide conductivity (Edwards S150B sputter coater). ImageJ was used for measuring 

pore diameters, implementing a method that involved initially adding 50 grids to the image. 

This process facilitated precise quantification of pore sizes within the image. Subsequently, 

100 pores were measured for each sample, with 2 pores selected from each grid to determine 

an average. A statistical correction factor of 2/√3 was then applied to the results to account for 

the non-equatorial location of the pore diameter measurements [137], [138].  
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2.3.3. Helium Pycnometry  

The porosity of the polyHIPEs was determined using helium pycnometry. PolyHIPE cylinders, 

5 mm diameter × 5 mm height, were 3D printed from pure HIPE and from HIPEs that contained 

the optimized amounts of beta-carotene, tartrazine, and the blend (0.4% beta-carotene and 0.1% 

tartrazine). These cylinders were examined using an Accupyc 1340 Gas Pycnometer to 

calculate their porosity. The device determined the density and volume (Vpyc) of the samples. 

Equation 2.1 was used to calculate % porosity. Vbulk is the volume of the bulk cylinder sample. 

% 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = (1 −
Vpyc

Vbulk
 ) × 100 

(2.1) 

 

Additionally, equivalent polyHIPE cylinders were also produced from UV-cured HIPEs, 

polymerized using a UV belt curer (GEW Mini Laboratory, GEW engineering UV) with a 100 

W cm-2 UV bulb. Cylinders were cut from UV-cured polyHIPE samples using a 5 mm diameter 

hollow punch. UV-cured polyHIPE cylinders were produced from freshly prepared HIPEs and 

leftover HIPEs (which remained in the printing tank after 3D printing) to demonstrate the effect 

of the two-step up-and-down movement of the printing platform on porosity.  

2.3.4. Statistical Analysis  

All statistical analysis was undertaken in GraphPad Prism (version 8.4.3). One-way ANOVA 

with Tukey’s multiple comparison analysis was applied to assess significant differences. 

Differences were considered significant when p<0.0001. All experiments were repeated three 

times, and the number of replicates (n) is mentioned in the figure legend. 

 

2.4. Results 

2.4.1. UV-Vis Spectrometer 

We aimed to formulate a resin that had a similar amount of light absorbance in the organic 

phase compared to the aqueous phase and to subsequently fine-tune the light absorbance within 
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the respective phases via changing the concentration of the light absorber (beta-carotene and 

tartrazine) and observe any changes in shape fidelity and internal structure. To achieve this, the 

optical absorption of the two different absorbers beta-carotene and tartrazine was measured, 

and their absorptions were recorded at 405 nm for 8 different concentrations, between 2.5 µM 

and 20 µM with 2.5 µM intervals. From the gradient of these plots, (i.e., the experimental 

extinction coefficients at 405 nm) it can be calculated that tartrazine is in general 6.23× more 

absorbent at 405 nm than beta-carotene at the same molar concentration.  

 

Figure 2.1. Extinction coefficient graph of beta carotene and tartrazine samples at 405 nm 

(n=3) 

 

Important to note is that both beta-carotene and tartrazine are natural products, which can have 

batch-to-batch variation (due to impurities) in their absorbance but also time-dependent 

variation, likely because of oxidation. For this reason, the extinction coefficient is regularly 

checked (Figure 2.1) and the concentrations of the light absorbers are adjusted accordingly to 

achieve consistent results. Furthermore, the molecular structures and absorbance spectra of 

beta-carotene and tartrazine can be checked in Figure A1. 
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2.4.2. Optimization of light absorber content and examination of 3D Printing resolution  

Cylinder samples which were fabricated with different amounts of light absorbers, the diameter 

and height values, and the aspect ratio graph of 3D printed 5×5 mm cylinders were presented 

in Figure 2.2.  

The important figures to analyze were their diameter, height, and aspect ratio values, which are 

summarized in Figure 2.2. The shape fidelity of the print will likely be influenced by a 

few distinct and competing processes. As aforementioned, emulsion-based resins can scatter 

the light, which will translate into a larger object size both in the transversal and lateral 

directions of the printed stubs. The printed porous objects also exhibited shrinkage during the 

drying process after printing (Figure A8 and Table A19), which is a result of the water removal. 

Higher shrinkage will likely occur with under-cured objects because of lower cross-linking 

density. The results are highlighted in Figure 2.2. The results indicate that the inclusion of both 

beta-carotene and tartrazine influences the height, width, and aspect ratio of the printed 

structures. The printed cylinders included 1 mm spacer struts to easily disconnect the cylinder 

from the base (Figure A2). This allows for over-curing to occur in the z-direction, and this is 

observed in the cylinder cured without any light absorber (pure) (Figure A8). The aspect ratio 

varies non-linearly with increasing beta-carotene, indicating that the shape fidelity depends on 

a few competing factors as aforementioned. For both light absorbers, there was a maximum 

amount that could be added to the emulsion before print properties decreased. 1.0 wt % beta-

carotene sample did not result in a successful print for beta-carotene, while 0.4 wt % of 

tartrazine addition resulted in a deteriorating structure.   

 

Table 2.2. Diameter (mm), height (mm), and aspect ratio values 

Samples Diameter (mm) Height (mm) Aspect Ratio 

Pure 4.73 ± 0.11 4.95 ± 0.02 0.96 ± 0.02 

0.2 B 4.90 ± 0.04 4.84 ± 0.10 1.01 ± 0.01 

0.4 B 4.89 ± 0.04 4.93 ± 0.05 0.99 ± 0.00 
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0.6 B 4.73 ± 0.06 4.94 ± 0.06 0.96 ± 0.02 

0.8 B 4.53 ± 0.08 4.37 ± 0.01 1.04 ± 0.02 

0.1 T 4.54 ± 0.04 4.68 ± 0.11 0.97 ± 0.03 

0.2 T 4.20 ± 0.02 4.50 ± 0.19 0.93 ± 0.04 

Blend 4.53 ± 0.09 4.60 ± 0.05 0.99 ± 0.03 

 

 

Figure 2.2. (A) 3D printed 5×5 mm cylinders. (B) Diameter and height values of the 3D 

printed 5×5 mm cylinders. (C) The aspect ratio of the 3D printed 5×5 mm cylinders. (n=3) 

 

Overall, the 0.4 % beta-carotene allowed the manufacturing of structures that were closest to 

3D design. The cylinder samples containing 0.4% beta-carotene have a diameter of 4.89 ± 0.04 

mm and a height of 4.93 ± 0.05 mm (n=3) while the 3D model of the cylinder is 5×5 mm height. 

Also, the object with the aspect ratio closest to 1 is the 0.4 % beta-carotene structure. The 0.2 

% beta-carotene structure is near second best with an aspect ratio was 1.01 ± 0.01 and diameter 
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of 4.90 ± 0.04 mm and a height of 4.84 ± 0.10 mm. We also investigated the addition of 

tartrazine to the aqueous phase of the HIPE. In this series, the 0.1% tartrazine provided the best 

results (aspect ratio is 0.97 ± 0.03). Additionally, the combination of both was investigated by 

combining the best ones from each category. Interestingly, the blend samples exhibited shape 

fidelity with an aspect ratio of 0.99 ± 0.03 even though both their diameter (4.53 ± 0.09 mm) 

and height (4.60 ± 0.05 mm) were lower than the pure and beta-carotene samples. The observed 

shrinkage might indicate a lower cross-linking density in the polymer phase due to absorbance 

and is mainly observed in the emulsions that include tartrazine (Table 2.2).    

 

 

Figure 2.3. (A) 3D printed cylinders having 5 mm and 10 mm height, and 15°, 30°, and 45° 

inclines from pure HIPE. (B) 3D printed cylinders having 5 mm and 10 mm height, and 15°, 

30°, and 45° inclines from HIPE that contained 0.4 % beta-carotene. (C) 3D printed cylinders 

having 5 mm and 10 mm height, and 15°, 30°, and 45° inclines from HIPE that contained blend 

(0.4 % beta-carotene and 0.1 % tartrazine). (D) 3D printed cylinders having 5 mm height, and 

15° and 30° inclines from HIPE that contained 0.1 % tartrazine. (E) Calibration object 
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including 5 mm high posts of 3 mm, 2 mm, 1 mm, and 0.5 mm diameters which was 3D printed 

from pure HIPE and HIPEs that contained 0.4 % beta-carotene, 0.1 % tartrazine, and blend (0.4 

% beta-carotene and 0.1 % tartrazine), respectively. (F) 3D printed pyramid structure from 

HIPE that contained blend (0.4 % beta-carotene and 0.1 % tartrazine). (G) 3D printed buckyball 

structure from HIPE that contained blend (0.4 % beta-carotene and 0.1 % tartrazine).  

 

A second test was how well overhangs are recreated in polyHIPE 3D printing. For this purpose, 

various cylinder structures having 5 mm and 10 mm height, and 15°, 30°, and 45° inclines were 

printed and presented in Figure 2.3. As a result, although these cylinder structures were created 

from pure, beta-carotene, and blend categories, only the cylinders having 5 mm height and 15° 

and 30° inclines were obtained in the tartrazine category. 

The 3D-printed structures were examined in terms of resolution, and the best resolution was 

obtained from the blend light absorber category. All 6 cylinders were 3D printed without any 

distortion and over-curing in the structure. On the other hand, pure polyHIPE cylinders 

presented the least optimal results due to their distorted, over-cured structure with a prominent 

layered appearance arising from the printing process. Even though the cylinders containing 0.4 

% beta-carotene showed similarity with pure polyHIPE cylinders, they presented more uniform 

structures except for the sample having 10 mm height and 45° incline. However, the layered 

structure caused by printing was noticeable, though to a lesser extent compared to the pure 

cylinders. Unlike pure and 0.4 % beta-carotene, the cylinders that contained 0.4 % beta-

carotene and the blend did not show any distorted or layered structure. Finally, only 2 cylinders 

having 5 mm height and 15° and 45° incline were 3D printed from the HIPEs containing 0.1 

% tartrazine although they were as uniform as the cylinders containing blend. As the height 

and incline of the cylinders increased, the attachment of the printed objects to the printing 

platform decreased, and the cylinders dropped from the printing platform during the 3D 

printing process. For this reason, the other cylinders failed. 

Figure 2.3E presents a series of 3D printed calibration objects, including 5 mm high posts of 3 

mm, 2 mm, 1 mm, and 0.5 mm diameters. The 0.5 mm width post could only be seen in the 

calibration object of pure polyHIPE, and it could not be printed with the others. This is likely 

due to the tendency of scattering-induced over-curing in pure HIPE. Even though the over-

curing of HIPEs is a problem when fabricating more complex designs, it may be advantageous 
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when fabricating the fine details. Except for the 0.5 mm post, the posts could be 3D printed 

from HIPEs containing 0.4% beta-carotene and the blend, while the 1 mm width post was 

incomplete in 0.1 % tartrazine. The pyramid structure containing inclined and thin edges (1.10 

mm in the design file) and the buckyball structure including thin small spheroids (2 mm in the 

design file) connected by thin lines (0.90 mm in the design file) were 3D printed as proof of 

the usability of HIPEs to fabricate more complicated structures (Figure 2.3F-G).  

2.4.3. Comparison of the porous structures of the polyHIPEs containing different 

amounts of light absorbers  

The layered microstructure caused by the 3D printing process of the polyHIPEs is presented in 

Figure 2.4A-D. Layers and the interconnectivity between layers could be seen clearly. 6 layers 

from each category were measured, and the layer thicknesses were 30.35 ± 0.55 µm, 29.65 ± 

0.65 µm, 29.40 ± 0.75 µm, and 29.70 ± 0.70 µm for pure, 0.4 % beta-carotene, 0.1% tartrazine, 

and blend, respectively (Figure 2.4K). These results also matched the z-layer thickness (30 µm) 

that was created by the slicing of the 3D model, and consequently the z-translation step of the 

z-stage.   

After analyzing the effects of light absorbers on the resolution, we focused on investigating 

their effects on the pore structure since the degree of porosity and pore size are crucial 

properties in these materials, which directly affect the application area. PolyHIPEs that 

contained 0.4 % beta-carotene, 0.1 % tartrazine, the blend, and pure polyHIPE were 

investigated in terms of the degree of porosity and pore size. Also, to fully understand the 

influence of the printing process on the internal structure of the polyHIPEs, the pore size and 

porosity within 3D-printed structures were examined. The data were compared with the 

measured pore size and porosity in a fresh batch of UV-cured polyHIPEs and with a sample 

taken out of the resin tank after the printing process was completed (UV-cured leftover). These 

data are summarized in Table 2.3 and Figure 2.4 and Figure 2.5 and provide the following 

interesting insight into the printing process. 

