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ABSTRACT 

There has been a surge in interest of 3D printing technology in the recent 5 years with 

respect to the equipment and materials, because this technology allows one to create 

sophisticated and customized parts in a manner that is more efficient regarding both 

material and time consumption. However, 3D printing has not yet become a mainstream 

technology within the established manufacturing routes. One primary factor accounting for 

this slow progress is the lack of a broad variety of 3D printable materials, resulting in 

limited functions of 3D printed parts.  

To bridge this gap, I present an integrated strategy to fabricate a variety of functional 

materials/devices through the post-printing surface modification and target-motivated 

structural topology. A reusable 3D printed filter was first demonstrated to remove metal 

ions from water. This filter was functionalized with a layer of bio-adsorbent grown on its 

surface using post-printing modification, and the capacity was improved through structural 

optimization. To further improve the working efficiency, a customized 3D all-in-one 

printable material system was employed, which uses only one 3D printing material, but can 

realize various functionalities through a post-printing process. This material system is 

applicable for all types of photo-polymerization based 3D printing routes, including DLP, 

SLA, polyjet and other emerging technologies. It has significantly extended the capacity of 

current 3D printing technology. The 3D printed structures were converted into useful 

devices with new functions or new structural metamaterials with novel properties, that are 

attributed to both their materials composition and structural design. For example, we have 

showcased the magnetically manipulated robot, strength-enhanced lattice materials with 

high effective strength, ultralight metal materials and mechanical-metamaterials.  

In this thesis, a new generation of initiator-integrated material system was also developed. 

Beyond being able to successfully 3D print functional devices/materials with desirable 
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properties, I also demonstrated that this initiator-laden material can be utilized to locally 

repair the surface damage, allowing a self-healing ability.  

In general, the developed 3D printing process that incorporates surface modification and 

structural topology enables a new class of functional devices/materials to be produced, and 

opens a door for further research and development of an increasing variety of 3D printing 

applications. Through the work presented in this dissertation, I substantially build upon and 

further establish the strategy and material system for 3D printing functional 

devices/materials, keeping in mind components, design, engineering and application. 

Keywords: 3D printing, functional materials, post-printing modification, target-motivated 

structural optimization, metal ion removal, initiator-integrated material, magnetically 

driven robot, strength-enhancement, ultralight metallic material, mechanical meta-material, 

polydopamine initiated modification. 
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Chapter1 

1    Introduction to 3D printing and materials   

3D (three-dimensional) printing technology has been employed in a wide range of fields. 

Significant research and financial contributions are being invested to improve its 

capability for more practical applications, focusing on functional 3D printing. By taking 

the advantage of 3D printing in building complex geometries, it is possible to fabricate 

materials and structures with novel properties assisted with proper material or surface 

modification and structural control. The theme of this thesis is to develop 3D printing 

technology’s ability in designing and fabricating different kinds of functional materials, 

and simultaneously establish the theories and models for their functional behaviors. 

This chapter will review the research background including the status of current 3D 

printing technology, the working materials and current strategies of functionalization, 

and then identify the research opportunities and objectives. 

1.1  What is 3D printing? 

1.1.1 A brief history of 3D printing  

Additive manufacturing, commonly known as 3D printing or rapid prototyping (RP), 

has obtained huge advancements since the first 3D system was introduced in the late 

1980s [1-3]. This novel manufacturing process is usually used to fabricate customized 

and complex structures that are often difficult or even impossible for traditional 

fabrication technologies to accomplish. Due to its advantages of fast manufacturing and 

ability to form complex geometries, 3D printing technology has attracted great attention 

from various emerging applications, including physical prototypes, functional 

evaluation of product designs, health care products and even end-use products [4-9].  
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Apparently, the terms “additive manufacturing” and “3D printing” are still under debate 

even today for what should be considered as the exact definition of this layer-by-layer 

fabrication process. Normally, “additive manufacturing” is mostly used in industry, 

while “3D printing” is more acceptable for the public especially when discussing this 

technology generally. For understanding this work well and the purpose of consistence, 

the terms “additive manufacturing” and “3D printing” are used interchangeably. This 

study is mainly focused on the 3D printing technology of photo-polymerization based 

principle, targeting for the industrial AM technologies. 

3D printing technology has emerged recently as a prevalent method to fabricate 

customized and complex structures, although this incremental fabrication method has 

existed for almost 40 years. The conception of 3D printing can be traced back to 1976 

when the inkjet printer was invented. The adaptations and advances on the inkjet 

concept then inspired the leap from a planar printing with ink to a three-dimensional 

printing with materials. In 1984, the first 3D printing processes were developed by 

Charles Hull (later the co-founder of 3D SYSTEM) [10], who invented 

stereolithography (SLA) and selective laser sintering (SLS). Fused deposition modeling 

(FDM) was subsequently developed, and it was patented rapidly and commercialized 

by Stratasys Inc. These processes make it possible to create a tangible 3D object from 

digital data. Here, the file type (STereoLithography, .STL) which is still used in 3D 

printing technology to date, was also invented by Hull. These technologies allow users, 

for the first time, to test a design before investing in a large practical manufacturing. 

Soon afterwards, many derivative technologies were developed and patented by Hull 

and his colleagues.  

Until the expiration of these patents in the late 2000’s, the social media and the open 

digital environment began to popularize the terms “3D printing” and “additive 

manufacturing”. The RepRap project established in 2005 by Dr. Adrian Bowyer of Bath 
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University (UK) as an open source of hardware and software was a milestone in 

popularizing this technology [11]. From this point onwards, tremendous developments 

in 3D printing have been achieved within technology upgrades, applications, working 

materials and so forth. The following section lists some representative developments. 

In 1999, the first lab-grown organ of a 3D printed scaffold with human cells fostered 

on the surface was implanted in a young patient’s body. The scientists at Wake Forest 

Institute for Regenerative Medicine developed this technology, and opened up new 

areas of 3D printing organs [12].  

In 2002, a miniature kidney was functionalized to filter blood and diluted urine in an 

animal. This project was also conducted by scientists at Wake Forest Institute for 

Regenerative Medicine. The direct printing of organs and tissues by 3D printing 

technology had begun[7].   

In 2005, an open-source collaboration with 3D printing was proposed by Dr. Adrian 

Bowyer of Bath University to build a 3D printer that could print most of its own 

components. This project opened an era of democratized manufacturing by cheaply 

distributing RepRap units to individuals everywhere, and enable the public to create 

products on their own [13]. 

In 2006, a SLS machine which used a laser to sinter materials into 3D objects became 

viable. This was a breakthrough that opened a door for mass customization and on-

demand manufacturing of industrial parts [4, 14]. In the same year, 3D printing 

machines which were capable of printing multiple materials, such as elastomers and 

polymers, became available, and enabled a single part to be made with a variety of 

material properties [15].  

In 2008, the first self-replicating printer which was able to print the majority of its own 

components was released by RepRap. Thus, 3D printer users could duplicate their 3D 
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printers to spread the use of 3D printing technology [16]. Simultaneously, a DIY co-

creation service was launched by Shapeways, which allowed a private beta for artists, 

architects and designers to make their 3D designs as physical objects inexpensively [13, 

17]. In the same year, the first 3D printed prosthetic leg was implanted into a human’s 

body, and worked well for walking. This prosthetic leg was printed without any 

assembly but contained all functional parts, including the knee, foot, and socket, in a 

whole complex structure. This breakthrough prompted the creation of Bespoke Inc, 

which is a manufacturer of prosthetic devices [18]. Two years later, the first 3D printed 

prosthetic jaw was implanted into an 83-year old woman. And this technology is 

currently being explored to promote the growth of new bone tissues [19]. 

In 2009, the first blood vessel was printed by Organovo, a bioprinting innovator relying 

on Dr. Gabor Forgacs’s technology [20, 21].  

When it comes to the 2010s, a large number of breakthroughs in 3D printing began to 

emerge. For example, the first 3D printed robotic aircraft was printed by engineers at 

the University of Southampton. 3D printing technology enabled the plane to be built 

with elliptical wings in an economical way, resulting in an improvement of 

aerodynamic efficiency and drag reduction [22].  

In 2013, President Obama said 3D printing had “the potential to revolutionize industry” 

in his State of the Union Address, which gave a big boost to the development of 3D 

printing [23].    

In 2015, a groundbreaking 3D printing technology which was 25-100 times faster than 

the at–that-time available commercial 3D printers was released by Carbon3D. This new 

3D printing process was named “Continuous Liquid Interface Production” or “CLIP”. 

It had similarities with the working process of DLP and SLA, but can complete an 

object in a fast-continuous flow of UV-curable which was enabled by an additional 
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oxygen permeable layer [24].  

In 2016, Daniel Kelly’s lab announced their ability to 3D print bones, which paved the 

way to 3D bio-print cartilages and organs, and made it possible to reduce the need for 

donors [25, 26].  

1.1.2 3D printing techniques and categories 

The process of 3D printing is performed as joining materials layer by layer to transform 

complex 3D model designs into objects, as shown in Fig. 1-1 [27]. The virtual model 

can be established by using either computer-aided design (CAD), three-dimensional 

scanner (to copy an existing object), or photogrammetry which reconstitutes the model 

by combining object’s images taken from different positions [28, 29]. Then, the 3D 

model is converted to a standard file (.STL) which stores the information as a list of 

coordinates of triangulated sections [30]. This file format is then converted to a G-code 

file after the slicing process by the 3D printer software. The G-code consists of all the 

2D cross section data of an entire object, and guides the 3D printer to deposit materials 

following a successive sequence of 2D patterns with one layer on top of the other until 

a desired 3D object is formed.    

