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Abstract 

3D printing has emerged as a powerful additive manufacturing technique and becomes as a 

viable alternative to conventional manufacturing processes in an increasing number of 

applications. Thus, the development of printable materials also continues to expand, while 

polymers are still the most utilized materials in 3D printing. There is a great advance for 

developing polymers with versatile mechanical and chemical properties. However, the end-

use products are demanding various functions, such as metallization, self-healing, 

antimicrobial, water treatment, and so on. It is imperative to develop functional 3D printed 

polymeric materials to achieve enhanced functionalities. 

Usually, one polymer can meet one specific application. This has considerably limited the 

capability of 3D printing technology, especially for the photopolymerization based 3D 

printing. To overcome the challenges, in this work I have proposed to advance the initiator 

integrated 3D printing technology to a more universal approach by introducing various active 

groups into polymer resins to fabricate functional materials and devices, together with a 

facile post-printing surface modification process. This allows polymeric structure to be 

metallized for electronics applications.  

The strategy of this technology is using a bioinspired approach to engineer seed components 

into 3D printing resins, which allows the printed structures to possess the ability of 

functionalization. Dopamine and modified-dopamine are incorporated into water-soluble and 

lipid-soluble 3D printing resins respectively. After printing, the dopamine-integrated 

structures serve as active seeds to assist the following metallization process. Naturally 

derived polyphenols are also integrated into 3D printing resins, providing the customized 

resin with the capability of metallization, along with other functional properties development. 

Through secondary reactions, the applications of functional electronics fabrication, water 

treatment, surface hydrophilization and hydrophobization are demonstrated. Beside materials 

development, a dual-light 3D printing technology is developed as a 3D co-printing method, 

which is employed to fabricate 3D printed electronics with a customized 3D printing resin 

integrated with metal precursors.      
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In summary, the central strategy is to incorporate active chemical groups with desired 

functionalities, like high-binding ability, reducing ability, and etc., to develop new 3D 

printing materials for creation of functional surfaces of the 3D printed objects. This 

technology allows one 3D printing polymer to possess the capability of providing multiple 

specific applications through simple post-printing processes.  
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Summary for Lay Audience 

3D printing is becoming an important manufacturing technique to manufacture complex 

structures that can’t be realized by conventional manufacturing processes. Thus, more and 

more new materials are developed to meet the demands. However, the end-use applications 

are not always fixed, which is still demanding more development.  

Polymers are still the most popular materials in 3D printing industry, while one polymer can 

often only meet one specific application. This requires development of a variety of new 

materials, along with corresponding printing techniques to meet the need. This is not only 

time consuming, but also lead to more technique hurdles, even increase the environmental 

burden. 

A feasible technology is to incorporate active seed components into 3D printing resin. After 

printing, the printed structure will have functional chemical groups on the surface to develop 

new functions. In this study, dopamine, modified-dopamine and polyphenols are integrated 

into different kinds of 3D printing resins. The parameters are optimized not to affect the 

printability. Finally, newly developed 3D printing materials are able to be metallized or 

develop various other desired functions.  

A dual-light 3D printing technology is also developed in this study, with one light for 

structure building, the other for conductive traces fabrication. With the unique technology, a 

3D co-printing technology is developed for 3D printed electronics application.      
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Chapter 1  

1 Introduction to 3D printing metallic structures and 3D 
electronics 

3D Printing or Additive manufacturing (AM) manufactures parts directly from digital 

models by using a layer-by-layer material build-up approach. In last few years, 3D 

printing has been increasingly utilized to fabricate high-value added metallic structures. 

More specifically, electronic/electrical components through selective metallization 

process can be deposited and embedded in 3D structures to form multi-functionality 

products. 3D printing promotes the integrated assemblage and embedded components 

possible as results of layer-by-layer printing characteristics. Functional elements such as 

sensors, circuits, and embedded components are now being integrated into 3D-printed 

products or structures, paving the way for exciting new markets, applications and 

opportunities.  

1.1 Introduction of 3D printing technology 

1.1.1 History of 3D printing 

3D printing, known more formally as additive manufacturing, has been flourishing since 

stereolithography (SLA) was first introduced in 1984. As a versatile fabrication process, 

3D printing can rapidly convert 3D digital models into physical architectures through 

progressively adding materials. This technology is usually used to fabricate complex and 

customizable shapes without a need for traditional molding or machining. After over 

three decades development, both manufacturing capacity and the diversity of printable 

materials of 3D printing have improved. Nowadays, 3D printing allows the creation of 

customized complex components from polymers, metals, ceramics, and even 

multimaterials. In comparison with the traditional manufacturing process, 3D printing, as 

a rapid prototyping technique, is more flexible and less wasteful for product designs and 

reducing the requirement of assembly. These advancements have attracted great attention 

from the media and the public, and are leading to an increase use in various applications, 

including automotive, aerospace, and bioengineering [1-3].  
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The concept of 3D printing can go back to 1970’s, but the first experimental 3D printer 

was dated from 1981. Dr Kodama published a paper of a rapid prototyping system to 

fabricate parts in a layer-by-layer manner. Using a photosensitive resin, the light-exposed 

portion can be solidified instantly and plastic models were fabricated in the designed 

equipment [4]. Three years later, a similar technology, stereolithography, was invented 

by Charles Hull who founded 3D Systems Corporation [5]. In 1988, Hull and his 

colleagues developed the first commercial 3D printer, SLA-1 [6]. In the same year, Carl 

Deckard at the University of Texas brought a patent for selective laser sintering (SLS) in 

which powder are selectively fused together by a laser [7]. After one year, Scott Crump 

from Stratasys Inc. filed a patent for fused deposition modelling (FDM) in which filament 

is melted and extruded through a nozzle to form a pattern [8]. In the 1980s, the three 

main 3D printing technologies were patented and developed. Figure 1-1 lists the major 

achievements from the invention of 3D printing to recent years. 

 

Figure 1-1： Timeline from 1981-2019: invention of different 3D printing 

technologies, new applications of 3D printing, and some representative work in 

research. Reprint with permission from ref. [4, 6, 9-18]. 
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In 1993, Emanuel Sachs from MIT patented binder jetting technology which uses a 

gypsum-type powder and a glycerin/water binder to selectively bond powders together 

via thermo inkjet print-heads. In 1996, the company Extrude Hone developed this 

technology to metal objects manufacturing [19]; and later, ExOne spun off from Extrude 

Hone, focusing on binder jetting of stainless steel and sands for metal casting molds. As 

the basic 3D printing process was established, a number of areas started to employ this 

fabrication technique, such as tissue and organ engineering. In 1999, first 3D printed 

organ was fabricated by scientists from Wake Institute for Regenerative Medicine 

(WFIRM) and then implanted into the patients [9]. Moreover, in the following 10 years, 

functional miniature kidneys, biological limbs, and blood vessels were printed by 3D 

printing. This technology opened up a new era of bio-3D printing fabrication process. 

In 2005, Dr. Adrian Bowyer’s RepRap project proposed an open-source initiative to 

create a 3D printer which consists of a self-replicating 3D printer. Most of parts of the 3D 

printer can be printed by itself [17, 20]. This project led to the wide spreading of desktop 

3D printers, and the democratization of manufacturing process became the focus of 

media. 

By the early 2010s, the evolution of 3D printing developed fast, and this versatile and 

robust technology received a huge amount of attention from academic area as well. The 

following lists some representative papers since 2015. 

In 2015, a 3D printing approach, namely continuous liquid interface production (CLIP), 

was developed with the printing ability of 100 times faster than that of traditional 3D 

printing approaches. By forming an oxygen-containing “dead zone” at the bottom of the 

light-resin reaction area, the fast flow of resin was enabled and can eliminate the repeat 

replenish and reposition for each layer in CLIP printing process, resulting in a high-speed 

3D printing manner [10].    

In 2016, Eckel et al. developed a way to make ceramic with complex shape. This 

invention provides a solution to the long-existed challenge that the extremely high 

melting point of ceramics brings manufacturing difficulties for 3D printing process. The 

developed ceramic 3D printing technology can form 3D polymer objects with complex 
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geometries through preparing UV resin with preceramic monomers, and then printing via 

an SLA technique. After thermal treatment, complex ceramic parts can be obtained with 

uniform shrinkage [11]. 

One year later, 3D printing of transparent glass was created using fused silica glass 

components in an SLA 3D printer. This method allows the creation of arbitrary 

microstructure in glass, which widens the 3D printing material types and addresses the 

problem that the conventional manufacturing process is hard to produce complex glass 

products [14]. In the same year, a breakthrough technology was progressed in metal 3D 

printing. Secondary particulates were induced in SLM 3D printing to obtain grain 

refinement of high-strength aluminum alloys of wrought compositions and some other 

alloys, which were previously incompatible with 3D printing. This metallurgical 

approach can be extended to new class of materials, including non-weldable nickel 

alloys, superalloys and intermetallics [12].     

In 2019, high-speed 3D printing has witnessed a burgeoning research interest. Three 

strategies were applied in stereolithography 3D printing. First, like CLIP, the approach 

proposed using a mobile liquid fluorinated oil to reduce the adhesion between the printed 

object and building plate. As the flowing oil cools down the temperature of the print area, 

continuous and rapid printing process can be achieved regardless of the printing size [13]. 

Second, high-speed 3D printing based on two-photon lithography (TPL) was achieved via 

a projection layer-by-layer parallelization. This method increases the throughput up to 

three orders of magnitude while maintaining submicrometer resolution [15]. Third, Kelly 

et al. present concurrent printing of all points by rotating a photopolymer with a 

dynamically evolving light pattern. Only 30 to 120 seconds is required for printing 

centimeter-scale parts, which is several orders of magnitude faster than those of layer-by-

layer approaches [16].       

1.1.2 3D printing techniques 

3D printing process consists of successive layers of material deposition to fabricate 

objects from digital data. Through CAD software, a 3D scanner or photogrammetry 

procedures, a virtual model can be created. Then, it needs to be transformed to an STL 
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(Standard Tessellation Language or Stereolithography) file, which stores the information 

for the surfaces of the 3D model file in the form of triangulated sections. Currently, STL 

file format has been regarded as the gold standard for data conversion between CAD 

software and 3D printers. In 3D printer software, the STL file can be read and then be 

converted to a G-code file consisting of 2D cross section layers of the whole object. After 

slicing process, 3D printer starts depositing the material following a successive sequence 

of 2D patterns dictated by the G-code file until the desired object is fabricated (Figure 

1-2).       

 

Figure 1-2： 3D printing process. A digital 3D model can be obtained through CAD 

software, a 3D scanner, or photogrammetry means. Then the 3D model is 

transformed to STL file and the printer software generates the G-code file 

containing geometrical information by a series of 2D layers. Finally, the printers 

deposit the material in a layer-by-layer manner. Reprint with permission from ref.  

[21]. 

Several 3D printing techniques have been invented, which can be categorized according 

to different criteria, ranging from the applications, to the types of materials or the 

working principles underlying the solidification process. Four main categories are 



6 

 

classified based on their common principle: 1) vat photopolymerization; 2) material 

extrusion; 3) powder based; and 4) sheet lamination.  

Photopolymerization based 3D printing 

Among them, vat photopolymerization was the one of the first employed mechanisms for 

3D printing. This technology uses the UV light to solidify the liquid polymer through a 

chain reaction on photopolymer solution. Then, the solidified layer is immersed for 

curing successive sequencing of 2D layers, which are built one on top of the other.  After 

the entire object printing, the uncured resin is removed, and post treatment may be 

applied to obtain the desired mechanical properties. There are several different 

approaches to vat photopolymerization, including stereolithography (SLA) and digital 

light processing (DLP). As shown in Figure 1-3a [3], an SLA 3D printer contains a tank 

of liquid photopolymer, a UV laser beam, a scanner system that controls the X-Y 

movement of the laser beam, and a building plate that permits movement in Z axis. DLP 

3D printers also consist of resin vat, UV laser beam, and movable platform, while a 

digital mirror device (DMD) is used to project one image of each layer [3]. As millions of 

mirrors that can be controlled in DMD, DLP 3D printing process allows the curing of a 

complete layer at once, greatly reducing the printing time.  
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Figure 1-3： (a) Scheme of a top-down configuration SLA printer with a direct 

writing curing process. A laser scans the surface row by row, until curing the 

desired layer. Then, the stage moves down until a new layer of resin covers the 

previous layer again and the laser scans the surface for the curing of the next layer.   

(b) Scheme of a bottom-up configuration DLP printer with projection technology. In 

a DMD light system, projection technology allows for curing a whole layer 

simultaneously. Next, the stage lifts by a defined distance and the curing procedure 

repeats. Reprint with permission from ref. [3]. 

Also, there are two configurations of vat photopolymerization based 3D printers, 

including top-down set-up and bottom-up set-up. Figure 1-3a shows a scheme of a top-

down setup, in which the stage is located just below the resin surface. Subsequent layers 

are built on the top of the previous solidified layer, and the stage lowers further into the 

resin by a defined distance. The UV light irradiates the liquid resin again for the curing of 

the next layer until the whole the 3D object is printed. The top-down configuration is the 

most common configuration for vat photopolymerization, but brings disadvantages 

including the size of the vat limiting the height of the printed object, the minimum 

volume of the resin, and extensive cleaning procedures, making bottom-up configuration 
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an attractive alternative. The bottom-up set-up has the same components as the top-down 

one; however, the building plate is suspended above the resin reservoir and a transparent 

window is employed as the bottom of the resin vat (Figure 1-3b). In this way, 

polymerization of the resin occurs beneath the previous layer, and the movable stage 

raises, with the liquid resin filling the gaps between the printed parts and bottom of the 

vat. The required volume of the liquid rein in this setup can be minimized, and the 

irradiated surface does not be exposed to the oxygen. The printed object using bottom-up 

always has smoother surface [22].   

Extrusion based 3D printing 

Different from vat photopolymerization process, material extrusion method deposits 

material directly from a nozzle head dispenser. The most common extrusion-based 3D 

printing approach is FDM, which builds an object with a continuous filament in a layer-

by-layer fashion. The filament is heated at the nozzle and transformed to semi-liquid 

state. Then, the semi-liquid material is extruded on the top of the previous printed layer, 

and solidifies and integrates with the surrounding materials. Thermoplastic filament such 

as acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), polycarbonate (PC) and 

nylon are usually employed [23]. Different nozzles can be used for varying materials 

deposition during a single printing process. Figure 1-4a demonstrates the working scheme 

of FDM 3D printer, whose building and supporting materials can be printed 

simultaneously. Based on the similar principle, direct ink writing (DIW) can print a much 

wider variety of materials in a form of highly viscous “ink”, ranging from plastics, metal, 

and ceramic to living cells (Figure 1-4b). However, DIW puts specific demands on the 

ink properties. The types of material and viscosity as well as particles dimension and 

distribution should be optimized to meet the requirements of DIW 3D printer. Ideally, 

they should remain shape after deposition and even self-support when printing spanning 

features. To harden the printed object and improve its mechanical properties, a post-

treatment process is always necessary.      
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Figure 1-4： (a) Schematic diagram of FDM. The filament is extruded into the 

nozzle and is heated to reach semi-liquid state. After that, the material is deposited 

on the platform or the previous layer. Two nozzles are fed with building material 

and supporting material, respectively. (b) Schematic diagram of DIW. By movement 

of the nozzle, structures can be built in a lay-by-layer manner. Reprint with 

permission from ref. [21]. 

Powder based 3D printing 

Powder based 3D printing uses particulates to build parts with arbitrary geometrical 

complexity. There are two powerful and versatile 3D printing techniques applied to 

powder based material systems: SLS and inkjet 3D printing (3DP). SLS is a 3D printing 

process in which thermal energy (laser beam, electron beam, etc.) selectively fuses 

powder material, while 3DP uses liquid glue to bind the powder particles (Figure 1-5). 

Once one layer is solidified, the build platform is lowered to allow for distribution of the 

next layer of powder through rollers or squeegees. Compared to the vat 

photopolymerization and material extrusion AM techniques, powder-based 3D printing 

provides an approach that the uncured powder can function as a support material to 

support complex parts. All non-bonded powder can be reused for another object printing, 

resulting in a great reduction of printing cost. Currently, particulate forms of polymer, 

ceramics, metals, and composites are readily available [24].     
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Figure 1-5： (a) Schematic of 3DP. Jetting head controlled by a computer dispenses 

a liquid binder onto the thin layers of powder. Once one layer is formed, the next 

layer of thin powder is distributed by leveling roller. (b) Schematic of SLS. Instead 

of the usage of the liquid glue, a laser beam is directed onto the powder layer to 

sinter or fuse the particles. Reprint with permission from ref. [21]. 

Lamination 

Lamination is an additive manufacturing process in which sheet materials (paper, plastic 

and metal) are stacked together using adhesives or welding techniques. As shown in 

Figure 1-6, the layer of sheet material is loaded onto a stage and then a laser or blade 

traces the designed cross-section to define the pattern of the layer according to the CAD 

file. After the excess of materials is removed, a second sheet material covers the previous 

layer and again is traced. These steps are repeated many times to produce the final 3D 

object.    
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Figure 1-6: Schematic of Lamination 3D printer. A sheet of material is loaded on the 

stage, and a laser or a razor is then used to trace the outline of the layer contour. 

When the excess material is removed, another sheet covers the previous sheet again. 

Each layer is stacked by adhesive in case of the paper or by welding in case of the 

metals. Reprint with permission from ref. [3]. 

1.2 3D printing of metallic structures 

3D printing of metallic structures, or metal 3D printing, is witnessing significant 

advances. Maturation of both research-grade and commercial 3D printing techniques 

during the past two decades, along with an increased capacity of equipment and materials, 

have spurred significant interests across aerospace, oil & gas, marine and automobile 

applications. Thus, it is regarded as the most promising technology which is widely 

adopted in mainstream manufacturing. Metal 3D printing can mainly be classified as 

direct and indirect metal 3D printing. For the former methods, metallic structures are 

directly manufactured through 3D printing metallic materials with the assistance of a 

high-energy power source. Currently, two main categories are involved: powder bed 
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systems and direct energy deposition (DED), according to material feed stock, energy 

source (electron beam, laser, etc.), build volume, etc. Indirect metal 3D printing 

approaches work for pre-metallic materials and mainly include inkjet printing, DIW, 

FDM and surface metallization. Post sintering process is always required to get the 

printed objects metallized and further improve their mechanical properties.  

1.2.1 Direct metal 3D printing 

Figure 1-7 is a schematic fusion process of a powder bed system. Thin layers of very fine 

powders are spread and packed on a platform, and the powders are fused together 

selectively with a high energy source beam. Normally, laser or electron beam is adopted 

according to the melting point of working materials, and electron beam can provide 

higher fusion temperature. Then, subsequent layer of powders is rolled on the top of 

previous layer, and scanning process is repeated until the final structure is completed. If 

necessary, further processing, such as coating, sintering, infiltration, or polishing, is 

applied. Powder size and distribution determine the density of the final object. Powder 

bed system can be used for polymers, metals, and alloys powders. Taking the laser-based 

approach for example, during SLS process, the laser does not fully melt the powders and 

the induced local temperature on the surface results in fusion of the powders at the 

molecular level.  

 

Figure 1-7: Powder bed fusion process. Reprint with permission from ref.  [25]. 
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Powder feed system and wire feed system all belong to DED category, which uses a laser 

or electron beam directly to melt a feedstock material (powder or wire), as shown in 

Figure 1-8. DED is also known as direct metal deposition (DMD), laser engineered net 

shaping (LENS), direct light fabrication (DLF), laser solid forming (LSF), and wire arc 

additive manufacturing (WAAM) [26-28]. A source of energy is directly focused on a 

small region, and the feedstock material is deposited and fused into the working area and 

then solidified after scanning of the energy beam [29]. DED using powder/wire exists the 

ability of high printing speed (10 kg/h for WAAM [27]) and very large building area (up 

to 6 x1.4x1.4 m [30]). As this 3D printing process is formulated around the deposition, 

there is no need for building plate. In addition, DED is also applied to add value to other 

components by repairing the damaged parts, adding new features to an existing part with 

new material which severs as optimization of the surface quality. However, compared to 

SLS or SLM, the printed parts have lower surface quality and lower accuracy, and less 

complex parts can be manufactured. Therefore, DED is always used for a large part with 

low complexity. Also, DED can improve printing speed and reduce cost, and provides 

excellent mechanical properties and accurate composition control.    

 

Figure 1-8: DED process using powder or wire. (a) Laser or electron beam sinter or 

melt process using powder feed. The powder feed is often fed via a nozzle 

surrounding the beam. (b) Laser or electron beam cladding using wire feed. Reprint 

with permission from ref.  [25]. 
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DED systems use materials in the form of powder/wire which is similar to FDM but with 

an extremely higher energy for metal melting. Therefore, powder/wire feed systems can 

be helpful for filling cracks and metal parts repairing where powder fusion process is 

limited. In addition, DED process using power or wire allows for both multi-material and 

multi-axis deposition, and easily works with subtractive processes to complete machining.         

1.2.2 Indirect metal 3D printing 

Due to limitations of direct metal 3D printing in high cost, oxidation induced by the laser, 

and residual stresses in the printed parts, indirect metal 3D printing methods are also 

developed for the fabrication of metallic structures.  

Inkjet metal 3D printing 

Inkjet metal 3D printing extrudes a suitable binder from an ink-jet printer head directly to 

the selective area, creating a rare metal/binder structure which is subsequently sintered at 

high temperature to remove the binder and sinter the metal powder (Figure 1-9). In ink-

jet print heads, liquid binders are pulsed from an orifice in a reservoir containing the 

binder. These binders usually exist a low surface tension which allows spreading of 

micro- and nano-size droplets on the printed surface. As the build progresses, the layers 

of powder materials are selectively bonded together into the desired shape. After printing, 

the box may be heated to cure the binder, and then the printed part is removed from the 

powder bed. The printed object is at this point not suitable for end-use and then use a 

post-process to achieve desirable mechanical properties.  
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Figure 1-9: Inkjet metal 3D printing followed by curing, depowdering, and 

densification steps. Reprint with permission from ref. [31]. 

Inkjet technology has the widest selection of materials of all 3D printing techniques 

because it is compatible with virtually any powder materials. Another advantage is that 

the building process occurs at room temperature without gas protection, avoiding 

oxidation, residual stress, and phase changes of the surrounding powders. During inkjet 

process, as there is no significant heating occurring, printed parts do not undergo 

thermally-induced stresses and distortions, so it is practical to print overhanging features 

[32]. In addition, various densities with controlled porosity can be achieved using inkjet 

metal 3D printing. 