 

Table 2.3. Pore size (µm), porosity (%), and layer thickness (µm) 
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Samples Pore Size (µm) Porosity (%) Layer Thickness 

(µm) 

3
D

-p
r
in

te
d

 

Pure 13.97 ± 3.13 70.59 ± 2.62 30.35 ± 0.55 

0.4 B 15.27 ± 3.31 70.70 ± 1.14 29.65 ± 0.65 

0.1 T 18.75 ± 5.76 64.17 ± 4.58 29.40 ± 0.75 

Blend 18.36 ± 2.60 67.47 ± 2.09 29.70 ± 0.70 

U
V

-c
u

r
e
d

 f
r
e
sh

 

Pure 37.05 ± 3.85 82.50 ± 0.57 n/a 

0.4 B 29.15 ± 4.35 80.58 ± 2.06 n/a 

0.1 T 32.25 ± 3.86 81.29 ± 2.10 n/a 

Blend 40.82 ± 6.18 80.77 ± 1.69 n/a 

U
V

-c
u

r
e
d

 l
e
ft

o
v
e
r
 Pure 21.39 ± 2.56 76.65 ± 1.40 n/a 

0.4 B 14.87 ± 2.73 70.20 ± 3.03 n/a 

0.1 T 20.15 ± 2.71 62.79 ± 3.80 n/a 

Blend 16.14 ± 2.30 76.86 ± 4.14 n/a 

 

Focusing on the pore size within the 3D-printed objects first, the pore sizes of the pure, 0.4 % 

beta-carotene, 0.1 % tartrazine, and the blend samples were 13.97 ± 3.13 µm, 15.27 ± 3.31 µm, 

18.75 ± 5.76 µm, and 18.36 ± 2.60 µm, respectively, indicating that the pure polyHIPE sample 

had the smallest pores while the 0.1 % tartrazine sample had the largest pore size. On the other 

hand, the similarity in the pore sizes of 0.1 % tartrazine sample and the blend sample has been 

observed. Secondly, pure and 0.4 % beta-carotene samples showed more uniform pores than 

0.1 % tartrazine samples based on their standard deviations as this could be seen in Table 2.3, 

whereas the blend exhibited more uniform pores.  
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Figure 2.4. Layer-by-layer structure of 3D printed polyHIPE samples, (A) pure polyHIPE, (B) 

polyHIPE containing 0.4 % beta-carotene, (C) polyHIPE containing 0.1 % tartrazine, (D) 

polyHIPE containing blend (0.4 % beta-carotene and 0.1 % tartrazine). Porous microstructure 

of 3D printed polyHIPE samples, (E) pure polyHIPE, (F) polyHIPE containing 0.4 % beta-

carotene, (G) polyHIPE containing 0.1 % tartrazine, (H) polyHIPE containing blend (0.4 % 

beta-carotene and 0.1 % tartrazine). (I) Pore size vs Samples graph, *: significant difference 
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(p<0.0001). (J) Comparison of the degree of porosity of UV-cured fresh, 3D-printed, and UV-

cured leftover samples. (K) Layer thickness vs Samples graph. (n=3) 

 

According to the statistical analysis (Figure 2.4I), the pore size of the 0.1 % tartrazine and the 

blend samples were compared with the pure and 0.4 % beta-carotene samples, and it was found 

that there was a statistically significant difference between them. On the other hand, there is no 

statistically significant difference between the pure and 0.4 % beta-carotene samples, and 

between 0.1 % tartrazine and the blend samples. 

 

 

Figure 2.5. Porous microstructure of UV-cured polyHIPE samples from fresh HIPEs, (A) pure 

polyHIPE, (B) polyHIPE containing 0.4 % beta-carotene, (C) polyHIPE containing 0.1 % 

tartrazine, (D) polyHIPE containing blend (0.4 % beta-carotene and 0.1 % tartrazine) and from 

leftover HIPEs, (E) pure polyHIPE, (F) polyHIPE containing 0.4 % beta-carotene, (G) 

polyHIPE containing 0.1 % tartrazine, (H) polyHIPE containing blend (0.4 % beta-carotene 

and 0.1 % tartrazine). (n=3) 

 

The porosity of the 3D-printed samples also showed a similar difference between the pure and 

beta-carotene-containing samples compared to the tartrazine-containing samples. The porosity 

drops to ~70% in the first group, while in the second group it drops to ~65%. Important to note 

is that this drop in porosity implies that the 3D HIPE emulsions do not produce polyHIPEs but 
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rather lower porosity polyMIPEs (for Medium Internal Phase Emulsions). To discard the 

potential effect of closed surface porosity of the printed objects on the measurement, the 

porosity was re-measured on 3D-printed samples with their surface layers removed and no 

difference was observed. 

 

 

Figure 2.6. Porous microstructure of UV-cured polyHIPE samples after 1 day (A) pure 

polyHIPE, (B) polyHIPE containing 0.4 % beta-carotene, (C) polyHIPE containing 0.1 % 

tartrazine, (D) polyHIPE containing blend (0.4 % beta-carotene and 0.1 % tartrazine), after 3 

days (E) pure polyHIPE, (F) polyHIPE containing 0.4 % beta-carotene, (G) polyHIPE 

containing 0.1 % tartrazine, (H) polyHIPE containing blend (0.4 % beta-carotene and 0.1 % 

tartrazine), and after 7 days (I) pure polyHIPE, (J) polyHIPE containing 0.4 % beta-carotene, 

(K) polyHIPE containing 0.1 % tartrazine, (L) polyHIPE containing blend (0.4 % beta-carotene 

and 0.1 % tartrazine). (n=3) 

 

These results can be further compared to the results obtained from UV-cured 

polyHIPEs/MIPEs fabricated from fresh HIPEs and the emulsion that was left over in the resin 
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tank after printing. The results can be summarized as follows: the leftover resin produced 

polyMIPEs with very similar pore size and porosity compared to the 3D-printed objects (in 

between 15-20 µm and 62-76% depending on the formulation), while the UV-cured fresh 

polyHIPEs exhibited larger pore sizes (in between 30-40 µm and 80-82% depending on the 

formulation). These differences can be explained by the different conditions the emulsions are 

exposed to during printing versus standard UV-curing. During 3D printing, the emulsion gets 

agitated by the up-and-down movement of the printing platform during the pull-off and curing 

steps causing a reduction in the pore size during curing. 

 

Table 2.4. Pore sizes (µm) in day 1, day 3, and day 7 

 

Samples 

Pore Size (µm) 

Day 1 Day 3 Day 7 

Pure 36.90 ± 5.01 33.96 ± 5.50 32.86 ± 4.67 

0.4 B 29.55 ± 5.09 33.44 ± 5.22 35.76 ± 6.88 

0.1 T 32.43 ± 5.68 34.79 ± 5.88 42.59 ± 6.94 

Blend 40.28 ± 7.11 39.23 ± 7.82 34.26 ± 6.28 

 

Also, interesting to note is that the tartrazine-containing samples showed a higher reduction in 

porosity than the others. The addition of tartrazine decreased the porosity in addition to the up-

and-down movement of the printing platform. Based on these findings, a 7-day emulsion 

stability test was performed, and the results are presented in Fig. 6 and Table 4. Even though 

the pore sizes of 0.4 % beta-carotene polyHIPEs and 0.1 % tartrazine polyHIPEs increased as 

time increased, the blend and pure polyHIPEs showed a slight decrease in their pore sizes as 

time increased. 
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2.4.4. Surface Porosity  

The outer surface of the cylinders was imaged via SEM to investigate  the effects of light 

absorbers on the surface porosity. The pure and 0.4 % beta-carotene samples showed almost 

closed surfaces, whereas 0.1 % tartrazine and the blend samples provided porous surfaces. This 

indicated that oil-soluble (continuous phase) and water-soluble (internal phase) light absorbers 

have different effects on surface porosity and that only absorbers soluble in the internal phase 

ensure open surface porosity. This indicates that by including the light absorbers in the aqueous 

phase, the aqueous phase also absorbs the scattered light, which then reduces the occurrence of 

the poorly polymerized polymer boundary layer that gives rise to the polymer surface skin. 

 

 

Figure 2.7. The porosity of the outer surface of the 3D printed samples (A, E) pure polyHIPE, 

(B, F) polyHIPE contains 0.4 % beta carotene, (C, G) polyHIPE contains 0.1 % tartrazine, (D, 

H) polyHIPE contains 0.4 % beta carotene and 0.1 % tartrazine. (n=3) 

 

2.5. Discussion 

Current literature indicates that there is a noted increasing interest in the use of porous 

materials, particularly polyHIPEs, in various applications [60]. Even though polyHIPEs are 

frequently proposed as materials for 3D cell culture and tissue engineering applications, they 
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are also usable in different industrial applications by controlling their porous morphology, and 

physical and mechanical properties [49], [59], [62], [129], [139], [140]. For the further 

adaptation of the polyHIPE technology in various industrial applications, these materials 

should also be able to be manufactured in a broad range of user-defined shapes. For this reason, 

manufacturing polyHIPEs via vat photopolymerization would be a convenient way since this 

process allows high-resolution fabrication. 

Pure HIPEs were over-cured while fabricating cylinders with 5 mm and 10 mm heights and 

15°, 30°, and 45° inclines. The reason for this over-curing is light scattering during the 3D 

printing process, as has been reported in the literature [141], [142]. Light scattering could be 

reduced by including light absorbers within the resin, thus enabling the manufacture of objects 

with improved resolution via vat photopolymerization. For example, Tinuvin Carboprotect and 

Tinuvin 234 have been used as light absorbers to improve the resolution of 3D printed 

polyHIPEs, as reported by Susec et al. and Sherborne et al., respectively [64], [69].  

We achieved the best resolution using the blend light absorber (0.4 % beta-carotene and 0.1 % 

tartrazine). As highlighted in Table 1, between 0.1 and 1 wt% of beta-carotene and 0.1 and 0.4 

wt% of tartrazine were used in the formulations (relative to the organic phase weight, this 

equates to 0.02 and 0.2 wt% of beta-carotene and 0.02 and 0.08 wt% of tartrazine relative to 

the total weight, i.e., organic and aqueous phase). Tartrazine dissolves in the aqueous phase 

while beta-carotene dissolves in the organic phase and given the water/polymer volume is 4:1. 

Beta-carotene and tartrazine have almost identical molecular weights (this gives the molar 

concentration of tartrazine in water at 0.1 wt. % (vs. organic phase weight) is 0.47 mM while 

the concentration of beta-carotene in the organic phase at 0.1 wt% (vs. organic phase weight) 

is 1.87 mM). Since light absorption is a volume effect, and the penetration depth is dependent 

on the amount of light absorber in the total irradiated volume, the molar % of beta-

carotene/tartrazine per total volume can be used. In addition to these, while tartrazine exhibits 

a 6.23× higher absorption compared to beta-carotene at the same molar concentration, the 

observed optimal ratio of 4:1 for their concentrations in the formulations may be influenced by 

additional factors such as their distribution between the organic and aqueous phases and their 

molecular interactions within the emulsion. 

The use of blend light absorber allowed the 3D printing of a pyramid structure having inclined 

edges and a buckyball structure (Figure 2.3). Thus, we have manufactured the most complex 
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structures to date obtained from HIPEs via stereolithography-based additive manufacturing 

thanks to the inclusion of the blend light absorber. Additionally, these structures could be 

manufactured with both internal and surface porosity, but interestingly, the pore size within the 

printed structures was smaller than a structure directly UV-cured from a fresh HIPE (15-20 µm 

compared to 30-40 µm, Figure 2.5 and Table 2.2), and the total porosity decreased by ~10%. 

This was likely due to a few different conditions the emulsion is exposed to during printing. 

Indeed, the print platform moves in a concerted up-and-down movement during printing to pull 

off the printed layer from the resin tank and move back to the set z-layer thickness of 30 µm 

for the next photopolymerization cycle. This restricts the pore size within the scaffolds to be 

smaller than 30 µm since the emulsion droplets need to fit in between the resin tank and the 

printed structure on the printing platform. Additionally, the agitation associated with the 

movement of the printing platform induces increased mixing and smaller pores throughout the 

resin, as indicated by the similar pore size observed in the leftover resin after printing. The 

overall stability of the resins at room temperature is at least 7 days, with only a slight change 

in pore size observed during this period (Figure 2.6 and Table 2.3).  

An important additional factor is the appearance of a closed polymer layer on the surface of 

the 3D-printed structures that contain no light absorber. This has been previously reported by 

Sherborne et al. [69] and is due to a poorly polymerized surface layer that collapses as surface 

skin onto the 3D-printed objects after washing. This study reported that UV-234 (Tinuvin 234) 

produces an open surface pore structure. Similarly, our work indicated that the inclusion of 

tartrazine enables an open surface pore structure (Figure 2.7G-H) while the inclusion of beta-

carotene results in a closed surface (Figure 2.7).  This tunability of closed/open surface porosity 

by the inclusion of different light absorbers is likely interesting for various applications; for 

example, in tissue engineering, open surface porosity is preferred to enable cell ingrowth. 

 

2.6. Conclusions 

To conclude, firstly, this study demonstrated that using the blend of beta-carotene and tartrazine 

as a light absorber considerably improves the 3D printing resolution for producing porous 

polymer structures. Thus, it allows the fabrication of more complex and detailed objects from 

HIPEs via stereolithography-based additive manufacturing. The blend of 0.4 wt% beta-



53 

 

 

carotene and 0.1 wt% tartrazine relative to the organic phase has been shown to preserve both 

the surface porosity and internal porosity of the 3D-printed objects. The pore size was reduced 

in the 3D-printed objects compared to the UV-cured fresh polyHIPEs, from ~30-40 to 15-20 

µm. The overall porosity was also reduced, and the 3D-printed porous polymers can be 

classified as polyMIPEs rather than polyHIPEs. This study illustrated that 3D printing of 

intricate structures of porous polymers is possible with commercial stereolithography setups, 

which opens the route towards using this technology for a host of applications. 
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CHAPTER 3 

Investigating the Potential of Electroless Nickel Plating for 

Fabricating Ultra-Porous Metal-based Lattice Structures 

Using PolyHIPE Templates 

 

 

 

Abstract 

The use of polymerized high internal phase emulsions (polyHIPEs) as templates for electroless 

nickel plating is a promising method for producing ultra-porous metallic lattice structures with 

consistent wall thickness. These structures have desirable properties such as low density, high 

specific strength, resilience, and absorbency, making them suitable for various applications 

including battery electrodes, catalyst supports, and acoustic or vibration damping. This study 

aimed to optimize and investigate the electroless nickel plating process on polyHIPEs. Initially, 

a surfactant (hypermer) stabilized water-in-oil emulsion based on 2-ethylhexyl-acrylate and 

isobornyl-acrylate was used as a 3D printing resin to create polyHIPE structures. Then, the 

electroless nickel plating process was optimized using polyHIPE discs. The study also 

examined the effects of air, argon, and reducing atmospheres during the heating process to 

remove the polyHIPE template using metallized 3D-printed polyHIPE lattice structures. The 

findings indicated that different atmospheres led to the formation of distinct compounds. While 
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nickel-coated polyHIPEs were fully oxidized in an air atmosphere, nickel phosphide (Ni 3P) 

structures occurred in argon and reducing atmospheres along Ni metal. Moreover, in argon and 

reducing atmospheres, the porous structure of the polyHIPEs was retained as the internal 

structure was completely carbonized. Overall, the study demonstrated that intricate polyHIPE 

structures can be used as templates to create ultra-porous metal-based lattices for a wide range 

of applications.  