 

Fig. 1-1. Schematic illustration of 3D printing process. A digital model of the 

interested object is created. Then, the 3D model is converted into a .STL format 

and subsequently converted to a G-code file. Finally, the G-code is read by 3D 

printer to print material layer-by-layer until an entire object is created. 

Reprinted with permission from ref. [27].  
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According to the differences of manufacturing process and working material, 3D 

printing technology includes a number of established manufacturing techniques and 

experimental technologies [5]. Different 3D printing techniques build and consolidate 

layers in different ways. Some utilize energy-based sources (lasers, electron beams) to 

form materials by polymerizing, melting or sintering. Others are mainly based on a 

deposition principle, which uses inkjet-type printing heads to accurately spray binder 

or solvent onto powdered materials. Table 1-1 summarizes the major 3D printing 

processes [29] according to the printing routes, such as photo-polymerization, extrusion, 

powder-based deposition and lamination. Each technique has its own characteristics 

and applications in producing prototype models. Among them, photo-polymerization 

based 3D printing which uses optics to polymerize photoresists is the most prevalent 

technique. This technology was also one of the first employed mechanisms for additive 

manufacturing [31]. Typically, it works as, a layer of liquid polymer is solidified upon 

the exposure to UV light, then, this solidified layer is lifted in a controlled way to 

successively solidify the following layers, and a final 3D object is fabricated by 

stacking one solidified layer on top of another with good adhesion. This technology has 

been developed in several varieties, which include laser-based stereolithography (SLA), 

Digital Light Processing (DLP), and the latest developed continuous liquid interface 

printing (CLIP) and Two-photo polymerization (more details will be discussed in later 

section). 

SLA is the first commercialized technique, which employs a UV laser to polymerize 

liquid UV-curable polymers (photopolymer), while DLP uses a light projector to project 

voxel data to polymerize the photopolymer. Fig. 1-2 shows the working difference 

between these two techniques [32]. SLA employs two motors–one of each in X and Y 

axis–to rapidly draw a laser beam to the print area and solidify the photo-curable resin 

as the laser beam goes along. Differently, DLP projects a single image of each layer at 

once by a digital projector screen. Each image layer is composed of small rectangular 
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bricks called voxels. The layer of polymerization is, therefore, related to the square 

pixel of the projector. 

 

Fig. 1-2. The working process of SLA and DLP. SLA utilizes a laser to draw a 

polymer layer, while DLP projects layers as a flat image. Reprint with permission 

from ref. [32].  

Up to now, the photo-polymerization based 3D printing has been developed into several 

configurations including top-down, bottom-up and material jetting. For the top-down 

one, the polymerization process occurs at the liquid surface and the stage moves 

downwards after each layer is solidified (Fig. 1-3A). The bottom-up one obtains the 

final object from the bottom, and a transparent window is used to separate the resin 

with optics upon layer formation (Fig. 1-3B). Compared to the top-down configuration, 

the bottom-up one is more suitable to print objects when the polymer resin is in a limited 

quality. The material jetting method which works similar to the inkjet approach deposits 

curable materials followed immediately by full area UV light exposure [33]. Because 

all these approaches are based on the UV-polymerization mechanism and have 

advantages in fast manufacturing, high printing quality and affordability, they are 

getting more and more attention in fields of research, products development and 

household life.   
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Fig. 1-3. Top-down and bottom-up configurations of photo-polymerization based 

3D printing. (A) In a top-down configuration, the 3D objects are created 

successively by lowering the solidified layers. (B) In a bottom-up configuration, 

the 3D objects are obtained by moving up the solidified layers. Reprint with 

permission from ref. [34].  
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Table 1-1. Summary of 3D printing processes. Reprint with permission from ref. [29]. 

3D printing 

processes 

techniques Materials Advantages Limitations 

Photo-

polymerization 

Stereolithography (SLA& DLP)  

Material jetting  

Continuous liquid interface printing (CLIP) 

Two-photon polymerization (2PP) 

Photopolymers 

Photopolymers 

UV-curable resins 

UV-curable resins 

Simple 

Multimaterial structures 

High speed 

Sub-100 nm resolution 

Single material 

High cost 

Single material 

Low yield of production 

Extrusion Fused deposition modeling (FDM) 

 

Robocasting (DIW) 

Thermal plastics (ABS, PLA, PC, PA, etc.); 

glass (new); metal (new) 

Plastics, ceramic, food, living cells, 

composites 

Simple, multi-material 

structures, low cost 

versatile 

High cost for glass and metal 

Requires post-processing, low 

resolution 

Powder based Selective laser sintering (SLS) 

 

Selective laser melting (SLM) 

Electron beam melting (EBM) 

Binder jetting 

 

 

Selective inhibition sintering (SIS) 

Thermal plastics, metals 

 

Metals 

Metals 

Any materials in particulate form 

 

 

Metal  

No need for support material 

 

No need for support material 

No need for support material 

No need for support 

material; lower cost than 

laser based methods 

Sintering is performed only 

once after printing; lower 

cost than laser-based 

methods 

Limited mechanical properties; 

high cost  

High cost  

High cost  

Limited mechanical properties 

 

Low resolution; limited 

mechanical properties 

Lamination Laminated object manufacturing (LOM) Paper, metal, plastic, etc. as laminated sheets versatile Limited mechanical properties; 

some design limitations 
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Different from the photo-polymerization processes, extrusion-based 3D printing 

technology generally prints objects by depositing materials directly from a nozzle head 

dispenser. FDM is the most common method employed in this technology, and mainly 

works for thermoplastic materials or eutectic metals, including polylactic acid (PLA), 

acrylonitrile butadiene styrene (ABS), polycarbonate (PC), polyamide (PA), etc. The 

materials are usually used in a filament form to make it easy to extrude. During the 

printing process, structures are fabricated by extruding small beads of fused materials 

which immediately bond to the layer below. What is more, multiple nozzles can be 

employed to deposit different materials during a single printing process, allowing a 

multi-material structure (Fig. 1-4A) [29]. 

 

Fig. 1-4. Deposition-based 3D printing. (A) Schematic illustration of FDM. Two 

nozzles are employed to supply the building material and supporting material, 

respectively. (B) Robocasting (direct ink writing, DIW) utilizes a dispenser to 

deposit materials of viscous liquid state layer-by-layer. Reprint with permission 

from ref. [29].  

Because this method uses heat as the forming tool, the printing resolution is strongly 

restricted by the melted plastic flow dynamics rather than the optics and radical 

polymerization kinetic. That means, FDM not only provides a narrow material spectrum 

but also has a limitation of low printing quality [35, 36]. The newly proposed 

robocasting (or direct ink writing, DIW) adopts a similar working principle to that of 
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FDM, but it can deposit a much wider variety of materials or a combination of materials 

provided in a form of highly viscous ‘ink’ which can retain its shape after deposition 

(Fig. 1-4B) [29, 36]. This printing approach applies to extremely versatile materials 

ranging from ceramic, plastics, and glass to living cells [36]. However, the preparation 

of the materials and necessity of complex post-processing limit its application 

significantly.  

Powder-based 3D printing is a fabrication approach similar to SLA but uses a binding 

source (liquid glue, laser beam, etc.) to fabricate product. It works for materials that are 

in a powder state and provides opportunities to form materials of high melting point, 

such as thermoplastic, metal, ceramic or glass powders. Technically, a binder system is 

directed applied to the powder and links the particles at the exact position according to 

the cross-sectional model design [29]. As shown in Fig. 1-5, the binder source can be 

either a liquid glue to adhere the particles or a high-energy beam, like a laser, to sinter 

the particles just below the melting point (selective laser sintering, SLS) or over the 

melting temperature (selective laser melting, SLM) [37, 38]. Alternatively, the high-

energy beam can also be an electron beam (electron beam melting, EBM) to achieve a 

higher temperature. Despite a large variety of materials can be fabricated in forms of 

plaster, ceramics, wood, marble, and metal powders, the powder-based 3D printing is 

still restricted by the low printing resolution due to the drawbacks similar to the FDM 

[4].  
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Fig. 1-5. Powder-based 3D printing technology. (A) Binder jetting 3D printing 

employs a powder supply system to distribute a thin layer of powder material, 

and an inkjet dispenser deposits the liquid adhesives to the exposed layer. A 3D 

object is created by repeating the distribution and deposition process. (B) 

Selective laser sintering or melting (SLS or SLM) uses a laser beam to sinter or 

fuse the particles locally according to the layer design. Reprint with permission 

from ref. [29].  

Other 3D printing techniques are also developed to accommodate special materials or 

processing requirements. For example, selective inhibition sintering (SIS) was 

developed to printing oxygen-sensitive materials (such as Cu), which employs a 

different approach from general methods, like SLS and SLM. It first deposits particles 

in a layer-by-layer sequence to form an inhibitor which outlines the desired object, and 

a container to keep the materials. Once the inhibitor and the container are completed, 

the green part is then solidified in the oven. The process is described as Fig. 1-6A [39]. 