DIW of metallic structures 

DIW is also used for metallic structure building through extrusion of metallic inks on a 

substrate layer-by-layer to make a 3D part. The metallic ink is prepared by mixing micro- 

or nanoparticles to the polymer solution, which are applied in DIW to print a metal-

polymer composite 3D part. Similar to inkjet metal printing, a post-treatment is required 
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to pyrolyze the polymer and sinter metal particles. Although this method is successful, it 

is difficult to produce many layered and complex structures due to sagging of inks under 

their own weight. So, the stability of the metallic ink should be considerable enhanced. In 

general, metallic inks are suspensions of metallic nanoparticles in liquid mediums (Figure 

1-10a), and individual metallic nanoparticle is encapsulated in a layer of insulating 

organic additives and stabilizing agents (Figure 1-10b). Both the organic additives and 

stabilizing agents are used to prevent agglomeration of metallic particles. After sintering 

process, the metallic nanoparticles can contact each other (Figure 1-10c). The detailed 

parameters of metallic nanoparticle inks can be found in Figure 1-10d. 

 

Figure 1-10: (a) Metallic nanoparticles suspended in a liquid medium. (b) Organic 

additives prevent metal nanoparticles contact with each other. (c) Initial contact 

with neighboring metallic nanoparticles. (d) Parameters of metallic nanoparticle 

inks. Reprint with permission from ref. [33]. 

FDM-based metal 3D printing 

Recently, MarkForged launched one commercial 3D metal FDM printer, Metal X (Figure 

1-11) [34]. The working scheme of metal FDM process is the same as plastic based 
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FDM, but the filament is a combination of thermoplastic polymer and metallic particles. 

After the part is built, it is placed into the oven to burn out the remaining plastic and 

sinter the metal particles. This metal filament extrusion process benefits from FDM 

advantages, such as high precision and low-cost.     

 

Figure 1-11: Markforged’s Atomic Diffusion Additive Manufacturing (ADAM) 

process [34]. 

Surface metallization 

Direct metal 3D printing approaches enable the creation of large building areas of certain 

metallic materials, but a high resolution is difficult to achieve, let alone the expensive 

equipment, rigorous operation, and limited working materials. While indirect metal 3D 

printing approaches provide cost-effective methods for fabricating metal structures, the 

most significant challenge is the inability to predict the large amount of distortion that 

occurs during metals sintering process, which lowers overall accuracy of the printed 

object. Moreover, the printed object after the heating process tends to leave small voids 

and bubbles inside the 3D structures, which has a negative impact on the final object 

mechanical properties and porosity. All these uncertainties of the accuracy and 
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mechanical properties limit the practical applications. Therefore, several surface 

metallization methods, such as sputtering, vacuum metallization, and plating have been 

demonstrated using 3D structures and objects.  

Among these methods, electroless plating (ELP) is a simple wet chemical process, which 

is more cost effective and suitable for metal deposition onto polymeric materials. In our 

lab, an initiator-integrated 3D printing (i3DP) approach [35-38] was developed to address 

the above challenges by integrating 3D printing with an initiator-assisted surface 

modification technique. As demonstrated in Figure 1-12Error! Reference source not 

found., by directly 3D printing an initiator-integrated UV-curable resin, the highly cross-

linked networks of 3D printed architectures will be fully integrated with the initiator. 

Then, surface-initiated atomic-transfer radical polymerization (SI-ATRP) will enable the 

following polyelectrolyte-brush-assisted ELP, resulting in high-quality metallic 

microarchitectures. Compared with the conventional electroless metallization process, 

which can dramatically damage the polymer surface due to the pretreatment of chemical 

etching, the instinctive polyelectrolyte brushes induced by i3DP can not only retain the 

structure resolution, but also maintain the properties of constituent materials. Therefore, 

with the i3DP-assisted technique, the metal structure is conformal to the high-resolution 

polymer core, leading to a high-resolution structure simultaneously. In addition, the 

coating thickness can be controlled precisely through the metal coating time. Together, 

the well-controlled meta-structure can be fabricated. 
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Figure 1-12: Schematic illustration of the fabrication of metallic cellular material by 

i3DP and the subsequent surface initiated atomic transfer radical polymerization 

(SI-ATRP) assisted ELP. Reprint with permission from ref. [39]. 

1.3 3D printed electronics 

The production of modern state-of-the-art electronics has become complicated with the 

cost growing exponentially, and low-cost with high resolution manufacturing process are 

key attributes for future electric devices. It is known that photolithography as a common 

method has been widely used to produce electronics, but it limits some cutting-edge 

applications that require complicated 3D geometries. Moreover, conventional 

photolithography patterning of electronics involves multiple processes, such as vacuum 

depositions and etching, leading to high overall cost and chemical wastes of photoresist, 

organic solution and etchants. The main difference between conventional subtractive and 

3D printing process for electronics fabrication can be found in Figure 1-13. 3D printing 

methods become alternatives due to their natural advantages in manufacturing highly 

complex configurations. 3D printing approaches can also facilitate complex topology 

optimizations through theoretical modeling, and the functionality can be tailored by 

various structural parameters, such as sensors and EMI shielding. Thus, various 

functional 3D electronics via 3D printing techniques have been vigorously investigated.  
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Figure 1-13: Subtractive vs additive manufacturing technology for electronics 

fabrication. Reprint with permission from ref. [40]. 

The fabrication freedom offered by 3D printing has been explored in the context of 3D 

electronics integration, referred to 3D printed electronics. In comparison with time-

consuming traditional 2D bread-boarded fabrication, the cooperation of 3D printing 

techniques with electrical components placement and electrical interconnect deposition 

has raised a new revolution for rapid fabrication of electronics. Other than new and 

reactive functional materials development, the functionalization of the printed substrates 

with unusual geometries instead of the conventional planar circuit boards is still a 

challenge. It is expected that the developed 3D printing technologies for electronics may 

eventually be used to make end-use parts and thus provide better customization.  In this 

section, techniques, printing materials, post-treatment, and the recent advances are 

reviewed.    

1.3.1 3D printed electronics techniques 

Currently developed approaches of 3D printing electronics are dominated by the 

deposition of conductive materials onto the surface of the dielectric substrates, or 

embedment of conductive materials within the 3D printed insulating matrix, or coating a 

metal layer on the substrates.   
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Binder deposition 

Hoerber et al. demonstrated a developed building process for 3D printed electronics 

based on conductive binder deposition [41]. Here, a powder bed-based 3D printer shown 

in Figure 1-14a was used. A powder feeder deposited a thin layer of metal powder, and 

the print head was used to apply the binder to connect the electrical components to form 

conductive circuit. To create a conductive pattern, low-viscous (20 cPs) ink with silver 

nanoparticles get drawn into the powder and form an incoherent structure. A Surface 

Mount Technology (SMT) resistor can be placed into the cavity, which was then buried 

into the powder bed. Also, generating a connection between conductive paths and the 

SMT have to be developed (Figure 1-14b step 6).  

Aerosol jet printing 

Aerosol jet printing can be used for electronics fabrication from different functionalized 

inks. Due to the silver ink having a viscosity of 50 to 100 cPs, one conductive layer can 

be deposited on the surface, avoiding the seeping of the ink caused by the high surface 

roughness of the powders. Depending on the nozzle geometry, a line width <100 μm up 

to 10 mm of the deposited ink can be printed. A component having 24 leads (pitch of 800 

μm) was embedded with silver path (Figure 1-14d). Moreover, a focal length of the 

aerosol beam and a high nozzle stand-off allow printing on complex 3D surfaces [42]. 

Both these two methods required thermal postposing to evaporate the solvent and 

improve the contact between metal particles.         
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Figure 1-14: Powder bed based printing. (a) 3D printing test rig: (1) powder 

reservoir, (2) platform, (3) powder feeder, (4) mechanism for application of 

suspensions, (5) print head, (6) powder head. (b) Enhanced process of 3D printing: 

(1-3) powder bed-based printing cycle, (4) embedding electronical components, (5) 

creating conductive paths, (6) connecting a component to the conductive paths. 

Aerosol jet printing. (c) Schematic representation of the aerosol jet printing process. 

(d) Aerosol jet printed interconnection of flipped and embedded QNF-component. 

Reprint with permission from ref. [43]. 

Extrusion methods 

Material extrusion method is a straightforward approach and has been used for a wide 

range of materials, to create 3D electronics with conductive components embedded. 

Inkjet printing, filament-based direct writing, and FDM are representatives and have been 

adapted to print 3D electronics over the last several years. For example, through a droplet 

on demand (DoD) method, inkjet printing can eject the inks containing conductive 

nanomaterials from the printheads of a large number of small nozzles. Upon contacting 

with substrate, the ink can be immediately solidified by infrared light or heating because 

increasing the temperature can accelerate the evaporation of solvent, and then increase 

the viscosity of the ink, leading to the solidification of  the droplets with a smaller 
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diameter and higher growth rate of conductive traces [44]. By this method,  micro-

structures including metal micro pillar arrays, micro helices, micro zigzags and micro 

bridges can be printed on plastic substrates, shown in Figure 1-15a [45, 46]. Similarly, 

inks containing photo-curable oligomers, photoinitiator and metal NPs can be solidified 

by light. The LED-based light is inexpensive, compact and efficient,  and can sinter the 

metal inks meanwhile curing the photopolymer, which means one apparatus has two 

functions - printing conductive and nonconductive materials simultaneously [47]. 

Compared to heating-based method, light curing is more flexible to control the printing 

resolution and surface quality. RMS roughness by light-based method can reach 0.4 μm 

(Figure 1-15b) [48]. However, inkjet printing is limited to fabricate 3D electronics with 

low conductivity and low aspect ratio owing to the dilute nature of the used inks. As wet 

inkjet printing, the satellite drop formation and non-uniform drop drying also cause 

inhomogeneous features [49].  

 

Figure 1-15: (a) NP inkjet printing system and observation units. Reprint with 

permission from ref.  [45]. (b) Schematic diagram illustrating manufacturing 

process for the inkjet-printed radio frequency electronics. Reprint with permission 

from ref.  [48]. 
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Direct writing of concentrated conductive materials is applied to overcome above 

limitations [50, 51]. Mixing in an organic solvent, the conductive inks are first loaded 

into a syringe barrel, and the syringe is mounted onto the 3-axis stage to extrude ink 

filament either in- or out-of-plane (shown in Figure 1-16a). The printing resolution 

depends on the nozzle diameter, applied pressure, printing speed and loading of 

conductive materials. To date, ~ 2 μm conductive traces can be achieved by a 1 μm 

nozzle at modest speeds. Wicker and co-workers built a hybrid 3D printing system via 

integrating filament-based direct writing within an SLA apparatus, and this system has 

created a series of 3D printed electronics, such as conformal 555 timer [52], Hall effect 

sensor [53], even a game die toy [54].  

Conductive materials are also prepared in filament shape by melt blending, and then used 

in FDM approaches. For example, commonly used filament material – PLA can be mixed 

with metal NPs [55], carbon black (CB) [56], carbon nanotubes (CNTs) [57] or graphene 

[58] to synthesize conductive filament, and the percentage of the effective conductive 

components can be prepared as high as 40 wt% [57]. With the assistance of low-cost 

multi-material FDM 3D printer, it is able to produce highly customised and functional 

elements. Especially, FDM printer that has multiple nozzles can extrude nonconductive 

and conductive components simultaneously onto the same subject, thus, the conductive 

parts and matrix part can be produced in a single build process without complex and 

expensive facilities, allowing the fabrication of highly complex volumetric sensors and 

electronics. To date, liquid sensors, flex sensors, capacitive buttons, and ‘smart’ vessel 

have been printed by FDM [56, 57].  In addition, the flexibility of 3D printing process 

also benefits the design and optimization process when developing new electronics and 

sensors.  

Other than directly introducing conductive components during 3D printing process, post-

treatment process also enables the addition of conductive materials. Some researchers 

have explored the feasibility of depositing metal, namely metallization process, onto the 

3D printed structures via ELP [59] or electroplating process [60]. The metallization 

process typically involves steps of surface roughening, surface activation, and 

ELP/electroplating. Here, roughened surface is necessary to increase the attachment 
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chance of catalysts to the polymer surface. Sputtering and etching step are two common 

approach used to surface treatment [59, 61]. Since different polymer materials will have 

different abusability to catalysts, it is able to selectively metallize the object which is 

printed by multi-materials FDM printer (Figure 1-16b) [62, 63].  

Model based methods 

Another simple approach is fillings of liquid metal paste into the internal channels to 

form metallic elements/interconnects. Hybrid extrusion printer, which integrated inkjet 

printing manner and thermal extrusion manner, was developed to printed embedded 

electronics as shown in Figure 1-16c. Benefiting from the high printing resolution, a 

variety of microelectronics components, such as capacitors, inductors, and resistors were 

produced. A polymeric “smart cap” with an embedded inductor-capacitor (LC) tank 

sensor was demonstrated by cooperating with different electrical components for food 

safety detection [64]. In addition, through infiltration of a dispersion of silver NPs and 

chemical sintering, a porous 3D printed object can be conductive [65].  Based on this 

method, the functionalities of the 3D printed electronics would be largely extended by 

material selection. Recently, flexible 3D objects can be printed with a DLP printer using 

a family of flexible and stretchable UV resin. After immersed into silver NPs solution 

and sintered by HCl vapor, the flexible 3D printed electronics were made with excellent 

mechanical and electric repeatability [66].   
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Figure 1-16: (a) Schematic presentation of filament-based direct writing and optical 

image of the apparatus used (inset). Reprint with permission from ref.  [67]. (b) 

Process of electroless plating. Reprint with permission from ref.  [62].  (c) The 

fabrication process with embedded conductive structures. Reprint with permission 

from ref.  [64]. 

Conductivity can also be achieved when metal precursor is induced to the printing 

material. For example, silver NPs can be reduced on the substrate, which is printed using 

the mixture of polyethylene glycol diacrylate (PEGDA) and silver nitrate, by heating or 

UV irradiation. The in situ generation of the metal NPs enables the formation of 

volumetric circuits, and the density and morphology of metal NPs can be further 

optimized by improving the material formulation and processing parameters [68, 69]. 

1.3.2 Conductive materials  

Up to now, a series of conductive materials have been developed to be compatible with 

the 3D printing approaches, including metal nanoparticles (NPs), metal nanowires (NWs), 

CNTs, graphene, conductive polymers as well as organometallic compounds and the 

relative complexes. The materials can be deposited as solids, pastes, inks, thermoplastic, 
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etc. that can regulate the flow of the conductive materials. Different 3D printing 

processes works for different printing materials, depending on the printing principle, 

required conductivity of the electronics, printing resolution and the post-treatment 

process. In this section, we focus more on the commonly used metal NPs and NWs, 

graphene, CNTs and conductive polymer.  

Metal NPs and NWs 

To obtain an effective electrical conductivity for 3D printed electronics, silver and gold 

are the mostly used conductive ink formulation, due to their high natural conductivity and 

resistance to oxidation. Owing to the high cost of sliver and gold, cheaper metals are used 

as alternatives, such as aluminum, copper and nickel. Two main approaches are currently 

employed to make metal NPs, namely top-down method and bottom-up method. The 

former one involves breaking the bulk metal into small particles, including mechanical 

grinding, laser ablation, electro-explosion of a metal wire, plasma excitation of metal 

plates, while the latter is mainly based on the reaction of a metal precursor with a 

reducing agent as well as the decomposition of metal salts and organometallic 

compounds (carbonyldibenzylidene acetonates, acetyl acetonates, complexes of metals 

with fatty acids). Compared with the top-down approach, the bottom-up approach can 

yield a great variety of dispersions with various characteristics (such as size distribution, 

morphology, stability, etc.) through controlling the process parameters, such as the types 

of reducing agent, the concentration of the reagents, temperature, pH and the rate of 

reagent addition.   

A major challenge for these metals is how to avoid oxidation under ambient conditions. 

For example, rapid oxidation of aluminum in air will form a thin nonconductive Al2O3 

layer [70]. Compared with aluminum, copper undergoes a less oxidation process. A 

proper protective layer can also assist copper with long-term stability, such as by coating 

protective polymers [71], alkanethiols [72], amorphous carbon, graphenes [73], inorganic 

materials [74], or by introducing other metals (such as Ti, Pd, Al, or Cr) [75] to minimize 

the penetration of oxygen.  
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Another long-existed challenge is the aggregation and sedimentation of the metal NPs 

dispersed within the ink formulation, although various dispersing agents are developed to 

prevent aggregation. Figure 1-17 shows commonly used conductive ink types for circuits 

printing. The listed ink formulas generally work with appropriate stabilizer and the 

composition, which are determined by the process requirement and target property, such 

as drying time, large-scale production and environmental issue. For example, despite of 

having a fast drying time,  methyl-ethyl-ketone (MEK) flaws in generating a strong odor 

which cannot fulfill the requirements of volatile organic compounds (VOC) legislation 

[76]. Other solvents (ether alcohols, diols and triols, cellosolves, and aliphatic ether 

acetates) were developed to replace MEK. Among them, slow evaporating solvent - butyl 

carbitol is more widely used since it hardly generates defects and bubble during the 

evaporation, and it also has a robust shelf life of inks because of its stability. However, it 

comes with another problem that the presence of the insulating stabilizer affects the 

purity of the conductive constituent, leading to a lower conductivity. Therefore, the 

organic additives should be removed from the printed patterns to allow physical contact 

between metal NPs through post-treatment sintering.  
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Figure 1-17: Various inks for conductive metals deposition. Reprint with permission 

from ref. [77]. 

CNTs and graphene 

Carbon-base conductive materials are another family of conductive nanomaterials for 

printing conductive tracks, for instance CNTs and graphene. They are being used widely 

due to their excellent electronic, mechanical, optical, and thermal properties. Two-

dimensional graphene sheet is characterized by a high intrinsic conductivity, and  CNTs 

possess metallic or semiconducting behavior [78]. The conductivity of individual metallic 

CNTs is comparable to that of metals. Moreover, although van der Waals force would 

cause the graphene and CNTs to stick together and further clog the nozzles [79], 

graphene and CNTs are compatible with 3D printing approaches after proper treatment, 

such as being dispensed by solvent composition, dispersants or additives [80]. For 

example, in an inkjet printing fashion, the CNTs/graphene ink can be dispersed evenly in 

an organic solvent forming a conductive mixture. Typical organic solvents are 
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dimethylformamide (DMF), isopropyl alcohol, and N-methyl-2-pyrrolidone. Because the 

CNTs are hydrophobic, dispensing agents, such as Triton X-100, Tween 20 and Tween 

80 and sodium cholate, are required to prepare the printable ink [81]. Depending on the 

working viscosity of the corresponding printing techniques, the contents of CNTs in ink 

is 0.01 – 10 g/L. Moreover, nitric acid in post-treatment process is commonly used to 

eliminate the influence of the junction points between CNTs on the final electrical 

performance [82].  

As for graphene, dispersions of pristine graphene are usually prepared in water or organic 

solvents. Ideal organic solvents, including N-methylpyrrolidone and DMF are used in 

graphene-based ink formula, and ethylene glycol or glycerol are used to adjust the 

viscosity. In order to obtain a proper dispersion, the concentration of graphene ink is 

normally prepared as 0.11 – 9 g/L, thus, it usually requires to repeat several printing 

layers to get conductive tracks [83-87]. Graphene flasks easily aggerate in solutions due 

to the strong inter-sheet van der Waals forces, thus while ink with graphene oxide (GO) 

containing epoxide, -OH, and -COOH groups is stable in water and polar organic 

solvents. However, for the GO-based ink formula, an additional reduction process is 

required to restore the electrical properties of the printed ink [86, 88].   

Conductive polymers 

Compared with the aforementioned two types of conductive materials, conductive 

polymers have a better mechanical stability and adhesion to the substrates. Conductive 

polymers such as poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole (PPy) and 

polyaniline (PANI) have been used in 3D printed electronics [89]. In the presence of a 

conjugated pi-electron system throughout the polymer, printed tracks from conductive 

polymer is conductive, and generally, these polymers have lower conductivities than 

metallic inks. However, since post-printing treatment are rarely required, conductive 

polymers have a better processability for 3D electronics fabrication.   
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1.3.3 Post-treatment process 

Post-treatment process is applied to improve the conductivity either through removing the 

insulating materials to expose the conductive patterns or improve the morphology of the 

conductive constitute by thermal heating or light/laser sintering. Removing insulated 

materials can be achieved by decomposition, desorption, or evaporation of the organic 

additives, aiming to enhance the contact between NPs. For the aspect of improving 

conductivity, high-conductively constitute can be selected and deposited (e.g. copper, 

silver, gold, and nickel). The following lists some post-treatment processes which are 

commonly used in 3D printing electronics.   

Thermal sintering. The common method of sintering conductive patterns is heating the 

3D printed object. Since high surface-to-volume ratio and enhanced self-diffusion of 

surface atoms result in a drastic decrease in their melting point，it is possible to achieve 

their fusion at temperatures much lower than the melting point of the bulk metal.  

However, conventional thermal sintering is incompatible with most of polymers due to 

the decomposition when applied high temperature (normally > 150 oC), Thus, avoiding 

destruction of the polymer substrate concerns a lot when developing thermal-related post-

treatment process.  

Photonic sintering. During photonic sintering, energy can be delivered to the targeted 

material in a light-thermal reaction manner by using resources such as flash lamps or 

laser beam. When the light reaches the surface of printed layer, rapid heating starts to 

react with material, and then generate and sinter NPs. Effective sintering of the printed 

tracks can be achieved without damaging the 3D structures by adjusting the wavelength, 

energy, and duty cycle of the light. 

Efficient sintering relies on the match between the light wavelength and the spectral 

absorption peaks of the metal inks. For example, silver NPs below 50 nm in diameter 

have an adsorption peak at around 400 nm [90], thus UV ~ 400 nm is much suitable to 

apply sintering process. Since UV curing techniques are applied to most commercial 

resin in SLA, 3D printing process using UV irradiation works for both the procedures of 
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converting UV-curable resin into 3D structure and sintering of silver NPs ink into 

conductive tracks. This 3D printed electronics process simplifies the machine 

configurations and vastly speeds up the fabrication process as no additional postprocesses 

are required, which also offers a convenient route to print electronics with large number 

of  conductive layers [47].       

Intense pulsed light (IPL), which uses visible light (such as Xenon lamps), is also a 

commonly used light sintering method. Short intense pulse irradiates on the printed ink, 

which generates rapid localized heat through photonic absorption. Currently, IPL is used 

to sinter the inkjet-printed conductive inks, and it can reduce the ink and sinter the 

conductive material in just a few milliseconds. However, IPL would lead to a destruction 

of the conductive patterns due to its characteristic of extreme rapid heating and cooling 

[91, 92].  

IR sintering demonstrates a very fast approach to sinter metal inks and enhance the 

conductivity. From a technical point of view, IR sintering is compatible with existing 3D 

printing techniques. However, owing to the induced high thermal stress during the 

process, only high temperature resistance polymers can be processed in this system, but 

power and lamp distance could be adjusted to reduce the substrates temperatures.    

Chemical sintering. The approach of chemical sintering is based on the addition of 

chemical agents to a printed ink to render the polymeric surface conductive. Some 

deposition material requires the removal of stabilizers via oxidation and decomposition, 

but most of the chemical sintering are based on destabilization of the stabilizing layer by 

dissolving or detachment of the chemical molecules. For instance, after dipping a porous 

3D printed object in a dispersion of silver NPs, conductive percolation paths within the 

3D structures are generated by exposing to HCl vapour [65]. The advantages of the 

chemical sintering are their low-temperature sintering process and simplicity without the 

need for costly equipment and high energy consumption.     