 

Keywords: PolyHIPE, 3D printing, stereolithography, emulsion templating, electroless nickel 

plating 

 

3.1. Introduction 

 

Porous structures have gained significant importance in various fields due to their unique 

properties, characteristics, and potential applications. On the basis of mimicking the structure 

of naturally-occurring porous materials, various porous structures have been created, such as 

foams, honeycombs, and lattice structures [143], [144], [145], [146].  

Foams, honeycombs, and lattices are cellular structures. The term “cellular structure” was 

commonly used to describe porous materials before the emergence of the lattice structure [147], 

[148]. Lattices offer numerous superior qualities, such as being lightweight, highly durable, 

capable of absorbing energy, dissipating heat, and minimizing vibration, aspect which have 

been thoroughly investigated [149].  

Lattices have been used in a wide range of industrial applications, including aerospace, 

automotive, construction, and biomedical engineering due to their exceptional properties [149], 

[150], [151]. These structures can be designed and optimized for specific properties, such as 

stiffness, strength, energy absorption, and thermal insulation, making them versatile materials 

for various applications [152], [153], [154], [155], [156], [157], [158]. Architected lattice 

materials, which are produced by mimicking the crystal microstructure of metals and alloys on 

the macroscale, are promising candidates for industrial applications [159], [160], [161]. They 
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are made of periodic configurations of nodes and struts usable as macroscopic mechanical 

mimics of bonds and atoms in crystal structures [143], [144].  

The properties of a lattice material are governed by both the distribution of voids and solids as 

well as the solid ingredient [162], [163]. Various ultralight materials have been created in recent 

years using a variety of techniques such as polymer foams, metallic foams, ultralight nickel 

microlattices, and aerogels [146], [154], [164], [165], [166], [167], [168], [169]. As their 

density rises, ordered cellular lattice materials become more rigid and durable [154]. 

Metallic microlattices have a wide range of potential uses in thermal insulation, battery 

electrodes, catalyst supports, and acoustic, vibration, or shock energy damping[157], [158], 

[164]. They possess desirable characteristics such as low density, high specific strength, 

resilience, and absorbance [146], [154], [164], [170], [171], [172]. Furthermore, metallic lattice 

structures can be fabricated using various manufacturing techniques, directly from the metal 

material via investment casting, deformation forming, woven and non-woven metal textiles 

and powder bed fusion [173]. In addition, they can be fabricated from additive manufactured 

polymer templates that are metallized via electro- or electroless deposition and subsequently 

removed to achieve the final metallic structure [146].   

To produce metal lattices non-porous polymer templates are normally used. Recently, we 

developed a polymer resin that is inherently porous via using emulsion templating and we 

reported its use as a resin for vat photopolymerization [69], [71]. In particular, polymerized 

high internal phase emulsions (polyHIPEs), porous polymers produced by a straightforward 

emulsion templating process, were used [49]. In this process two immiscible liquids (in our 

case a hydrophobic methacrylate phase and water) are mixed stabilized by surfactants or 

colloidal particles to form a continuous (external) phase and internal (droplet) phase. If the 

internal phase is more than 74% of the total volume, then the emulsion is classified as a high 

internal phase emulsion (HIPE) [49], [55], [56], [130]. PolyHIPEs are made from HIPEs by 

further polymerizing the external phase and removing the internal phase [49], [57]. Surfactant 

stabilized PolyHIPEs typically yield high surface area materials with highly interconnected 

pores, with adjustable and well-defined porosities. In addition to being employed as polymer-

based tissue engineering scaffolds, catalytic supports, or filters, polyHIPEs can also be used as 

templates to create porous metals, ceramics, carbons, and composites [49], [50], [51], [52], 

[53], [54], [129], [174].  



57 

 

 

Traditional manufacturing methods of polyHIPEs such as casting (molding) can only produce 

geometrically simple designs, and do not offer flexibility in the production of the polyHIPEs 

[73], [131]. On the other hand, inherently porous and intricate lightweight structures including 

lattice structures can be fabricated via the combination of emulsion templating with additive 

manufacturing within a single step [65], [66], [69], [71]. Among additive manufacturing (AM) 

techniques, vat photopolymerization has the advantage of fabricating the 3D intricate structures 

directly from the design file with minimum effort. In this AM technique, commercial 

photocurable resins or emulsion-based resins are used as 3D printing materials [2], [33], [65], 

[66], [67], [69], [71], [175]. 

Via this route PolyHIPEs can be used as templates for producing metallic lattice structures 

using electroless nickel plating, which is a cost-effective and simple technique for fabricating 

complex shapes with uniform wall thickness [146], [157], [160], [170]. Electroless nickel 

plating is a widely used process for depositing a nickel-phosphorus alloy coating (2-14% 

phosphorus content) onto a substrate without the need for an external electrical power source 

[176], [177]. This plating technique involves a chemical reaction between the substrate and the 

plating solution, which results in a uniform coating with precise thickness. Electroless plating 

can be particularly useful in the production of metallic microlattices, where the precise control 

of wall thickness is critical to their mechanical properties and functionality.  

To deposit a metal coating onto a polymer surface using electroless plating, metal nanoparticle 

catalysts like Pd, Ag, or Au need to be adsorbed on the surface initially. This process activates 

the metal cations in the plating solution, which reduce into metal atoms and deposition onto 

the activated surface. Polymer surfaces are usually inert, however, so pre-treatment is needed 

to introduce functional groups and enhance adhesion between the surface and the catalyst. This 

improves the affinity between the catalyst and the surface, promoting uniform and adherent 

metal deposition during electroless plating [178].  

In this study, the use of additively manufactured polyHIPEs strut structures as templates for 

electroless nickel plating and their further heat treatment in different atmospheres such as air, 

argon, and reducing atmospheres was investigated for the first time. The heat treatment in air 

is intended to remove the polyHIPE polymer substrate, while the argon and reducing 

atmospheres aim to carbonize the polyHIPE. The first step involved 3D printing polyHIPE 

discs using a commercial stereolithography-based 3D printer (Elegoo Mars 3 Pro) and 
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optimizing the electroless nickel plating process by varying the coating time. Then, inherently 

porous lattice structures were 3D printed from high internal phase emulsions and nickel -coated. 

The effects of various atmospheres during the heating process on the final nickel lattice 

structure were explored. 

 

3.2. Experimental 

3.2.1. Materials 

2-ethylhexyl acrylate (EHA), isobornyl acrylate (IBOA), trimethylolpropane triacrylate 

(TMPTA), a photoinitiator; diphenyl (2,4,6- trimethyl benzoyl)-phosphine oxide/2-hydroxy-2-

methyl propiophenone (blend), beta carotene (synthetic, ≥93% (UV), powder), and tartrazine 

(dye content ≥85%), 3-(trimethoxysilyl)propyl methacrylate (TMPSM), tin (II) chloride 

(SnCl2), palladium (II) chloride (PdCl2), boric acid (H3BO3), and ~37% hydrochloric acid 

(HCl) were all purchased from Sigma Aldrich. The surfactant Hypermer B246-SO-M was 

donated by Croda. Electroless nickel plating solutions (Part A and Part B) were purchased from 

Caswell UK.  

3.2.2. Preparation of High Internal Phase Emulsions 

39.70 wt% 2-ethylhexyl acrylate (EHA), 39.70 wt% isobornyl acrylate (IBOA), 15.90 wt% 

trimethylolpropane triacrylate (TMPTA) (crosslinker), and 4.70 wt% Hypermer B246-SO-M 

(surfactant) were mixed to form the continuous organic phase (Table 3.1). The surfactant was 

dissolved in the mixture by heating it until it was completely dissolved at 50°C. Beta-carotene 

and tartrazine which were optimized in our previous work were added at 0.02 wt% and 0.06 

wt% with respect to the continuous organic phase, respectively, to act as light absorbers [71]. 

The photoinitiator was then added to the continuous phase at 5 wt%. Finally, 80 vol.% of 

distilled water, dH2O, as the internal phase was added dropwise while stirring the mixture at 

300 rpm to form an emulsion using a SciQuip-Pro 40 stirrer.  

 

Table 3.1. EHA, IBOA, TMPTA, hypermer, beta-carotene, and tartrazine ratio (wt%) 
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Organic phase Light absorbers 

EHA 

(wt%) 

IBOA 

(wt%) 

TMPTA 

(wt%) 

Hypermer 

(wt%) 

Beta-

carotenea 

(wt%) 

Tartrazinea 

(wt%) 

39.70 39.70 15.90 4.70 0.02 0.06 

aBeta-carotene and tartrazine concentration with respect to the organic phase 

3.2.3. 3D printing of polyHIPE discs and lattice structures 

PolyHIPE structures were 3D printed using a stereolithography-based commercial 3D printer 

(Elegoo Mars 3pro). This 3D printer uses a 4K monochrome LCD screen with a resolution of 

4098 × 2560 pixels and an XY resolution of 35 µm. The printer also features a chip-on-board 

lens with integrated UV LED lights paired with a Fresnel lens to deliver an even beam of 405 

nm as a light source [179].  

Computer-aided design (CAD) was used to prepare a 10 mm diameter × 2.5 mm height disc 

(SolidWorks 2018) (Figure 3.1A). The cubic vertex centroid lattice structure (to be mentioned 

as “lattice structure” or “lattice” in the text) was obtained from thingiverse.com [180]. 

Autodesk Fusion 360 was used to add a base to the lattice structure (Figure 3.5A). Both designs 

were formatted as .stl files and then sliced using CHITUBOX Basic.    

10 mm diameter × 2.5 mm height discs and 18 mm × 18 mm × 20 mm lattice structures 

including 20 mm × 20 mm × 3 mm of the base were 3D printed with a layer thickness of 30 

µm (Figure 3.1A and Figure 3.5B, C). The internal pore size of the 3D-printed polyHIPEs was 

14.36 ± 5.78 µm (Figure 3.1B). The 3D printing parameters including exposure time, bottom 

layer count, and bottom exposure time etc. were presented in Table 3.2. To ensure a proper 

attachment of the structures to the printing platform, the bottom layers should have a higher 

exposure time than the general exposure time. The exposure time was optimized for each 

design to prevent overcuring. The overall 3D printing duration was ~20 minutes for 30 discs 

whereas 18 lattices were 3D printed in ~3 hours in one batch.  
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After 3D printing was completed, 3D printed structures were washed with methanol to remove 

any materials eluting from the polyHIPE (e.g. uncured resin), and then dried in an oven at 65°C 

for 24 hours.  

 

 

Figure 3.1. (A) 3D printed polyHIPE disc and the 3D model of the disc and (B) porous internal 

structure of the 3D printed polyHIPE.  

 

Table 3.2. 3D printing parameters used to produce discs and lattices 

 

Layer 

height 

(µm) 

Bottom 

layer 

count 

Exposure 

time (sec) 

Bottom 

exposure 

time (sec) 

Transition 

layer count 

Bottom lift 

distance/Lifting 

distance (mm) 
Disc Lattice 

30 5 10 8 40 5 5 

Bottom lift 

speed 

(mm/min) 

Lifting speed 

(mm/min) 

Bottom retract 

speed/ Retract 

speed (mm/min) 

Rest time 

before/after 

lift (sec) 

Rest time after 

retract (sec) 

60 70 50 0 0.5 
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3.2.4. Metallization of 3D printed polyHIPE discs and lattice structures 

The nickel-plating protocol including pre-treatments that was published by Sun et al. was used 

by optimizing it for polyHIPEs [178]. All steps as a schematic diagram were illustrated in 

Figure 3.2. 

Before the metallization process, surface functionalization is needed to make the polyHIPEs 

hydrophilic and surface activation is required to enable the deposition of nickel to the substrate.  

Firstly, polyHIPEs were immersed in 3-(trimethoxysilyl)propyl methacrylate silane (TMPSM) 

at 40°C for 15 min to enhance their hydrophilicity and then dried in an oven at 65°C until they 

were fully dried (~72 hours for discs and ~48 hours for lattices). Secondly, the silane-treated 

polyHIPEs were immersed in SnCl2 and PdCl2 solutions at 40°C for 20 min and 10 min, 

respectively. SnCl2 solution was prepared mixing 0.8 wt% SnCl2, 100 ml dH2O, and 5 drops 

HCl. To prepare 100 ml PdCl2 solution, 0.06 wt% PdCl2, 2 wt% H3BO3, 100 ml dH2O and 8 

drops HCl were mixed. The pH of the SnCl2 and PdCl2 solutions was 1.2 and 1.7, respectively. 

100 ml SnCl2 and PdCl2 solutions were used to treat 6 polyHIPE discs and 3 polyHIPE lattices 

to prevent any contamination.  

Finally, an electroless nickel plating solution was prepared using Caswell solutions at the 

following concentrations, 5 vol.% Part A, 15 vol.% Part B, and 80 vol.% dH2O [181]. Surface-

activated polyHIPE discs were then immersed in the electroless nickel plating solution at 90°C 

for 5 min, 15 min, 30 min, and 1 h. For the polyHIPE lattices, 30 min plating time was applied. 