This technology can significantly reduce the cost because employs a much cheaper 

system, and also make it possible to form special materials that have to be sintered in 

an environment without air.  

In addition, Laminated Object Manufacturing (LOM) was developed to fabricate 3D 

structures by gluing and laser-cutting layers of paper or plastic film. Depending on the 

working materials (paper, metal, plastic, etc.), each layer is bonded to the preceding one 

using adhesives or welding techniques, and a laser-cutting is subsequently used to 
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outline the cross section of each layer. Finally, an entire 3D object is created by 

repeating this process (Fig. 1-6B) [40].   

 

Fig. 1-6. (A) Selective inhibition sintering (SIS) process. (1) printing sintering 

inhibitor; (2) laying a thin powder layer; (3) creation of a boundary to contain 

part; (4) heating and compression; (5) bulk sintering in an oven. (B) Laminated 

object manufacturing (LOM) works for materials in a sheet form. Once the 

excess material is removed by a cutting system, a new sheet is loaded with a 

laminating roller until an entire 3D object is created. Reproduced with 

permission from ref. [39, 40].  

1.1.3  State-of-the-art 3D printing: new materials, methods and 

concepts 

Recently, numerous researchers are attempting to push forward the development of 3D 

printing technology. They are trying to introduce new concepts into 3D printing 

technology, aiming to create faster, cheaper, and smaller printing systems, enhance 

printing definition and fabricate objects using materials which would normally be 

processed only by traditional manufacturing. Typically, the current advancements in 3D 
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printing technology are mainly progressing in three possible directions [29]: 1. printing 

systems accommodating new materials; 2. high printing speed by introducing new 

working concepts; and 3. High printing resolution of micro-nanoscale. The following 

lists some of the recent advancements in 3D printing technology:  

To overcome the difficulties of printing transparent glass, a research team at MIT 

recently demonstrated a full extrusion printer, which has a similar working process to 

the FDM technique[29, 41]. In this 3D printer, a special heating system was adopted to 

liquefy glass and control the spatial deposition according to CAD design. This printer 

allowed a direct fabrication of real glass materials, obtaining extremely fragile objects. 

In 2017, a research team in Karlsruhe Institute of Technology (KIT) also demonstrated 

a compatible approach to 3D print high-quality fused silica glass components. This 

approach employed a photopolymerization-based mechanism instead of the above 

deposition process, shown as Fig. 1-7 [42]. A mixture of UV curable resin and silica 

nanopowder was prepared and polymerized in a SLA system. The resulting 3D objects 

were then turned into fused silica glasses through thermal debinding and sintering. This 

process not only made it possible to fabricate glass, one of the most difficultly machined 

materials, by the modern 3D printing techniques, but also allows the construction of 

complex geometries in either macro- or microscale.  

3D printing of metals enables one to create metallic products with highly desirable 

structures (e.g., using highly refined particles), which could not otherwise be achieved 

by using conventional approaches. The additive manufacturing of metal materials is, 

therefore, always a hot research topic. Recently, a novel extrusion-based approach, 

which uses a metal wire feed system instead of sintering powder bend metal particles 

by high-energy beam, is proposed to 3D print metal objects. Similar to FDM process, 

this technology is equipped with a heating system to locally melt a solid metal wire, 

creating a sort of pool of molten metal. Three varieties have recently been developed 
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according to the energy system [43]: electron beam freeform fabrication Fig. 1-8A, 

wire-laser Fig. 1-8B, and wire-arc-welding additive manufacturing Fig. 1-8C. 

 

Fig. 1-7. 3D printing of fused silica glass. (A) UV-curable monomer is mixed with 

SiO2 nanoparticles, and then polymerized through SLA. Finally, a fused silica 

glass is obtained after debinding and sintering the polymerized composite at 

1300 ℃. (B-C) Examples of printed glass structures. (D) Demonstration of the 

high thermal resistance of the printed fused silica glass. Reprint with permission 

from ref. [42].  

Fabrication speed has always been one of the most important issues in the 

manufacturing. To increase the printing speed, Carbon3D recently introduced a new 3D 

printing technology, which can achieve a printing speed 25 to 100 times to even the 

most advanced SLA or poly-jet machines [24]. This groundbreaking 3D printing 

technology is named as “continuous liquid interface production (CLIP)”. It is equipped 

with an oxygen-permeable window below the ultraviolet image projection plane, thus, 

the photopolymerization is inhibited between the window and the polymerizing part 

because of the oxygen inhibition to radical polymerization (Fig. 1-9). A thin uncured 

liquid layer (oxygen-containing “dead zone”) between the window and the cured part 

surface allows a continuous liquid interface printing. Compared to other 

photopolymerization-based 3D printing processes which rely on the step-by-step layer 

formation, this approach accelerates significantly the production speed by a layerless-
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construction approach (Fig. 1-10) [24].   

 

Fig. 1-8. Varieties of wire-deposition 3D printing. (A) Wire-arc-welding based 3D 

printing technologies, including (a) gas metal arc welding, (b) gas tungsten arc 

welding, and (c) plasma arc welding. (B) Schematic of electron beam freeform 

fabrication with a wire feed system. (C) Schematic of wire-laser 3D printing. 

Reproduced with permission from ref. [43].    

 

Fig. 1-9. Continuous liquid interface production (CLIP) allows a faster printing 

process. (A) Schematic of CLIP printing system. (B) Printed objects by CLIP. (C) 

Ramp test patterns printed at the same speed at different slicing thickness (100 

μm, 25 μm, and 1 μm). Reprint with permission from ref. [24].  
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Additionally, extraordinary progress has been made to improve the fabrication 

resolution of 3D printing technology. Recently, a technology known as direct laser 

writing (DLW) allowed the fabrication of complex structures with high resolution of 

~50 nm. This technology is based on the multi-photon polymerization (MPP), which 

means monomers begin to polymerize only when absorbing more than one photons. 

Technically, the polymerization is enabled by an ultrafast laser (such as femtosecond 

laser). By focusing a laser spot inside a transparent photoresist, a submicron-size model 

can be fabricated according to the CAD design. New technologies including 

piezoelectric actuators and galvanometric mirrors are currently employed in this 3D 

printing technique to enhance the positioning and scanning speed [44]. Fig. 1-11 shows 

a typical experimental setup of a micro-fabrication system equipped with a femtosecond 

laser.  

 

Fig. 1-10. CLIP avoids sequential steps from traditional photopolymerization 

processes (SLA/DLP). Reprint with permission from ref. [24].  
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Fig. 1-11. Microfabrication based multi-photon polymerization. (A) A typical 

experimental setup of microfabrication system. (B) microstructures with 

extremely detailed features enabled by the direct laser writing approach. 

Reprinted with permission from ref.[45].  

1.1.4 Advantages and drawbacks of 3D printing 

Although 3D printing technology consists a number of established manufacturing 

techniques and experimental approaches according to the manufacturing process and 

working materials [16], all the techniques share a common defining feature of being 

able to produce a 3D object in a manner of bottom-up rather than the top-down manner 

of traditional subtractive manufacturing. 3D printing follows an opposite fabrication 

process to that of subtractive manufacturing, which needs to use various material-

removal processes, like drilling, milling, sawing and broaching. Therefore, the factors 

that primarily differentiate the two methods lie in the geometrical complexity and the 

material waste of parts being created.  

Fig. 1-12 [29] indicates the difference between the 3D printing process and the 

subtractive manufacturing. Subtractive methods often require an expensive tooling, 

which must be designed specifically according the precise nature of the objects being 

created. It is also required to create the tooling before producing the object of interest. 

Thus, the subtractive manufacturing always presents a constraint in design flexibility 
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and fabrication speed. In contrast, 3D printing process typically produces parts in a 

layer-by-layer way, which is unnecessary to use an expensive tooling. The fabrication 

manner determines there are crucial benefits for the production cycle as one needs only 

to alter a software design, such as CAD, to optimize the object, rather than designing 

and reproducing new tooling. It allows a high efficiency for the design-to-product life 

cycle, and provides an unprecedented degree of user customization. Also, the 3D 

printing approaches produce less waste materials than subtractive manufacturing routes. 

Table 1-2 lists the main comparisons between additive manufacturing and traditional 

manufacturing [46].  

In summary, 3D printing technology has advantages as the following: 

1. Material efficiency. 3D printing uses raw materials efficiently by constructing 

objects layer-by-layer. The leftover materials can often be reused with minimum 

processing.  

2. Resource efficiency. 3D printing does not require auxiliary resources, such as 

jigs, fixtures, cutting tools…, and can produce parts through small 

manufacturers, resulting in an opportunity for improving supply chain dynamics. 

3. Object flexibility. 3D printing does not require to sacrifice parts’ functionality 

to ease the manufacturing process, and makes it possible to fabricate a single 

part with integrated mechanical properties. Thus, it provides more opportunities 

for innovation.  

4. Production flexibility. The small batch production of 3D printing makes it easier 

to synchronize the fabrication process with customer demand. Furthermore, the 

drawbacks of line balancing and production bottlenecks are virtually eliminated 

because complex parts are produced in a single piece.  
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Fig. 1-12. Additive manufacturing vs. subtractive manufacturing. (A) 

Subtractive manufacturing uses material-removing process. (B) Additive 

manufacturing employs a layer-by-layer fashion to fabricate a final 3D object 

from a starting material (powder, liquid, filament, etc.); only a required amount 

of material is used. Reprint with permission from ref. [29].   