ELP and electroplating process. The plating-based process is intended as a low-cost 

alternative to current hybrid 3D printing for 3D printed electronics. With many of the 

common 3D printing techniques using polymers, a simple solution to metallize the 
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surface of the 3D printed object is ELP or electroplating process. As most 3D printed 

polymetric objects can be metallized through ELP or electroplating, it makes possible to 

combine the high spatial resolution of the 3D printed structures with the functional 

properties of the coated metallic layer. A typical ELP process involves surface 

roughening, surface activation and ELP. Immersing into strong oxidizing solution, the 

surface of the polymetric object would be etched away to a certain degree, making the 

surface rough and hydrophilic. The increase of the roughness also increases the 

attachment chance for the catalyst seed deposition. Followed by dipping into the metal 

salt solution with reducing agent, a layer of metal can be coated to the polymeric surface. 

Different 3D printing material have various solubility in some specific solution. For 

example, in a chrome-sulfuric etchant, almost the whole surface of ABS was eaten away 

leaving a coarse morphology after 10 min etching, while only microholes can be 

observed in the surface of PETG, PLA, and PC. Based on this finding, 3D printed 

electronics embedded complex circuits can be manufactured by combining the dual-

material 3D printing technologies and selective electroless plating [59, 62].  

Electroplating has also been applied to 3D printed objects. Compared with ELP, 

electroplating is faster and has the ability to selectively deposit different layer thickness 

or materials on the same object. In electroplating metal ions transfer from the anode to 

the cathode, forming a metal layer to improve strength and conductivity. However, all 

area needed to be plated should be electrically connected to the cathode. This may require 

additional ELP to prepare the surface [59] or choose conductive filament to pattern 

circuitry [60].       

1.3.4 Recent progress in 3D printed electronics 

Embedded electronics 

Through embedding electrical components into 3D structure, the printed part can be 

electronic functionality. Owing to the layer-based 3D printing technology, a single object 

with embedded components can be achievable: at the given layer, building process is 

stopped for placing electronical components. Generally, the embedded electronics can 

greatly decrease the mass and reduce assembly complexity. A hybrid 3D printer, multi3D 
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system, which includes two FDM systems, a CNC (computer numerical control) router 

and a dispenser for conductive ink deposition, has been developed to print a part with 

multi-martials and multifunctionalities (Figure 1-18a-b). This system allows embed wires 

and components on a one structure to realize mechanical, electronical, and 

electromagnetic functionality. Figure 1-18c shows the printing process of the multi3D 

system and a 3D CubeSat Trailblazer part embedded electronics has been successfully 

made [93]. 

 

Figure 1-18: (a) The photography of mylti3D system and (b) schematic of fabrication 

example. (c) Process steps for fabrication of 3D printed CubeSat module. (d) 3D 

printed CubeSat module by FDM, CNC routing, and dispenser. Reprint with 

permission from ref. [93]. 

Besides FDM, SLA can also incorporate with a digital projector to produce a functional 

3D structure with embedded electronical components. As shown in Figure 1-19a, a 

hybrid SLA/DLP system was made by integrating a 3D Systems SLA 250/50 machine 

and an nScrypt micro-dispensing pump. A corresponding process was developed to 
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fabricate 2D and 3D monolithic structures with embedded conductive tracks. The whole 

process involved multiple starts and stops of SLA process, removing the uncured resin, 

inserting electrical components, and conductive ink deposition and curing by laser. 

Functional 3D 555 timer circuit have been fabricated by this system (Figure 1-19b-d). 

Couple the 3D micro-dispensing DP system for conductive traces deposition with the 

manufacturing flexibility of SLA machine, this method enabled 3D printed electronics 

fabrication. However, many of the process are manual, which is not efficient and as well 

as affects the quality of the printed object.    

 

Figure 1-19: (a) Hybrid SLA/DP system. (b) 555 timer circuit; (c) vertical 

interconnects; (d) working 3D circuit (yellow LED is on). Reprint with permission 

from ref.  [52]. 
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Flexible electronics 

Flexible electronics are not only capable of portable functions but also can be used to 

monitor human health information. Recently, 3D printing technology is employed for 

flexible devices fabrication with complicated geometries. 3D printed flexible electronics 

possess complicated geometries with precisely prescribed microarchitectures and 

excellent mechanical property.  

To endow 3D printed electronics with excellent flexibility, flexible material for 3D 

printing should be developed. For example, polycaprolactone (PCL) macromonomers 

were synthesized via the chemical reaction of isocyanatoethyl methacrylate and PCL10K. 

After printed, these 3D printed flexible electronics were coated with conductive 

materials, such as CNT or silver particles (Figure 1-20a,b). The printed structure exists 

shape-memory behavior. Upon increasing the temperature, it recovered from the 

temporary shape to the original shape, as shown in Figure 1-20c in which it was used to 

turn on and off the LEDs. Moreover, when a layer of CNT was applied to the surface in a 

horse shoe pattern, the CNTs can convert the electrical energy to heat, inducing the 

deformation of the whole structure (Figure 1-20d,e). The 3D printed electronics 

comprising shape-memory materials are advantageous as their behavior can be 

controlled, which would expand the application of 3D printed electronics toward simple 

actuators.        
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Figure 1-20: Fabrication of flexible electronics by 3D printing technology. (a) A 3D 

printed part (top) programmed into its temporary state (bottom). (b) Conductive 

ink coated on the surface. (c) Temperature sensor in its off state (top) and on state 

(bottom). (d) A printed object with CNTs coating was fixated in a curve state (left). 

When a voltage was applied, the object recovered to its flat state (right). (e) The 

object is used to control on and off of the circuit. Reprint with permission from ref.  

[94]. 

Conformal electronics 

3D printing is capable of printing complex and conformal electronics with a suitable 

manufacturing technique. The aerosol jet printing has successfully been demonstrated as 

a powerful method to deposit conductive materials on a conformal 3D printing structure. 

Figure 1-21a illustrates a molded interconnect devices (MIDs) demonstration part. 

Aerosol jet deposited silver particles on the surface to form a 3D circuit, and then the 

conductive trace was sintered to give the desired properties. All these processes are 
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digitally driven. Figure 1-21b is a tank filling sensor. Two capacitive sensor circuits were 

printed on the tank. When water is pumped into the tank, the sensor measured the water 

level and lighted LEDs to indicate the fill level [41].  

With precise control of the location, geometries and thickness of the deposit, the printed 

conductive patterns can insure optimum antenna performance. Some commercial mobile 

device antennas, such as the NFC, LTE, GPS, and BT, have been fabricated through the 

aerosol jet process. According to the tests, they are in the same level with other 

production methods [95].  

Other than aerosol jet printing, filament-based direct writing also used for conformal 

printing. Conductive ink was deposited onto the convex and concave surface of 

hemispherical glass substrates. Figure 1-21c displays a representative antenna (ESA1) 

printed on the surface of the hemisphere glass. The cross-section of the printed lines is 

characterized by an optical profilometry scan of two lines located ten horizontal are 

segments from the base, as shown in Figure 1-21d. The inset illustrates a scanning 

electron microscopy (SEM) image of the segments, revealing the high resolution of the 

printed line. Their bandwidth approaches the fundamental limit for their size, improving 

nearly an order of magnitude over rudimentary monopole antenna designs [96].     
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Figure 1-21: (a) 3D MID demonstrator and (b) tank filling sensor. Reprint with 

permission from ref. [42]. (c) Optical image of an antenna during the printing 

process. (d) Optical profilometry scans of representative meander lines on ESA1 

and SEM image of these features (inset). Reprint with permission from ref. [96]. 

Table 1-1 summarized the recent advances related to 3D printing electronics.
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Table 1: 3D printed electronics: materials, 3D printing techniques, and its applications  

Nonconductive 

Material 
Conductive Material 

Applications Ref. 

Material 
3D printing  

technique 
Material 

3D printing 

technique 
Post-printing treatment 

Resistivity/sheet 
resistance 

/resistance 

Photocure- 

polymer 
SLA silver ink 

direct 

writing 
laser annealing 2.7x10-7 Ω m 555 timer, Hall effect sensor, and a game die toy  [52, 97] 

/ / gold ink inkjet laser annealing 
2.5 - 9.1 x 10-2 

Ω cm 
3D micro-wire, -wall and pocketed wire  [44] 

/ / gold ink inkjet 
low-temperature 

sintering 
2.4 μΩ cm metal pillar arrarys, helices, zigzag and micro bridges  [45] 

/ / silver ink e-jet thermal annealing 3x10-7 Ω m 
arrays of pillars, walls, helical structures and  

arch-like bridges 
 [46] 

Photocure- 
polymer 

inkjet silver ink inkjet photothermal sintering 0.48 μΩ m electrical tracks and two-wheeled robotic car  [47] 

Photocure- 

polymer 
inkjet silver ink inkjet thermal annealing 1x107 S m-1 inductors, capacitors, and radio frequency filter  [48] 

Photocure- 
polymer 

inkjet silver ink inkjet thermal annealing 0.34 Ω cm vertical metal wire  [98] 

/ / 
CNT/PLA 

filament 
FDM / 2350 S m-1 liquid sensors  [57] 

PLA FDM 
CB/PLA 
filament 

FDM / 0.09 ohm m-1 flex sensors, capacitive buttons, and 'smart' vessel  [56] 

rubber/PVA 

filament 
FDM 

graphene 
nanoflasks 

 and oxide ink 

inkjet 
chemical and thermal 

sintering 
4.47x104 S m-1 antenna and strain sensor  [99] 

PLA FDM 
conductive 

filament 
FDM / 0.014 Ω cm resistor, inductor, capacitor, and high-pass filter  [58] 

PLA FDM / / ELP 0.7 Ω/sq toroidal inductor  [100] 

Photocure- 
polymer 

inkjet silver ink injection / 2.8x105 S m-1 
capacitors, inductors, resistors, LC tanker, and  

wireless-resonant sensors 
 [64] 

flexible 

filament 
FDM Galinstan metal injection / 3.46x106 S m-1 earable smart device for core body temperature detection  [101] 

silicon direct writing silver ink 
direct 

writing 
/ 1.31x10-6 Ω m bionic ear  [102] 
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1.4 Challenges and objectives 

Although 3D printing provides a powerful and unprecedented manufacturing method for 

creating sophisticated, customized, and cost-effective structures, it is still limited by the 

lack of printable materials and functionalities of the 3D printed devices. To date, standard 

3D printing techniques have advanced so that a wide range of materials including 

polymers, metals, and ceramics can be printed, while polymers are the most utilized 

materials in a variety of applications. However, for developing 3D printing technologies 

for fabrication of functional devices, metallic parts or electrical conductivity are often 

required. Therefore, it is imperative to consider developing compatible technologies for 

manufacturing the polymer-metal structures.  

Direct metal 3D printing including SLS and SLM is a commonly used 3D metallic parts 

fabrication approach. Due to the local fusion process of metal powder with diameters in 

the tens of micrometers, objects with sub-millimeter resolution are hard to make. The 

component size is restricted by the chamber size and considerable effort is required for 

application design and setting process parameters. Also, the requirements of the 

homogeneous diameter of metal powders and a high intensity of energy for metal powder 

fusion are contributing to a high cost of direct metal 3D printing.   

An alternative solution for creating metallic part is indirect metal 3D printing, which can 

be compatible with most existing 3D printing technologies. A classic formulation for 

indirect metal 3D printing materials mainly consists metal powders, polymers, solvents, 

and additives. Polymers are important components in 3D conductive material formulation 

to promote a good dispersion and prevent agglomeration of solid metal powders. 

Depending on the types of 3D printing technologies and the final application, the 

materials must meet certain requirements (such as viscosity, surface tension, etc.) to be 

3D printable. For this reason, some additives are required to adjust the rheological 

characteristics. To obtain higher conductivity, all the polymers and additives should be 

removed by sintering process, allowing welding the solid metal particles. Although 

indirect metal 3D printing enables creating metallic structures based on the existing cost-

effective 3D printing technologies, the generation of voids is inevitable during sintering 
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process, significantly influencing the conductivity performance of the final parts. 

Additionally, due to the disappear of polymers and additives, the unpredictable shrinkage 

rate can significantly affect the accuracy and resolution.  

Besides metal and metal composites printing, a simple solution is to metallize only the 

surface of the printed objects through a chemical reaction, where only interfacial 

properties are required. Metallization of polymer substrate has advantages with respect to 

its ability to generate uniform coatings with low cost and simple equipment. However, 

the conventional metallization process has suffered from environment-unfriendly 

processes, and the inherent difficulties in controlling these multiple processes. 

Additionally, a main challenge of polymer metallization process comes from their low 

chemical affinity with various metals, making it necessary for surface activation 

treatment to develop the metal-polymer bonding.  

Moreover, surface metallization of printed objects is either lacking effective approach for 

pattering coating or relying on costly pattering apparatus, such as photolithography or 

laser-induced activation, limiting the creation of metallic circuity in a freeform manner. 

Although hybrid 3D printing process can print simultaneously conductive and 

nonconductive within one structure, the efficiency, cost and the problems brought from 

dissimilar materials deposition hinder the 3D printed electronics fabrication. 

To settle the challenges mentioned above, a majority of efforts have focused on 

developing specific printing strategies together with different types of materials, which is 

quite insufficient and costly. In this work, special attention is being given to new material 

system development with unique functionalities specially enabled by 3D printing 

technology. Specifically, we are focusing on the functional 3D printable materials along 

with surface modification to make 3D printed objects desired functions and properties. 

Following this thinking, integrating active components into 3D printing has proven to be 

a successful approach for preparing functional 3D printing material. Through selecting 

different additives in the existing 3D printing material, a robust additive can induce 

various surface modification for several surface properties, which improves the efficiency 

of the functional object fabrication without specific printing strategies development. 
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Therefore, our objective in this work is to further advance the new initiator integrated 3D 

printing technology (i3DP II) into a more universal functionalization technique, by 

integrating various functional additives into 3D printing resin, together with versatile yet 

simple post-processing techniques to make functional 3D printed objects. Figure 1-22a-c 

illustrates 3D printing process using initiator-integrated resin and metallization process of 

the 3D printed objects. Mixing with suitable initiator, the developed 3D printing material 

can be compatible with the existing 3D printing techniques and the 3D printed samples 

can be obtained after repeat UV-curing process (Figure 1-22a). As the initiators are 

directly introduced into the printing liquid resins, the initiators would be distributed 

throughout the solidified parts, allowing metal deposition on the surface (Figure 1-22b). 

Also, Figure 1-22cii shows the metallization process of 3D printed objects with initiators. 

The catechol groups growing on the surface are used to reduce the silver ions in one-step. 

Compared to the commonly used dopamine method (Figure 1-22ci), polymerization of 

dopamine is not required in i3DP II, simplifying the metallization process.                 

Here, a big challenge comes from the compatibility of the functional additive with the 

existing 3D printing materials, due to the poor solubility of additives in 3D printing 

materials. With a proper combination of additives with 3D printing materials, the newly 

developed materials can be used to print functional 3D objects while remaining the 

advantages of the original 3D printing materials. Inspired by the functionality of the 

dopamine, some initiators with similar chemical structures can be screened. Additionally, 

chemical modification of the additives can be a powerful tool when the types of the 

additives are limited.  

Simultaneously, we also pay attention to the development of selective metallization 

process. Through integrating metal precursors into 3D printing material, UV light 

converts liquid 3D printing resin into solid object consisting of successive layers and 

selective laser scanning allows the in-situ generation of conductive metal particles. As 

conductive patterns are achieved during printing process, highly selective circuits 

embedded in 3D structures can be fabricated based on a 3D co-printing process (Figure 

1-22d). 
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Figure 1-22: 3D printing process of electronics using (a-c) i3DP II and (d) 3D co-

printing technology. For i3DP II, (a) initiator-integrated resin is applied into 

commercial DLP 3D printer, and (b) the functional initiator is distributed 

throughout the shole UV-cured sample, which can be used in a one-step 

metallization process. Compared to the metallization process based on dopamine 

(ci), the printed sample using i3DP II technology can reduce the silver ions in one-

step (cii). For 3D co-printing, (d) two lights 3D printing system is proposed: UV light 

for polymeric structures building and laser for conductive patterns printing.    



45 

 

Therefore, the research in this study focused on the new 3D printing functional materials 

through selection of proper additives. Based on the functional surface of the 3D printed 

object, various properties can be obtained from post-printing modification and the usage 

of new 3D printing technique.  

1.5 Outline of the thesis 

The dissertation will be organized as follow： 

In the Chapter 1, we have reviewed 3D printing history, the state-of-the-art 3D printing 

technologies, 3D printed electronics including printing techniques, conductive materials, 

and post treatment, and finally, identified the research opportunities and objectives. 

To upgrade our developed i3DP technology, bio-inspired initiators - molecules that 

contain catechol groups - are chosen to optimize the process, namely i3DP(II). In the 

Chapter 2, dopamine was first studied due to its hydrophilic nature. Dopamine-integrated 

water-soluble UV resin was developed. The catechol groups work as a seed layer to 

induce the surface reactions, making a part with high-quality surface functionality. In this 

chapter, the functionality of making metallic structures from dopamine was successfully 

proved.  

Aiming to comply the dopamine with a wide variety of 3D printing materials, modified-

dopamine - dopamine methyl acrylamide (DMA) was synthesized in Chapter 3. The 

introducing of methacrylate group changes the hydrophilic nature of dopamine, making it 

compatible with most used acrylic-based UV resin. DMA also contains catechol groups 

and enables the printed object redox active, allowing silver ions reduction. The formation 

of thin silver film catalyzes ELP to form robust metal layers (such as Ag, Cu and Ni). 

The proposed method schematically provides a universal solution to combine the 

functionality of catechol groups from dopamine with the merits of 3D printing techniques. 

Moreover, as the synthetic dopamine is distributed throughout the whole 3D printed parts, 

locally repairing of the induced metal layer is possible.     

So far, we have demonstrated the functionalities of catechol groups. In Chapter 4, we 

further optimized the initiator by using plant phenol and polyphenols to expand the 
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applicability of the initiators to a wider range of 3D printing materials, which possess a 

remarkable abundance of catechol and gallol functional groups are promising alternatives 

to dopamine. Through screening the natural phenol and polyphenols, there are two 

phenols existing a good solubility in acrylic-based resin. This newly developed material 

can introduce the catechol groups into most commercial 3D printing UV resins and 

enable creation of multifunctional printed objects without no critical condition.  

On the basis of initiator-integrated 3D printing materials, in Chapter 5, we focus more on 

developing a selective metallization technology, 3D co-printing. Coupling dual light 

sources with a 3D printing UV resin with metal precursor, conductive patterns embedded 

3D structures can be fabricated. Without multiply materials deposition and post treatment 

process, 3D co-printing provides an efficient and inexpensive method for 3D printed 

electronics, and can even be applied to generate different sizes of metal particles in 3D 

printed structures. 

Here, Figure 1-23 summarises the different research phases in my study. In Phase 1, 

dopamine was chosen to replace the initiator from i3DP and mixed with water-soluble 

resin due to the hydrophilic nature of the dopamine. However, most commercial 

photocurable 3D printing materials are acrylic resins. To improve the applicability of 

i3DP II, modified-dopamine with increased solubility in acrylic resins was synthesized 

through introducing methacrylate group in Phase 2. Additionally, natural polyphenols 

provide abundant catechol-based initiators and two initiators (pyrogallol and catechol) 

were chosen in Phase 3 because of their high solubility in 3D printing materials with 

minimized effects on the printability of the integrated resins. As the existence of the 

powerful initiators on the 3D printed structures, multiply functionalities can be achieved 

after various secondary reactions. In Phase 4, 3D co-printing system was proposed to 

realize selective metallization. In our study, one additional laser was employed to 

generate conductive traces. This developed 3D printing system allows a simple and 

efficient approach to manufacture 3D printed electronics.  
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Figure 1-23: Metallization process for 3D printed electronics: from i3DP II (Phase 

1-3) to 3D co-printing technology (Phase 4). 

In Chapter 6, we conclude the strategies of metallization of the 3D printed objects and 

their applications in electronics, and give perspectives on future research. 
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Chapter 2      

2 Dopamine assisted metallization process in water-
soluble 3D printing resin 

A new generation of initiator-integrated 3D printing, namely i3DP II, was proposed and 

demonstrated. This i3DP II technology dramatically simplifies the experiment procedures 

and eases the reaction conditions. Various metallic structures were fabricated by directly 

integrating a water-soluble dopamine into the water-based resin followed by a direct 

surface-initiated electroless plating. Ni- and Cu-coated complex structures were prepared. 

The proposed method avoids the tedious and time-consuming polymerization process of 

polydopamine. By combining the merits of 3D printing in structure design with those of 

catechol groups assisted surface modification, the proposed method was demonstrated as 

a cost-effective approach to largely extended the capability of 3D printing, and will make 

3D printing technology more practical in areas of electronics, acoustic absorption, 

thermal insulation, catalyst supports, and others. 

2.1 Introduction 

As summarized in the Chapter 1, all 3D printing techniques are encountering a same 

manufacturing challenge: highly complex metallic parts are considerably hard to 

fabricate. For example, approaches of direct metal 3D printing, such as SLS or SLM, 

have several inherent limitations in fabricating metallic structures, due to large 

temperature gradients involved by the local fusion process. Thus, it is hard to 

manufacture objects with sub-millimeter resolution [1]. In contrast to approaches of 

direct metal 3D printing, indirect methods including FDM and SLA are restricted to a 

narrow range of applications although they can provide high customized and low-cost 

products.  

Nowadays, the conjunction of materials together with surface modification technology 

inspires scientists to extend the working range of 3D printing toward more applications 

[2-5]. Following this thinking, bonded materials can form composites with materials 

properties tailored, and people can obtain even completely new materials. Metallic 
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objects can also be manufactured by referring to this idea. Thus, it is possible to combine 

the high-resolution 3D printed objects with the functionalities of metals.  

The feasibility of manufacturing complex metallic structures opens a new avenue toward 

some emerging applications, such as volumetric electronics. Several recent studies have 

already demonstrated applications of electronics made by 3D printing polymers 

techniques, followed by electroless plating (ELP) process [6-8], which typically involves 

three steps: roughening, surface activation, and metal deposition. Roughening methods 

include the use of chemical, plasma, and laser etching [6, 9, 10], aiming to improve the 

adhesion of catalyst (mainly palladium) to the printed object during the surface activation 

step. Surface activation provides favorable sites for metal nucleation/reduction and 

growth in the subsequent metal deposition step. To simplify the ELP process and improve 

the uniformity of the coated layer, we proposed initiator-integrated 3D printing method, 

i3DP. By incorporating a Br-containing vinyl-terminated initiator into UV resin, 3D 

printed objects with functional material enable post-printing surface-initiated 

modification [11]. This method extends 3D printing capability to meet specific 

requirements for applications in electronics [12], actuator [5], metamaterial [13, 14], 

energy [15], and biomedical science [16], where high surface quality is required.       