The concentrations used to prepare the solutions were presented in Table 3.3.   

 

Table 3.3. Concentrations of pre-treatment and electroless nickel plating solutions. 

Silane SnCl2 solution PdCl2 solution Electroless nickel 

plating solution 

(Caswell) 

TMPSM SnCl2 HCl dH2O PdCl2 H3BO3 HCl dH2O Part  dH2O 

A B 
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100% 0.8 

wt% 

5 

drops 

100 ml 0.06 

wt% 

2  

wt% 

8 

drops 

100 ml 5  

vol% 

15  

vol% 

80  

vol% 

 

Figure 3.2. Schematic diagram of the electroless nickel plating process.  

3.2.5 Incineration or Carbonization of the polyHIPE Template  

The PolyHIPE templates used to produce metallized polyHIPE lattice structures were 

incinerated or carbonized in a high-temperature oven (Elite tube furnace, Elite Furnaces, UK). 

Different atmospheres, such as air, argon (Ar), and reducing (5% H2/N2), were used to study 

the incineration or carbonization mechanism of PolyHIPEs under various conditions. The 

temperature was increased to 700°C with a heating rate of 10°C/min. After reaching 700°C, 

the materials were held for a dwell time of 1 hour. 

 

3.3. Characterization 

3.3.1. Mercury Intrusion Porosimetry 

The porosity of the polyHIPE discs was measured using a mercury intrusion porosimeter 

(AutoPore V, Micrometrics) before the metallization process. The highest applied pressure and 

the contact angle of mercury were 60000 psi (414 MPa) and 130°, respectively. 
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3.3.2. Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) 

Spectroscopy  

PolyHIPE discs were cut into 300 µm thickness pieces for the ATR analysis once they were 

silane-treated (PerkinElmer FT-IR Spectrometer Frontier). ATR measurements were obtained 

from 550 to 4000 cm−1 wavenumber at transmittance mode with a resolution of 4 cm−1 and 32 

scans per sample. 

3.3.3. X-Ray Diffraction (XRD) 

X-Ray diffraction was used to analyze the crystallographic and phase structure of the 

metallized polyHIPEs discs and lattice structures. XRD was carried out using a PANalytical 

Aeris, operating at the reduced fluorescence measurement method (Cu tube 30kV 40mA, ¼° 

divergence slit, a 0.15 mm Ni filter, 0.02 Rad soller slits). The data were collected at diffraction 

angles (2𝜃s) from 0° to 100° with a step size of 0.02°. 

3.3.4. Scanning Electron Microscopy / Energy Dispersive X-Ray Analysis (SEM / EDX) 

A FEI Inspect F SEM was used to investigate the internal structure of the non-metallized and 

metallized polyHIPEs and the surface of the metallized polyHIPEs. To increase the 

conductivity of the internal structure of the polyHIPEs, samples were gold-coated before 

imaging. An accelerating voltage of 5 kV was used for imaging. Pore sizes and nickel 

thicknesses were measured using ImageJ. Additionally, a statistical correction factor (2/√3) 

was applied to the pore size measurements to compensate for the underestimation of the 

diameter caused by uneven sectioning [182]. 

Elemental analysis of the Sn and Pd treated and metallized samples was done using SEM 

(Inspect F, FEI) with an energy dispersive analyzer with 20 kV power. 

3.3.5. Thermogravimetric Analysis (TGA) 

The thermal behavior of the non-metallized and metallized polyHIPEs (~5 mg and ~12 mg, 

respectively) was determined using thermogravimetric analysis (TGA, Pyris 1, PerkinElmer). 

Samples were heated in a nitrogen atmosphere from 30°C to 1000°C at a heating rate of 
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20°C/min. The weight loss % and increasing temperature relationship of the samples were 

recorded to identify the thermal characteristic of the polyHIPE samples.  

3.3.6. Mechanical Testing  

Compression testing was performed to evaluate the mechanical properties of the metallized 

polyHIPE discs (10 mm diameter × 2.5 mm height). A Mecmesin Multitest 2.5-dV mechanical 

testing machine equipped with a 250 N load cell was used at a rate of 1 mm/min. The data were 

obtained using Vector Pro software. The stiffness was determined from the initial linear slope 

of the stress-strain plot (n=6). 

 

3.4. Results and Discussion 

3.4.1. Pre-treatment of polyHIPEs 

FTIR/ATR spectra of the polyHIPEs before and after the silane treatment were presented in 

Figure 3.3A. Five new peaks were observed to appear at 815 cm -1, 940 cm-1 1084 cm-1, 1296 

cm-1, and 1637 cm-1. The peak at 815 cm-1 was allocated to the bending vibration of C-H, while 

the peak at 940 cm-1 was designated to the stretching vibration of Si-O(H) [183]. Additionally, 

the peak at 1084 cm-1 and 1296 cm-1 were attributed to the stretching vibration of C-O, and the 

peak at 1637 cm-1 was ascribed to the stretching vibration of C=C [183], [184]. The occurrence 

of the new peaks indicated that 3-(trimethoxysilyl)propyl methacrylate silane was attached 

successfully on the polyHIPE surface.  
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Figure 3.3. (A) FTIR/ATR graph of the silane-treated polyHIPEs, (B) EDX analysis of the Sn 

and Pd-treated polyHIPEs, and (C) TGA analysis of the non-metallized and metallized 

polyHIPEs. 

 

Figure 3.3B showed the EDX analysis of the polyHIPE samples that were treated with silane, 

SnCl2, and PdCl2. The presence of C and O peaks was attributed to polyHIPE. The successful 

attachment of the silane was confirmed by the appearance of the Si peak. Moreover, the 

detection of Sn and Pd peaks in the EDX spectrum indicated that SnCl2 and PdCl2 were 

effectively attached to the surface of polyHIPEs. 

The TGA analysis of both the non-metallized and metallized polyHIPEs was shown in Figure 

3.3C. The analysis indicated that the degradation of polyHIPE was completed at 500°C, and 

the decomposition occurred between 500°C-700°C. The residual ash content was 

approximately 2%. Overall, the TGA graph, showed that the polyHIPE was completely 
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incinerated at 700°C, which is significantly lower than the melting point of the nickel (1453°C) 

[154]. Due to this reason, the metallized lattice structures were heated up to 700°C to remove 

the polyHIPE template.  

3.4.2. Metallization of polyHIPE discs 

Digital images of polyHIPE discs that were metallized for 5 min, 15 min, 30 min, and 1 h were 

shown in Figure 3.4A-D, respectively, and their corresponding SEM micrographs of the bottom 

of each sample were presented in Figure 3.4E-H. As expected, they exhibited a metallic 

appearance. Even though a 5 min metallized sample (Figure 3.4E) appeared porous, however, 

at 1 h the sample had no visible porosity (Figure 3.4H).  

The EDX analysis presented in Figure 3.4I, along with the XRD analysis shown in Figure 3.4J, 

provided further evidence of successful nickel plating. The presence of peaks for Nickel (Ni), 

Phosphorus (P), and Oxygen (O) was observed in all the sample categories during EDX 

analysis. The Ni and P peaks were indicative of successful nickel coating, while the O peak 

could be due to the possible oxidation of the metallized samples. 

XRD analysis reveals that Ni (111) peaks were present at 2θ=44.5º in all the metallized samples 

[178]. However, a small broad feature attributed to the polyHIPE was only detected in the 5 

min metallized sample at 2θ=17º. These findings suggest that full coating on polyHIPEs was 

achieved as the metallization duration increased. The crystallite size as calculated by the 

Scherrer equation and the degree of crystallinity of the 5 min, 15 min, 30 min, and 1 h 

metallized samples were 41.3 nm, 20.7 nm, 41.2 nm, 11.7 nm and 49.66%, 78.17%, 84.53%, 

89.80%, respectively.  
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Figure 3.4. Metallized polyHIPE discs and their SEM micrographs, (A, E) 5 min, (B, F) 15 

min, (C, G) 30 min, and (D, H) 1 h. (I) EDX and (J) XRD analysis of the metallized polyHIPE 

discs. 

 

Furthermore, cross-section SEM micrographs of metallized samples for various time durations 

(5 min, 15 min, 30 min, and 1h) were presented in Figure 3.5A-D. These micrographs showed 

the nickel layer on the surfaces of the samples. However, as the nickel layer was not thick 

enough to be seen, higher magnification SEM images of the samples for each time duration, 

along with corresponding EDX mapping analysis that exhibited the presence of Ni, were 

illustrated in Figure 3.5E-H, I-L. 

The thickness of a nickel layer deposited on polyHIPEs increases with deposition time between 

1.66 ± 0.54 µm for 5 mins and 10.20 ± 0.98 µm for 1 hour deposition (Table 3.4).  The overall 

porosity of the nickel coated samples was around 50%, while the non-metallized polyHIPE had 

a higher overall porosity of 74.96%. This indicates that nickel deposition process does deposit 
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a thin film on the surface of the macrostructure, instead of conformally coating the internal 

structure of the polyHIPEs. Indeed, this is mainly confirmed by the SEM cross-sections and 

EDX mapping presented in Figure 3.5 and indicates that the growing nickel coating reduces 

the surface porosity of the polyHIPEs and increasingly acts as a barrier for fluid or gas flow in 

the internal structure by sealing off the surface pores. The results of the EDX mapping analysis 

shows that still some nickel diffusion occurred into the internal structure because of the surface 

porosity (Figure 3.5I-L). This finding supports the idea that when pores are sufficiently large 

and interconnected, metal diffusion can occur, resulting in fully metallized pores. Previous 

literature indicated the possibility of metallizing the internal structure of polyHIPEs, and the 

EDX mapping results of this study provided further evidence to support this idea [185], [186].  

 

 

Figure 3.5. Cross-section SEM images of the metallized polyHIPE discs, (A) 5 min, (B) 15 

min, (C) 30 min, and (D) 1 h in lower magnification. Cross-section SEM images of the 

metallized polyHIPE discs and their corresponding EDX analysis, (E, I) 5 min, (F, J) 15 min, 

(G, K) 30 min, and (H, L) 1 h in higher magnification. 
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In addition to these, the weight change (%) of the metallized samples increased in between 9.88 

± 7.09% for 5 mins deposition to 37.76 ± 8.20% for 1 hour deposition and this increase leads 

to an overall increase in density. Table 3.4 presents the density and stiffness under compression 

of the printed disks with the increasing nickel-plating time. As expected, the density of the 

metallized samples increased with the plating time. The non-metallized polyHIPE had a density 

of 1.08 g/cm3, while the metallized samples had densities ranging from 1.18 g/cm3 for 5 mins 

to 1.47 g/cm3 for 1 hour deposition.  

The non-metallized polyHIPE disc had stiffness of 1.12 ± 0.31 MPa, whereas the stiffness of 

the 5 min metallized sample increased to 5.04 ± 2.11 MPa. After this initial increase the 

stiffness of the disks did not change significantly with thicker nickel coating (from 4.60 ± 1.20 

MPa for 15 mins to 3.87 ± 0.75 MPa for 1 hour coating). This indicates strongly that only the 

outer surface of the polyHIPE disc is coated (as a nickel shell to the polyHIPE disc) and there 

is very limited coating of the internal polyHIPE structure.  

 

Table 3.4. Porosity (%), Ni layer thickness (µm), weight change (%), density (g/cm 3), and 

Stiffness (MPa) values of the non-metallized and metallized polyHIPE discs. 

Samples Porosity 

(%) 

Ni thickness 

(µm) 

Weight 

change (%) 

Density 

(g/cm3) 

Stiffness 

(MPa) 

polyHIPE 74.96 n/a n/a 1.08 1.12 ± 0.31 

5 min metallized 52.77 1.66 ± 0.54  9.88 ± 7.09 1.18 5.04 ± 2.11 

15 min metallized 47.72 3.20 ± 0.54 19.44 ± 9.33 1.20 4.60 ± 1.20 

30 min metallized 51.05 4.20 ± 1.24 28.32 ± 3.94 1.35 4.20 ± 1.44 

1 h metallized 49.63 10.20 ± 0.98 37.76 ± 8.20 1.47 3.87 ± 0.75 
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3.4.3. Metallization of polyHIPE lattice structures 

 

 

Figure 3.6. (A) 3D design of the lattice structure, (B, C) 3D printed lattice structure from 

different perspectives, (D-F) nickel-plated lattice structure from different perspectives, and the 

lattice structure after the removal of the polyHIPE template in the (G) air, (H) argon, and (I) 
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reducing atmospheres. (Lattice size in B, C, D, E, and F is 18 × 18 × 20 mm and scale bars in 

G, H, and I are 10 mm). 

 

Figure 3.6A-C illustrated the 3D design of the lattice structure and the 3D printed lattice 

structure from different perspectives, respectively. The lattice structure had a void size of 1.34 

± 0.26 mm and a strut thickness of 0.27 ± 0.05 mm. It was observed that the 3D-printed design 

and structure were similar to each other in terms of printing resolution. Figure 3.6D-F showed 

the metallized lattice structure from different perspectives, revealing a uniform nickel plating 

without any deformation in the structure. This highlights that electroless nickel plating provides 

a uniform coating on intricate structures. 

The lattice structures were heated in air, argon, and reducing atmospheres to either remove the 

polyHIPE template via incineration (in air) or to carbonize the polyHIPE (in argon or reducing 

atmospheres) after metallization, and the results were presented in Figure 3.6G-I. As expected, 

some shrinkage occurred in the lattices after the heating of the polyHIPE template. It was 

observed that different atmospheres caused similar shrinkages. Specifically, the air, argon, and 

reducing atmospheres caused 86.11 ± 1.17 vol.%, 85.81 ± 4.10 vol.%, and 86.15 ± 4.15 vol.% 

shrinkages in the structure, respectively. The lattice structures heated in the air had more 

consistent shrinkage than those heated in argon and reducing atmospheres, as indicated by their 

standard deviations in shrinkage. 