However, 3D printing technology still cannot fully compete with traditional 

manufacturing, especially for the mass production field because of the following 

drawbacks:  

1. Materials limitation. Currently, liquid polymers, powder comprised of resin or 

plaster are still the main working materials for most 3D printers. Although it is 

becoming more commonplace to printing other materials, such as metal, only 

high-end printers are capable to fulfill.  

2. Size limitation. Because of a limited building area for 3D printing, large scale 

objects are often impractical due to the extended amount of time need to 

complete the build process.  

Researchers have been working on improving 3D printing to overcome the mentioned 

drawbacks. Even though it is unlikely that 3D printing technology will obsolete the 

traditional manufacturing processes, it is still reasonably expected that 3D printing will 

play an increasingly important role in manufacturing as a complementing technology.  
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Table 1-2. Comparison chart of additive and traditional manufacturing. Reprint 

with permission from ref. [46].  

Process principle Specification Advantages Disadvantages 

SLS & SLM Laser fusion in 

powder 

materials 

Layers: 0.06-0.15 mm  

Features: 0.3mm  

Surface: rough  

Print speed: average 

Strong Complex part, Large 

build volume, Parts can be 

stacked in build volume, 

Living hinges and snap 

features possible 

Grainy surface finish 

SLA & DLP UV initiated-

polymerization 

Layers: 0.01-0.2 mm  

Features: 0.05mm  

Surface: smooth  

Print speed: average 

Fine detail,  

Smooth surface finish 

Weak parts, 

Susceptible to sunlight 

and heat 

Poly-jet Jetted droplets 

of UV cross-

linked polymer 

Layers: 0.016-0.032 mm  

Features: 0.2mm  

Surface: smooth  

Print speed: fast 

Fine detail,  

High accuracy,  

Multi-material capabilities 

Low material strength  

Susceptible to sunlight 

and heat 

Binder Jetting binding powder 

materials using 

binder 

Layers: 0.05-0.15 mm  

Features: 0.4mm  

Surface: rough  

Print speed: fast 

Multicolor prints, 

Fast print speed 

Very weak parts  

Rough surface finish 

FDM Extrusion of 

thermoplastic 

0.1-0.3 mm layers  

Surface: very rough 

finish, Print speed: slow 

High part strength,  

Low cost 

Poor surface finish  

Slow printing 

Injection Molding Material heated 

and forced into 

a mold 

Surface: excellent finish  

Tolerance: 50 μm 

Broad material selection,  

High volume, High tolerance,  

Great surface finish 

High start-up cost  

Long lead time  

Thin walled parts only 

CNC Machining

  

removal of 

materials  

Surface: smooth  

Feature: 25 μm 

All materials compatible,  

Very high tolerances,  

Reasonable turnaround 

Difficulty with 

complexity,  

High equipment cost,  

Lot of scraps 

Plastic Forming Stretched and 

formed plastic 

sheets or tubes 

Surface: smooth  

Tolerance: typical 1mm 

Very large parts,  

Affordable price 

Plastics materials only  

Limited shape 

complexity,  

Plastic Joining  Welded or 

adhered plastic 

parts  

Dependent on semi-

finished products  

Nearly all materials  Time-consuming,  

High labor cost 
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1.2  Review of functional materials/devices by 3D printing 

Recently, the term “functional” is often used to describe the newly prepared 

materials/devices to indicate their potential for certain applications or to simply attach 

more importance to them. “Functional materials” are generally characterized as those 

materials that possess particularly native properties and functions of their own. Actually, 

almost every material could somehow be designated as a functional one and it is not 

possible to fabricate any materials with no any kind of functions or functionalities. 

Therefore, functional materials could be expressed as those being prepared by a target-

motivated approach, that is, all their properties are adjusted and optimized to serve a 

specific purpose [47]. Because of their designed properties, a functional material can 

always work like a device to provide the required functions, for example, 

ferroelectricity, piezoelectricity, magnetism or energy storage. Thus, the mentioned 

“functional materials” and “functional devices” are often used interchangeably. For the 

purposes of this work, the term “functional materials” will be used in this dissertation 

to represent the combination of functional materials and functional devices.  

To exhibit functions, a material has to present chemical or physical functionalities. For 

example, metals’ plasmonic properties at optical frequencies assume a particular 

importance in optical applications. Electro- and magnetocaloric materials which have 

energy storage and solar harvesting functions have a great potential for energy 

production. Therefore, although every material does exhibit some specific properties, it 

displays its function only when it is purposefully designed to possess specific properties. 

Two examples are the super-hydrophobic surface and “Eiffel Tower”. The former is 

usually realized through surface modification to create structures of micro and nano 

roughness, or hierarchical structures on a substrate Fig. 1-13 [48]. It was found that the 

hierarchical structures can not only keep a high contact angle of droplet but also provide 
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an essential stability of the water-solid and water-air interfaces (the composite 

interface). Eiffel Tower is a notable example being hierarchically engineered structures 

[49], which can provide 2-3 times strength as strong as mild structural steel, although 

it has a relative density 1.2 X 10-3 times to that of iron. Recently, the functional materials 

have already been applied to a number of different areas, ranging from the personalized 

implants, more efficient and conformal cooling systems, or lightweight and cost-saving 

components for the aviation and automotive industry to bioprinting of tissues, 

electronics and sensors, and biologically inspired and shape-morphing materials [33]. 

 

Fig. 1-13. A typical example of functional materials realized by surface 

modification and structural design. Superhydrophobic materials are prepared by 

constructing micro/nano structures or hierarchical structures on the flat 

substrate. Reprint with permission from ref. [48]. 

Accordingly, it should be noted that the realization of functions relies on the physical 

and chemical properties of the material itself, as well as the geometry of the structure. 

Therefore, a target-motivated approach to design and fabricate functional material is 

reasonable to include two main aspects: 1. the fabrication of functional materials base 

on the chemical modification of material which is in a microscale range, including 

material modification and surface modification; 2. the fabrication of functional 

materials based on the structural design which is in a relative macroscale range. In the 

following sections, I will review the current advancements of fabricating functional 
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materials including these two aspects.  

1.2.1 Material modification enables the functions 

A typical example of fabricating functional materials via modification of materials is 

the construction of metallic architecture by metal oxide. Among many established 

approaches to create metallic architectures, the most used methods are employing a 

high energy source (a laser or an electron beam) to directly bind the metal particles 

through either sintering or melting. Despite of a high effectiveness in producing 

metallic objects, the cost of preparing desired metal powder and the related equipment 

are always unaffordable. What is more, this approach is not suitable for oxygen-

sensitive metals, such as copper. Therefore, although the established 3D printing 

approaches offer advantages of design and manufacturing flexibility and efficiency, 

they still suffer from numerous manufacturing limitations, in addition to being 

compatible with only a narrow range of materials. 

Metal oxide powders are proposed to substitute the pure metal powders in 3D printing 

metallic objects because of their numerous advantages including reduced cost, 

availability in sub-micrometer size, and a lack of reactivity and pyrophoricity. A typical 

process is described in Fig. 1-14, where a metallic object is formed by ink-jetting 3D 

printing metal oxide and other metal components, and the subsequent reduction process 

[50]. This approach is based on the modification of materials and can greatly expand 

the variety of materials to other particle-based materials, such as ceramics and 

composites, as well as potentially yet-to-be-discovered advanced materials. It also 

demonstrates that the modification of printing materials shows potential to overcome 

the manufacturing shortcomings of the long established, energy-based and powder-bed 

printing approaches.  

A similar situation happens to the 3D printing of ceramic functional materials. Because 
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of the hard machinability of this brittle material which is crucial for the processes by 

either casting or machining, 3D printing potentially offers a big leap in the fabrication 

of functional ceramics. However, the extremely high melting point adds challenges to 

3D print ceramics when comparing with metals and polymers. The approaches that use 

a laser or an electron beam are restricted for potentially causing disadvantageous 

structures including enclosed, hollow, and tightly porous architectures because of the 

rapid sintering or melting process of material powders. Additional deficiencies include 

the need for expensive, energy-intensive equipment, slow building rate, significant 

thermal gradients during printing. 

 

Fig. 1-14. A modification of printing materials in the fabrication of functional 

materials. Traditionally used metal powder for energy-based and powder-based 

3D printing is substituted by ink composed of metal oxide powder which is 

extruded by an ink-jetting 3D printing approach. The printed object is then 

reduced and sintered to form the final metallic architectures through H2 

thermochemical reduction. Reprint with permission from ref. [50]. 

The concept of polymer-derived ceramics opens an opportunity to 3D print ceramic in 

a more effective approach just by a modification of the printing material. Zak C. E. and 

his colleagues [51] developed a series of preceramic monomers which can be cured by 
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ultraviolet light in a SLA 3D printer. The resultant 3D polymer structures can possess 

very complex shapes and cellular architectures, which can be pyrolyzed to a real 

ceramic structure with uniform shrinkage and virtually no porosity. Typical 

experimental setup is described in Fig. 1-15. In their work, the modification of ceramic 

materials allowed the fabrication of ceramic by a SLA 3D printing, and significantly 

expanded 3D printed objects’ ability by taking advantage of ceramics’ impressive 

properties, including high-temperature capability, environmental resistance, and high 

strength, which have potential applications from the microscale—e.g., in 

microelectromechanical systems (MEMS)—to the macroscale—e.g., in propulsion or 

thermal protection systems. 