The existing i3DP technology is still at an early stage due to the costly initiator and 

nitrogen protection requirement [11]. It is therefore essential to upgrade the i3DP into a 

simple and cost-effective way. Recently, several surface modification approaches have 

been explored; and among these, dopamine is widely used as a versatile tool for in situ 

nucleation and growth of metal NPs [17]. Inspired by the composition of adhesive 

proteins in mussels, dopamine can form surface-adherent polydopamine films onto 

various substrates by simple dip-coating method. Polydopamine-induced second reaction 

can create a variety of ad-layers. Recently, Zhang et al. [2] added dopamine into printable 

resin through stirring and ultrasonication. The added catechol-based group acts as a seed 

layer to initiate the formation of polydopamine (PD), and then metallization process is 

applied to coat a metal layer on the 3D printed object surface. This method updates our 

previous i3DP technology to be a new generation, namely i3DP II technology, which 

dramatically simplifies the experiment procedures and eases the reaction conditions, 
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providing a simple solution to metallize the polymeric surface. Due to the dopamine was 

distributed throughout the whole printed objects, local repair can also be achieved.  In 

comparison to the aforementioned method by Br-containing vinyl-terminated initiator, 

dopamine-based method is an attractive alternative because of its simple fabrication 

process and lower material cost. Dopamine-based coating method is depended on the 

formation of PD film. After immersing the objects in an aqueous alkaline solution of 

dopamine, spontaneous formation of PD coatings occurs on virtually all material surfaces 

via oxidative polymerization. The surface-adherent PD film acts as a platform for various 

purposes, including metallization of polymeric objects [18].  

However, two concerns of the method based on dopamine-added resin need to be 

considered.  On the one hand, the very low kinetics of the dopamine polymerization 

process, which usually requires 10 – 24 h to form a layer thick enough for the subsequent 

reaction. Besides, the limited shelf life of the dopamine aqueous solution means freshly 

prepared solution is necessary. During the PD formation process, basic conditions (pH 

8.5) of the solution and oxygen are two critical conditions to induce dopamine 

polymerization. This limits the scope of possible reactions which need acid or neutral 

condition. On the other hand, the compatibility between water-soluble dopamine and the 

acrylic-based 3D printing resin makes the preparation 3D printing resin with dopamine 

difficult. In our previous study, a homogeneous resin with dopamine was obtained via 

magnetic stirring. However, due to the poor solubility of dopamine in acrylic UV resin, 

the aggregation of dopamine particles is unavoidable. 

Aiming to address the challenges above, herein, we optimized the i3DP II by directly 

introducing the dopamine into the UV-curable resin, and skip the formation of 

polydopamine, according to the findings that although PD formation is necessary for 

most cases, most functionalities origin from catechol group. It is reasonable to deduce 

that dopamine would have a similar functionality because of the existence of catechol 

group.              

While for the problem of solubility, water-based UV resin was selected. Thus, we can 

develop a customized photocurable UV resin with aqueous dopamine, with the ability of 
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realizing the same function of polydopamine and then endow the 3D printed objects with 

tunable functions, conductive and metallization as focal points. The adopted methodology 

follows the thinking of using aqueous media to dissolve the dopamine into water-soluble 

UV resin, due to dopamine has a high solubility in water. By introducing the dopamine 

aqueous solution into the water-based photo-curable resin for 3D printing process, the 

dopamine can be fully distributed in the 3D printed parts after UV curing process. The 

catechol-based molecules of dopamine existed on the surface work as a seed layer for the 

following reactions (the metallization process is demonstrated in this project due to my 

thesis objective), resulting in a high-quality surface functionality. As a proof of concept, 

various complex polymer-metal structures following the proposed method were 

demonstrated.  

2.2 Experimental section 

2.2.1 Chemicals and materials  

Polyethyleneglycol diacrylate (PEGDA) and 4-acryloglmorpholine (ACMO) (Lihou 

company) were selected as the basis of water-based resin. 2,4,6-trimethylbenzoyldiphenyl 

phosphine oxide (TPO) was adopted as the photoinitiator due to its high performance in 

the near UV spectrum.  Dopamine hydrochloride was then used to prepare dopamine 

solution. Silver nitrate was chosen for metallization process. 4-Methylcatechol, 2,3,4-

Trihydroxybenzaldehyde, catechin hydrate, and tannic acid were used to verify the 

function of catechol group. All the above chemicals except other indication were 

purchased from Sigma-Aldrich and used without any further purification.  

2.2.2 Preparation of customized 3D printing UV resin 

Water-soluble UV resin base was firstly prepared by adding 0.4% TPO into PEGDA. 

Dopamine aqueous solution of different concentration (5 – 250 g/L) were prepared, and 

then various volume of dopamine solution (10 – 50 vol%) was mixed with the resin base. 

After complete mixing, resin base was degassed for 30 minutes in the dark which was 

ready for printing. Here, the UV lamp was used to cure the prepared resin to verify its 

printability. Specifically, 2 ml resin was poured into a dish and then cured by the UV 
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light for 1 min. Disk shape samples of 12 mm in radius and 4 mm in thickness were made 

by suitable formulations.  

2.2.3 Metallization of the 3D printed structures  

After cured using dopamine-integrated water-soluble UV resins with different dopamine 

concentration and volume percentage, the printed disk samples were placed into 0.1 

mol/L silver nitrate solution to get silver coating on their surface. Then, the thickness and 

conductivity of the deposited silver coating were measured and calculated. By comparing 

the conductivity of samples, both the printability and conductivity of the corresponding 

formulation was considered to select for the following 3D printing process.  

Commercial DLP 3D printer (PICO2, Asiga) was used in this study to print 3D objects in 

a layer-by-layer fashion. Specially, digital models were first designed by modeling 

software (SolidWorks) and then sliced into a series of images, which contained the 

information of each cross-section. Next, the digital model was sent to the 3D printer, 

where the commercial printing software reads and identifies the cross-section 

information. After that, the 3D printer will cure the liquid resin according to the cross-

section pattern. Once one layer is cured, the building plate will move up to allow the resin 

refilling in the blank area, and then move down again for next layer printing. This 

printing process is repeated until the whole object is created. Finally, the printed object 

was ultrasonically rinsed for 5 min in ethanol and dried by nitrogen flow.  

Dopamine-assisted metallization process is carried out by immersing the printed objects 

into metal salt solution. For silver deposition, the printed object was dipped into aqueous 

silver nitrate solution for one hour at room temperature. The object then was removed 

from the solution, washed with DI water, and dried with N2.   

For copper deposition, a stock solution of 50 mM ethylenediaminetetraacetic acid 

(EDTA), 50 mM copper (II) chloride (CuCl2), and 0.1 M boric acid (H3BO3) was 

prepared; and using 1 N of NaOH adjusted the pH of solution to 7.0. After the dopamine-

coated objects were placed in the solution for 3 hours at 37oC, 0.1 M dimethylamine-
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borane (DMAB) was added to initiate the ELP of copper. After 4 hours reaction, the 

object was taken from the solution, and rinsed with DI water and dried with N2. 

For nickel deposition, the bath solution containing 40 g/L of Ni2SO4·5H2O, 20 g/L of 

sodium citrate, and 10 g/L of lactic acid was prepared in ultrapure water. 1 g/L of DMAB 

aqueous solution was prepared separately, and the final electroless solution was prepared 

for a 4:1 volumetric proportion of nickel-to-reductant stocks. The dopamine-coated 

object was immersed into the electroless solution for 2 hours at 30oC. 

2.2.4 Characterization  

Cary 100 UV-visible spectrophotometer (Agilent, USA) was used to UV-spectrum test. A 

Nicolet 6700 spectrophotometer (Thermo Nicolet) was used to measure the Fourier 

transform infrared (FTIR) spectra under ATR mode. The morphology of the metallic 

structures was investigated by Hitachi S-4500 field-emission scanning electron 

microscope (SEM) at 5 kV accelerating voltage. An M 2400 Keithley Source-meter/unit 

(voltage range 50 V, step 1 V) was used to measure the sheet resistance using the four-

probe method.  

2.3 Results and discussion 

2.3.1 Printability of the integrated resin and metallization process  

The printability of the dopamine-added PEGDA was examined to confirm the feasibility 

of 3D printing process. The metal film generation relies on the catechol-groups 

distributed on the surface of polymeric objects. The integrated resin mainly contains 

photoinitiator, oligomer (PEGDA) and dopamine aqueous solution. Obviously, both the 

concentration and added volume of dopamine solution play a critical role in surface 

properties of printed architectures.  

UV-visible absorbance spectra and FTIR analysis were used to investigate the UV 

absorption of the prepared resins and confirm the functionality of the printed samples, 

respectively. Figure 2-1a shows the UV-visible absorbance of the prepared resins with 

various dopamine concentrations (0 g/L, 50g/L, 150 g/L, and 250 g/L) and volume 

percentage (10 vol% and 50 vol%), and Figure 2-1b displays the spectrum of the resins 
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based on the same dopamine concentration with various volume percentage. With the 

same added volume, the absorbance decreases with the increase of the dopamine 

concentration; and the absorbance also declines with the increase of the volume 

percentage at the same concentration. According to optical spectra of all the resins, 

moderate absorbance in the near UV region were observed, which are feasible with our 

commercial 3D printer. Furthermore, the printability measurement was conducted 

following. In our study, 12 formulations in Figure 2-1a were prepared for the initial 

printability tests, and all formulations can be solidified even when the addition of 

dopamine solution is as high as 50 vol%. Moreover, the chemical groups of the printed 

sample were studied by FTIR. Figure 2-1c illustrates the FTIR spectra of samples cured 

by water-soluble resin (PEGDA) and dopamine-integrated water-soluble resin, 

respectively. The broad and strong bands in the range of 3000 – 3400 cm-1 was attributed 

to intermolecular hydrogen bonds and the peak located at 3405 cm-1 was due to -NH2 

stretching. The characteristic peaks at 1525 cm-1 and 1177 cm-1 were attributed to NH2 

scissoring vibration mode and C-C stretching vibration mode, respectively [19]. In 

addition, in contrast to the FTIR of polydopamine NPs from previous studies, peaks 

corresponding to -NH2 was not present in the polydopamine spectrum, suggesting that the 

polymerization of the dopamine did not occur during resin preparing and UV curing 

process in this study [20]. From the above results, we can conclude that the dopamine has 

been successfully integrated into the water-soluble resin. 
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Figure 2-1: UV-visible absorbance spectra of water-soluble resins with various (a) 

dopamine concentration (0 – 250 g/L) and volume percentage (10 and 50 vol%), and 

(b) volume percentage (0 – 50 vol%) at 150 g/L aqueous dopamine solution. (c) 

FTIR analysis of the samples printed by dopamine-integrated 3D printing resin.  

The existing of two hydroxyl groups of the catechol moiety show strong chelation 

affinity towards metal ions (i.e., Ag+ or Au3+), which can be directly reduced due to the 

redox activity of the catechol-groups. During silver deposition, the cured disk-shape 

samples were placed in 0.1 mol/L AgNO3 solution for 4 h. As seen from Figure 2-2b-f, 

most of samples can be coated with a layer of grey-sliver on the surface, which was 

detected as silver nanoparticles via SEM. The results prove our hypothesis that dopamine 

can act as reaction medium to initiate electroless deposition. However, the cured parts 
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with high content of dopamine solution tend to have poor mechanical performance, and 

cracks occurred when immersed into AgNO3 solution (shown in Figure 2-2d(ii), e(ii) and 

f(ii)). In addition, through measuring the resistance of two random points on the 

deposited sliver coating, it was found the increasing of the dopamine concentration can 

reduce metallic film of higher conductivity. When the concentration is lower than 50 g/L, 

the samples are nonconductive. It suggested that both concentration of dopamine solution 

and volume percentage impact the reduction process of silver ions, due to the varied 

density of terminate group of dopamine. Thus, formulations of three different 

concentrations (50 g/L, 150 g/L and 250 g/L) were chosen for the following experiments.  

 

Figure 2-2: Metallization of UV-curing parts with various formulations. (a) 3D 

model (top) and the UV-curing object (bottom). Different concentrations of 

dopamine aqueous solution, such as (b) 5 g/L, (c) 10 g/L, (d) 25 g/L, (e) 50 g/L, (f) 

150 g/L, and (g) 250 g/L, was used to prepare the UV resin. The cured parts were 

immersed into 0.1 mol/L AgNO3 solution for 4 h. (i) and (ii) represent 10 vol% and 

50 vol%, respectively. Scale bar: 10mm. 

It was also worth noting that formulations with high dopamine concentration were able to 

deposit silver coating of comparable conductivity with that made by traditional 

deposition process. To contrast, the silver coating reduced by PD-assisted method is lack 
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of conductivity, and can only act as catalyst medium to induce another ELP process, 

aiming to get a conductive coating. For example, printed electronics using PD-assisted 

method in [21-24] required additional silver ELP process, while the samples at the 

concentration of 50 – 250 g/L with 50 vol% possess conductivity. 

Here, the effects of the silver nitrate concentration on the coating conductivity were also 

studied. The formulation with 150 g/L dopamine solution and 20 vol% was used to 

fabricate samples. The cured samples were immersed into various AgNO3 solution (0.1 – 

0.7 mol/L) for 4 h, and no obvious difference was found between samples in conductivity 

(Figure 2-3). Thus, 0.1 mol/L AgNO3 is enough for the silver deposition on the printed 

substrates. 

 

Figure 2-3: Metallic objects fabrication via silver deposition process with various 

AgNO3: (a) 0.1 mol/L, (b) 0.3 mol/L, (c) 0.5 mol/L, and (d) 0.7 mol/L. Scale bar: 10 

mm. 

2.3.2 Formula optimization of the integrated resin  

In our study, the increasing amount of dopamine solution in the resin enhanced the silver 

reduction, while more dopamine solution mixed in the resin usually resulted in poorer 

mechanical performance. It is therefore critical to optimize the amount of dopamine in 

order to balance the reduction function and the mechanical property. Thus, formulations 

of three different concentrations (50 g/L, 150 g/L and 250 g/L) were chosen for the 

following experiments to optimize the formulations. 

According to the initial experimental results, five amounts of dopamine solution (10 to 50 

vol%, 10 vol% as interval) were mixed with PEDGA-based resin, and dopamine solution 

of three different concentrations (50 g/L, 150 g/L, and 250 g/L) were used. The resultant 
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dopamine-added resin was photocured to disk shape samples which were deposited with 

a layer of silver coating following the protocol mentioned above. All the silver treated 

samples are shown in Figure 2-4 and the samples using formulation with 150 g/L 

dopamine solution (20 – 50 vol%) had a better conductivity, which were measured as 1 - 

4 Ω/cm. For the sample prepared by 50 g/L dopamine solution, when lower fraction of 

dopamine solution was mixed (< 20 vol%), the sample can only partially get metallized, 

while a complete silver film can form on the sample when higher v/v percentage of 

dopamine solution was involved. In addition, when the dopamine solution concentration 

was larger than 150 g/L, the further increasing of the dopamine concentration will 

decrease the metal reducibility, and cannot get an entire silver coating on the sample. 

Folded structures were detected on the sample (250 g/L and 50 vol%), and cause a poor 

adhesion to the Ag+ ions. The purple dash box in Figure 2-4 shows the broken samples 

which were prepared by using 50 vol% dopamine solution after 4 h AgNO3 treatment, 

indicating the 50 vol% dopamine solution is not feasible with 3D printing process.  

 

Figure 2-4: Metallic samples with various dopamine solution concentrations (50 g/L, 

150 g/L, and 250 g/L) and volume/volume percentage (10 vol%, 20 vol%, 30 vol%, 

40 vol%, and 50 vol%). 
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Layer thickness and sheet resistance of three formulations with different volume 

percentage (20 vol%, 30 vol%, and 40 vol%) were measured and calculated, respectively. 

The metallic sample with 150 g/L and 50 vol% was cleared out due to its poor 

mechanical property. The SEM images of each sample’s cross-section were shown in 

Figure 2-5, illustrating the compactness and thickness of the silver films. After 12 h 

immersion, the silver thickness is about 13 μm. To satisfy the practical applications, thick 

and highly conductive film is preferred. The samples prepared by dopamine-added resin 

have acceptable sheet resistances, which can reach 0.1246 Ω/sq (Figure 2-5d). The 

conductivity for 20 vol% is 0.276 Ω/sq, inferring the conductivity is 41.9% of the 

corresponding bulk silver, which can meet the requirement for most practical applications. 

Considering the conductivity and mechanical performance, the integrated resin with 150 

g/L and 20 vol% is the best choice for 3D printed electronics. 

 

Figure 2-5: Thickness of coated silver film with various dopamine concentration: (a) 

20 vol%, (b) 30 vol%, and (c) 40 vol%. (d) Sheet resistance and layer thickness 

obtained at the various dopamine concentration. 
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2.3.3 Surface morphology of metallic parts 

The influence of ELP time on the deposited silver film was investigated taking the cured 

samples using resin with 20 vol% 150 g/L dopamine solution as the research object 

(Figure 2-6). The silver deposition reaction is fast: at first 5 min, above 50% area was 

coved by the silver film, and a complete film was formed after 1 h immersion in AgNO3 

solution. At early stage, the deposited silver structure was worm-like elongated 

interconnected clusters (Figure 2-6a-c). Then, the silver further grew, causing a rougher 

layer, and silver nanowire emerged (Figure 2-6d). With the reaction time increased, 

Figure 2-6f shows the random orientation of the silver nanowire over the whole film, 

forming an interconnected network with stacked micro-flakes. The previous reports have 

proved that silver nanowire is the desired morphology for efficient electron transport due 

to its high aspect ratio of silver nanowires and low number of inter-nanoparticle contacts 

[25, 26].  

 

Figure 2-6: FE-SEM images of the surface with various ELP time: (a) 5 min, (b) 15 

min, (c) 30 min, (d) 1 h, (e) 4 h and (f) 12 h. Inset is the enlarged picture. 

2.3.4 3D printing of complex metallic structures  

As the printability of the liquid resin and metal bonding affinity of the dopamine-added 

resin have been proved, the optimized resin was then applied to DLP 3D printer to print 

complex 3D structures. Taking advantage of the digital design, 3D printed complex 
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architectures were printed and metallic coating was obtained after ELP (Figure 2-7). The 

layer thickness was set as 50 μm during 3D printing process and printed objects with 

acceptable resolution can be obtained. The printed objects confirmed again that the 

addition of 20 vol% dopamine aqueous solution affect minimally the 3D printing process. 

Moreover, the dopamine-integrated UV resin is also applicable to deposit other metal 

coatings such as Ni (Figure 2-7a) and Cu (Figure 2-7b). The adoption of a variety of 

metals coating onto 3D printed objects provides several advantages for practical 

applications. Take Cu for example, it possesses a bulk resistivity (1.7x10-8 Ω m) 

comparable to Ag (1.6x10-8 Ω m), but copper is significantly cheaper, making it a good 

alternative to electronics. During ELP, the oxidation of copper is dramatically inhibited. 

Herein, dopamine immobilized on the surface acts as an ELP catalyst to initiate metal 

reduction and growth. Without tedious process and expensive catalyst, our approach 

provides a simple and low-cost way to fabricate Cu-polymer architectures.     

 

Figure 2-7: Complex metallic architectures printed using dopamine-integrated UV 

resin. (a) Polymeric and nickel-coated colosseum. (b) Polymeric and copper-coated 

colosseum. (c) Nickel-coated colosseum morphology in Z direction surface and X/Y 

direction surface. 



70 

 

2.3.5 The applicability of other phenol/polyphenol and water-
soluble resin  

Besides dopamine, the use of other structurally related to catechol group, such as plant 

phenols and polyphenols (collectively referred to as ‘(poly)phenols’), as precursors for 

metal bonding affinity was recently reported. Hypothesizing that catechol group alone 

facilitates the initial nucleation and growth of the silver film, (poly)phenols should be 

applicable with our method.  

We chose four different (poly)phenols: 4-Methylcatechol, 2,3,4-Trihydroxybenzaldehyde, 

catechin hydrate, and tannic acid. Similar to the preparation process of dopamine-

integrated UV resin, four types of (poly)phenols were dissolved in water (150 g/L), and 

then 20 vol% aqueous solution were added into PEGDA, separately. 2 ml resin was filled 

in a disk shape container, following by the UV exposure for 1 min. As shown in Figure 

2-8a-d, the adding of the alternatives does not affect the printability. After silver nitrate 

treatment for 4 h, the color change for the four cured samples suggests that in situ 

generation of silver NPs occurs on the substrate surfaces. Thus, the reduction of silver by 

catechol group is proved. However, the treated samples are nonconductive probably 

because of insufficient silver deposition. In other words, not only catechol group, but the 

amine groups in dopamine also assist the metal deposition process. We can conclude that 

the coexistence of catechol and amine groups is crucial for metallization of polymeric 

structures.    

In addition, a second type of UV resin (ACMO) was also used to verify the applicability 

of our strategy. As PEGDA, ACMO is also dissolvable in aqueous solution. After UV 

curing, all the liquid resin with (poly)phenols can be solidified, but not all the samples 

can keep the shape due to poor printability and mechanical performance. Figure 2-8e(i-iii) 

show obvious fold morphology and deformation after the samples were cleaned by 

ethanol. The additional (poly)phenols have different effects in UV curing process, and 

this influence may be caused by the side chain of the (poly)phenols. Compared with the 

samples shown in Figure 2-8a-d, dopamine-integrated PEGDA resin has a better 

printability.  
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Figure 2-8: (a-d) The UV cured samples without (top) and with (bottom) silver 

nitrate treatment. PEGDA mixing with 20 vol% (a) 4-Methylcatechol, (b) 2,3,4-

Trihydroxybenzaldehyde, (c) catechin hydrate, and (d) tannic acid, respectively. (e) 

The UV cured samples using ACMO with five (poly)phenols: (i) 4-Methylcatechol, 

(ii) 2,3,4-Trihydroxybenzaldehyde, (iii) catechin hydrate, (iv) tannic acid, and (v) 

dopamine. Scar bar: 5mm. 

2.4 Conclusions 

In this study, we developed a simple yet robust dopamine-added UV-curable resin for 3D 

printing. Water-soluble PEGDA serves as oligomer in UV resin due to its compatibility 

with dopamine aqueous solution. After printing, the dopamine is distributed throughout 

the 3D printed objects. Due to the chemical versatility of catechol group from dopamine, 

a surface with a strong metal bonding affinity is created, and silver deposition can be 

achieved via one-step dipping. In contrast to the conventional metallization approaches, 

such as the ones need to deposit precious metal as catalyst, our developed material 

provides a low-cost and green alternative solution for metallization. 

Moreover, relying on the homogeneous distribution of dopamine in UV resin, cross-

linking network can act as a platform to immobilize dopamine molecules. A class of 
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metal materials, such as Ni and Cu, can also be deposited on the 3D architectures directly 

through dopamine molecules. Herein, the amine groups can also assist the metal 

deposition process, resulting in a layer of conductive metal coating of high adhesion. 