SEM micrographs of the lattice structures heated in air, argon, and reducing atmospheres were 

presented in Figure 3.7, respectively. Figure 3.7A, D, and G showed images taken from the top 

of the lattice structures, while the cross-section images were presented in Figure 3.7B, E, and 

H. Finally, one representative strut for each category at higher magnification was exhibited in 

Figure 3.7C, F, and I. The average strut thickness after heating was 0.16 ± 0.03 mm, 0.22 ± 

0.05 mm, and 0.19 ± 0.04 mm for the air, argon, and reducing atmospheres, respectively. On 

the other hand, the strut thickness of the metallized lattice structure was 0.29 ± 0.08 mm. After 

the removal of the polyHIPE template, the struts of the lattices shrank by an average of 44.83%, 

24.14%, and 34.48% in air, argon, and reducing atmospheres, respectively.  



72 

 

 

 

Figure 3.7. (A, D, G) The SEM micrographs from the top, (B, E, H) the cross-section, and (C, 

F, I) the strut in higher magnification of the lattice structures heated in air, argon, and reducing 

atmospheres, respectively. 

 

The results indicated that the choice of atmosphere during the heating process had a significant 

effect on the shrinkage of the metallic polyHIPE lattice structures. Incineration in air led to a 

complete combustion and consistent shrinkage in both the macrostructure and struts due to the 

presence of oxygen, leading to more uniform and consistent shrinkage. In contrast, 

carbonization in argon or reducing atmospheres led to less shrinkage in the struts but significant 

shrinkage in the macrostructure. However, in inert or reducing atmospheres, there was no 

combustion, and we observed still an internal porous carbon scaffold within the struts. In air 

atmosphere, the nickel struts are completely empty. Interestingly, the macrostructure still 
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shrank isotropically, without destroying the 3D strut structure. Also, it is interesting to observe 

from the SEM figures (Figure 3.7 C, F, and I) is that all three nickel coatings are highly porous.   

 

 

Figure 3.8. (A) EDX analysis of the lattice surfaces and (B) EDX analysis of the strut from the 

cross-section of the lattices. (C) XRD analysis of the lattices and (D) the zoomed-in XRD 

analysis graph. 

 

Figure 3.8 displayed the EDX and XRD analyses of the lattice structures after heating. Figure 

3.8A and B showed the EDX analysis performed on the surface of the lattice structures and the 

struts, respectively. The presence of nickel (Ni) peaks in all three conditions confirmed the 

effective nickel plating on both the lattice surface and the struts. These results possibly 

demonstrated the feasibility of uniformly coating intricate polyHIPE structures using the 

electroless plating technique. Moreover, the formation of phosphorus (P) and sodium (Na) 



74 

 

 

peaks could be attributed to the electroless nickel plating solution, whereas the silicon (Si) peak 

was observed due to the application of silane to enhance the hydrophilicity of the polyHIPEs. 

The XRD analysis of the lattices and the zoomed-in XRD analysis to observe the peaks clearly 

were presented in Figure 3.8C and D, respectively. Concerning the XRD analysis, in air-heated 

lattices, only NiO  peaks were present, indicating that the lattice structure was fully oxidized 

in an air atmosphere (NiO: PDF-4+ ICDD 04-006-6925). Meanwhile, in argon-heated lattices, 

metallic nickel (Ni), Nickel Phosphide (Ni3P) and nickel carbide (Ni0.98C0.02) peaks were 

observed (Ni3P: PDF-4+ ICDD 01-089-4748, Ni: PDF-4+ ICDD 04-010-6148, Ni0.98C0.02: 

PDF-4+ ICDD 01-074-5561). Furthermore, very similar compounds (Ni and Ni3P) were 

formed in the reducing atmosphere-heated lattices (Ni3P: PDF-4+ ICDD 01-089-4748, Ni: 

PDF-4+ ICDD 04-010-6148, Ni0.98C0.02: PDF-4+ ICDD 01-074-5561). No carbon related peaks 

were observed indicating that the carbon phase is highly amorphous. The XRD identifies both 

metallic nickel and nickel phosphide (Ni3P) under inert and reducing atmospheres.  

During the electroless nickel plating process, a variety of nickel-phosphorus alloys are 

deposited on the substrate according to the phosphorus concentration [177]. The metallurgical 

characteristics of the alloys are determined by the amount of phosphorus, which can range from 

2-14%. [177]. The previous work on the nickel coating of polyHIPEs showed the formation of 

different forms of nickel phosphides (N12P5, Ni2P, and Ni3P) [186]. However, the solid-state 

reaction occurs at temperatures of 600ºC or higher, and Ni3P is specifically created when there 

is an excess of nickel [187]. Due to the treatment temperature of 700ºC and the higher 

concentration of nickel relative to phosphorus (Figure 3.4I) in our experimental conditions, 

Ni3P was anticipated to form. Interestingly, Ni3P is known as a high-performance catalytic 

phase [188]. The formation of this compound indicates that these structures can be good 

candidates for the catalytic applications.  

The final observation indicated that all three types of lattices became brittle after the heat 

treatment, with the lattice heated in a reducing atmosphere being the most brittle.  

In addition to these, Scherrer analysis was performed on the aforementioned peaks, revealing 

an average crystallite size of 27.96 nm (NiO), 31.92 nm (Ni3P), and 26.92 nm (Ni3P) in air, 

argon, and reducing atmospheres, respectively. 
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Figure 3.9. The internal porous structure of the lattice structures burned in (A, B) argon and 

(C, D) reducing atmospheres. (E) EDX analysis of the internal porous structures. 

 

As mentioned, the lattice structures heated in argon and reducing atmospheres have an 

amorphous carbon network remnant, within the struts as illustrated in Figure 3.9A-B and C-D, 

respectively. EDX analysis was carried out in high-magnification SEM micrographs (Figure 

3.9B, D). The findings revealed that the carbon (C) peak had the highest intensity, indicating 

the presence of the internal porous carbon structure in argon and reducing atmospheres (Figure 

3.9E). Moreover, the analysis detected the formation of nickel (Ni) and phosphorus (P) peaks, 

demonstrating the occurrence of some nickel/nickel phosphide nanoparticles in the internal 

structure. 

 

3.5. Conclusions 

Electroless nickel-plating was examined and optimized to create ultra-porous metallized 

structures on polymerized high internal phase emulsions (polyHIPEs). To achieve this, 3D-

printed discs were fabricated using high internal phase emulsions (HIPEs) and metallized for 

various durations (5 min, 15 min, 30 min, and 1 h) with the electroless nickel-plating technique. 

The process was investigated using XRD, SEM, and EDX analyses. Subsequently, 3D-printed 

polyHIPE lattice structures were uniformly coated with nickel. To either remove or carbonize 

the polyHIPE templates, the metallized lattice structures were heated in air, argon, and reducing 
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atmospheres. The nickel coating remained intact after the polyHIPE templates were removed. 

Heating polyHIPEs in different atmospheres led to the formation of various compounds. 

Metallic polyHIPEs heated in an air atmosphere were entirely oxidized, while nickel metal and 

nickel phosphide (Ni3P) hybrid structures formed in argon and reducing atmospheres. 

Additionally, the internal structure of the polyHIPEs was fully carbonized while preserving the 

porous structure in argon and reducing atmospheres.  
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CHAPTER 4 

Inherently porous carboHIPE lattice structures derived 

from 3D-Printed PolyHIPEs 

 

 

 

Abstract  

 

Porous carbons have drawn significant scientific interest, mainly due to carbon's chemical 

stability, affordability, and exceptional surface area. These materials find applications in 

diverse areas such as energy storage devices, water contaminant adsorption, and gas separation. 

Emulsion templating is a promising method to fabricate hierarchically porous carbon materials 
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with interconnected pores at various scales and high surface areas. Combining this technique 

with additive manufacturing, in particular vat photopolymerization, offers opportunities for 

creating intricate, inherently porous materials with hierarchical porosity, including complex 

carbon lattice structures. 

This study investigated the use of 3D-printed polyHIPE lattice structures to fabricate inherently 

porous carboHIPE lattices. Surfactant-stabilized water-in-oil emulsions, based on 2-

ethylhexyl-acrylate and isobornyl-acrylate as a 3D printing resin, were used to produce 

polyHIPE lattices with three distinct porosities (80%, 85%, and 87.5%). The inherently porous 

lattice-shaped polyHIPEs were pyrolyzed at various temperatures (500ºC, 600ºC, 700ºC, and 

800ºC) to fabricate carboHIPE lattices. Raman spectra indicated successful carbonization, 

while XRD analysis validated the carbon structure. Moreover, mechanical testing results 

demonstrated a higher Young's modulus in carboHIPEs compared to polyHIPEs, with 

carboHIPE lattices exhibiting lower Young’s modulus compared to discs. Overall, this 

comprehensive exploration contributes insights into the design and performance of 

hierarchically porous carbon materials fabricated by using 3D-printed polyHIPE lattices. 

 

Keywords: vat photopolymerization, emulsion templating, polyHIPEs, porous carbon, lattice 

 

4.1. Introduction  

 

In recent decades, there has been growing interest in the production of porous polymer 

structures due to their versatility in design and relatively cost-effective manufacturing process 

[49], [56], [129]. The research focus in porous polymers has primarily been on creating 

polymers with adjustable physical properties, well-defined porosities ranging from micrometer 

to millimeter sizes, and high surface areas. This has opened up various potential applications, 

including filter materials, catalyst supports, and scaffold materials for tissue engineering and 

3D cell culture [49]. Porous polymers can also serve as templates for manufacturing porous 

metals, ceramics, carbons, and composites. Moreover, by mimicking the configurations found 
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in naturally occurring porous materials, diverse porous arrangements have been created, 

including foams, honeycombs, and lattices. [143], [144], [145], [146].  

Porous materials possessing substantial surface areas, particularly within the category of 

porous carbons, have attracted considerable scientific attention [189]. This interest primarily 

stems from carbon's chemical stability, affordability, and remarkable surface area. Porous 

carbons can be used in various applications, including their use as electrodes in energy storage 

devices like lithium-ion batteries [190] and supercapacitors [191], as adsorbents for water 

contaminants [192], [193], and materials for gas separation [194].  

Numerous conventional methods have been devised for creating carbon-based materials, 

including carbonization and activation processes [195], [196]. Carbonization involves high-

temperature decomposition of carbon precursors under inert conditions, leading to porous 

carbon materials [197], [198]. Various techniques, including pyrolysis [199], hydrothermal 

carbonization (HTC) [200], chemical vapor deposition (CVD) [201], ball milling [202], and 

arc discharge [203], are employed, influencing the resulting structure, morphology, and 

composition of the porous carbons. Activation processes, chemical and physical, play a vital 

role in restoring porosity, with chemical activation introducing nano porous carbon structures 

[204]. 

Nonetheless, conventional techniques produce porous carbons with restricted adjustability in 

terms of porous structure and pore sizes. In contrast, emulsion-based approaches, such as 

emulsion templating, emulsion polymerization/microencapsulation, and emulsion freeze 

drying, are emerging as promising methods to fabricate hierarchically porous carbon materials 

with interconnected pores at various scales and high surface areas [195], [205].  

Emulsion templating is a manufacturing technique used to create porous interconnected 

polymeric materials, with a particular focus on polymerized high internal phase emulsions, 

commonly referred to as PolyHIPEs [49], [129]. In this process, two immiscible liquids, one 

forming the external (continuous) phase and the other the internal (droplet) phase, are mixed 

and stabilized through the addition of surfactants [57], [206] or colloidal particles [130], [207], 

[208]. An emulsion is classified as a high internal phase emulsion (HIPE) when the internal 

phase makes up more than 74% of the total volume, which represents the maximum volume 

that can be occupied by uniform spheres [209]. The production of PolyHIPEs involves further 

polymerization of the external phase and subsequent removal of the internal phase.  
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Emulsion-templated polymers exhibit significant potential as precursors for customizable 

carbon foams [124], [210], [211]. They allow for precise control over the emulsion droplets 

used as templates, thereby enhancing control over structural characteristics. Additionally, they 

maintain a monolithic structure and have the advantage of originating from liquid precursors, 

enabling them to be shaped into virtually any form. By subjecting polyHIPEs to carbonization, 

emulsion-templated carbon foams, referred to as carboHIPEs, can be created. [211], [212], 

[213]. 

Various carbon precursors derived from polyHIPEs have been reported, including lignin [214], 

polyacrylonitrile [215], resorcinol-formaldehyde [216], and tannins [217]. So far, extensive 

investigations have focused on styrene-co-divinylbenzene (ST-co-DVB) copolymers and 

DVB-based polymers for creating porous carbons through emulsion templating followed by 

pyrolysis [124], [189], [212], [213], [218], [219], [220], [221], [222], [223], [224]. 

Nonetheless, to fabricate carboHIPEs from ST-co-DVB / DVB-based polyHIPEs, additional 

stabilization is required due to their relatively limited thermal stability [225].  

Broadening the scope of porous materials can be achieved through the fabrication of inherently 

porous complex structures using polyHIPEs. The combination of additive manufacturing and 

emulsion templating opens up opportunities for creating inherently porous materials in intricate 

forms with hierarchical porosity. Among various additive manufacturing (AM) techniques, vat 

photopolymerization stands out for its ability to directly fabricate 3D intricate structures from 

design files with minimal effort. Recently, a polymer resin with inherent porosity through 

emulsion templating was developed in our group [65], [66], [69], and we have reported its use 

as a resin for vat photopolymerization based commercial 3D printers [71]. Additionally, in a 

previous study, we successfully demonstrated the creation of intricate hierarchical porous 

architectural designs using HIPEs through additive manufacturing [72]. This approach enables 

the utilization of PolyHIPEs as templates for creating inherently porous carbon lattice 

structures. 