 

Fig. 1-15. Stereolithography of polymer-derived ceramics. (A) UV-curable 

preceramic monomers are mixed with a photoinitiator to accomplish the 

modification of printing material. (B) the UV-curable resin is polymerized by 

exposure to UV light. (C) polymer structure is obtained. (D) the polymer is 

converted into a ceramic structure via pyrolysis. (E-H) examples of 3D printed 

ceramics by the described approach. Reprint with permission from ref. [51].  

Carbon materials, currently as one of the most popular materials for energy-related 

applications, are widely studied in 3D printing due to their good chemical stability. 
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However, the carbon materials themselves are not printable, because of their physical 

properties, such as agglomeration nature. Modification of the material is necessary to 

make it suitable for the 3D printing process. For example, it is critical to modify the 

materials to have a high viscosity and shear-thinning behavior for DIW.  

Typically, the modification is usually conducted by mixing carbon materials as fillers, 

such as graphene oxide (GO), carbon nanotubes (CNT), carbon blacks, with solvent, 

pre-polymers and other additives. CNTs and carbon black require the assistance of 

polymers to adjust the ink viscosity to achieve proper printability, while GO has shown 

good printing capabilities with unique viscoelastic properties in aqueous solution, even 

without the addition of polymers to control the viscosity [52]. Wei et al. [53] 

demonstrated a method to 3D print graphene-based functional materials. A commercial 

FDM printer was used to produce conductive 3D carbon materials from a mixture of 

GO, acrylonitrile–butadiene–styrene (ABS) and poly (lactic acid) (PLA) (Fig. 1-16). 

This is one of the first attempts to directly print graphene related materials in a 3D 

fashion.  

In another work, Zhu et al. [54] used DIW to fabricate periodic graphene aerogel 

microlattices which possess a ultralight property. To prepare the GO inks with suitable 

rheological properties for printing, gelation of concentrated GO suspensions was 

synthesized under basic conditions (for example, addition of ammonium hydroxide) 

and cross-linked using organic sol-gel chemistry (for example, in a 

resorcinolformaldehyde (R-F) solution), followed by the addition of hydrophilic fumed 

silica powders to impart additional increase of viscosity (Fig. 1-17). This approach 

enables one to fabricate graphene aerogels which are lightweight, highly conductive 

and exhibit super-compressibility (up to 90% compressive strain). Moreover, the 

mechanical property was improved significantly when comparing with the bulk 

graphene. For example, the elastic modulus of the graphene microlattice showed an 
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order of magnitude improvement. The modification of graphene materials enabled the 

3D printing of functional materials in forms of complex aerogel architectures which 

have a broad range of applications. 

 

Fig. 1-16. Modification of graphene materials for 3D printing. (A-G) Coagulation 

treatment by a chemical reduction of GO-ABS in a NMP solution or a hydrazine 

hydrate at 95℃ for 1 h. (H) Schematic illustration of the FDM process of GO 

composite. Inset is a graphene-based filament winding on a roller. (I) 3D printed 

characters using GO composite as the filaments, scale bar: 1 cm. Reprint with 

permission from ref. [53]. 

Brett G. et al. [55] reported a new epoxy-based ink for the 3D printing of functional 

cellular materials, which had a structure of multi-scale and high aspect ratio fiber 

reinforcement. Unlike the previous ink design which requires solidification via gelation, 

drying, or on-the-fly photopolymerization, this approach utilized the nature of epoxy of 

initially low viscosity and increasing viscosity with time to fabricate structures of high 

strength. This epoxy based ink can exhibit a desired viscoelasticity and a long pot-life 

at the absence or presence of highly anisotropic fillers. Fig. 1-18 shows the DIW 

process of the modified ink and the printed wood-inspired functional materials of 

lightweight property. The elastic modulus of these materials exhibited an order of 
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magnitude improvement over those materials obtained by thermoplastics and 

photocurable resins developed by commercial 3D printing methods. 

 

Fig. 1-17. Fabrication of graphene-based microlattices through DIW. (A) 

Schematic illustration of a modification of GO-based ink and the following 3D 

printing process. (B-E) Optical and SEM images of a 3D printed graphene 

aerogel microlattice. (F) 3D printed graphene aerogel microlattices of different 

thickness and (G) 3D printed graphene aerogel honeycomb. Scale bars, 5mm (B), 

200 mm (C), 100nm (E, F), 1 cm (G). Reprint with permission from ref. [54]. 
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Fig. 1-18. DIW of epoxy-based ink with high-aspect-ratio fiber fillers. (A) 

Illustration of the progressive alignment of high aspect ratio fillers during 

composite ink deposition. (B-C) Tensile fracture surfaces of longitudinally and 

transversely printed SiC/C-filled specimens. (D-F) A triangular honeycomb 

structure composed of SiC/C-filled epoxy, which has highly aligned carbon fibers 

oriented along the print direction. The scale bars in (E-F) are 500 μm. (G-H) 

High magnification of fiber fillers in the printed specimen, scale bars: 20 μm. 

Reprint with permission from ref. [55]. 

In conclusion, the above examples demonstrate that material’s modification adds new 

dimensions of 3D printing, and enables the functional materials/devices to be built in a 

target-motivated route. However, certainly for all of the promises associated with the 

development of the printing materials, they currently remain in an insufficient state due 

to the lack of versatile modification methods and the specific compatibility with 

different 3D printing technologies. It is imperative to exploited more expansive 3D 

printable materials for the fabrication of functional materials of more novel properties.  
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1.2.2 Surface modification enables the functions 

Except for the pre-modification, post-printing surface modification is another effective 

approach to add functions to the 3D printed objects. One of the main challenges for 

artificial functional materials/devices is to find the suitable materials to meet the crucial 

requirements in practical applications. Both the physical and chemical properties of the 

materials are of great importance for practical applications. Between the natural and 

synthetic materials, the latter are getting more attention because their parameters can 

be tuned to tailor the performance in terms of different requirements. To get the right 

choice of materials, it needs a thoughtful consideration of both physical properties and 

chemical properties, which can be tailored through either the material modification or 

the surface modification, it is therefore, beyond the structural integrity and mechanical 

properties, the surface properties are also crucial for the fabrication of functional 

materials/devices. An effective strategy is developing the printing structural materials 

along with post-printing surface modification, providing a highly-desirable, cost-

effective and time-saving method for 3D printing. 

Recently, various surface technologies were developed to endow the 3D printing 

capacity of fabricating functional materials/devices. E. Fantino [56] proposed a new 

method to obtain 3D printed polymer-based nanocomposites. The result provides a 

novel approach for the preparation of 3D conductive complex structures by coupling 

the photoreduction of metal precursors with the photopolymerization, resulting in 

functional materials with metal nanoparticles and organic polymers integrated together. 

Specifically, the 3D conductive structures were fabricated by adding silver salt to the 

UV-curable pre-monomers and exposing them to the UV light. As shown in Fig. 1-19, 

the UV irradiation provides an effective post surface modification to grow a layer of 

silver nanoparticles on 3D samples.  
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Fig. 1-19. Eexperimental setup of 3D printing of complex conductive structures 

through post UV photoreduction. Reprint with permission from ref. [56]. 

Based on this study, they also adopted the contemporary sintering to thermally reduce 

the silver nanoparticles. Firstly, 3D structures were printed by integrated metal salts in 

the starting formulation, which was exposed to a DLP 3D printing system. Secondly, 

the 3D printed object with silver salt embedded was conducted by a thermal treatment, 

in order to induce the in-situ generation of metal nanoparticles (NPs) in the polymer 

matrix. Both of the above post printing surface modification methods enable the 3D 

printed objects to have electrical properties. The in-situ thermal generation of the silver 

nanoparticles does not cause any negative effect on the stability of the polymeric 

structures, and also provides a possible alternative of the UV generation method. 

Surface modification was also used to obtain ultralight magnetic materials, which can 

be applied to separate oil-water. As shown in Fig. 1-20 [57], ultralight magnetic 

Fe2O3/C, Co/C, and Ni/C materials were fabricated by pyrolyzing commercial 

polyurethane sponge grafted with polyelectrolyte layers. The ultralight materials 

consisted of 3D interconnected hollow tubes, forming hierarchical structures from 

macroscopic to nanometer length scales. More importantly, the wall thickness and 

morphology of the microtubes can be tuned by controlling the acrylic acid 

concentrations and the metallic cations. After surface modification with low-surface-

energy polysiloxane, the ultralight materials present superhydrophobicity and 
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superoleophilicity, which can have an oil absorption capacity 100 times of the material's. 

This surface modification is also extendable to fabricate a variety of functional 

materials desirable for electrode materials, catalyst support etc., by controlling the 

composition and conformation of the grafted organic layers.   

 

Fig. 1-20. Surface modification of ultralight magnetic materials. (A) illustration 

of the fabrication from a polyacrylic acid-grafted polyurethane sponge. Resulted 

ultralight Fe2O3/C foam could be manipulated by a magnet bar (B) and stand on 

a dandelion (C). The superhydrophobic foam can be used to remove lubricating 

oil. Reproduced with permission from ref. [57]. 