More significantly, all these metal films can regrow on the surface at any time, extending 

the lifespan of our 3D printed electronics. In summary, dopamine-integrated UV resin 

couples the advantages of the 3D printing in complex geometries fabrication with the 

versatility of the dopamine, which extends the capability of 3D printing as a universal 

and cost-effective method in electronics fabrication.   
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Chapter 3 

3 A modified-dopamine customized UV resin for 
electroless metallization in 3D printing 

To further broaden the scope of applications enabled by i3DP II, lipid-soluble dopamine 

methyl acrylamide (DMA) was synthesized in this chapter to comply with the commonly 

used acrylic-based photo-curable resin. Since DMA is also a kind of polyphenol matters 

similar to dopamine, it contains catechol groups and enables the printed object redox 

active, allowing metal ions reduction. After DMA was introduced into the acrylic-based 

resin for photopolymerization-based 3D printing, complex metallic structures can be 

manufactured through DMA-assisted metal ELP process. Moreover, DMA embedded 

inside the object has a potential function of re-triggering the ELP process to form a new 

layer of metal coating. This characteristic allows repeating the growing process of the 

metal layers and realizing an in situ repairing of the damaged area. Overall, the proposed 

method is not only presented as a facile and effective approach to fabricate complex 

metallic structures of various functionalities, but also presented as a feasible solution for 

the long-term challenge of repairing nonstandard or unavailable parts.  

3.1 Introduction  

Chapter 2 demonstrated the usage of dopamine for 3D printing metallic structures. 

Water-based photo-curable resin was developed to comply the water-solubility of 

dopamine. Nevertheless, most 3D printing photopolymer is acrylic resin and only a few 

types of water-soluble resin are available in the market; the applicability of the method 

which introduces dopamine into water-soluble oligomer is significantly limited in 

research and academic field. In this chapter, to further broaden the scope of applications, 

commonly used acrylic-based photo-curable resin was selected as the resin base. 

However, one problem is the dopamine is water-soluble and can rarely be dissolved in 

acrylic oligomers/monomers. That means, to utilize the function of dopamine, necessary 

modification should be done to increase its solubility in acrylic base. A practical solution 

to address the above problem is improving the hydrophobic nature of dopamine by 

acylation, which could be achieved by chemical synthesis [1, 2].  
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To integrate dopamine with most types of 3D printing resin, we improve the solubility of 

the dopamine in acrylic resin through acylation. The introducing of methacrylate group 

changes the hydrophilic nature of dopamine, making it compatible with most used 

acrylic-based UV resin. DMA, which is also a kind of polyphenol matters similar to 

dopamine, was synthesized by modifying the dopamine. DMA contains catechol groups 

and enables the printed object redox active, allowing silver ions reduction. The formation 

of thin silver film catalyzes ELP to form robust metal layers (such as Ag, Cu and Ni). 

The proposed method schematically provides a universal solution to combine the 

functionality of catechol groups from dopamine with the merits of 3D printing 

techniques. Moreover, as the synthetic dopamine is distributed throughout the whole 3D 

printed parts, locally repairing of the induced metal layer is available.          

3.2 Experimental section 

3.2.1 Chemicals and materials  

Tetrafunctional oligoether acrylate, SR494, was chosen to verify the solubility of DMA, 

which was bought from Startomer Company. Four different types of commercial 3D 

printing photopolymer were used to mix with DMA. They are VeroWhite from Stratasys 

Company, Formi Clear resin from Formi Company, eResin-PLA Bio-Photopolymer (red) 

from eSun Company, and BV-002 (blue) from MiiCraft Company. Dopamine 

hydrochloride and silver nitrate were purchased from Sigma-Aldrich and used without 

any further purification. 

3.2.2 Synthesis of dopamine methyl acrylamide 

DMA was synthesized according to  Figure 3-1a. A solution was prepared by dissolving 

NaHCO3 (8.5 g) and Na2B4O7(H2O)10 (4.4 g) in 100 mL of water. After being 

degassed by purging with nitrogen, 5.0 g of dopamine hydrochloride was added to the 

solution. The reaction was started by the addition of 26 mL of THF containing 4.5 mL of 

methacrylate anhydride, after the pH of the solution was adjusted to > 8.0. The reaction 

was kept under a N2 at room temperature and stopped after 12 h. The pH of the reaction 

solution was adjusted to <2 with 6 M HCl and extracted four times with ethyl acetate. 

The organic phase was dried over anhydrous MgSO4 and condensed by rotary 
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evaporation. Finally, hexane was added to the residual solution and stored overnight at 

room temperature for complete precipitation of the product. A light gray powder was 

obtained after filtration and drying at 60 °C overnight in a vacuum ( Figure 3-1b). To 

investigate the solubility of DMA in acrylic resins, four different resins were chosen to 

dissolve DMA. From  Figure 3-1c, the prepared resins with 5 wt% DMA can be obtained, 

indicating that modified-dopamine has an improved solubility in acrylic resins.  

 

 Figure 3-1: (a) The synthesis of DMA. (b) (i)Dopamine powder (white) and (ii) 

DMA powder (gray). Homogeneous DMA-integrated UV resins are prepared with: 

(i) VeroWhite, (ii) Formi Clear, (iii) sResin-PLA, and (iv) BV-002. 

3.2.3 Preparation of customized 3D printing material  

The customized 3D printing photopolymer was prepared by adding different amount of 

DMA. After mixing well, degassing of the resin base was conducted for 30 minutes in the 

dark. Then, the resultant resin was ready for printing: 0.5 ml resin was poured into a 

regular hexagon mold and an UV lamp (36 W) was used to verify its printability.  

3.2.4 Metallization of the 3D printed structures 

Commercial DLP 3D printer (PICO2, Asiga) was used to conduct 3D printing process. At 

first, the exposure time for single layer was measured, which is an important parameter to 
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ensure a successful 3D printing process. In our study, a 30 x 40 mm film of 50 μm in 

thickness was used to measure the minimum exposure time for one single layer. Digital 

models can be designed by SolidWorks and sliced into a series of images. During 3D 

printing process, the building plate would move up to allow the resin refilling in the blank 

area after printing one layer, and then move down again for next layer printing. This 

printing process was repeated until the whole object was created. The printed object was 

ultrasonically rinsed for 5 min in ethanol and dried by nitrogen flow. DMA-assisted 

metallization process is carried out in metal salt solution, which is same as the process of 

PD electroless plating.  

For silver deposition, the printed object was first dipped into 0.1mol/L aqueous silver 

nitrate solution for 1 hour at room temperature to grab Ag+ ions as catalyst for the 

following ELP process. The object was then taken from the solution, washed with DI 

water, and dried with N2. To obtain a dense silver layer, the as-prepared Ag activated 

polymeric object was immersed into ELP solution with a bath ratio 1:50 containing 

freshly prepared solution A and solution B. Solution A consists of 40 g/L AgNO3, 40 

ml/L ammonia and 0.06 mol/L ethylenediamine. Solution B contains 40 g/L glucose, 2.5 

g/L potassium sodium tartrate tetrahydrate, 40 ml/L ethyl alcohol and 0.075 g/L 

polyethylene glycol.   

The electroless copper plating process was performed in two steps: (i) grabbing silver 

seeds on the surface of the 3D printed objects and (ii) deposition of copper coting. The 

silver coating can be easily observed when the object was taken from the silver nitrate 

solution. Then, the Ag+-loaded sample was immersed into the ELP solution which is 

made of 1:1 mixture of freshly prepared solution A and solution B. Solution A consists of 

15 g/L CuSO4∙5H2O, 15 g/L K4Fe(CN)6, 0.01 g/L K4(CN)6∙3H2O, 15 g/L NaOH. 

Solution B consists of 9.5 mg/L HCHO in water. Similar to Cu, the ELP of Ni was 

conducted by immersing the sample with silver NPs into plating solution, which contains 

20 g/L Ni2SO4∙5H2O, 33 g/L sodium citrate, 14 g/L sodium hypophosphite, and 3 g/L 

DMAB in water. The bath pH should be adjusted to 10.    
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3.2.5 In situ repairing of metallic structures 

Silver nitrate solution was applied to the damaged area. After 1 h, the object was cleaned 

by DI water. Ag/Cu/Ni plating bath prepared as above was used for metal deposition on 

the target area. More details are described in next section.  

3.2.6 Characterization 

The morphology of the metallic structures was investigated by Hitachi S-4500 field-

emission scanning electron microscope at 5 kV accelerating voltage. An M 2400 Keithley 

Source-meter/unit (voltage range 50 V, step 1 V) was used to measure the sheet 

resistance using the four-probe method. Fourier transform infrared spectroscopy (FTIR) 

was carried out to identify the chemical structures. Cary 100 UV-visible 

spectrophotometer (Agilent, USA) was used to UV-spectrum test. AFM experiments 

were carried out with a Dimension V AFM equipped with Nanoscope controller V 

(Veeco, Inc.). A silicon nitride cantilever with a nominal spring constant of 40 N/m and 

tip radius of around 10 nm was used. The spring constant of the cantilever was also 

calibrated by the thermal tune method [3], which was 38.5 N/m. The sample was placed 

on the holder under the AFM cantilever tip, which can be observed together through the 

camera. The cantilever tip can be positioned at any site of interest on the sample using 

Nanoscope controller software (Nanoscope 7.30, Veeco).   

3.3 Results and discussion 

3.3.1 DMA-integrated 3D printing UV resin  

The key characteristic of DMA is its solubility in acrylate-based resin. To investigate the 

solubility of DMA in UV resin, SR494 – the mostly used base in acrylic-based resin- was 

selected as the solvent to verify. The solubility of dopamine and modified-dopamine 

(DMA) was measured and compared. According to the experimental results, the 

solubility of dopamine in SR494 is 0.25 g/100g, while the solubility of DMA is 6 g/100g, 

suggesting a significantly improvement of solubility in the acrylic resin. Based on the 

positive results, DMA was introduced to four mostly commercial photopolymers 

(VeroWhite, Formi Clear, eResin-PLA and BV-002), aiming to broaden the applications. 
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In our study, 1 wt%, 3 wt%, and 5 wt% DMA was added into the four kinds of UV 

photopolymer, respectively. Since all the four kinds of commercial photopolymer have 

similar monomer base to SR494, 5 wt% DMA can be dissolved completely in all these 

3D printing materials. DMA-added resin did not have the precipitation phenomenon 

which existed when directly using dopamine and kept homogeneously even after long 

time storing. We stored the prepared resins in tightly sealed opaque containers and 

allowed them to rest for 24 h. No aggregation was observed. Since the increase of 

solubility in lipid resin ensures more catechol groups incorporated with UV resin 

material, the 3D printed objects allow more effective surface modification. 

FTIR analysis was conducted to verify the existence of DMA on the surface of 3D 

printed object. In Figure 3-2, the original 3D printing material presents a typical spectrum 

of acrylate-based UV resin, with signals of C=O and C-O appearing at 1704 and 1210 

cm-1, respectively. For DMA-integrated resin, signal of N-H (3310-3350 cm-1) shows up, 

indicating the existence of amine group from DMA. 

 

Figure 3-2: FTIR signals of original resin and DMA-integrated resin. 

3.3.2 Printability of the DMA-integrated resin 

The printability of DMA-added resin was investigated to guarantee its application in 3D 

printing. For each formulation, 0.5 ml as-prepared resin was filled in a mold, and then a 
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UV lamp (36W) was used to cure the resin. From Figure 3-3, all formulations were able 

to be cured and solidified. The rough surface was caused by the limited UV penetration 

depth. Due to the thickness of the samples, only small amount of UV light can reach the 

bottom, causing inadequate energy to cure the bottom surface.  

Since catechol group has the properties of in situ reduction and chelating metal ions, the 

immersion of the above printed object into the AgNO3 solution would lead to the 

reduction of Ag+ on the surface. To verify this hypothesis, all cured samples were 

immersed into silver nitrate solution for 4 h. Compare with as-cured samples, complete 

silver films were formed on some Ag+-samples, especially for high content of DMA, 

while the samples without DMA do not obvious change after Ag+ treatment (Figure 3-3). 

Particularly, all resins with 5 wt% DMA was successfully coated with a silver layer, 

suggesting that 5 wt% DMA can play its best in metal reduction.  

 

Figure 3-3: The as-cured samples (top) and the samples after silver nitrate 

treatment (bottom) with different weight percent (from left to right: 0 wt%, 1 wt%, 

3 wt%, and 5wt%). The 3D printing material are (a) VeroWhite, (b) Formi Clear, 

(c) sResin-PLA, and (d) BV-002. 

3.3.3 UV-visible spectrum of DMA-integrated resin 

To investigate the influence of DMA on the photopolymerization process, UV absorption 

of the DMA-added resin was detected via UV-visible spectrum. In our study, we selected 
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Formi Clear resin as resin base for the following experiments. In Figure 3-4, the UV-vis 

absorbance of the prepared resins with different concentrations of DMA (0 -5 wt%) was 

displayed. The absorbance increases with the increase of the concentrations of DMA and 

all resins had maximum absorption wavelength in range of 350 nm to 410 nm. Since the 

wavelength of the light source used in the commercial 3D printer (Asiga DLP 3D) is 405 

nm, DMA-added resin is feasible to work with the printer.  

 

Figure 3-4: UV-vis absorbance spectra of DMA-integrated resins with various 

concentrations (0 – 5 wt%). The inset shows optical image for different 

concentrations of DMA in UV resins. 

3.3.4 Effect of DMA on exposure time during 3D printing 

As exposure time is a key printing parameter during 3D printing process, exposure time 

of 1 s to 1.4 s was conducted on the resin of single layer (50 μm). The relationship 

between exposure time and DMA concentration was plotted in Figure 3-5. Since the color 

of the resin changes from clear to brown with the increase of DMA amount, longer 

exposure time was required for the resin of higher DMA concentration. The exposure 

time – DMA concentration helped to adjust the parameters of the following 3D printing 

process. 
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Figure 3-5: The exposure time for single layer of various DMA concentrations. 

3.3.5 Confirmation of DMA distributed on the surface   

The existence of DMA on the surface was confirmed through comparing the change of 

hydrophilicity and surface detach force before and after the addition of DMA. We also 

analyzed the effect of DMA on the hydrophilicity of objects printed by DMA-added resin. 

Because hydroxy radical from catechol group is the hydrophilic, it is deduced that larger 

DMA concentration will result in higher hydrophilicity of 3D printed parts. However, 

contradictory phenomenon was found that the object made of higher DMA concentration 

had a bigger contact angle on the surface, meaning a lower hydrophilicity (seen in Figure 

3-6). One reason explains the phenomenon is, the addition of DMA lead to a rougher 

surface, and the micro-nano structures on the surface will increase the surface energy. 

This was supported by the surface morphology obtained through AFM detecting. The 

surface roughness increased from ~ 2.5 μm to ~ 4.5 μm after 5 wt% DMA was added 

(insets of Figure 3-7). It is worth noting that, the hydrophilicity change is small, and the 

contact angle kept in range of 58° to 68°. Thus, the increasing of hydrophilicity caused by 

DMA will not affect the following ELP process.  In contrast to PD, the deposition of PD 

film can introduce plenty of hydrophilic groups such as hydroxy and amino, so as to 

enhance the hydrophilicity of the substrates. The PD film thickness is around 40 nm with 
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a rough morphology at the molecular level [4-7]. The water contact angel of PD coated 

substrates can fall within a range of 37 -90o after PD coating [8]. 

 

Figure 3-6: Water contact angel of printed substrates cured by different DMA 

concentration resins. 

Since the cross-linking network of DMA-added resin contains DMA molecules, the 

DMA-sample has a softer and more adhesive surface when compared to those of none-

DMA sample. Change of detach force was also measured on the objects printed using 

DMA-added resin and pure resin, aiming to prove the existence of DMA on the object 

surface. According to Figure 3-7a, the surface of none-DMA sample had a less detach 

force, which was 0.25 ± 0.05 nN. For the 5 wt% DMA-added sample, the detach force 

increased to 0.70 ± 0.05 nN.  Higher detach force implies a softer surface, which further 

proves the existence of DMA molecules distribute on the surface of printed object.  
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Figure 3-7: Adhesion forces of (a) none-DMA-added sample and (b) 5 wt% DMA-

added sample. Insets are the surface morphology from AFM scanning. 
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3.3.6 3D printing of complex metallic structures  

Stereolithography-based 3D printing technology provides a high flexibility to fabricate 

complex structures with high resolution. In our study, complex structures (lattice heart 

and rabbit-shape structures) were demonstrated using modified resin with 5 wt% DMA 

added (Figure 3-8). The printed polymeric lattice structures had good surface quality and 

high-quality details, indicating again that the addition of DMA had a negligible influence 

on the printing ability of high-resolution fabrication. Copper and nickel coating were 

deposited on the printed structure surface. The metallization process was conducted by 

simply dipping in the AgNO3 solution first for growing catalyst and the subsequent Cu or 

Ni deposition process in ELP bath. All these processes do not require expensive 

equipment and chemicals. The metal-binding ability of catechol groups present in the 

DMA was especially exploited to form continuous and compacted metal coatings based 

on various types of UV resin by ELP without traditional process, for example the tedious 

and environment unfriendly activation treatment. Additionally, multiple classes of metals 

deposition on the printed structures can expand the applications. For example, the coated 

Ni layer can enable remote control of a lightweight and complex device, providing a 

promising application for medical robots. 
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Figure 3-8: Complex 3D printing structures and their metallic structures after ELP. (a) 

Cu-lattice heart and (b) Ni-lattice rabbit. 

The effect of the DMA concentration on Cu deposition, as an example, was investigated. 

Immediately after the as-printed objects immersing into AgNO3 solution, silver seeds 

were successfully produced on the substrate of the printed objects. Then the silver layer 

acts as a reaction layer to immobilize and reduce the copper ions, and copper particles 

started to grow on the surface. For Formi Clear resin, silver film can be formed at the 

DMA concentration of 3 wt% and 5 wt% in 0.1 mol/L silver nitrate solution. The Ag+-

loading substrates were then immersed into copper ELP baths. After 12 h, Cu film was 

coated on both samples. From Figure 3-9,  copper NPs congregated in flake-shape were 

observed. For UV resin with 3 wt% DMA some small defects showed up on the substrate, 

while the Cu NPs are denser on the substrate by UV resin with 5 wt% DMA.  
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Figure 3-9: Surface morphology for Cu coated substrates printed by UV resin with 

(a) 3 wt% and (b) 5 wt% DMA. 

Copper NPs deposition processes recorded along with ELP time was analyzed via SEM. 

It was found the Cu deposition process was slow. Even after 6 h, over 50% area had not 

been coved by the metal layer (Figure 3-10a). With increase of reaction time, Cu NPs 

continued to aggerate and a dense copper layer was finally obtained after 12h (Figure 

3-10d). The metal thickness was 2.21 μm and the sheet resistance was 0.321 Ω/sq after 

12 h deposition of (Figure 3-10h).     
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Figure 3-10: SEM used to record the growth of copper particles on the 3D printed 

object with various ELP time: (a) 6 h, (b) 8 h, (c) 10 h, and (d) 12 h. The inset shows 

images of the Cu-coated object. (e-g) displays the thickness of the copper film with 

various reaction time: (e) 8 h, (f) 10 h, and (g) 12 h. (h) Sheet resistance and layer 

thickness of the deposited on the substrates with different ELP time. 

3.3.7 In situ repairing of metallic structures 

Benefitting from the high lipid-solubility of DMA, the functional catechol groups 

distributed throughout the 3D printed objects, thus, newly exposed area after peeling off 

the metal coating also existed catechol groups which are ready to repeat the ELP process. 

Figure 3-11 illustrates the in-situ repairing process. Herein, a simple circuit was set up, 

and a 3D printed bar coated with a copper layer was used to connect battery and LED. At 

first, the original conductive bar can light up the blue LED. Then a circular incision was 



91 

 

made to disconnect the circuit and LED was turn off. Due to the existence of the catechol 

groups on the damaged area, the conductivity can be re-gained through successively 

immersing the damaged bar into AgNO3 and copper ELP solution. To verify the stability 

of this approach, we repeated this in-situ process 10 times. NO. 1-10 shown in Figure 

3-11 was inferred to 10 different scraped areas for experiment. Finally, all of the 10 

repairing experiments were successful, and the damaged area can be recovered by 

generating a new layer of copper coating, and then connected the battery and LED again 

(Figure 3-11b).  

 

Figure 3-11: In situ repairing of the conductive copper film. (a) Cu-coated bar was 

used to light LED. (b) After 10 times repairing, the bar can still light LED. The 

green box shows the 1st, 5th, and 10th repairing experiment as examples. 1-10 

indicates the different damaged area. 

In our study, the whole bar was placed into the baths. Thus, the conductivity tends to be 

improved with the increasing of repairing experiments (Figure 3-12). Not only the 

damaged area got copper particles deposited, but also the rest copper covered area will be 

deposited new copper particles. With deposition of more metal particles, the conductivity 
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of the bar increased. Since this repairing method is not practical and cost-effective, for 

small area cracks, the ELP solution can be applied directly onto the target area by a 

brush-type tool.  

 

Figure 3-12: Resistance of the Cu-coated bar after different times of in situ 

repairing. 

3.4 Conclusions  

In this study, a facile and effective DMA was synthesized and integrated into the acrylic 

UV resins. In comparison with the method of simply blending dopamine with UV resin in 

chapter 2, the developed dopamine (DMA) has a higher solubility in commonly used 

acrylic-based 3D printing materials. Thus, the resultant DMA is compatible with most 

commercially available 3D printing resins. Due to the high metal-binding ability of 

catechol groups existing in DMA, the as-printing structure can act as a good substrate to 

immobilize all the catechol groups to initial multiple metals deposition (such as Ag, Cu, 

and Ni). The 3D printed structures using DMA-added UV resin works for metal 
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deposition without additional surface modification. Moreover, because DMA distributes 

throughout the 3D printed objects, the catechol groups can be reused when the deposited 

metal coating was peel off. It enables in situ repairing of the damaged metal coating.  

This characteristic can not only prolong the lifespan of the functional structures, but also 

address the long-term challenge of repairing the nonstandard 3D printing parts. 
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Chapter 4 

4 Metallization and functionalization of 3D printed 
polymers assisted with polyphenols  

The 3D printing of complex structures by polymeric materials will continue to be one of 

the most popular methods in the 3D printing industry. For real-world applications, it is 

believed that 3D printed structures with functional groups is a highly desirable to largely 

extend the applications of 3D printing, preferably with a cost-effective method. It is ideal 

to use one single 3D printing material to meet multiple requirements for different 

applications. Thus, in this chapter, we further extended the capacity of i3DP II by 

optimizing the added seed components to comply more applications of not only initiating 

the metallization process but also introducing other functions for better serving the 

practical scenarios.  

In this chapter, we followed the same thinking of i3DP II with Chapter 2 and Chapter 3, 

and identified polyphenol as precursors for material engineering and surface 

functionalization. Polyphenolic compounds are a group of natural molecules derived 

from plants, which are especially attractive for the concept of circular economy. In 

addition, polyphenols have shown great potential to serve as building blocks for making 

various functional materials. In Chapter 4, polyphenol-enabled surface functionalization 

was demonstrated with focusing on 3D printed electronics application.  