In this study, we employed a surfactant-stabilized water-in-oil emulsion, based on 2-

ethylhexyl-acrylate and isobornyl-acrylate, as a 3D printing resin. This resin was utilized to 

produce polyHIPE lattices with three distinct porosities (80%, 85%, and 87.5%) via vat 

photopolymerization-based 3D printing using an Elegoo Saturn 2 8K 3D printer. Following 

this, inherently porous lattice-shaped polyHIPEs were subjected to pyrolysis at various 
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processing temperatures (500ºC, 600ºC, 700ºC, and 800ºC). The macrostructure of the bare 

polyHIPEs remained intact after pyrolysis. Subsequently, we conducted a detailed 

characterization of the resulting carboHIPEs derived from the acrylate-based polyHIPEs. 

Finally, the mechanical properties of the carboHIPEs fabricated under different conditions 

were assessed. 

 

4.2. Experimental 

4.2.1. Materials 

2-ethylhexyl acrylate (EHA), isobornyl acrylate (IBOA), trimethylolpropane triacrylate 

(TMPTA), a photoinitiator; diphenyl (2,4,6- trimethyl benzoyl)-phosphine oxide/2-hydroxy-2-

methyl propiophenone (blend), beta carotene (synthetic, ≥93% (UV), powder), and tartrazine 

(dye content ≥85 %) were all purchased from Sigma Aldrich. The surfactant Hypermer B246-

SO-M was received from Croda.  

4.2.2. Preparation of High Internal Phase Emulsions 

A continuous organic phase was prepared by mixing 39.70 wt% of 2-ethylhexyl acrylate 

(EHA), 39.70 wt% of isobornyl acrylate (IBOA), 15.90 wt% of trimethylolpropane triacrylate 

(TMPTA) as the crosslinker, and 4.70 wt% of Hypermer B246-SO-M as the surfactant (Table 

A20). To dissolve the surfactant completely, the mixture was heated to 50°C. Beta-carotene 

and tartrazine, previously reported in our prior research, were incorporated at concentrations 

of 0.02 wt% and 0.06 wt%, respectively, within the continuous organic phase, as light-

absorbers. [71]. The photoinitiator was then added at 5 wt% into the continuous phase. To 

create an emulsion, distilled water (dH2O) was added drop by drop while stirring the mixture 

at 300 rpm using a SciQuip-Pro 40 stirrer. HIPEs were prepared using 80 vol.%, 85 vol.%, and 

87.5 vol.% of dH2O to create polyHIPEs with 3 different porosities.  
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4.2.3. 3D printing of polyHIPE lattices and cylinders 

PolyHIPE structures were manufactured using a commercial 3D printer, the Elegoo Saturn 2 

8K, which employs digital light processing technology. This 3D printer is equipped with an 8K 

monochrome LCD screen boasting a resolution of 7680 × 4320 pixels and a XY resolution of 

28.5 µm [226]. It is further enhanced with a chip-on-board lens combined with integrated UV 

LED lights and a Fresnel lens, which collaboratively provide a consistent 405 nm light source 

for printing. The Fresnel collimating light source comprises 48 highly integrated UV LED 

lights that, in conjunction with the FCL system and Fresnel lens, emit a uniform 405 nm 

wavelength light, resulting in exceptional printing precision and a smoother surface finish. 

The lattice structure consisting of  tetrahedral octahedral vertex centroid unit cell configuration 

(to be mentioned as “lattice structure” or “lattice” in the text) was obtained from 

thingiverse.com [180]. Autodesk Fusion 360 was used to add a base to the lattice structure 

(Figure A9) and prepare cylinders having 25 mm diameter × 12.5 mm height were prepared.  

Both designs were formatted as .stl files and then sliced using CHITUBOX Basic. 

Cylinders  and 24 mm × 24 mm × 20 mm lattice structures including 25 mm × 25 mm × 3 mm 

of the base were 3D printed with a layer thickness of 60 µm (Figure 4.1A-C). The pore sizes 

of the 3D-printed 80%, 85%, and 87.5% porous polyHIPEs were 21.20 ± 6.11 µm, 26.26 ± 

7.33 µm, and 34.63 ± 13.15 µm, respectively (Figure A11). The 3D printing parameters 

including exposure time, bottom layer count, and bottom exposure time etc. were presented in 

Table A21. It is essential for the initial layers to have a longer exposure time compared to the 

standard exposure time to ensure proper adhesion of the structures to the printing platform. The 

entire 3D printing process took approximately 3 hours to produce 15 lattices in a single batch.  

Following the completion of the 3D printing process, the printed structures were rinsed with 

methanol to remove any materials eluting from the polyHIPE, such as uncured resin. They were 

then placed in an oven at 65ºC for a 24-hour period for drying. 

4.2.4. Carbonization of 3D printed polyHIPE lattices and cylinders  

The PolyHIPE lattices to produce inherently porous carboHIPE lattices were pyrolyzed under 

N2 atmosphere in a high-temperature oven (Elite tube furnace, Elite Furnaces, UK). 4 different 

processing temperatures, 500°C, 600°C, 700°C, and 800°C were used to investigate the 
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carbonization mechanism of PolyHIPEs under various temperatures as determined by their 

TGA analysis, where the decomposition initiates at 500°C (Figure A10). Furthermore, 85% 

porous 25 mm diameter × 12.5 mm height cylinders were pyrolyzed in the same conditions to 

investigate the processing temperatures on the mechanical properties of carboHIPEs. The 

temperature was raised to the processing temperature at a rate of 5°C/min, and it was held at 

that temperature for a period of 2 hours.  

 

4.3. Characterization  

4.3.1. Mercury Intrusion Porosimetry 

The degree of porosity and the bulk/skeletal densities of the polyHIPE and carboHIPE lattices 

were measured using a mercury intrusion porosimeter (AutoPore V, Micrometrics). The 

highest applied pressure and the contact angle of mercury were 60000 psi (414 MPa) and 130°, 

respectively. 

4.3.2. Scanning Electron Microscopy (SEM) 

An FEI Inspect F scanning electron microscope (SEM) was employed to visualize both the 

macrostructure and microstructure of carboHIPEs. Imaging was performed with an 

accelerating voltage of 5 kV. Pore sizes were quantified using ImageJ. 70 pores measured from 

each category and the images used for pore size measurements were presented in supporting 

information (Figures A11-A14). To address potential underestimation of pore diameters 

resulting from uneven sectioning, a statistical correction factor (2/√3) was applied to the pore 

size measurements [182].  

4.3.3. Raman Spectroscopy  

The carboHIPE samples were analyzed by Raman spectroscopy (Renishaw InVia) using a 20 

mW, 514.5 nm laser and a 50× objective, between Raman shifts of 100 cm -1 and 4000 cm-1. 

The exposure time was 10 s, with 8 accumulations collected per sample. Baseline correction 

and data normalization was applied to the spectra in Origin Pro 2023. Additionally, polyHIPE 

samples were also examined as controls. 
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4.3.4. X-ray Diffractometer (XRD)  

The 85% porous carboHIPE samples were analyzed by XRD using a PANalytical Aeris, 

operating at the 10 min scan measurement method (Cu tube 30 kV 40 mA, ¼º divergence slit, 

a 0.15 mm Ni filter, 0.02 Rad soller slits). The measurements were taken over at diff raction 

angles (2𝜃s) from 0º to 100º with a step size of 0.02º. 

4.3.5. Mechanical Testing 

Compression testing was performed to evaluate the mechanical properties of the carboHIPE 

discs (with dimensions of approximately 9 mm in diameter and 4 mm in height after 

carbonization) (n=3). A Mecmesin Multitest 2.5-dV mechanical testing machine equipped with 

a 250 N load cell was used at a rate of 1 mm/min. The data were collected using Vector Pro 

software.  

In addition, 25 mm diameter × 12.5 mm height polyHIPE cylinders were tested, and their 

stiffness was used for comparisons (n=3). Furthermore, compression testing was conducted on 

80%, 85%, and 87.5% porous carboHIPE lattice structures fabricated at 800ºC (n=4). 

4.3.6. Statistical Analysis 

Statistical analysis was conducted using Origin Pro 2023. To determine significant differences, 

one-way ANOVA with Tukey's multiple comparison analysis was employed. Differences were 

considered significant when the p-value was less than or equal to 0.05. The specific number of 

replicates used in this study can be found in both the Materials and Methods section and the 

figure legend. 

 

4.4. Results and Discussion  

4.4.1. Examination of the macro- and microstructure of inherently porous carboHIPE 

lattices  

3D-printed inherently porous polyHIPE lattice structures and their respective carboHIPE 

versions, subjected to various carbonization temperatures, specifically 500°C, 600°C, 700°C, 
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and 800°C were presented in Figure 4.1. These images provide visual representation and serve 

as a basis for the examination of these materials as the macrostructure is one of the main focuses 

in this study. The samples were named according to their nominal porosity (80%, 85%, and 

87.5%), representing the internal phase amount used during HIPEs preparation. 

Figure 4.1A demonstrated a porous lattice structure exhibiting 80% porosity. Figure 4.1B 

illustrated lattice structure with an 85% porosity while Figure 4.1C presented the polyHIPE 

lattice with 87.5% porosity. The carboHIPEs derived from 80% polyHIPE lattices at 500°C, 

600°C, 700°C, and 800°C, were displayed in Figure 4.1D, G, J, M, respectively. Similarly, 

85% porous carboHIPEs pyrolyzed at 500°C, 600°C, 700°C, and 800°C were presented in 

Figure 4.1E, H, K, N, respectively. Likewise, Figure 4.1F, I, L, O exhibited 87.5% porous 

carboHIPEs pyrolyzed at 500°C, 600°C, 700°C, and 800°C, respectively. This comprehensive 

collection of images, labeled from Figure 4.1D-O, provides insight into the alterations of the 

porous lattice structures resulting from different carbonization temperatures.  
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Figure 4.1. Digital images of 3D-printed polyHIPE and carboHIPE lattices fabricated from 

various perspectives. 80% inherently porous (A) polyHIPE lattices and carboHIPE lattices 

pyrolyzed at (D) 500ºC, (G) 600ºC, (J) 700ºC, and (M) 800ºC. 85% inherently porous (B) 

polyHIPE lattices and carboHIPE lattices pyrolyzed at (E) 500ºC, (H) 600ºC, (K) 700ºC, and 

(N) 800ºC. 87.5% inherently porous (C) polyHIPE and carboHIPE lattices pyrolyzed at (F) 

500ºC, (I) 600ºC, (L) 700ºC, and (O) 800ºC. Scale bars are 10 mm in all images. 

 

In addition to the visual inspection of shrinkage, the quantified data calculated shrinkage rates 

were presented in Table 4.1. The data in this table supplements the visuals in Figure 4.1, 

providing a deeper insight into how the material behaves and changes during pyrolysis. 
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Table 4.1. Porosity (%), Density (g/cm3), Shrinkage (vol. %), and Pore size (µm) values of the 

80%, 85%, and 87.5% porous polyHIPE lattices and carboHIPE lattices fabricated at 500ºC, 

600ºC, 700ºC, and 800ºC. 

 

Samples 

Porosity 

(%) 

 

Density (g/cm3) 

 

Shrinkage 

(vol. %) 

Pore size 

(µm) 

Bulk Skeletal 

8
0
 %

 p
o
r
o
u

s 

polyHIPE 64.02 0.36 1.01 n/a 21.20 ± 6.11 

500ºC 75.09 0.48 1.28 97.19 ± 0.10 15.12 ± 5.12 

600ºC 59.13 0.41 1.47 97.39 ± 0.06 15.24 ± 5.14 

700ºC 70.59 0.34 1.58 97.60 ± 0.03 16.63 ± 5.56 

800ºC 68.61 0.19 0.60 97.47 ± 0.04 14.47 ± 4.50 

8
5
 %

 p
o
r
o
u

s 

polyHIPE 76.96 0.22 0.97 n/a 26.26 ± 7.33 

500ºC 59.89 0.35 0.87 97.44 ± 0.04 14.66 ± 5.06 

600ºC 74.45 0.25 0.98 97.39 ± 0.07 13.91 ± 4.56 

700ºC 64.09 0.26 0.71 97.54 ± 0.02 12.49 ± 3.56 

800ºC 79.43 0.14 0.68 97.70 ± 0.03 13.12 ± 3.65 

8
7
.5

 %
 p

o
r
o
u

s 

polyHIPE 65.92 0.17 0.50 n/a 34.63 ± 13.15 

500ºC 55.38 0.22 0.50 97.37 ± 0.08 13.04 ± 3.27 

600ºC 73.48 0.24 0.89 97.19 ± 0.09 12.07 ± 2.98 

700ºC 69.98 0.25 0.82 97.69 ± 0.01 12.21 ± 3.40 

800ºC 71.04 0.14 0.48 97.19 ± 0.03 11.66 ± 2.82 
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The volumetric shrinkage in all examined conditions is approximately 97%. Interestingly, 

despite this significant shrinkage, the macrostructure was maintained during isotropic 

contraction, preserving the integrity of the 3D strut network. Neither the degree of porosity nor 

the pyrolysis temperature exhibited a difference in the shrinkage behavior. Based on their 

standard deviations, a remarkable consistency in the shrinkage process is observed in all 

experimental conditions. 