One of the main application of surface modification is to realize the metallization of 

plastic surface. Therefore, many latest studies have been reported to develop low-cost 

and environmentally friendly surface technologies to enhance the adhesion between 

metal coatings and the substrate. D. Chen [58] proposed a layer by layer electroless 

deposition method to fabricate adhesion-enhanced metallic coatings on plastic surfaces, 

by modifying the polymeric substrate to form surface-bonded active groups. Ag- and 

Cu-coated polymer materials were successfully prepared. Recently, to replace the high 

cost Pd catalyst in the conventional electroless plating process, palladium-free surface 

activation processes were developed [59-62]. Typically, these methods apply a semi-
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interpenetrating polymer network film on the surface of the plastic materials, and then 

immobilize the catalyst to the pretreated substrate via N-Ni chemical bond, the grafted 

catalyst can initiate the subsequent electroless metal plating on the plastic substrate.   

Beyond all doubt, the surface modification provides a robust method to endow the 3D 

printed objects with various surface properties. It is also believed that it is high-

desirable, cost-effective and time-saving to print structural materials along with post-

printing surface modification for 3D printing of functional materials. More importantly, 

surface modification will not only retain the desired bulk properties of printed 

architectures but also offer new functionality. However, all the surface modification 

methods described above are limited to serve specific applications. Each needs a 

specific design of the experimental setup. To the best of our knowledge, a 3D printed 

structural material, with a functionalized surface that can be easily modified, has been 

addressed rarely to date. X. Wang, et al. [63] developed a new polymerization-based 

3D printing approach which was achieved by modifying the UV-curable resin to induce 

a generic post-printing modification for the printed objects. This initiator-induced 

modification provided the 3D printed materials with tunable surface properties. This 

feasible method was also expected to make 3D printed objects possible with a wide 

range of desired surface functions. It is, therefore, necessary to further develop this 

generic, versatile, yet simple approach to make 3D printable material subjectable to 

various surface modifications.  

1.2.3 Structural modification enables the functions  

Except to the effective modification of printing materials, structural characteristics also 

concerns significantly the construction of functional materials. The materials’ 

architecture determines the mechanical properties and density, and can influence a wide 

range of other properties, e.g., acoustic, thermal, and biological properties. A typical 

example is the tissue engineering scaffolds, which must have both the appropriate 
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material and structures, not only allowing the relevant cell types to adhere and remain 

viable, but also directing the cell’s behavior towards the characteristics of the 

appropriate tissue or organ [20]. Because all my work in this dissertation is focusing on 

the 3D printing of functional materials, and 3D printing is highly advantageous for 

tailoring the structural characteristic, I describe the structural modification as the design, 

optimization and fabricating of structural materials. In this section, I will review the 

field of structural design for functional materials with an emphasis on 3D printing of 

cellular materials, and discuss the recent developments of architected materials.  

Mechanics of structural design of functional materials. The mechanical properties of 

architected materials are determined not only by the constituent materials but also by 

the spatial configuration of void and solid, that is cellular architecture. By introducing 

certain ordered lattice-type cellular architectures, the functional materials can have 

nearly optimal force-distributing properties. Fig. 1-21 [64] illustrates the influence of 

structural characteristics on the scaling of mechanical properties. At very low density, 

even small difference in scaling can result in a significant difference of mechanical 

properties, such as modulus and strength. Compared to the honeycomb and foam 

structure, the carefully designed octet truss can perform the best mechanical scaling of 

density. Therefore, a proper introduction of lattice type (i.e., stretching-dominate or 

bending-dominate lattice) can enable one to design materials with desired mechanical 

properties.  
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Fig. 1-21. Influence of structural characteristics in the scaling of mechanical 

properties with density interpreted by stretching-dominated and bending-

dominated behavior. Reprint with permission from ref. [64].  

Structures with sophisticated structural characteristics are difficult to be fabricated by 

traditional manufacturing. 3D printing offers new avenues to realize the fabrication of 

complex architectures. Table 1-3 summarizes and compares the capacity of most 

common 3D printing approaches for fabricating architecture materials. According to 

the required functions, I will present the current advancements of structural 

modification as following.  

Functional materials of lightweight property. In most cases where architected cellular 

materials are bearing a load, facesheets are attached to a robust lightweight core. Take 

a sandwich structure by attaching facesheets to a cellular material core for an example, 

the facesheets carry in-plane and bending loads, whereas the core structure carries 

transverse shear and transverse compression loads. The design that the core acts as a 

key component to separate the facesheets, provides the structure with a high area 

moment of inertia.  

Fig. 1-22 [64] shows some examples of sandwich panels with periodic cellular cores. 

The weight-to-performance benefits can be achieved using complex-shaped structural 
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cores with spatially graded properties. Design by a location-specific principle makes 

the structural core matched to the local loads, and also realizes a substantial weight 

saving with uniform density and properties. Currently, although honeycomb cellular 

architecture is the most widely used core material, lightweight materials with 

alternative core have been studied, such as tetrahedral and pyramidal truss structures 

which provide the most compelling properties of high effective strength [65]. 

Especially the recent arising of hollow truss structures offers an improved compressive 

and shear strength relative to honeycomb structures, due to the suppression of buckling. 

The complexity of lightweight structures is growing to satisfy the increasing structural, 

aerodynamic, and packaging requirements; however, it is also challenging the 

manufacturing. The emerging 3D printing technology now offers new avenues to 

fabricate structures that cannot be achieved with traditional processes, and offers 

advantages over conventional honeycomb or foam manufacturing with the ability to 

deliberately design net shape cores with complex curvature, or with graded cellular 

architectures.  
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Fig. 1-22. Examples of sandwich panels with periodic cellular cores. (A) 

Illustration of a sandwich panel used in lightweight design under loading. (B-J) 

examples of periodic cellular cores. Reprint with permission from ref. [64]. 
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Table 1-3. structural flexibility of different 3D printing approaches for architecture materials. Approaches are listed with decreasing 

maturity from left to right. Reproduced with permission from ref. [64]. 

 3D printing 

Structural 

flexibility 

FDM SLS EBM Polyjet 

printing 

SLA Binder 

printing/ 

jetting 

2PP Wire or 

textile 

layup 

Deformed 

perforated 

sheet lattice 

Waveguide 

polymerization 

Projection-Micro-SLA DIW 

Lattice type Periodic 

or 

aperiodic 

Periodic 

or 

aperiodic 

Periodic 

or 

aperiodic 

Periodic 

or 

aperiodic 

Periodic 

or 

aperiodic 

Periodic 

or 

aperiodic 

Periodic 

or 

aperiodic 

Periodic  Periodic Periodic Periodic or aperiodic Qusi 3D 

Arbitrary 

geometry 

Yes, with 

support 

structure 

Yes, with 

support 

structure 

Yes, with 

support 

structure 

Limited 

angle 

Limited 

angle 

yes yes Bonded 

wire 

only 

Limited to 

lattice core 

Limited to 

extend lattice 

yes Yes, with 

support 

structure 

Minimum 

feature size 

~250 μm ~200 μm ~200 μm ~100 μm ~25 μm ~150 μm ~2000 

nm 

~50 μm ~150 μm ~50 μm ~5 μm ~500 μm 

Fabrication 

area 

~0.5 m2 ~0.2 m2 ~0.2 m2 ~0.2 m2 ~0.5 m2 ~0.5 m2 ~0.005 

m2 

~0.1 m2 ~1 m2 ~0.5 m2 ~0.03 m2 ~0.1 m2 

height 1 m 30 cm 30 cm 30 cm 30 cm 30 cm 1 mm 10 cm 10 cm 2 cm 0.1 cm 5 cm 

Potential for 

graded 

properties 

yes yes yes yes yes yes yes limited limited yes yes yes 

Application 

performance 

prototype Final part Final part  prototype prototype Research 

material  

Research 

material  

Research 

material  

Research 

material  

Research 

material  

Research material  prototype 

Production 

rate 

medium low low Low  Low  low Very low medium high medium low low 
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Functional materials for energy absorption. Energy-absorbing materials are of extensive 

interest in protecting persons or structures from impulsive loads in automotive, sporting, and 

defense applications, due to their ability to lower the intensity of an impulse by extending its 

duration. To achieve an effective absorption, an intervening medium is required to reduce the 

initial impulsive pressure to a level below the damage threshold [66]. The medium material 

must be capable of large volume decrease at constant pressure, shown as Fig. 1-23. It is, 

therefore, the damage threshold or injury criterion that determines the maximum allowable 

stress transmitted through the energy absorber. 

 

Fig. 1-23. (A) Schematic illustration of the energy absorption performed by lattice 

structure which lowers the impulse intensity and eliminates the transferring pressure. 

(B) The ideal response of a cellular energy absorbing material. (C) The actual 

mechanical behavior of a cellular lattice structure. Reprint with permission from ref. 

[66]. 

Although foams are the most used energy-absorption materials, emerging capability of well-
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defined and ordered structures opens up opportunities to create energy absorption materials 

with highly desired properties [67]. The sophisticatedly designed materials with ordered 

structures consider fully the space limitations and lightweight-demand, which typically make 

a material capable to have the maximum energy absorption per unit volume and unit mass. 