4.1 Introduction 

Polyphenols are a large family of organic compounds with phenol units, which are 

abundant in natural plants and fruits. Therefore, it can also exist in the byproducts in 

agricultural industry. Thanks to their rich derivatives, polyphenols have been used for 

forming a variety of applications. One interest to this research is the strong solid-liquid 

interfacial activity and their capability of developing functional coatings of polyphenols, 

which can be useful for surface modification by integrating into 3D printing resin as a 

precursor or seed component. 
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In the previous study from our group, we introduced i3DP strategy to make 3D printed 

structures possible for various desired surface modification exhibiting varied surface 

properties. However, it will need a complex SI-ATRP to introduce various functions 

groups onto the printed parts. In the last two chapters, we upgraded the i3DP to a new 

generation (i3DP II) step by step through optimizing the initiator. Dopamine and its 

modification, DMA, have been employed to incorporate with 3D printing resins. Through 

the formation of polydopamine via auto-oxidation process, the printed objects allow for 

the formation of metal coating with a facial postprocess procedure. To introduce 

dopamine-based initiators into 3D printing resins, strategies were developed to form two 

categories of customized 3D printing resins, one is water-soluble UV resin incorporating 

with dopamine aqueous solution, the other is incorporating a modified dopamine into 

regular UV resin by improving the hydrophobic nature of dopamine. Due to some 

intrinsic limitation, there are certain drawbacks for the applications. For example, there 

are lacking water-soluble oligomer available in the market due to their poor mechanical 

properties and high shrinkage as 3D printing materials; it is quite costly and time-

consuming for improving the solubility of modified-dopamine in regular UV resin via 

additional chemical synthesis processes. However, both studies have achieved 

considerable success which showed that catechol group from dopamine enables the 

creation of functional surface on the printed structures for the secondary reactions. These 

are typical bio-inspired approaches for surface modification application and the discovery 

is consistent with other bio-inspired studies. From the study of mussel adhesive proteins, 

3.4-dihydroxy-L-phenylalanine (DOPA), which also has the side chain of catechol, 

functioning as adhesive molecules are found abundant near plague-substrate interface. 

The interfacial activity and the binding capability are essential for dopamine to function 

as a building block for surface modification.  

Thanks to the structural resemblance to dopamine, plant polyphenols possessing a 

remarkable abundance of catechol and gallol functional groups are expected to be 

promising alternatives to dopamine. Despite rapidly growing interest in the 

polydopamine coatings, only a small number of studies focus on other classes of phenolic 

biomolecules. Noting previous success with plant polyphenols, the aromatic vicinal diol, 

i.e. catechol, was proven as a common structural feature of multifunctional coating 
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precursors. Especially, a number of plant-derived polyphenols were used as precursors 

for multifunctional coating. These studies include tannic acid (TA), epigallocatechin 

(EGCG), morin, and hydroxyhydroquinone (HHQ) used to form functional film [1]. As 

mentioned, the functional groups were same with those in the previous two chapters. 

Thus, polyphenols have with strong solid-liquid interfacial properties are capable of 

cross-linking and binding, both of which are attractive to be integrated into 

polymerization-based 3D printing.  

Polyphenols have several thousand different derivates, like pyrogallol (PG), epicatechin 

gallate (ECG), TA and etc. While they all share a common amphiphatic behaviour, 

because the hydroxyl groups are hydrophilic, and the aromatic rings are hydrophobic. 

Thus, they are expected to be soluble in multiple solvent including water. In this study, 

we have screened out several polyphenols which have a good solubility in UV resins via 

simulation and experiments. Since water soluble resins are not widely used, the 

integration of polyphenols into regular acrylic UV resin to explore their functionalization 

capability can better serve the application. The catechol-integrated UV resin preparation 

method provides the advantages of a robust one-step surface functionalization with 

simple mixing, mild reaction condition, and compatible with various types of UV resin. 

More importantly, the functionalized layer on the printed surface could act as a versatile 

platform for secondary reactions via a simple dipping method. A series of experiments 

were conducted to verify the functionalities of the 3D printed structures. 

4.2 Experimental section 

4.2.1 Chemicals and materials 

The solubility of 12 kinds of polyphenols were studied. They include pyrogallol (PG), 

catechol (Ctl), caffeic acid (CA), TA, HHQ, 4-Methylcatechol, epigallocatechin (EGC), 

Ethyl 3,4-dihydroxybenzoate, 2,3,4-Trihydroxybenzaldehyde, myricetin, and Baicalein. 

Since dopamine also phenol group, it is treated as a control in this study. The solubility in 

ethoxylated pentaerythritol tetraacrylate (SR494, from Sartomer Americas) is also studied 

for screening purpose. 
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Four commercial 3D printing UV resins were adopted to verify the solubility of PG and 

Ctl, including VeroWhite from Stratasys Company, Formi Clear resin from Formi 

Company, eResin-PLA Bio-Photopolymer (red) from eSun Company, and BV-002 (blue) 

from MiiCraft Company. Moreover, we prepared water-soluble UV resin and epoxy UV 

resin.  

Regarding the multifunctional 3D printed electronics, flexible resin used for actuator and 

flexible electronics fabrication was purchased from Times80s Company. Heat-resisting 

electronics was printed by High Temp from Formi Company. ACMO resin was used to 

prepare UV resin for water-soluble structures printing. 

N-(2-aminoethyl)-1,2-ethylenediamine (diethylenetriamine, DETA) and    

octadecanethiol (Oct) were used for surface hydrophilization and hydrophobization, 

respectively, which were purchased from Sigma Aldrich.  

4.2.2 Solubility test 

The solubility of polyphenols in a typical monomer SR494 was studied as the basis for 

evaluating the solubility in UV curable resin. SR494 is a fast curing tetrafunctional 

monomer for use in UV polymerization, which is a classic and widely used acrylic-based 

monomer, which could help with screening lipophilic polyphenols. The surface tension of 

SR494 is 37.9 dynes/cm, and the viscosity of which is 45 cPs @ 25°. Total 12 

polyphenols were chosen for measuring solubility experimentally. In specific, 0.25 wt% 

of polyphenol compound was added into 10 g SR494 stepwise. The mixture was stirred 

thoroughly on a tube vortexer for 3 minutes at least twice until no further dissolving is 

observed. If there was an aggregate, ultrasonic bath will be applied to ensure better 

dispersion. Then the mixed solution will be left on a shake over night. After 24 hours, the 

precipitation was observed to evaluate the solubility. The amount of weight was recorded 

once the compound is no longer dissolve.   

4.2.3 Metallization  

Polyphenol in the printed sample was used to reduce Ag+ ions to silver nanoparticles 

(AgNPs) on the sample surface [2]. Since polyphenol can absorb metal ions on the 
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surface, and the polyphenol on the sample was not dissolving into the solution, all the 

reduced silver was on the sample surface.  

For silver deposition, the printed object was first immersed into 0.1 mol/L aqueous silver 

nitrate solution for 1 hour at room temperature. The sample was then taken out from the 

solution, further washed by DI water, and dried by N2. A thin layer of silver nanoparticle 

can be observed on the surface, which will serve as the catalyst for ELP process. 

To obtain a dense silver layer, the as-prepared Ag activated polymeric object was then 

immersed into a silver ELP solution, which was prepared with a bath ratio 1:50 

containing freshly prepared solution A and solution B. Solution A consists of 40 g/L 

AgNO3, 40 ml/L ammonia and 0.06 mol/L ethylenediamine. Solution B contains 40 g/L 

glucose, 2.5 g/L potassium sodium tartrate tetrahydrate, 40 ml/L ethyl alcohol and 0.075 

g/L polyethylene glycol.   

The electroless copper plating process was performed with the reduced silver as a catalyst.  

The silver coating can be easily observed when the object was taken from the silver 

nitrate solution. Before drying, the Ag+ loaded sample was immersed into the copper ELP 

solution, which is made of 1:1 mixture of freshly prepared solution A and solution B. 

Solution A consists of 15 g/L CuSO4∙5H2O, 15 g/L K4Fe(CN)6, 0.01 g/L 

K4(CN)6∙3H2O,15 g/L NaOH. Solution B consists of 9.5 mg/L HCHO in water.  

Similar to Cu, the ELP of Ni was conducted by immersing the sample with AgNPs into 

plating solution, which contains 20 g/L Ni2SO4∙5H2O, 33 g/L sodium citrate, 14 g/L 

sodium hypophosphite, and 3 g/L DMAB in water. The bath pH should be adjusted to 10.    

4.2.4 Demonstration of a dual metal actuator  

Instead of coating the surface with one metal, the strip was coated with nickel and copper 

into separated layers. The sample was placed into an oven to study the heat triggered 

actuation process. The temperature of the oven was set to 80 oC, 100 oC, 120 oC, and 140 

oC. A camera recording was carried out to observe the procedure of the displacement at 

different temperatures. To make sure sufficient deformation of the strip, images were 
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taken at each temperature once steady state conditions had been achieved. Measurements 

were repeated four times to confirm the performance. 

4.2.5 Adsorption measurement for water purification  

The adsorption tests were carried out in a temperature-controlled water bath shaker using 

an agitation speed of 100 rpm. Methylene blue (MB) was used as organic contaminants to 

evaluate the water purification performance of the printed sample using PG-integrated 

resin. First, a series of aqueous solutions containing different contaminants were prepared. 

Second, the printed sample was placed into 100 mL of each solution and shaken in a 

rotary shaker for 12 h to reach the adsorption equilibrium. At fixed time intervals, the 

concentrations of the measurement samples were analyzed. The apparent concentrations 

of MB were measured using a UV–vis spectrometer (Cary 100 Bio UV–vis 

spectrophotometer) and calculated by absorbance at 664 nm.  

4.2.6 Surface hydrophilization, hydrophobization and oil-water 
separation 

Surface hydrophilization. DETA was dissolved into DI water with different 

concentrations (50 – 250 mg/ml). The printed samples were immersed into each 

concentration for 6 h at room temperature. After that the samples were washed three 

times and dried by N2 gas. Also, a printed sample was also immersed into water for 6 h as 

a reference sample.   

Surface hydrophobization. All printed samples were immersed in a 0.1 mol/L silver 

nitrate solution for 36 h. The Ag-loading samples were further rinsed with D.I. water and 

dried in an oven at 60o. To further enhance the micro/nano hierarchical roughness of the 

substrates, the samples were soaked into an ethanolic solution of octadecanethiol (1:100 

v/v) to react for 0-36 h. The samples prepared with different AgNO3 treating time and 

octadecanethiol reaction time were labeled as as-printed, 36hAg, 36hAg/12hOct, 

36hAg/24hOct, and 36hAg/36hOct, respectively.   

Oil-water separation. Oil phase (n-octane, hexane and toluene) and water phase were 

mixed at the ration of 1:50 (v/v). The emulsions were obtained after sonication for 12h. 
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The 3D printed mesh was fixed between two quartz tubes, and the prepared emulsion was 

poured onto the surface of the printed mesh. Then, the oil contents were quantitatively 

measured by the oil content analyzer before and after separation process. 

4.3 Results and discussion 

4.3.1 Lipophilic polyphenols screening 

 

Figure 4-1: Chemical structures of (poly)phenols studied in our study. The name 

and plant source of all compounds can be found in Table 2. 

Polyphenols are serving as the building blocks for the following preparation of functional 

materials. We first identified 12 representative polyphenols for the primary experiments.  

Based on initial screening results shown in  

Table 2, four phenols (PG, Ctl, 4-Methylcatechol, Ethyl 3,4-dihydroxybenzoate) were 

found to exhibit a favourable solubility in SR494. These polyphenols are considered to be 

lipophilic polyphenols to have higher lipid solubility. To further confirm the solubility of 

polyphenols in 3D printing resin, the solubilities of selected four phenols were 

investigated in an acrylic resin and the corresponding results are consistent with the 
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results of SR494. Finally, these four phenols were mixed with Formi Clear resin for the 

following experiments. 

 

Table 2: Summary of (poly)phenol used in our experiments, including their plant 

sources and solubility in SR494.  

 
a See Figure 1 for structures. b Not intended to list all known natural sources. 

4.3.2 Silver reduction with the polyphenol modified resin  

Thanks to the reducing property of polyphenols, the polyphenol integrated 3D printing 

resin is introduced with the ability of metallization in this study. AgNO3 solution was 

used to treat the photopolymerized samples to investigate the reduction performance. 

From the experiments, limited silver was deposited on the samples by UV resin with 4-

Methylcatechol and Ethyl 3,4-dihydroxybenzoate. Therefore, only PG and Ctl are 

suitable to be integrated into 3D printing UV resins for functionalization purpose.  

In this study, PG was used as an example for the following experiments. First, PG was 

introduced into various types of 3D printing materials, including water-soluble, acrylic, 
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and epoxy UV resins. According to Figure 4-2, various prepared UV resins were 

homogeneous without sediment, suggesting that PG has a good compatibility with the 

existing 3D printing materials.   

 

Figure 4-2: PG-integrated UV resins: (a) water-soluble resin, (b) VeroWhite resin,  

(c) Formi Clear resin, (d) sResin-PLA resin, (e) BV-002, and (f) epoxy resin. 

As shown in Figure 4-3, PG with a content up to 5 wt% was dissolved well in the four 

commercial 3D printing materials and the addition of PG did not affect the printability of 

original resins. In addition, the presence and redox-active nature of catechol groups on 

the surface of the cured samples were indicated by silver staining. Immersing the samples 

with PG into silver nitrate solution, the surface was darkened due to the formation of 

silver particles through a redox couple between silver ions and catechol groups [3]. Here, 

1 wt% PG is sufficient for silver deposition on the surface, impying the high efficiency of 

silver reduction reaction of PG. Also, Ctl was added into Formi Clear to verify its 

functionality. From Figure 4-3e, Ctl-integrated UV resin can be used to fabricate 3D 

structures with multifunctional surface as PG-integrated UV resin. Therefore, PG and Ctl 

show great potential to be a universal additive to make multifunctional surface of the 3D 

printed objects.  
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Figure 4-3: Digital images of as-cured and AgNO3-treated samples demonstrating 

versatility of catechol group. Different concentrations of PG (0 - 5 wt%) were added 

into the (a) VeroWhite, (b) Formi Clear, (c) BV-002, and (d) sResin-PLA, 

respectively. (e) Different concentrations of Ctl (0-5 wt%) were added into Formi 

Clear resin. 

The effect of the AgNO3 concentration was also investigated. There is no evident change 

of the silver deposition with various AgNO3 concentration. Regardless of the PG content, 

all the samples were coated with a thin layer of silver (Figure 4-4), indicating the success 

reduction of Ag+ ions..  
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Figure 4-4: The effects of the concentration of AgNO3 solution. UV-cured samples 

with 1 – 5 wt% PG were immersed into 0.1 – 0.9 mol/L AgNO3 solution, separately. 

Scar bar is 5mm. 

4.3.3 Characterization of the PG-integrated resin 

In this study, we used Formi Clear resin as an example for following experiments. 50 mL 

of Formi Clear resin was mixed with different concentrations of PG for testing their 

printability on an Asiga 3D printer. Firstly, the UV-vis absorbances of UV resin with 

different concentrations of PG were measured. As illustrated in Figure 4-5, all samples 

have a strong absorption peak at the range of from 350 nm to 410 nm for UV based 

photopolymerization. Although the printability is not influenced by the addition of PG, 
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the exposure times of printing a single layer (50 μm) were different. Results shown in 

Figure 4-6 indicate that the addition of PG will increasingly affect the 

photopolymerization time. 5 wt% PG requires 2.2s to cure one layer while 1s is enough 

for original resin. In our experiments, when the amount of PG reaches 8 wt%, it is very 

hard to photopolymerize a complete film under UV exposure.  

 

Figure 4-5: UV-vis absorbance spectra of PG-integrated resins with various 

concentrations (0 – 5 wt%). The inset shows optical image for different 

concentrations of PG in Formi clear resin. 
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Figure 4-6: The single layer exposure time of various PG concentrations in Formi 

clear resin. 

In general, the existence of the hydroxy group is expected to enhance the hydrophilicity 

of the surface. However, contradictory phenomenon was found that the object made of 

higher DMA concentration had a slightly bigger contact angle on the surface, meaning a 

lower hydrophilicity (seen in Figure 4-7). One reason explains the phenomenon is, the 

addition of DMA lead to a rougher surface, and the micro-nano structures on the surface 

will increase the surface energy. It is worth noting that, the hydrophilicity change is small, 

and the contact angle kept in range of 58° to 68°. Thus, the increasing of hydrophilicity 

caused by DMA will not affect the following ELP process. 
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Figure 4-7: Water contact angle of printed substrates cured by different PG 

concentration resins. 

The tensile strength is also measured to investigate the effect of PG on the mechanical 

performance. The results are shown in Figure 4-8. According to the tensile strength for 

various concentrations, the increase of PG content weakens the mechanical performance 

of the 3D printed objects. However, after post UV-curing for 10 mins, the tensile strength 

can be improved to a certain extent. It is plausible to see that 1 wt% PG has very limited 

influence on the performance, which is accessible in the application. Therefore, 1 wt% 

PG is used in the following study.  
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Figure 4-8: Tensile strength of the as-printed and post UV-curing samples. 

The strong surface adhesion is one important characteristic of polyphenols. Here the 

adhesion forces were measured through taking force distance curves with atomic force 

microscopy (AFM). Detail of AFM measurement is listed in the previous chapter. Results 

in Figure 4-9 indicate that the adhesion force has doubled after mixing with 1 wt% PG 

into 3D printing resin. 

 

Figure 4-9: Measurement of adhesion forces with atomic force microscopy. Force 

distance curves for (a) the sample without PG and (b) the sample with 1 wt% PG 

integrated into the resin. 



110 

 

One crucial advantage of this method over other PD modification-based techniques is the 

stability of the chemical structure. PD formation is sensitive to the pH value of the 

environment, and it would be decomposed in acid solution. Because of this, the 

application of PD is again limited. For example, PD is a good candidate for water 

treatment due to its excellent adsorption characteristics. However, it is only applicable for 

alkaline wastewater. Without polymerization reaction, we hypothesize that the pH change 

did not affect the functionality of PG. To verify this hypothesis, samples coated with PD 

(hexagon) and as-printed samples using PG-integrated resin (star) were placed into 

various pH solutions (pH=1, pH=7, and pH=13, respectively). After 7 days, all samples 

were cleaned by DI water and dried by N2 gas. In pH = 1 solution, the PD coated sample 

became transparent, indicating the decomposition of PD film. The color of pH=7 and 

pH=13 solution changed from transparent to light yellow, and the color of pH=13 

solution is darker. It is believed that the polymerization of PG occurs in the alkaline 

solution. After immersing in a silver nitrate solution, silver was deposited on all samples 

printed by PG-integrated resin, while for PD coated samples, only the sample being 

immersed in pH=7 solution possesses the strong metal bonding affinity. Therefore, 

compared with PD, PG presenting on the surface of printed sample has better stability.  
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Figure 4-10: (a) As-cured sample and the sample with PD were immersed into 

pH=1, pH=7, and pH=13 solution, respectively. (b) After 7 days, all the samples are 

treated with 0.1 mol/L AgNO3 solution. 

4.3.4 3D printing of metallic structures 

As printability and functionality of the prepared resins have been proved, it is important 

to investigate whether this material system is compatible with 3D printer. Thus, 3D 

printed structures with multiple metals coating were demonstrated in this study (Figure 

4-11). Some complex structures, such as microlattice and Eiffel tower, were 

demonstrated using Formi Clear resin mixed with 1 wt% PG. As-printed Eiffel towers are 

shown in Figure 4-11c1. From the figures, they all have good surface quality, indicating 

that the PG-integrated resin provides multifunctional surface while remaining high 

resolution of stereolithography-based 3D printing process. As Ni can be deposited on the 

Ag surface and Cu can be deposited on the Ni surface, multiple ELP process can be 

applied to achieve multi-metals coating. For example, the 3D printed Eiffel tower was 

first immersed into AgNO3 solution for silver seeds reduction on the surface. Then, it was 

placed in Ag, Ni, and Cu ELP solution in sequence. Through controlling the immersion 
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depth, selective deposition of different metals is demonstrated, and 3D printed objects 

with different metals coating is fabricated (Figure 4-11c2-c4).   

 

Figure 4-11: 3D printing of complex metallic structures. (a) One part with Ag, Cu, 

and Ni bridges. (b) Microlattice structure coated with (top to down): Cu, Ni, and Ag. 

(c1) As-printed Eiffel towers and its metallic structure coated with different metals 

(top to down): (c2) Cu and Ag, (c3) Ni and Ag, and (c4) Cu, Ni, and Ag. 

The effects of the PG concentration on metal deposition were investigated, taking Cu 

deposition as an example. Upon immersion into AgNO3 solution, silver seeds were 

successfully deposited on the surface of the printed objects. Then the Ag+-loaded samples 

were immersed into ELP bath to facilitate Cu particles growth. After 30 mins, all samples 

were coated with a thin layer of Cu. Figure 4-12 shows that the surface is denser for the 

samples with higher PG content. For the sample printed by UV resin with 5 wt% PG, it is 

hardly to observe the grooves in contrast to the samples printed by UV resin with 1 wt% 
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and 3 wt% PG (Figure 4-12c1). This is because the more PG on the surface can absorb 

more silver ions on the surface initially. Regardless of PG concentration, a complete 

copper film was coated on the substrates after sufficient ELP time.  

 

Figure 4-12: Surface morphology for Cu coated substrates printed UV resin with 

different concentrations of PG: (a) 1 wt%, (b) 3 wt%, and (c) 5 wt%. 

The deposition of Cu is further examined with 1wt% PG to study the relationship of 

deposition time and metal growth (Figure 4-13). The copper growth was clearly observed 

in Figure 4-13a-c, as more and more Cu particles growing on the surface. At the 30 min, 

Cu particles fully cover the surface. With the reaction continue, the copper layer further 

grew into a thickness of 9.27 μm after 240 min (Figure 4-13g). The final sheet resistance 

is 0.108 Ω/sq, which is about 17.2% to that of the bulk copper. Compared with 

conductivities obtained by other techniques, the coated metal film by this strategy is 

consistent, enabling a promising approach to 3D printing electronics.  
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Figure 4-13: SEM used to record the growth of copper particles on the 3D printed 

object with various ELP time: (a) 10 min, (b) 30 min, (c) 60 min, and (d) 240 min. 

The inset image shows the Cu-coated object. (e-g) The thickness of the copper film 

with various reaction time: (e) 30 min, (f) 60 min, and (g) 240 min. (h) Sheet 

resistance and layer thickness of the deposited copper layer on the substrates with 

different ELP time. All samples are printed by Formi Clear with 1 wt% PG. 