Nevertheless, some distortion was observed in the 87.5% porous carboHIPEs. This distortion 

primarily arises from the lower printing resolution, attributed to the high amount of internal 

phase content (with a 1:7 ratio of external to internal phase), in contrast to the other two 

porosities. The 80% porous carboHIPEs feature a 1:4 ratio of external to internal phase, while 

the 85% porous carboHIPEs employ a 1:5.67 ratio of external to internal phase. Furthermore, 

some instances of overcuring were noted in the 85% and 87.5% porous 3D-printed polyHIPEs.  

In the previous research, it was successfully demonstrated that the cubic vertex centroid lattice 

structure could be 3D printed without encountering overcuring issues by employing 80% 

porous HIPEs [72]. As the internal phase ratio increases, the printing resolution decreases, as 

illustrated in Figure 4.1A-C. When compared to 80% porous polyHIPE lattice, some overcured 

parts emerged in 85% and 87.5% porous ones. 

Figure 4.2 presented the SEM images of all carboHIPE lattices. Figure 4.2A, D, G, and J 

demonstrated 80% porous carboHIPEs pyrolyzed at 500°C, 600°C, 700°C, and 800°C, 

respectively. Similarly, 85% porous carboHIPEs pyrolyzed at the same temperatures were 

illustrated in Figures 4.2B, E, H, and K, while Figure 4.2C, F, I, and L exhibited 87.5% porous 

carboHIPEs fabricated under the same temperature conditions. Notably, there were no 

observable distortions in the SEM images, providing evidence that the distort ion observed in 

the 87.5% porous lattices (Figure 4.1F, I, L, and O) is due to their lower 3D printing resolution. 

Furthermore, detailed views of the unit cells and the porous structure of the carboHIPE lattices 

were presented in the insets. 
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Figure 4.2. SEM images of carboHIPE lattices at various magnifications. 80% inherently 

porous carboHIPE lattices pyrolyzed at (A) 500ºC, (D) 600ºC, (G) 700ºC, and (J) 800ºC. 85% 

inherently porous carboHIPE lattices pyrolyzed at (B) 500ºC, (E) 600ºC, (H) 700ºC, and (K) 

800ºC. 87.5% inherently porous carboHIPE lattices pyrolyzed at (C) 500ºC, (F) 600ºC, (I) 

700ºC, and (L) 800ºC. Scale bars are 50 µm in the right insets and 500 µm in the left insets. 
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The pore sizes measure 21.20 ± 6.11 µm, 26.26 ± 7.33 µm, and 34.63 ± 13.15 µm in 80% , 

85%, 87.5% porous polyHIPEs. More porous polyHIPEs exhibited larger pores. The pore sizes 

of carboHIPEs range between 11.66 and 16.63 µm, with higher porous samples exhibiting more 

shrinkage in the pores. Additionally, the degree of porosity stands at ~64.02%  in 80% porous 

polyHIPEs, ~76.96 %  in 85% porous polyHIPEs, and ~65.92% in 87.5% porous polyHIPEs. 

Interestingly, a notable difference exists between nominal porosity and measured porosity, 

which can be attributed to the decreasing stability of HIPEs during the 3D printing process 

[71]. On the other hand, the porosity of the carboHIPEs is between 59.13 and 75.09% in 80% 

porous carboHIPEs, 59.89 and 79.43% in 85% porous carboHIPEs and 55.38 and 73.48% in 

87.5% porous carboHIPEs. Furthermore, there is no significant difference in porosity between 

polyHIPEs and carboHIPEs, indicating that porosity remains consistent throughout the 

pyrolysis process. In addition, bulk densities of polyHIPEs and carboHIPEs range from 0.14 

to 0.48 g cm-3. While there is no direct correlation between density and pyrolysis temperature, 

it is noteworthy that the highest temperature resulted in the lowest density. As expected, a 

higher degree of porosity led to lower density, as indicated in Table 4.1.  

 

4.4.2. Carbonization mechanism of acrylate-based polyHIPEs 

 

To investigate the degree of graphitization of carboHIPEs, Raman spectra analyses were 

performed, and the corresponding data for 80%, 85%, and 87% porous carboHIPEs were 

presented in Figure 4.3A, B, and C respectively. All samples demonstrated characteristic D and 

G bands at ~1349 cm-1 and ~1599 cm-1, respectively. These peaks are indicative of the 

production of pyrolytic carbon and indicate the success of carbonization (Figure A15).  It was 

observed that, with the increase in the pyrolysis temperature, the intensity ratios of D and G 

exhibited an increase across all three distinct porosities (from ~0.6 to ~0.80). This is associated 

with the relatively lower carbonization temperature. During pyrolysis, the D/G ratio increases 

with the processing temperature until graphitization initiates at higher temperatures, and during 

graphitization, the D/G ratio decreases [228]. On the other hand, carboHIPEs which are derived 

from styrene-co-divinylbenzene (ST-co-DVB)-based polyHIPEs at 800 ºC exhibited higher 

D/G ratios (~0.9 - ~1.00) in the literature [189], [224]. Furthermore, as anticipated, although 



91 

 

 

porosity did not have a significant influence on these observed trends, the highest porous 

samples displayed the lowest D/G ratios.  

 

 

Figure 4.3. Raman spectra of  (A) 80%, (B) 85%, and (C) 87.5% porous carboHIPEs and (D) 

XRD analysis of 85% porous carboHIPEs fabricated at 500ºC, 600ºC, 700ºC, and 800ºC. 

 

To validate the carbon structure, XRD analysis was conducted on 85% porous carboHIPE 

samples manufactured at 500ºC, 600ºC, 700ºC, and 800ºC. The corresponding data was 

illustrated in Figure 4.3D. The obtained XRD pattern exhibits characteristic peaks at 24º and 

44º, corresponding to the (002) and (100) diffraction modes of pyrolytic carbon, respectively 

[229]. In addition, the difference in the peak positions compared to those of polyHIPE serves 

as evidence of successful carbonization (Figure A15). 
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4.4.3. Mechanical Properties of carboHIPEs  

 

The final analysis aimed to assess the mechanical properties of carboHIPEs. Initially, to 

examine the impact of pyrolysis temperature on the mechanical properties, 85% porous 

carboHIPE discs fabricated at 500°C, 600°C, 700°C, and 800°C were mechanically tested via 

compression. As observed in Figure 4.4A-D structural cracks sometimes emerged in the 

carboHIPE cylinders during the pyrolysis process due to shrinkage contrary to carboHIPE 

lattices. The representative stress-strain curve and a graph illustrating the statistical differences 

between the categories were presented in Figure 4.4E. As expected, the polyHIPE samples 

exhibited the lowest stiffness (0.62 ± 0.02 MPa), with Young’s modulus increasing by 7 to 10 

times in carboHIPEs (from 4.62 ± 0.06 to 6.25 ± 0.75 MPa). Although the Young’s modulus 

rises with processing temperature, no statistically significant difference was observed beyond 

500°C.  

Based on the initial compression testing results and Raman spectra, carboHIPE lattices with 

80%, 85%, and 87.5% porous configurations were fabricated at 800°C for a detailed 

investigation into their mechanical properties. 

The representative stress-strain curve and specific strength and modulus values of the lattice 

structures were presented in Figure 4.4F-G, respectively. Young’s modulus was determined by 

analyzing the gradient up to the first peak, and for specific strength calculations, the maximum 

stress at the first peak was utilized [230]. To calculate the specific strength and modulus, first, 

the densities of each lattice were calculated based on their volumes, which were derived from 

the outer dimensions of the lattices. 

According to the results, the carboHIPE lattices with 80% and 87.5% porosity demonstrated 

Young’s modulus values of 1.25 ± 0.30 MPa and 1.15 ± 0.21 MPa respectively, while the 

carboHIPE lattices with 85% porosity exhibited the highest Young’s modulus (1.28  ± 0.43 

MPa). Similarly, the 85% porous carboHIPE lattices had the highest specific modulus (10.17 

± 3.41 MPa g-1 cm3). In contrast, the carboHIPE lattices with 80% and 87.5% porosity showed 

similar specific modulus values, 8.03 ± 1.92 and 8.03 ± 1.55 MPa g-1 cm3, respectively. 

Furthermore, the carboHIPE lattices with 80%, 85%, and 87.5% porosity exhibited specific 

strengths of 1.06 ± 0.55, 1.07 ± 0.69, and 0.73 ± 0.41 MPa g-1 cm3, respectively. In addition, 
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the 85% and 87.5% porous categories exhibited fewer sharp peaks and downs in their 

stress/strain graphs compared to 80% porous lattices (Figure A16).  

In comparison to carboHIPE discs, as expected, carboHIPE lattices exhibited lower Young’s 

modulus due to their thin and brittle strut structure, in contrast to the monolithic disc structure. 

Additionally, the Ashby diagram, comparing this work against other materials, showed that 

they fall into the foams category (Figure A17).  

 

 

Figure 4.4. Digital photos of 85% porous polyHIPE cylinders and carboHIPE discs fabricated 

at (A) 500ºC, (B) 600ºC, (C) 700ºC, and (D) 800ºC. Scale bars are 10 mm in A-D. (E) 

Compression testing results of 85% porous carboHIPE discs (*: p ≤ 0.05) (n=3). (F) 

Compression testing results and representative stress-strain curves of 80%, 85%, and 87.5% 

porous carboHIPE lattices pyrolyzed at 800ºC (n=4). (G) Specific strength and modulus values 

of 80%, 85%, and 87.5% porous carboHIPE lattices pyrolyzed at 800ºC.  
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4.5. Conclusions 

In conclusion, this study systematically investigated the macro- and microstructure, shrinkage 

behavior, pore characteristics, carbonization mechanism, and mechanical properties of 3D-

printed inherently porous polyHIPE and carboHIPE lattices. The examination of lattice 

structures at different carbonization temperatures showed consistent volumetric isotropic 

contraction. However, distortions were observed in 87.5% porous carboHIPEs due to lower 

printing resolution due to high internal phase content (1:7 ratio of external to internal phase). 

Quantified data on shrinkage rates complemented visual inspections, showing approximately 

97% volumetric shrinkage with remarkable consistency across all conditions. SEM images 

displayed well-defined structures with varying pore sizes. Raman spectra indicated successful 

carbonization, with increasing D/G ratios with increasing carbonization temperatures. XRD 

analysis further validated the carbon structure. While mechanical testing indicated a higher 

Young's modulus in carboHIPE discs compared to polyHIPE cylinders, the carboHIPE lattices 

demonstrated lower Young’s modulus compared to monolithic carboHIPE discs. Notably, the 

85% porous carboHIPE lattices exhibited the highest Young’s modulus and specific modulus 

values compared to 80% and 87.5% porous carboHIPE lattices. 

 

 

 

 

 

 

 

 

 

 

 

 



95 

 

 

CHAPTER 5  

Overall Conclusions and Future Work 

 

In summary, the use of HIPEs as printing resins and their use to fabricate highly porous 

complex metal-based and carbon structures were comprehensively investigated in this thesis.  

The primary focus of the study was to enhance 3D printing resolution for porous polymer 

structures by utilizing a blend of beta-carotene and tartrazine as light absorbers to create 

inherently porous intricate polyHIPE structures. The resulting 3D-printed objects exhibited 

preserved surface and internal porosity, with a substantial reduction in pore size from 

approximately 30-40 to 15-20 µm, and an overall porosity of less than 74% leading to the 

classification of these structures as polyMIPEs rather than polyHIPEs. Notably, this research 

demonstrated the feasibility of utilizing commercial vat photopolymerization-based setups for 

3D printing intricate porous polymer structures, thereby expanding the potential applications 

of inherently porous polyMIPEs/HIPEs. 

The electroless nickel plating of 3D-printed polyHIPE lattice structures was further 

investigated by optimizing the process to produce highly porous metal-based lattice structures. 

Successful metal coating of 3D-printed polyHIPE lattice structures was achieved, with the 

nickel coating remaining intact after the removal of the polyHIPE templates. The heating 

process in different atmospheres resulted in the formation of distinct compounds, highlighting 

the versatility of polyHIPE structures as templates for various applications. The study 

demonstrated the potential of electroless nickel plating in producing porous metallic/metal-

based lattice structures with consistent wall thickness. 

Concluding with the exploration of inherently carboHIPE lattices derived from 3D-printed 

polyHIPEs, the research provided a systematic investigation into macro- and microstructures, 

shrinkage behavior, pore characteristics, carbonization mechanisms, and mechanical 

properties. In conclusion, this holistic study significantly advances our understanding of the 

design and performance of porous carbon materials fabricated through the combination of 

emulsion templating and additive manufacturing techniques. 
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Looking ahead, to expand the usage of HIPEs as printing resins, various types of materials, 

including PCL, PGS, and PGS-M, can be used to prepare them. To enhance their suitability as 

printing resins, optimization is crucial, with a significant focus on improving their stability, 

particularly given that stability loss is a key issue during the printing process.  Moreover, 

fabricating polyHIPEs with larger pores holds the potential to enhance metal penetration 

throughout the structure. This can be achieved by employing particle-stabilized HIPEs instead 

of surfactant-stabilized ones. However, a limitation arises concerning their stability; achieving 

intricate structures using particle-stabilized HIPEs requires significant efforts to enhance their 

stability. This thesis, while more centered on the general investigation of the use of  HIPEs for 

vat photopolymerization and their potential for producing highly porous metal-based and 

carbon structures, opens avenues for future research in the dynamic field of porous materials. 

Dear reader, in this extensive research area, many uncharted territories await exploration. If 

this thesis has sparked your curiosity, I encourage you to chart your path and immerse yourself 

in the remarkable world of polyHIPEs. 

Thank you for accompanying me on this three-year journey. 