Fig. 1-24 [64] compares the performance of a range of designed materials used as energy 

absorbers, including conventional metal foam and metal honeycomb, and the newly 

developed energy absorption materials of more complex architectures. The comparison 

results indicate that the architected materials present a new class of energy absorption 

materials which offer more flexibility in tailoring the response to impulsive loads than 

conventional materials. It is believed that, further optimization of architected materials, 

guided by numerical modeling and fabricated by flexible manufacturing like 3D printing, 

will provide more new generations of energy absorption and protection materials.    



42 

 

 

 

Fig. 1-24. Comparison of energy-absorption performance of different materials. (A) 

Extruded polystyrene foam, (B) Open-cell Al foam, (C) Solid Al microlattice, (D) Pre-

crushed Al honeycomb, (E) Thermoplastic polyurethane twin hemispheres, and (F) 

Hollow Ni microlattice. Reprint with permission from ref. [64].   

Metamaterials. Metamaterials are a new class of designed multiscale materials, for which 

the unusual physical properties are defined by the cellular architectures rather than 

compositions. Metamaterial has recently attracted significant interest within the research 

community because of its intrinsic capability of exhibiting unusual properties, such as 

thermal, acoustic, elastic, and irreversible nonlinear mechanical effects, which have a broad 

range of potential applications [68]. By tailoring the architecture, the properties of 

metamaterials can be rationally designed to achieve unprecedented properties. However, 

because the corresponding wavelength and length scale usually range from micrometer to 
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centimeter, the fabrication limitation is critical for the manufacturing [69]. The pentamode 

metamaterial is a typical example, which was proposed years ago, and has been realized only 

recently by 3D printing, shown as Fig. 1-25. This material was enabled to have a unique 

property like a fluid, which has a close to zero shear modulus; it also opened new possibilities 

in transformation acoustics [70].     

 

Fig. 1-25. Illustration of the pentamode metamaterial ideal suggested by Milton and 

Cherkaev in 1995 (the artificial crystal with lattice constant a has diamond symmetry) 

and the first metallic penta-mode meta-material based on the same design and 

manufactured at Additive Manufacturing Laboratory of TU Delft using selective laser 

melting. Reprint with permission from ref. [70]. 

In addition, rationally designed cellular architectures also enable the realization of 

mechanical metamaterials which exhibit reversible deformation by their architecture rather 

than by their constituent materials. For example, micrrolattices composed of extremely thin-

walled hollow tubes buckle upon loading and recover upon unloading immediately [71]. A 

microlattice formed from brittle ceramic, as an example, is shown as Fig. 1-26, which 

demonstrates a slow, ductile-like deformation and a local shell buckling, resulting in a 

recovery after significant compression over 50%.   
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Fig. 1-26. Architecture, design, and microstructure of alumina mechanical-

metamaterial. (A) CAD image of the octet-truss design. (B) Cutaway of hollow octet-

truss unit cell. (C) Hollow elliptical cross section of a microlattice tube. (D) SEM 

image of fabricated octet-truss microlattice. (E-H) Microlattice demonstrates a slow, 

ductile-like deformation, local shell buckling, and recovery of the structure after 

compression. Reprint with permission from ref. [71].   

Assisted by 3D printing, as well as theoretical and numerical analysis, researchers can exploit 

more material and geometric nonlinearities to add new properties to the metamaterials, for 

example, negative-Poisson’s-ratio (NPR) behavior induced by an elastic instability [72].   

Functional materials for other applications. Cellular and periodic materials also provide a 

function of heat exchange, especially when it is required to optimize multiple objectives, 

such as maximizing heat transfer rate and minimizing pumping energy input, temperature 

drop and mass. Because the architected materials can be designed with feature size in 

microscale, they have inherent advantages due to the fact that heat transfer per unit area scales 

inversely with characteristic channel width, and surface area–to–volume ratio increases with 

device size, allowing an enhanced efficiency per unit volume [64]. Fig. 1-27 illustrates 
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examples of architected cellular materials used in heat exchange. In the future, synergies 

between maturing 3D printing techniques and the computational simulation for mechanics 

and fluid flow are expected to allow the architected materials with more improved 

performance [73-75]. 

 

Fig. 1-27. The performance of (A) cold plates, (B) heat pipes, and (C) heat exchangers 

can be improved by introducing architected cellular cores enabled by emerging 

additive manufacturing techniques. Reproduced with permission from ref. [73-75].  

Architected materials can also be applied as medical bioscaffolds which can be used to repair 

and implant tissues, cartilages and bones. In terms of tissue defect size, geometry and 

biological features, highly advantageous 3D printing offers the possibility to rapidly produce 

interconnected pore network for cell growth and flow transport of nutrients and metabolic 

waste, which are crucial to meet patients’ specific requirements [76]. Since bioscaffolds, in 

addition to possessing a biocompatibility and suitable surface properties for cell attachment, 

also require proper mechanical properties to match the tissues at the implantation site, the 

architecture needs to be optimized rationally for medical application. Fig. 1-28 shows an 
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example of optimized clinical scaffolds for breast reconstruction. The pore size and porosity 

can be tailored by controlling the density of seeding points in the creation of the tetrahedron 

mesh, as well as by choosing an appropriate strut thickness. 

 

Fig. 1-28. Architectural optimization of clinical scaffolds for breast reconstruction. 

Reprint with permission from ref. [77]. 

In conclusion, the recent advances in architectural design and 3D printing technology are 

giving a boost to the fabrication of architected materials. Fabrication of increasingly complex 

cellular architectures is enabled. Numbers of applications currently under research and 

developing are expected to be commercially available, and additional applications are bound 

to arise. Therefore, more breakthroughs of architected cellular materials in the future are 

expected to be yielded along with the new optimization techniques combined with increasing 

computational power, which is aiding the design of multiscale cellular architectures to fulfill 

multiple objectives. 
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1.3 Challenges, opportunities and objectives 

Although there are lots of advantages and promise associated with 3D printing technology, 

it is still limited by the lack of material compatibility and functional fabrication capability. 

The development of 3D printing technology has reached a stage where we can say that it is 

able to 3D print a variety of materials including metals, ceramics, polymers, and composites, 

but it is still far from the point where expansive varieties of existing materials can be printed 

with ease. As stated in Table 1-1, each of the 3D printing processes has its advantages and 

disadvantages. Each method is only compatible with the fabrication using certain materials, 

whereas it may be completely incompatible with other materials. Especially, for metal based 

printing, the price is prohibitive for most of the users. It is for this reason why 3D printing 

has not yet become a fully revolutionizing industrial, research, and consumer technology. 

Significant research and financial contributions are being invested to improve the 3D printing 

technology, such that they are incrementally better and compatible with more materials. A 

majority of the efforts are focusing on developing specific printing strategies together with 

many different material/ink systems, which is quite costly and time-consuming. In addition, 

current research is mainly working towards expanding printing capabilities targeting to 3D 

print an object to possess the same properties as that produced via traditional manufacturing. 

In this work, special attention is being given to employ 3D printing to assist the creation of 

new material systems with advantageous and unique functionalities specially enabled by 3D 

printing technology, so called “3D printing functional materials”. A comprehensive strategy 

is focusing on the developing of ‘all-purpose’ 3D printable materials along with surface 

modification to endow the materials of desired functions and properties. 
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Here, as an all-purpose 3D printable material, it is required the surface of the 3D printed parts 

by this material own the feasibility for various surface modification so that the 3D printed 

parts can be convert into functional materials/devices with novel or desired surface properties. 

Among all the probable approaches, integrating active components into 3D printing is proven 

to be a promising method to enable this all-purpose 3D printable material. Recently, 3D 

reactionware for chemical synthesis and analysis were allowed by integrating conductive 

carbon black and catalyst into the 3D printing material [78, 79]. Also, the integrating of Ag 

nanoparticles, as metal precursor allowed the fabrication of conductive 3D hybrid structures 

[56, 80]. All these are evident that the integrated strategy is capable of allowing all-purpose 

3D printable materials to various application by simple selecting different additives as an 

initiator to work together with the present 3D printing materials. Particularly, a robust 

initiator that is versatile to induce various surface modifications is promising for it can induce 

a generic post-surface modification to in situ interested surface properties, thus it will 

improve the functionalization efficiency by avoiding the individual development for specific 

application. Therefore, we are aiming to developing a generic, versatile, yet simple approach 

by the integration of initiator to make 3D printable materials that can be subjected to various 

surface modifications.  

Simultaneously, more attention will also be given to the design of material architecture due 

to the unlimited structural capability of 3D printing. With a proper structural design, material 

properties can be altered to form a meta-structure or meta-material, which can realize various 

desired properties and functions that are no existed in nature, and maximize the capability 

for target applications. Additionally, powerful computational tools can be incorporated to 

optimize structures for properties efficiency, allowing the best structural efficiency assisted 

by the additive manufacturing process.  
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Therefore, in this study, the research is particularly focused on the 3D printing of functional 

materials through a comprehensive strategy considering two incorporated aspects: 

modification of constituent materials through surface modification, and architectural 

improvement through structural optimization, summarized as Fig. 1-29. Upon further 

integrations, a whole spectrum of applications and functionalities based on these two leading 

aspects could be exploited.  

Comprehensively, the strategy of 3D printing functional materials aims to produce materials 

with both desired chemical properties through proper post-printing modification and physical 

properties through structural design. Based on the established surface properties, a vast 

attention will simultaneously be given on structural design, thereupon, material properties 

can be altered throughout a part in such a way that the target application can be maximally 

enabled.  