4.3.5 In situ repairing of the 3D printed metallic structures 

Due to the PG has a good solubility in acrylate-based resin, it can be distributed 

throughout the 3D printing material and its printed structure. When the surface was 

removed, the newly exposed area also possesses catechol groups to allow metals 

deposition. By repeating ELP process for the damaged area, a new metallic layer can be 

regenerated on the damaged area. A building with four stairs was used to demonstrate 

this concept (Figure 4-14a-d). After ELP process, a 3D printed object coated with copper 

was fabricated. Then the stairs were cut off layer by layer revealing the polymeric area. A 

0.1 mol/L AgNO3 solution was added into the cracked area, followed by adding Cu ELP 

solution. As shown in Figure 4-14b-d, the damaged area can be recoated a layer of Cu. 

Regardless of the crack dimension, this regenerating process can finish at the same time. 
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Moreover, to investigate the influence of in-situ repairing process on conductivity, we 

repeated this process 10 times. Figure 4-14e demonstrates 1st, 5th, and 10th repairing 

process. In our study, 10 locations were chosen to scrap away the copper coatings and red 

box shows the bar with new conductive coating. After 10 times repeating, the bar can still 

light up the LED by connecting it with a battery. The resistance of the metallic bar has no 

evident change, ranging from 0.5Ω to 0.8Ω (Figure 4-14f). Therefore, our strategy can be 

applied to repair the damaged area with any sizes and did not have obvious trail on the 

resistance.              

 

Figure 4-14: In situ repairing of 3D printed metallic structures. (a-d) A metallic 

structure with three times repairing. (e) After 10 times repairing, the metallic bar is 

still conductive. 1st, 5th, and 10th repairing processes were shown. NO. 1 – 10 

represents different location for every repairing process. (f) The resistance of the 

metallic bar after various times repairing. 
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4.3.6 Multifunctional 3D printed electronics fabrication 

3D printed objects with metallic layers provides a wide range of applications in 

electronics, such as actuators, heat-resistance electronics, and flexible electronics. 

According to the above results, PG-integrated UV resin is promising to be integrated for 

future applications of 3D printed electronics.  

Actuator. 3D printed objects with multi-metal coating was realized as above, which can 

be used to fabricate actuators reacting to environmental stimuli [4]. Here, a 3D printed 

strip coated with copper and nickel was fabricated (Figure 4-15a). The composite strip 

was placed into an oven with one end fixed and the other free to move.  The mismatch of 

thermal expansion coefficient causes internal stresses in the printed object, thus, a 

deformation can be observed when the ambient temperature was higher than 80 oC, and 

the largest bending angle can reach to 20o at 140 oC (Figure 4-15b). Multi-metal 

structures based on PG-integrated resin open the possibility for 4D self-

assembling/actuating structures using a simple and facile method.    
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Figure 4-15: Thermo-mechanical response of the polymer-copper-nickel strip. (a) 

Schematic diagram of the deformation process upon heating. (b) Deformation of the 

composite strip with perpendicular heating. 

Heat-resisting electronics. A big challenge for polymeric structures is that they cannot 

work at a high temperature environment, especially for the metal-polymer composites, 

resulting in limited applications in industrial fields. However, with the development of 

3D printing materials, such as high temperature UV resins (High Temp resin from 

Formlab Company), the working scenarios can be largely extended. In our study, High 

Temp resin mixed with 1 wt% PG was prepared and then printed using a bottom-up SLA 

3D printer (Form 1+). Here, a structure with a channel on surface was designed, allowing 
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selective metallization of printed object. After Cu deposition, the metallic object placed 

onto a heated bed is used to connect the battery and the LED. When the temperature of 

the heat bed increases to 220 oC, the conductive pattern can still work, even after 1h 

(Figure 4-16a). While for the printed object using standard clear resin from Asiga, the 

cracks and color change was observed after 1 h heating at 220 oC shown in Figure 4-16b. 

SEM images also confirm the cracks occurred on the sample using clear resin, indicating 

the high thermal stability of printed electronics based on high-resisting resin. A schematic 

of heat pad is fabricated, and the temperature field is shown in Figure 4-17. 

 

Figure 4-16: 3D printed high-resisting electronic. (a) The metallic structure with 

circuit is used to connect the battery and LED. The heat bed is set as 220 oC. (b) 

Another printed sample using Asiga clear resin is used to compare with the sample 

using High Temp resin. 
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Figure 4-17: Temperature distribution of the heat bed. The real temperature is 

191.7 oC. 

Flexible electronics. There are exciting opportunities for flexible electronics for 

applications including sensors, actuators, circuits, electronic skin and displays [5-9]. 

Coupling flexible UV resin with PG, metallization of 3D printed flexible can be realized. 

To investigate the stability of the metallic strip, the resistance of the strip after several 

bending cycles was measured by recording the relative resistivity (R/R0, where R 

represents the conductivity after bending and R0 represents for the conductivity before 

bending test). In a bending test, we bended the strips at a fixed angle with the radius in 5 

mm. Figure 4-18a shows the relative resistivity for strips with 30 and 40 min ELP 

changed slightly after 1000 cycles, while there is a largely decrease for strip with 20 min 

ELP. Moreover, the high conductivity is more easily to retain with a high bending radius 

(Figure 4-18b). The 3D printed conductive strips also shows high flexibility in Figure 

4-18c. The electrical property of the strip was not destroyed by twisting.        
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Figure 4-18: Stability and flexibility of printed strips. Relative resistance of the 

conductive strips with various (a) ELD time and (b) bending radius. (c) Lighting 

LED when twisting. 

Based on the high flexibility and conductivity of the printed structures, two applications 

were demonstrated: pressure sensor and wearable glove. Taking advantages of 3D 

printing, the design of the devices is unlimited. Through controlling the immersion area, a 

conductive circuit with a polymeric substrate was made. With assistance of Velostat film 

whose resistance changes under pressure, bending can cause the change of the resistance. 

Arduino chip was used to detect the resistance, and different resistances have their 

corresponding values which can be used to control LED on/off. Here, the pressure sensor 

can monitor the bending of a human arm, which is reflected on the three LEDs (Figure 

4-19a). For instance, when the bending angle is 135o, all LEDs are turned on. 

Furthermore, a wearable glove was made. Five pressure sensors were used, and the 
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movement of each finger can be detected. A simple coding can define different gestures. 

In this work, a unique gesture can reflect an individual letter, indicating this glove can be 

treated as a keyboard for computer (Figure 4-19b).  

 

Figure 4-19: 3D printed flexible electronics. (a) Pressure sensor used to detect the 

arm bending angle. LED lights are used to indicate the bending angle and the 

corresponding value for different bending angle is shown in the curve graph. (b) 

Different gestures were designed for different letters. 

4.3.7 Water treatment 

The existence of catechol groups on the surface of the printed sample are reactive sites of 

adsorbing heavy metal ions and organic dyes. To verify this, adsorption tests were 

conducted at room temperature and MB was selected as representative contaminant. 

Wastewater with high concentrations of MB was used in the experiments. The printed 

sample was found to exhibit strong adsorption for MB, with uptakes increasing 

progressively with their concentration (Figure 4-20a,b). The correlation of isotherms 
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during adsorption followed Langmuir model, suggesting that the adsorption of the 

organic dye takes place at the binding sites of functional groups. Based on model fitting 

results, the maximum adsorption capacity (qm) for MB is 933.07 mg/g. The printed 

sample adsorption kinetics of MB was examined by investigating the concentration 

changes of collected samples over time (0–12 h) from each contaminant solution (Figure 

4-20b). Equilibrium is reached at around 200 min. The kinetics of the adsorption data was 

analyzed using both pseudo-first-order and pseudo-second-order kinetic models. The 

mass changes of contaminants over time exhibit good agreement with the pseudo-first-

order kinetic model.  



123 

 

 

Figure 4-20: (a) Adsorption isotherm plots and curves fitting by Langmuir (solid 

line) and Freundlich (dot line) models of MB. (b) Adsorption kinetic plots and curve 

fitting by pseudo-first-order (solid line) and pseudo-second-order (dot line) kinetic 

models of MB. (c) Time-dependent UV-vis spectra of the MB solution using 3D 

printed object using PG-integrated resin. (d) Reusability of 3D printed object with 

PG for MB removal. (e) The photography of the MB solution color change within 

240 min. 
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4.3.8 Surface hydrophilization  

Catechol groups presented on the surface also support a variety of reactions with different 

molecules leading to various functional coatings. For example, catechol group can react 

with thiols or amines to obtain hydrophobic or hydrophilic surface [10, 11]. Specifically, 

catechol coated objects are easily to grow functional molecules via the reaction with 

thiol- or amine-catechol derivates. 

In our work, the surface hydrophilization process was conducted by placing the printed 

samples into different concentration of DETA solution for 6 h. Here, DETA was adopted 

to provide amino groups and the influences of concentration of DETA on water contact 

angle was investigated. According to Figure 4-21, the as-printed sample is hydrophilic, 

which shows a water contact angle of 54.7o. With the increase of the concentration of 

DETA to 200 mg/ml, the water contact angle decreased to 1.1o. When further increasing 

DETA concentration to 250 mg/ml, there is a growth of water contact angle (7.1o), 

meaning that the abundance of DETA is not good for interaction formation between 

catechol group and DETA.     

 

Figure 4-21: Static water contact angles of printed samples treated with different 

concentration of DETA (0 – 250 mg/ml). 
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4.3.9 Surface hydrophobization 

Similar to surface hydrophilization process, immersion of the printed samples into thiol-

containing solution can realize surface hydrophobization. Figure 4-22a shows the 

preparation process of hydrophobic surface. Silver ions was reduced to silver NPs, which 

increase the surface micro/nano hierarchical roughness. The Ag-loading samples were 

further immersed into Oct solution for 0h, 12h, 24h, and 36h, respectively. From the 

Figure 4-22b, the water contact angle can reach 111o. That is because, firstly, catechol 

and silver particles react with thiol-terminated molecules through the free catechol-thiol 

reaction and metal-thiol coordination; then, long-chain was coated onto the printed 

sample resulting in a hydrophobic surface. The final water contact angle can reach as 

large as 138.3o.  

 

Figure 4-22: (a) Preparation process of the hydrophobic surface. (b) Static contact 

angle of printed samples with various procedures and reaction time. As-printed 

sample was used as a control experiment. After 36 h silver nitrate treatment, four 

samples were immersed into Oct solution for 0h, 12h, 24h, and 36 h, respectively. 
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4.3.10 Oil-water separation 

Microporous mesh-like structures (pore size: 400 μm) were printed by DLP 3D printer. 

After surface hydrophilization referring to 4.3.8, the water contact angle of the 3D printed 

mesh was 2.2°. Three types of oil-in-water emulsions were prepared to test the oil/water 

separation efficiency. The stabilized emulsions contain 1% volume of oil including n-

octane, hexane and toluene, respectively. The printed mesh was fixed in the separation 

apparatus and the emulsion was poured into the surface of the printed mesh. A pre-wetted 

mesh rinsed with water would not allow oil to pass through as long as the pressure above 

the mesh is lower than the intrusion pressure. Once the oil phase is expelled, the water 

pass through the printed mesh driven by gravity very quickly owing to the hydrophilicity 

of the surface, and the transparent water was collected below the mesh. According to the 

results in Figure 4-23, the separation efficiency of each emulsion was measured for three 

times, which was higher than 97%. 

 

Figure 4-23: Stabilized emulsions composed of n-octane, hexane, and toluene could 

be efficiently separated. Compared with the milky emulsion, transparent water was 

collected. 
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4.4 Conclusions  

Polyphenolic compounds are widely existed in the natural plants or fruits. Thanks to its 

strong solid-liquid interfacial activity, it has been widely used for developing functional 

coatings. In this study, polyphenols are employed to integrate into 3D printing resin for 

functional development, focusing on metallization for 3D printed electronics application. 

A series of polyphenols are investigated to screen the solubility aiming to comply with 

lipid resin. Four phenols (PG, Ctl, 4-Methylcatechol, Ethyl 3,4-dihydroxybenzoate) were 

identified as candidates for 3D printing resin integration, while only two phenols (PG and 

Ctl) were tested to be functional for metallization use. The printability, chemical stability, 

mechanical performance and etc. are examined.  

It is found that 1 wt% PG is applicable to be integrated into 3D printing resin for various 

functional development as shown in Figure 4-24. Multiple metal layer was deposited to 

demonstrate an actuator application; high temperature heater and flexible electronics 

application were also demonstrated; water treatment capability was demonstrated for 

heavy metal ion removal use; finally, surface hydrophilization and hydrophobization 

were realized. 
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Figure 4-24: Various applications based on i3DP II. 

In summary, polyphenolic compounds are excellent candidate for integration into 3D 

printing, towards to functional 3D printing application. Thanks to its natural source, it is 

great for future sustainable manufacturing. 
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Chapter 5 

5 3D Co-printing of 3D electronics with a dual light source 
technology 

Chapter 2 – 4 follow the thinking of i3DP II and optimized the initiators step by step, 

providing effective strategies for metallization polymeric 3D structures, but there is 

concern that the introduction of active groups causes the entire surface to be metallized. 

Highly selective metallization process is still required to develop. This chapter reports a 

new strategy - 3D Co-printing technology by collaboratively employing two 

photopolymerization processes - to fabricate 3D electronics selectively either deposited 

on a free-form surface or embedded within a bulk structure. The 3D Co-printing 

technology only involves one printing material, which works for both the construction of 

polymeric structure and the metallization process of conductive circuits because of the 

introduced metal precursor in photosensitive resin. Due to the existing of metal precursor, 

metal NPs can be efficiently photosynthesized after laser scanning. 3D Co-printing 

technology addresses the challenge of conventional methods requiring multiple 

deposition processes. The resultant trace which is composed of NPs exhibits a superior 

resistivity as low as ~ 6.12 µΩ m. The resistivity is further controllable ranging from 10-6 

to 10 Ωm through adjusting the material formulation and processing parameters. The 

validation and demonstration in this study verify the proposed 3D Co-printing as a high-

efficiency and low-cost co-printing approach which opens a new avenue of making 3D 

electronics.  

5.1 Introduction 

i3DP II proposed and optimized in Chapter 2 – 4 provides effective strategies for 

metallization polymeric 3D structures, but there is concern that the introduction of active 

groups causes the entire surface to be metallized. Conductive patterns require additional 

manual labor for patterning. There remains a need for a selective metallization able to 

print conductive trace on 3D printed structures. A wider range of electrical applications 

based on 3D printing techniques will require advances in both 3D printing techniques and 

material selection.  
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Recently, a new approach to 3D printing conductive structures was proposed. 

Incorporating silver nitrate into a photocurable UV resin, silver NPs were in-situ 

generated on the surface of the printed objects via light [1] or heating [2]. Based on the 

similar material formulation, Wang et al. developed a blue laser projection printing 

method to fabricate complex 3D objects. After thermal sintering, silver NPs appeared on 

surface of the printed objects [3]. As only one material was used, it directly reduces the 

complexity of 3D process and the in-situ generation of metal NPs also eliminates the poor 

adhesion from different materials deposition. However, the above methods can only 

provide a conductive part without a specific pattern to function as a circuit, since the 

methods using lamp or oven will cover all exposed body/surfaces. Moreover, the 

obtained resistivity was very high (~ 1*105 Ω cm), limiting the wide range of 

applications. Thus, we propose a method using a second laser to achieve selective 

metallization on the 3D printed objects with good conductivity. Using a laser to in-situ 

generate metal patterns during 3D printing process has been rarely studied to date, 

although laser has been used to print various functional parts by incorporating with 

tailorable photocurable resins through changing the reactive formulations or adding 

functional additives [4-7]. It is desired to directly realize the metallization process during 

printing to achieve 3D circuit. Through developing photopolymer systems, new 3D 

printing materials allow the construction of complex structures and printing of conductive 

traces simultaneously, addressing the challenges brought by the multimaterial deposition.       

In this study, we develop a 3D co-printing technology by integrating two light systems––

digital light processing (DLP) and laser scanning––to fabricate 3D electronics. 

Sophisticated polymer structure was fabricated by DLP with a high resolution based on 

the spatially-controlled solidification, and every layer can be cured within seconds [8]. 

Then, the second light source, a laser system with a controllable scanning speed, is 

performed to selectively reduce the precursor-contained polymer into conductive material 

via in situ nucleation and sintering of metal NPs. The laser is applied here as a robust and 

reliable tool to precisely control the conductivity of metal traces via laser photothermal 

metallization. Specially, the proposed 3D co-printing technology only works with a 

single 3D printing resin containing monomer, metal salts and photoinitiator, which avoids 

the difficulty brought by multimaterial printing processes. As only one material is 
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required, this method eases the fabrication procedures and can be further extended to 

fabricate arbitrary-shape electronics in a cost-effective and time-saving manner. In this 

study, the effects of the laser on the diameter and distribution of the generated silver NPs 

were investigated in detail, and then experiments were conducted to analyze the influence 

of different material formulations and processing parameters such as laser power and 

scanning speed on resistivity. Typical printed 3D electronics circuits by this 3D co-

printing technology were demonstrated. Remarkable advantages such as easy-to-use, 

scalability and flexibility have been clearly showed according to the experimental results.  

5.2 Experimental section 

5.2.1 Material preparation 

The printing resin is photopolymer-based, consisting of oligomer, photoinitiators and 

additives. Polyethyleneglycol diacrylate (PEGDA) with three different molecular weight 

(250, 550, 750 g mol-1) were prepared as photocurable oligomer; typical photoinitiator - 

2,4,6-trimethylbenzoyldiphenyl phosphine oxide (TPO) - was adopted due to its high 

performance in the near UV spectrum. Silver nitrate was added as a metal precursor for 

forming conductive traces. All the above chemicals were purchased from Sigma-Aldrich 

and used without further purification. Moreover, the second type of photocurable 

oligomer, 4-acryloglmorpholine (ACMO), was used to compare with PEGDA. ACMO 

was purchased from Lihou company. 

Different amounts of silver nitrate (5, 10, 15, 20 phr) were dissolved into each type of 

PEGDA, resulting in 12 formulations of resin. We use PEGDA molecular weight and 

concentration of silver nitrate to denote each resin type. For example, PEGDA250-5% 

were prepared by 250 g mol-1 PEGDA with 5 phr silver nitrate. The resultant 12 

photosensitive resins were tested in the developed 3D printer.  

5.2.2 Setup of 3D Co-printing 

A hybrid 3D co-printing printer is developed by coupling DLP stereolithography process 

with laser-induced metallization process, as Figure 5-1a. The 3D Co-printer consists of 

three main components: DLP projector, laser emitter and building plate; DLP projector 
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provides a near UV light for curing PEGDA layer by layer; the laser emitter is mounted 

between DLP projector and the building plate, and is used to selectively scan the 

solidified layer to generate conductive patterns. After finishing one layer, the building 

plate moves down to allow the construction of new layer. Figure 5-1b schematically 

describes the working principle of 3D co-printing process of 3D electronics: UV source 

from DLP projector is used for structure building; the laser emitter then precisely prints 

circuitry on polymetric surface based on thermal-chemical reduction reaction. Noted here 

that the additional laser emitter can provide higher light intensity compared to that of 

DLP projector light (otherwise extremely long exposure time (>30 minutes) is required to 

finish one layer of conductive pattern). Thus, the optical energy from laser emitter can be 

directly converted into heat with high selective and controllable local temperature via 

photothermal reaction (Figure 5-1c). When reaching the reaction temperature, the 

nucleation of the silver NPs undergoes an in-situ growth in the laser scanning area, thus 

creating a conductive pattern. With a high reaction rate, the dielectric polymer is 

transferred to conductive the silver path in real time.  

 

Figure 5-1: (a) Schematic diagram of home-made 3D printing machine. (b) 3D co-

printing process by two laser systems. (c) The laser-reduced mechanism of silver 

nanoparticles in 3D printed structure during laser scanning process. 
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5.2.3 Characterization 

Resistance was measured using a digital multimeter. The morphological characterization 

of the silver NPs into photopolymerized matrices were carried out by a scanning electron 

microscopy (SEM, Hitachi S-4500). Another SEM equipped with an Energy dispersive 

X-ray (EDX) is also used for compositional analyses.  

5.3 Results and discussion     

5.3.1 Developing material system with metal precursor 

To evaluate the suitability of photopolymers for developing the customized 3D printing 

resin, two kinds of material system were tested with two oligomers, PEGDA and ACMO. 

They both have good compatibility with AgNO3 and can formulate as an aqueous 

solution to load various concentration of AgNO3. 

ACMO is a thermoplastic resin. With 15 wt% AgNO3, we have prepared a UV curable 

resin for the test. After the resin is cured with UV light, a second laser with various 

power was employed to reduce the silver ions. Although silver lines were successfully 

observed on the substrate (Figure 5-2a), all the printed tracks are nonconductive. EDX 

results in Figure 5-3 clearly reveal that the atomic concentration of silver did not change 

with the laser parameters, but almost kept constantly (15%). The increasing of the power 

did not improve the growing of silver NPs. Additionally, there is a groove with smooth 

surface without burning. The reason is ACMO, as a thermoplastic resin, got melted at 

high laser power. The fast diffusion of the polymer encapsulates the silver NPs, limiting 

their growth and prohibit their conductivity. Thus, the type of ACMO resin is unsuitable 

for this study.  
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Figure 5-2: (a) The printed tracks on the cured substrate using ACMO. (b) 

Processing parameters used for NO. 1 – 7 line. 

 

Figure 5-3: SEM images and EDX of silver tracks scanned by different laser power: 

(a) 5.5W, (b) 4.4W, and (c) 2.75W. The scanning speed is 500 mm/min and the 

prepared UV resin is based on ACMO. 
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In this study, water-soluble PEGDA with three different molecular weight, PEGDA250 

(250 g/mol), PEGDA550 (550 g/mol), and PEGDA750 (750 g/mol) were mixed with four 

concentrations of AgNO3, resulting 12 formulations. An exemplar prepared resin, 

PEGDA with 15 wt% AgNO3, was shown in Figure 5-4. To test the printability of these 

formulations, disk shape samples of 80 mm in radius and 8 mm in thickness were 

prepared (Figure 5-5). The additive of AgNO3 can keep its printability when the amount 

of the silver nitrate is below 20 phr. It is observed that the color of the sample becomes 

light yellow or reddish brown, but 3D printed objects with pure PEGDA are clear. The 

color change of the printed samples was resulted from the presence of silver NPs. That is 

because during the DLP process, the UV coming from the projector not only can 

polymerize the liquid photopolymer, but also reduces a small percentage of silver ions 

forming to silver NPs through electron transfer [9, 10].  

Herein, owing to the requirement of the insulating property for the 3D structure, the 

solidified structure via photocrosslink should be non-conductive, which is confirmed 

through the measurement of the resistance for all printed samples. From Figure 5-5, the 

sample with PEGDA550 and PEGDA750 were transparent, whereas the color of 

PEGDA250 disks became brown and opaque, indicating that PEGDA with low molecular 

weight has a high efficiency of photoreduction of silver ions. Both size and distribution 

of the photo-reduced silver NPs cause color change, for PEGDA250-5% and 

PEGDA250-10%, the color is much deeper. From the results we can see that PEGDA 

with lower molecular weight is not proper for this application. The PEGDA250-15% and 

PEGDA250-20% cases show the distribution of the silver nitrate is inhomogeneous. 