 

 

 

 

 

 

 

 

 

 

 

 



97 

 

 

APPENDIX 

 

Chapter 2  Appendix 

 

Figure A1. The absorbance spectra and molecular structures of (A-B) beta-carotene and (C-

D) tartrazine. (A) adapted from [230] Copyright 2022, (B) adapted from [231], (C) adapted 

from [232] Copyright 2018,  (D) adapted from [233].  
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Figure A2. The 3D model of 5×5 mm cylinder 

 

Table A1. Printing parameters to 3D print 5×5 mm cylinders from pure HIPE 

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 35 5 10 40 0.3 

2 32 27 5 10 40 0.3 

33 66 22 5 10 40 0.3 

67 125 17 5 15 40 0.3 

126 175 13 5 15 40 0.3 

176 200 9 5 15 40 0.3 

201 225 6 5 15 40 0.3 

226 233 4 5 15 40 0.3 
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Table A2. Printing parameters to 3D print 5×5 mm cylinders from HIPE that contained 0.4% 

beta-carotene 

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 40 5 10 40 0.3 

2 32 37 5 10 40 0.3 

33 66 35 5 10 40 0.3 

67 125 32 5 15 40 0.3 

126 175 30 5 15 40 0.3 

176 200 25 5 15 40 0.3 

201 225 20 5 15 40 0.3 

226 233 15 5 15 40 0.3 

 

Table A3. Printing parameters to 3D print 5×5 mm cylinders from HIPE that contained 0.1% 

tartrazine 

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 40 5 10 40 0.3 

2 32 39 5 10 40 0.3 

33 66 37 5 10 40 0.3 
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67 125 34 5 15 40 0.3 

126 175 32 5 15 40 0.3 

176 200 27 5 15 40 0.3 

201 225 22 5 15 40 0.3 

226 233 17 5 15 40 0.3 

 

Table A4. Printing parameters to 3D print 5×5 mm cylinders from HIPE that contained blend 

(0.4% beta-carotene and 0.1% tartrazine) 

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 40 5 10 40 0.3 

2 32 37 5 10 40 0.3 

33 66 35 5 10 40 0.3 

67 125 32 5 15 40 0.3 

126 175 30 5 15 40 0.3 

176 200 25 5 15 40 0.3 

201 225 20 5 15 40 0.3 

226 233 15 5 15 40 0.3 
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Figure A3. The 3D model of 5×5 mm cylinders having 15°, 30°, and 45° inclines 

 

Table A5. Printing parameters to 3D print 5×5 mm cylinders having 15°, 30°, and 45° inclines 

from pure HIPE  

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 35 5 10 40 0.3 

2 32 27 5 10 40 0.3 

33 66 22 5 10 40 0.3 

67 125 17 5 15 40 0.3 

126 175 13 5 15 40 0.3 

176 200 9 5 15 40 0.3 

201 225 6 5 15 40 0.3 

226 233 4 5 15 40 0.3 
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Table A6. Printing parameters to 3D print 5×5 mm cylinders having 15°, 30°, and 45° inclines 

from HIPE that contained 0.4% beta-carotene  

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 45 5 10 40 0.3 

2 32 40 5 10 40 0.3 

33 66 35 5 10 40 0.3 

67 125 32 5 15 40 0.3 

126 175 28 5 15 40 0.3 

176 200 24 5 15 40 0.3 

201 225 19 5 15 40 0.3 

226 233 15 5 15 40 0.3 

 

Table A7. Printing parameters to 3D print 5×5 mm cylinders having 15°, 30°, and 45° inclines 

from HIPE that contained 0.1% tartrazine 

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 60 5 10 40 0.3 

2 76 57 5 10 40 0.3 

77 150 55 5 10 40 0.3 
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151 225 53 5 15 40 0.3 

226 233 50 5 15 40 0.3 

 

Table A8. Printing parameters to 3D print 5×5 mm cylinders having 15°, 30°, and 45° inclines 

from HIPE that contained blend (0.4% beta-carotene and 0.1% tartrazine) 

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 45 5 10 40 0.3 

2 32 42 5 10 40 0.3 

33 66 38 5 10 40 0.3 

67 125 34 5 15 40 0.3 

126 175 29 5 15 40 0.3 

176 200 26 5 15 40 0.3 

201 225 22 5 15 40 0.3 

226 233 18 5 15 40 0.3 
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Figure A4. The 3D model of 5×10 mm cylinders having 15°, 30°, and 45° inclines 

 

Table A9. Printing parameters to 3D print 5×10 mm cylinders having 15°, 30°, and 45° inclines 

from pure HIPE  

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 35 5 10 40 0.3 

2 32 27 5 10 40 0.3 

33 76 22 5 10 40 0.3 

77 150 17 5 15 40 0.3 

151 225 13 5 15 40 0.3 

226 300 9 5 15 40 0.3 

301 370 6 5 15 40 0.3 

371 411 4 5 15 40 0.3 
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Table A10. Printing parameters to 3D print 5×5 mm cylinders having 15°, 30°, and 45° inclines 

from HIPE that contained 0.4% beta-carotene  

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 45 5 10 40 0.3 

2 32 42 5 10 40 0.3 

33 76 38 5 10 40 0.3 

77 150 35 5 15 40 0.3 

151 225 32 5 15 40 0.3 

226 300 28 5 15 40 0.3 

301 370 24 5 15 40 0.3 

371 411 20 5 15 40 0.3 

 

Table A11. Printing parameters to 3D print 5×5 mm cylinders having 15°, 30°, and 45° inclines 

from HIPE that contained blend (0.4% beta-carotene and 0.1% tartrazine) 

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 45 5 10 40 0.3 

2 32 42 5 10 40 0.3 

33 76 38 5 10 40 0.3 
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77 150 35 5 15 40 0.3 

151 225 32 5 15 40 0.3 

226 300 28 5 15 40 0.3 

301 370 24 5 15 40 0.3 

371 411 20 5 15 40 0.3 

 

 

Figure A5. The 3D model of calibration object including 5 mm high posts of 3 mm, 2 mm, 1 

mm, and 0.5 mm diameters 

 

Table A12. Printing parameters to 3D print calibration object including 5 mm high posts of 3 

mm, 2 mm, 1 mm, and 0.5 mm diameters from pure HIPE  

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 35 5 10 40 0.3 

2 32 27 5 10 40 0.3 

33 64 22 5 10 40 0.3 
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65 100 17 5 15 40 0.3 

101 125 13 5 15 40 0.3 

126 150 9 5 15 40 0.3 

151 163 6 5 15 40 0.3 

 

Table A13. Printing parameters to 3D print calibration object including 5 mm high posts of 3 

mm, 2 mm, 1 mm, and 0.5 mm diameters from HIPE that contained 0.4% beta-carotene 

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 40 5 10 40 0.3 

2 32 37 5 10 40 0.3 

33 64 35 5 10 40 0.3 

65 100 32 5 15 40 0.3 

101 125 30 5 15 40 0.3 

126 150 25 5 15 40 0.3 

151 163 20 5 15 40 0.3 

 

Table A14. Printing parameters to 3D print calibration object including 5 mm high posts of 3 

mm, 2 mm, 1 mm, and 0.5 mm diameters from HIPE that contained 0.1% tartrazine  
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From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 42 5 10 40 0.3 

2 32 39 5 10 40 0.3 

33 64 37 5 10 40 0.3 

65 100 34 5 15 40 0.3 

101 125 32 5 15 40 0.3 

126 150 27 5 15 40 0.3 

151 163 22 5 15 40 0.3 

 

Table A15. Printing parameters to 3D print calibration object including 5 mm high posts of 3 

mm, 2 mm, 1 mm, and 0.5 mm diameters from HIPE that contained blend (0.4% beta-carotene 

and 0.1% tartrazine) 

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 40 5 10 40 0.3 

2 32 37 5 10 40 0.3 

33 64 35 5 10 40 0.3 

65 100 32 5 15 40 0.3 

101 125 30 5 15 40 0.3 
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126 150 25 5 15 40 0.3 

151 163 20 5 15 40 0.3 

 

 

Figure A6. The 3D model of pyramid structure 

 

Table A16. Printing parameters to 3D print pyramid structure from pure HIPE that contained 

blend (0.4% beta-carotene and 0.1% tartrazine)  

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

(mm/min) 

Delay 

time (sec) 

1 1 40 5 10 40 0.3 

2 32 37 5 10 40 0.3 

33 66 35 5 10 40 0.3 

67 125 32 5 15 40 0.3 

126 200 30 5 15 40 0.3 
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201 275 25 5 15 40 0.3 

276 310 20 5 15 40 0.3 

311 341 15 5 15 40 0.3 

 

 

Figure A7. The 3D model of buckyball structure 

 

Table A17. Printing parameters to 3D print buckyball structure from pure HIPE that contained 

blend (0.4% beta-carotene and 0.1% tartrazine)  

From 

layer 

To       

layer 

Exposure 

time (sec) 

Lifting 

height 

(mm) 

Lifting   

speed 

(mm/min) 

Down 

speed 

Delay 

time 

1 1 50 5 10 40 0.3 

2 32 47 5 10 40 0.3 
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33 66 43 5 10 40 0.3 

67 250 40 5 10 40 0.3 

251 350 37 5 10 40 0.3 

351 420 33 5 10 40 0.3 

421 500 29 5 10 40 0.3 

501 570 25 5 15 40 0.3 

571 600 22 5 15 40 0.3 

601 680 20 5 15 40 0.3 

681 712 17 5 15 40 0.3 

 

Table A18. Print times of 3D model for each HIPE category  

 

3D model 

Print time 

(pure) 

Print time 

(0.4% beta-

carotene) 

Print time 

(0.1% 

tartrazine) 

Print time 

(blend) 

5×5 mm 

cylinders 

2 h 59 min 3 h 55 min 4 h 2 min 3 h 55 min 

5×5 mm 

cylinders 

having 15°, 

30°, and 45° 

inclines 

 

 

2 h 59 min 

 

 

3 h 55 min 

 

 

3 h 35 min 

 

 

4 h 2 min 

5×10 mm 

cylinders 
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having 15°, 

30°, and 45° 

inclines 

 

4 h 55 min 

 

6 h 55 min 

 

9 h 5 min 

 

6 h 55 min 

Calibration 

object 

2 h 13 min 2 h 52 min 2 h 57 min 2 h 52 min 

Pyramid - - - 5 h 27 min 

Buckyball - - - 13 h 19 min 

 

 

Figure A8. The comparison of the (A) pure and (B) blend samples in terms of overcuring 

 

Table A19. Diameter and height values of the pure and blend samples before and after drying 

 

Samples 

Before drying After drying 

d (mm) h (mm) d (mm) h (mm) 

Pure 4.78 ± 0.11 5.17 ± 0.04 4.67 ± 0.18 4.94 ± 0.12 

Blend 4.82 ± 0.09 4.93 ± 0.04 4.72 ± 0.06 4.86 ± 0.06 
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Chapter 4 Appendix 

 

Table A20. EHA, IBOA, TMPTA, hypermer, beta-carotene, and tartrazine ratio (wt%) 

Organic phase Light absorbers 

EHA 

(wt%) 

IBOA 

(wt%) 

TMPTA 

(wt%) 

Hypermer 

(wt%) 

Beta-

carotenea 

(wt%) 

Tartrazinea 

(wt%) 

39.70 39.70 15.90 4.70 0.02 0.06 

aBeta-carotene and tartrazine concentration with respect to the organic phase 
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Figure A9. 3D designs of (A) tetrahedral octahedral vertex centroid lattice from different 

perspectives and (B) the cylinder with 50 mm diameter × 25 mm height. 

 

Table A21. 3D printing parameters used to produce discs and lattices  

Layer height 

(µm) 

Bottom layer 

count 

Exposure time 

(sec) 

Bottom 

exposure time 

(sec) 

Transition 

layer count 

lattices discs 

60 10 10 8 40 8 

Bottom lift 

distance/Lifting 

distance (mm) 

Rest time 

before/after 

lift (sec) 

Rest time after 

retract (sec) 

Bottom lift 

speed/Lifting 

speed 

(mm/min) 

Bottom retract 

speed/Retract 

speed 

(mm/min) 

3 0 0.5 65 180 
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Figure A10. The TGA curve of the 80% porous polyHIPE, which were prepared from the 

materials presented in Table A20. 
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Figure A11. The SEM images of (A) 80%, (B) 85%, and (C) 87.5% porous polyHIPEs, which 

were used to measure pore sizes.  
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Figure A12. The SEM images of 80% porous carboHIPEs fabricated at (A) 500 ºC, (B) 600 

ºC, (C) 700 ºC, and (D) 800 ºC, which were used to measure pore sizes. 
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Figure A13. The SEM images of 85% porous carboHIPEs fabricated at (A) 500 ºC, (B) 600 

ºC, (C) 700 ºC, and (D) 800 ºC, which were used to measure pore sizes. 
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Figure A14. The SEM images of 87.5% porous carboHIPEs fabricated at (A) 500 ºC, (B) 600 

ºC, (C) 700 ºC, and (D) 800 ºC, which were used to measure pore sizes.  
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Figure A15. Raman spectra of (A) 80%, (B) 85%, and (C) 87.5% porous polyHIPEs and 

carboHIPEs fabricated at 500 ºC, 600 ºC, 700 ºC, and 800 ºC. (D) XRD analysis of 85% porous 

polyHIPE and carboHIPEs fabricated at 500 ºC, 600 ºC, 700 ºC, and 800 ºC. 
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Figure A16. Stress-Strain curves of (A) 80%, (B) 85%, and (C) 87.5% porous carboHIPEs 

fabricated at 800 ºC, showing all replicates. 
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Figure A17. Ashby diagram comparing the mechanical performance of inherently porous 

carboHIPE lattices against other materials. 
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