Therefore, PEGDA with higher molecular weight are more suitable for 3D co-printing 

technology as its good printability and smaller amount of silver NPs generation without 

change of the electrical insulating property of printed samples. 
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Figure 5-4: The prepared UV resin (PEGDA) with 15 wt% AgNO3. 

 

Figure 5-5: The printed sample with various AgNO3 percentage (5 – 20 phr) and 

materials (PEGDA- 250, PEGDA – 550, and PEGDA- 750): (1)PEGDA250-5%, 

(2)PEGDA250-10%, (3)PEGDA250-15%, (4)PEGDA250-20%, (5)PEGDA550-5%, 

(6)PEGDA550-10%, (7)PEGDA550-15%, (8)PEGDA550-20%, (9)PEGDA750-5%, 

(10)PEGDA750-10%, (11)PEGDA750-15%, and (12)PEGDA750-20%. 
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5.3.2 Photoreduction of silver NPs 

Figure 5-6 illustrates several printed silver lines with a sequence of repeat times based on 

PEGDA750-15%. A low power (0.55w) laser with scanning speed of 1.5 mm/s is applied. 

It is noted that there was no obvious change for scanning below 10 scans. Thus, more 

scans were applied and studied. From SEM images (Figure 5-6b-e)), no burned and 

porous structure were observed. Silver lines after repeating scanning show a bulging 

effect, causing significant difference in width. The width of the line changes from 0.22 to 

0.56 µm, and the edge broadens. This could be in part due to the local temperature profile 

from the center of the laser spot to the edges. Silver NPs at the center of the lines can 

absorb higher intensity light owing to high intensity of the laser at the center of the spot; 

more heat is generated than at edges. With the increase of repeating scans, the conductive 

silver pattern was thick to reflect the laser irradiation, and silver NPs in the hotter area 

flows toward to the colder edges. Some hollow structures were also produced due to the 

water evaporating during laser heating process. To a certain extent, the increasing of 

scans can eliminate the hollow structures (Figure 5-6b(ii) and Figure 5-6c(ii)). Thus, low 

energy gave rise to generation of silver NPs without burning of the substrate. 

The diameter and distribution of silver NPs can be observed on the SEM images. The 

silver NPs are generally spherical shape with a diameter of 60 nm. With the increases of 

the scanning repeats, more silver NPs show up on the substrates, but after 20 scanning 

cycles, the amount of the silver NPs seems no obvious increase. At 20 and 25 repeating 

scanning, a few nanoparticles clearly started to melt together, resulting in enlarged 

contacts between nanoparticles. These phenomena also confirmed from the EDX analysis 

and resistance measurement. EDX results reveals the presence of silver along with carbon 

and oxygen, and the atomic concentration of Ag increases with the increase of the 

repeating scanning numbers (Figure 5-7). In Figure 5-6f, the resistance of the silver line 

underwent a significantly improvement from 10 scans to 25 scans. However, although 

density of the silver NPs increased, the size of the silver NPs remained constant, a mean 

diameter of about 60 nm. Since the laser-induced temperature is still very low for every 

time, the silver NPs cannot further grow and sinter. The conductive silver line formed 

from 20 scans was also sufficiently thick to reflect the laser irradiation, thus preventing 
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the further heating. Moreover, the energy induced by the laser scanning is not enough for 

polymer removal. Due to the insulating polymeric matrix and dispersed silver NPs in it, 

the metallized tracks possess poor conductivity. We can conclude that the diameter and 

distribution of silver NPs in the cured polymer rely on the laser power. In other words, 

both diameter and distribution of the generated silver NPs on the surface could be well 

controlled through adjusting laser power, scanning speed and repeat times.  

 

Figure 5-6: Laser metallization process with various number of scans from top: 10x, 

15x, 20x, and 25x, respectively. SEM images and EDX results for silver lines with (b) 

10 scans, (c) 15 scans, (d) 20 scans, and (e) 25 scans. (f) The resistance and width of 

the four silver lines. 
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Figure 5-7: SEM images and EDX element mapping of Ag, C and O with different 

repeating scans: (a) 10, (b) 15, (c) 20, and (d) 25. 3D printing material is 

PEGDA750-15%. 

On average, the resistance obtained from 25 scans was about 17 kΩ/cm. This value is 

comparable with the results using light and thermal treatment for a few hours, but it 

cannot meet requirements for most electronics fabrication. As known, the growth and 

sintering of silver NPs is strongly temperature dependent. Photo-crosslinkable 

formulations containing silver nitrate was irradiated under UV light at the light intensity 

50 mW cm-2; with the increase of exposure time to 60 minutes, the mean diameter of 

single silver nanoparticle increases, and the mean distance between silver nanoparticles 

decreases [11]. However, because of the insufficient power of light, the surrounding 

polymeric matrix prevents the metal NPs from a close contact, resulting in a 

discontinuous trace with low conductivity. In our previous studies, with a low power 

DLP projector, even after 24 hours exposure the silver NPs were not observed on the 

printed objects surface. To further improve the conductivity of the printed tracks, higher 

energy should be applied to facilitate the growth of silver NPs and remove the insulating 

polymer. 

Although low power laser can reduce silver ions into silver nanoparticle and it can protect 

the polymeric structures, long time exposure is always required for repeated scanning. In 

addition, the conductivity is very limited, prohibiting for wide applications. Thus, low 

energy with repeated scanning is unable to provide highly conductive silver tracks.  
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5.3.3 Optimization of conductivity of 3D printed electronics 

From the low power laser study, we understand that one of the key limitations is that the 

polymer matrix is limiting the conductivity improvement, even with enough silver NPs 

being reduced. Thus, other than considering laser-induced reduction, the heating of the 

polymer is also the key to the conductivity improvement. To find suitable processing 

parameters for the following experiments, numerical simulation using COMSOLTM was 

conducted. Figure 5-8 illustrates the finite element modeling of laser heating the PEGDA 

(750 g mol-1) substrate. The heat transfer module is isothermally surrounded by air (T = 

300 K), and the heat source is a Gaussian heat source with a radius of 75 µm. The 

temperature profiles at the center of the laser spot with different laser powers and 

irradiation times are shown in Figure 5-8a. The laser-induced temperature can reach to 

333.14oC at a power of 5.5 W within 0.3 s, while much longer time is needed with a laser 

power below 3.5 W. Figure 5-8b displays the temperature profiles at the scanning speed 

of 10 mm/s and 20 mm/s with the laser power of 5.5 W and 3.85 W, separately. Through 

controlling the scanning speed, the heating depth and the temperature of the focused laser 

spot area can be optimized as needed. Thus, a higher laser power with adjustable 

scanning speed is setup to tune the affected depth of heating on the printed object at the 

target temperature. At first, we assume that when a target temperature is reached locally, 

the polymeric structures lose their polymeric shells and NPs further grow until direct 

physical contact with each other. As the decomposition temperature of the matrix 

material is about 200oC, the selective metallization of non-conductive polymeric 

structures can be achieved with high conductivity when the laser-induced local 

temperature is above 200oC. According to the primary results from the numerical 

computing, scanning parameters of laser scanning speed (100 – 1200 mm/min) and 

power (3.3 – 5.5 W) were selected in the following experiments. 
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Figure 5-8: Finite element simulation of laser heating the printed object. (a) 

Temperature (degree centigrade) changing of samples under different laser powers 

and irradiation times. 9b) Simulation of temperature profiles as laser scanning 

speeds of 10 mm/s and 20 mm/s with 5.5 W and 3.85 W inputted power. The radius 

of laser focusing on the surface is 75 µm. 

Once the processing parameters were investigated and optimized, the electrical properties 

of laser-reduced silver NPs with different materials and scanning parameters can be 

evaluated. In this study, straight lines were printed using a series of power and speed on 

different samples. Technically, when enough energy was deposited, the printed line with 

silver mirror effect can be observed. Then, the resistivity of the lines with silver mirror 

appearance were measured and calculated. The relationship between resistivity and 

various parameters shown in Figure 5-9a indicates that all the parameters affect the 

conductivity of the printed pattern. Specifically, the resistivity of the PEGDA250-5% and 

PEGDA250-10% are in the order of magnitude of 1 Ωm, while PEGDA550 and 

PEGDA750 have the similar electrical performance with different processing parameters, 
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ranging from 10-6 to 10 Ωm. The low conductivity of the samples with low molecular 

weight was caused by its poor mechanical properties. The printed sample of PEGDA 

(250 g mol-1) is fragile and the increasing of fine cracks occurs with the increase of the 

power, leading to discontinuous traces. Additionally, for PEGDA550 and PEGDA750, 

the decreasing speed from 1000 mm/min to 300 mm/min would improve the conductivity. 

At the same power, the lowest resistivity is always obtained with the speed in the range 

of 300 to 400 mm/min. An abrupt resistivity change of four orders of magnitude was 

observed (Figure 5-9b) for PEGDA750-10% case when the speed increases an additional 

of 100 mm/min. This phenomenon explains that the laser heating decreases the medium 

distance between the NPs, and there is a threshold of local temperature to form an 

efficient percolating path.  

In our experiments, the best resistivity (6.12 µΩm) was obtained from PEGDA750-15% 

at the power of 5.5W and the scanning speed of 300 mm/min. The result is advantageous 

to the resistivity (5,280 Ωm) from reported method using photoreduction [10], which is 

extremely high and is not feasible for a practical application let along the time-costly 

fabrication process. Figure 5-9b further reveals the effects of the silver content, speed and 

power on the resultant resistivity. The resistivity of 5 and 10 phr silver nitrate are 

unstable. Take the power of 5.5 W for example, the resistivity of the printed trace using 

PEGDA750-5% changes from 2.8 µΩ m to nonconductive when the speed increases from 

600 mm/min to 700 mm/min. For PEGDA750-10%, the resistivity increases of four order 

of magnitude when the speed changes from 700 mm/min to 800 mm/min. On the contrary, 

the resistivity of PEGDA750-15% and PEGDA750-20% mainly varies from 10 to 70 µΩ 

m, which meets our expectation that the higher silver content will bring a better 

conductivity. However, shock heating to a decomposition temperature for a short time 

can induce a large supersaturation of silver atoms on the polymer surface when the 

amount of silver nitrate is above 15 phr, so further improving silver nitrate percentage 

cannot significantly develop the electrical property.  
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Figure 5-9: (a) Resistivity of the laser reduced and sintered silver conductive path 

with different powers, scanning speed, and molecular weight of PEGDA. (b) 

Resistivity of the silver conductive path on printed sample using PEGDA (750 g mol-

1) at 4.95W and 5.5W with various scanning speed. 

As the printed conductive trace is defined by its microstructure, the size and distribution 

of the silver NPs on the printed objects were investigated by SEM to understand the 

relationship between the laser parameters and resistivity. The silver NPs morphology of 

PEGDA750-15% at different laser scanning parameters is shown as Figure 5-10. After 

selective laser metallization, the formation of silver NPs in the 3D structure was 

confirmed and an etched groove was clearly observed. In Figure 5-10a–f, at different 

laser scanning power, the spherical silver NPs were dispersed along the groove at the 

same scanning speed of 500 mm/min. According to silver NPs morphology, the 

resistivity of printed traces should decrease with the increasing power, which is in a good 

agreement with the measured resistivity of various power at the 500 mm/min in Figure 

5-10. It is also noteworthy that important morphological differences, such as size, shape 

and distribution, clearly appears between various power, and the increase of the power 

results in a burned and highly porous surface, and large unstructured aggregates.  



145 

 

Since the increasing power brings severe damage on the 3D structure, the energy induced 

by the selective scanning laser were further optimized by adjusting the power and speed 

(Figure 5-10f–h). The speed effect is evident - wrapped structure and micro cracks were 

found in Figure 5-10g,h, respectively. With high scanning speed, the laser did not affect 

the morphology of the surface, and large aggregated NPs did not show, leading to a poor 

conductivity. In addition, Figure 5-10i is the sample with a post treatment at 100oC in air 

for 1 hour. The resistivity of the sample with thermal treatment is similar with the trace 

irradiated by the laser scanning at the power of 5.5 W and the speed of 1500 mm/min, 

indicating that comparing with the traditional heating method, selective laser 

metallization provides an efficient approach to generate conductive patterns. Therefore, 

during printing conductive traces by photosynthesis process with a secondary light source, 

the induced energy has a great impact on silver NPs size and distribution, which 

determines the conductivity of the printed traces. 

 

Figure 5-10: The SEM images of sintered Ag nanoparticles with different conditions. 

(a – f) Ag nanoparticles reduced and sintered by the laser at powers of 2.75 W, 3.3 

W, 3.85 W, 4.4 W, 4.95 W, and 5.5 W with scanning speed 500 mm/min.  (g – h) Ag 

nanoparticles reduced and sintered by the laser at scanning speed of 1000 mm/min 

and 1500 mm/min with 5.5W power. (i) The surface of the sample treated 1 h at 

100oC in air. 



146 

 

In summary, the laser-induced temperature determines the silver NPs dimension and the 

removal of the polymeric substrate, which improves the conductivity as the silver NPs 

aggregation. Through the analysis of experimental results, the growth mechanisms of 

silver NPs in solid material was better understood. Temperature induced by the laser has 

been considered of great importance on conductivity since the conductivity of printed 

silver traces is defined by its microstructure and different particle sizes and distributions 

can be obtained by varying the laser processing parameters. During 3D co-printing 

process, 3D printed polymer structure, which can immobilize and stabilize photosynthesis 

silver NPs, has been demonstrated to be effective substrates for in situ generation of 

conductive patterns. The silver atom absorbs energy from the laser, allowing the nuclei to 

diffuse through the polymer matric and grow into large particles. At a lower laser power 

when the induced temperature is below decomposition temperature of the solidified 

polymeric substrate, the localized fast heating triggers metal atom nucleation and 

subsequent growth, while fast quenching slows down silver NPs diffusion and freezes the 

particles in the polymer. When more thermal energy is deposited, particles further grows 

and reaches a silver mirror aspect. As shown in Figure 5-6, the amount of silver NPs was 

little after one scan with low energy, and with the increasing scans, more silver NPs were 

generated. However, owing to the existence of the polymer, both the motion and the 

growth of particles is retarded. When the selective area is heated above the 

decomposition temperature, the disappear of the polymeric material provides enough 

space for particles growing and sintering. Because of the gravity, the silver nuclei diffuse 

in space not on the surface, and the larger particle aggregation brings a better 

conductivity.  

    

5.4 Demonstrations of 3D printing electronics 

To highlight the ability of the proposed 3D co-printing approach on fabricating 

volumetric electronics, various applications were demonstrated (Figure 5-11). The 

samples containing multiply embedded conductive patterns were printed. In Figure 5-11a, 

two conductive circuits were placed in the different layer to control the illumination of a 

red and a green LED, respectively. Figure 5-11b shows an electronic circuit on the 
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surface with a RFID circuit embedded. Each circuit embedded in the sample were printed 

within one minute, avoiding conductive material deposition and conversion process.  

Furthermore, the printed traces can also connect circuits at the different layer (Figure 

5-11f), and complicated patterns were printed (Figure 5-11d,e). A resistance of 7.7 Ω 

between two points proves that the good conductivity was obtained in 3D co-printing 

fabrication process. Meanwhile, benefiting from in situ generation of silver NPs, selective 

laser metallization enables conformal printing of silver mender lines on arbitrary shapes. 

Here, a small 3D electrically antenna on hemispheres surface is shown in Figure 5-11c. 

All these features may enable several applications, including flexible, implantable and 

wearable antennas, and sensors.  

 

Figure 5-11: 3D printed electronics. (a) 3D printed film with conductive tracks in 

two different layers connecting a red LED and a green LED to power sources, 

respectively. (b) A RFID is printed inside a film with a chip on the surface and its 

3D model. (c) A printed antenna. d) the resistance between two points. (e) A printed 

film with RFID, MIM (metal-Insulator-Metal) capacitors, and inductors. (f) A 

structure connecting different circuits at the different layer. 
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5.5 Conclusions 

In this study, 3D co-printing technology was proposed to fabricate 3D electronics using 

single material in our designed apparatus, which consists a dual light system for structure 

printing and conductive circuit printing. Selective laser metallization process converts the 

customized nonconductive polymer into conductive patterns, which can be formed both 

on the surface and in the structure to form a 3D circuit, eliminating the need for post 

treatment. Through controlling the laser power, the in-situ generation of silver NPs 

almost completes once the laser irradiates the surface, which vastly speeds up the 

fabrication process and enables printing a large number of layers containing conductive 

patterns possible.  

Factors that influenced the performance were investigated and optimized in this study, 

including the formulation of the materials, laser power, scanning speed and etc. A low 

resistivity of 6.12 µΩ m was achieved with the high power and low speed of laser. This 

performance was much better than that from the UV irradiation or heating in the oven for 

long time. Additionally, the metallic traces can be printed on arbitrary structures in a 

simplified manner, offering a wide application in electronics market, such as electrical 

devices, sensors, wearable electronics and antennas.  

With the dual light source system, the newly developed 3D printer can produce 

embedded silver circuits, which has enabled an unprecedented fabrication capability of 

3D printing electronics based on one single material. This 3D co-printing technique is 

efficient, inexpensive, compact, and can even be applied to generate different size of 

silver NPs in 3D printed structures through properly adjusting the parameters.  
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Chapter 6 

6 Conclusions and future directions 

For functional 3D printing application, a bioinspired approach is developed to engineer 

new 3D printing materials with active additives, including dopamine, modified-dopamine 

and natural plants derived polyphenols. The active chemical groups on the printed 

surfaces enables 3D printing of functional materials/devices possible, focusing on 

metallization application. Further, a dual-light 3D co-printing technology is developed to 

realize selective metallization process. 

6.1 Conclusions 

A bio-inspired additive, dopamine, was firstly employed by 3D printing materials to 

realize functionalization. Due to the hydrophilic nature of dopamine, dopamine aqueous 

solution can be dissolved into water-soluble UV resin with a high concentration. This 

catechol-functionalized UV resin can efficiently deposit metal particles, such as silver, 

copper and nickel, on the surface of the 3D printed objects. According to the 

experimental results, the high metal-binding ability of the catechol groups was verified. 

Also, the amine group was confirmed improving the silver deposition and growth. It is 

interesting to note that a high conductive silver layer was formed (0.1246 Ω/sq) through 

silver nitrate treatment using UV resin with dopamine solution. The coexistence of 

catechol and amine group has facilitated silver deposition and growth. This strategy 

provides a simple solution to develop a water-soluble resin with metallization capability. 

A robust and universal additive was further developed to be adopted in a wide range of 

3D printing materials. Since acrylic resin is the mostly used materials for 

stereolithography-based 3D printing, we improved the solubility of dopamine in acrylic 

resin through chemical modification. The synthetic dopamine, DMA, has an excellent 

solubility in acrylic oligomer up to 6 wt%.  After photopolymerization of UV resin with 

DMA, the catechol group presented on the surface allows silver ions reduction 

effectively, serving as the catalyst for ELP process to deposit robust metal layers. It is 

proved that the modified dopamine is highly effective to make 3D printing UV resins 
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practical in the fabrication of functional materials, and show great potential in the fields 

of electronics. 

Noting previous success with dopamine, catechol group was identified as the functional 

group for multifunctional coating precursors. Plant phenol and polyphenol possessing a 

remarkable abundance of catechol and gallol groups are of interest to the research 

community. Through screening of natural (poly)phenols, two phenols (PG and Ctl) were 

selected as candidate initiators due to their good solubility in all types of resins and 

capability of silver ion reduction. It is proved that 1 wt% of PG is sufficient to reduce 

silver ions for metallization purpose, and the printability of PG-integrated is well 

maintained. With the assistance of 3D printing technology, actuator, heat-resisting 

electronics, and flexible electronics were manufactured. Besides the application of 

electronics, the introducing of catechol group can also be used for water treatment and 

tailoring the surface properties.  

I3DP II technology provides a simple yet robust method to tailor the surface properties of 

the 3D printed objects. In this study, the initiators can be compatible with most 3D 

printing materials, developing functional 3D printing material in a simple method. 

Coupling with fabrication capability of the original materials, the integrated initiators 

enable a wide range of functionalities after the secondary reactions. As the existence of 

the catechol groups in the highly cross-linking network, the initiators are stable in various 

environment with superior adhesion and all the functionalities can be re-obtained.     

So far, following the thinking of i3DP II, three categories of additives were proposed to 

integrate the active chemical groups into 3D printing materials. However, the 

introduction of active groups causes the entire surface to be metallized, which is 

conflicted with the fabrication of electronics that patterning of circuits by selective 

metallization are required. It is therefore required to develop a highly selective 

metallization process. In this study, we reported a new strategy - 3D Co-printing 

technology by collaboratively employing two photopolymerization processes - to 

fabricate 3D electronics selectively either deposited on a free-form surface or embedded 

within a bulk structure. The 3D Co-printing technology only involves one printing 
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material, which works for both the construction of polymeric structure and the 

metallization process of conductive circuits because of the introduced metal precursor in 

photosensitive resin. Due to the existence of metal precursor, metal NPs can be 

efficiently photosynthesized after laser scanning. 3D Co-printing technology addresses 

the challenge of conventional methods requiring multiple deposition processes. The 

resultant trace which is composed of NPs exhibits a superior resistivity as low as ~ 6.12 

µΩ m. The resistivity is further controllable ranging from 10-6 to 10 Ωm through 

adjusting the material formulation and processing parameters. The validation and 

demonstration in this study verify the proposed 3D Co-printing as a high-efficiency and 

low-cost co-printing approach which opens a new avenue of making 3D electronics.  

6.2 Future work       

One of the major difficulties in 3D printed electronics is the conductivity because of the 

poor conductivity of printing materials. More and more challenges in the fields of 

material types and processing challenges in the process of 3D integrated objects. 

Therefore, the compatible material sets should be explored and created to provide the 

adequate functionality and manufacturability for the product invention by designers. 

Besides, repairing is especially important concern for traces that are embedded within a 

structure and not on the surface. It is believed 3D printing will be applied to more and 

more functional electronics and the related products, and it will provide a powerful  tool  

for  innovative  product  development, although there is still a long way to go for either 

high-value added products or industrial-level applications. Further potentials of 3D 

printing electronics need still to be explored and investigated. 

In terms of 3D printing materials for electronics, phenol and polyphenols have attracted 

considerable interests as their important biological activities, and intriguing chemical and 

physical properties. Especially, they are derived from natural plants or fruits, which can 

be sources in the by-product in the biomass production. Thus, the application is attractive 

for a sustainable economy. More functionalities of the polyphenols integrated strategy for 

3D printing functional materials can be developed. In addition, other kinds of surface 

modification technologies can be further extended.   
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At last, a catechol-integrated 3D printing material will be applied into the 3D co-printing 

techniques, so as to realize selectively ELP process for the printed objects. From previous 

study, the self-polymerization of polyphenolic compounds can be accelerated by UV 

irradiation [1, 2], and phenol degradation can be realized with UV irradiation and the 

presence of an oxidant agent [3]. The effects of the UV light on catechol group chemical 

properties allow the adaptation of the catechol-integrated UV resin into 3D co-printing 

technique, resulting in selective metal deposition. 
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