 

Fig. 1-29. Graphical illustration listing several of the important material and 

structural characteristics that have a significant impact on the overall functionally of 

the 3D printed functional materials. 
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1.4 Outline of the thesis 

In what follows, the dissertation will be organized in an outline as: 

In the current Chapter, we have reviewed the research background, the state-of-the-art of 3D 

printing technology, the working materials and current strategies of functionalization 

initiated by materials modifications, surface modifications and architectural optimizations, 

and finally, identified the research opportunities and objectives. 

A reusable 3D porous adsorbing filter is demonstrated in Chapter 2 following the proposed 

functionalization strategy of surface modification and structural optimization. The filter was 

fabricated by integrating 3D printing technique with a natural adsorbent. It provides a low 

cost and highly effective solution for heavy metal removal. The function was established by 

using the 3D printing technology to achieve superiority in 3D porous geometric construction 

with a large surface area, and growing chitosan to form a “filter” for highly efficient removal 

of Cu(II) ion.       

A robust material system–initiator-integrated printable material (i3DP I)–was further 

developed in Chapter 3 to serve for a wide variety of function demands. This material system 

is an improvement on the printed filter so that modifications do not need to be developed 

individually for specific applications. A bromine-containing acrylate was added into 3D 

printing resin, as an initiator, to allow polymer brushes to grow on the printed surface. The 

printed 3D structures can then be grafted with a variety of functional coatings and turned into 

useful devices with new functions or new structured metamaterial with novel properties, 

attributed to both their materials composition and structural optimization. 

With the intention to apply the material system described in Chapter3, a functional magnetic 
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robot was developed in Chapter 4 with an effective spiral structure for application of remote 

controlling. The robot with Ni-rich magnetic coating was functionalized with a soft-magnetic 

property. The magnetic manipulation demonstrated that the ellipsoid robot was successfully 

magnetized, and could rotate synchronously with the magnetic field. The swimming 

properties under magnetic control are affected by the spiral shape, liquid viscosity and the 

controlling manner. The rotational movement can transfer efficiently to linear movement by 

carefully designing the spiral structure and the strategy of magnetic controlling.  

In Chapter 5, metal-coated cellular materials inspired by the magnetic coating in Chapter 4 

were prepared by using the initiator-integrated material. The strength-enhanced property was 

also investigated. The relationship between mechanical properties and structural 

characteristics, and the metal film’s thickness was demonstrated. Two typical stretching-

dominated lattices (octet-truss unit and pyramidal lattice), were exemplified to demonstrate 

the structural influence on the mechanical properties. 

In Chapter 6 we step further towards the fabrication of metallic ultralight materials via the 

proposed strategy of surface modification and structural optimization. This strategy provides 

an effective platform for the optimized design of materials, which leads the materials with 

the best geometric parameters and desired mechanical performances. In this study, a series 

of ultralight metallic materials composed of 3D interconnected hollow tubes were fabricated 

to have features spanning three scale orders. The resultant materials can achieve an ultralight 

density of as low as 5.1 mg/cm3 and can nearly recover after significant compression over 

50%.  

In Chapter 7, the design and fabrication of mechanical-metamaterials were studied based on 

the results described in the previous two chapters. By combining the strength-enhanced 
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properties and fabrication of ultralight metallic materials, mechanical-metamaterials with 

tunable negative Poisson’s ratio was fabricated. The subsequent measurement and theoretical 

analysis were utilized to demonstrate the fabrication flexibility.  

We have so far always demonstrated a fixed material system which has been successfully 

applied in the studies in above chapters. In Chapter 8, we are focusing on developing a new 

generation of initiator-integrated material system (i3DP II) for the functional 3D printing. A 

bio-inspired initiator was introduced to prepare the 3D printable materials. Metallization of 

3D printed objects was demonstrated to verify the efficiency. This newly developed material 

can simply the functionalization process by omitting the nitrogen/argon protection because 

the functional layer of polydopamine comes from a natural oxidation process, and no critical 

condition is required. 

In Chapter 9 we conclude the thesis and give perspectives on future research.
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Chapter 2 

2 3D printing of reusable chitosan-coated filter for metal 

ions removal and structural optimization 

In this study, a reusable 3D porous adsorbing filter was fabricated by integrating 3D 

printing technology and a natural chitosan, which is a low cost and highly effective 

biocompatible material for heavy metal removal. A facile two-step process was applied to 

graft functional chitosan brushes firmly onto the 3D filter. It uses the 3D printing 

technology to achieve 3D porous geometric construction with a large surface area, and uses 

surface modification to grow chitosan forming a layer of adsorbent for highly efficient 

removal of Cu(II) ions. XPS was utilized to monitor the fabrication process. Furthermore, 

spectrophotometry was conducted to investigate the adsorbability and desorbability. The 

results demonstrated that the 3D chitosan filter could provide a comparable capability of 

removing Cu(II) ions and had a great reusability. In addition, Fourier transform infrared 

spectroscopy (FTIR) was used to verify the role of functional groups, -NH2 and –OH, 

during the adsorption of Cu(II) ions.  

2.1 Introduction  

Toxic heavy metal pollution has become a significant ecotoxicological hazard for 

ecosystem due to their accumulation in living organism [81, 82]. Especially with the rapid 

development of industries, the environment is suffering from increasing accumulation of 

heavy metals getting into water streams. This phenomenon is particularly severe in 

developing countries where they are dedicated to developing highly polluting industries 
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such as mining, metal plating, fertilizer and paper industries [83-85]. The treatment of 

heavy metals is of special concern and necessity due to the stringent regulations. Therefore, 

it is imperative to improve the efficacy of treatment to meet the increasing demand of heavy 

metal ions processing from industrial effluents.       

The current methods for purifying the heavy metal contaminated aqueous solution include 

chemical, physical and biological treatments, such as chemical precipitation, ion-exchange, 

electrochemical treatment, membrane filtration and bio-adsorption [86-88]. Among all the 

possible methods, chemical precipitation is the most widely used technique in the industry 

due to its simplicity and economic benefit [82]. However, it is limited by generating large 

volumes of low-density sludge, and it also cannot coordinate the amphotericity for mixed 

metal ions. Furthermore, the sulfide precipitation can cause the evolution of toxic H2S 

fumes in acid conditions [89, 90]. Physical treatment involves material adsorption 

including activated carbon adsorbents [91], carbon nanotube adsorbents [92] and other 

porous materials [93]. Although it can offer flexible design and operation, its adsorption 

efficiency is over-dependent on the working environment, and the oxidation initiated by 

acid will decrease its adsorption capacities significantly [94, 95].  

Biosorption has been proved as a new and promising process for heavy metal ion removal. 

It presents advantages in high effectiveness, inexpensive resources and its particularly 

outstanding biocompatibility [96, 97]. Typical biological adsorbents, such as living or dead 

microorganisms, can carry out heavy metal ions. Chitosan is an outstanding representative 

of natural bio-adsorbents for the removal of metal ions from wastewater [98, 99], and it is 

also an attractive biomaterial owing to its effective biological properties such as gene 

delivery and antibacterial activity. A typical process, which uses chitosan to remove metal 

ions, is performed by dissolving chitosan or chitosan derivatives in acidic solution, 
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followed by an ultrafiltration process after reacting with metal ions. Chitosan in this 

process, however, is usually for one-time use or requires complex processing to recycle, 

and the scaling up is very complex. In addition, it often suffers from blockage during the 

treatment of industrial effluents due to clogging effects [100]. Preconditioning, like de-

agglomeration procedure, frequently requires to control the hydrodynamic condition. Thus, 

it will increase the complexity and incur a significant loss of adsorption efficiency [101]. 

An effective strategy to avoid clogging effect is to modify the chitosan chemically as 

chitosan derivatives or physically to be grafted or adhered on a support while maintaining 

the reactivity. Recent research has demonstrated that structured adsorbents, especially in 

the form of monolithic structures, have advantages of mass production, high stability, 

controllable pore structure and operational efficiency [102, 103]. Compared with the 

developed pellets and beads [104-106], an oriented porous structure can dramatically 

reduce attrition and pressure drop of the adsorption column, resulting in a more cost-

effective adsorption process. However, the developed technology of a flow-through 

structure is still limited, which is often material dependent [107], thus inevitably limiting 

their availability.  

The emerging 3D printing technology provides an effective manufacturing method for 

complex structural construction, enabling the optimal design of monolithic bio-adsorbent. 

Although developing a printable chitosan derivative is obviously tedious, simple 

modification of current 3D printing technology enables one to obtain both structural 

support with excellent porosity and functional surface with desired properties [108-110]. 

Recent research demonstrated success in producing functionalized materials/devices by 

simple modifications of current 3D printing technology allowing construction of intricate 

structures with functional surfaces [63, 111-113]. Taking advantage of 3D printing and 
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targeted surface modification, the 3D printed complex architectures can be converted into 

useful devices with new functions. It is, therefore, promising to employ and extend such 

hybrid 3D printing technique to fabricate a 3D chitosan-laden structure for heavy metal ion 

removal. 

Herein, we developed an integrated strategy to make a reusable chitosan filter that can 

adsorb metal ions from solutions multiple times with an optimal structure design to 

maximize the surface area for adsorption. This integrated strategy combined the advantage 

of 3D printing for the optimal porous structure, and surface modification techniques for 

growing chitosan brush layers, which is completed by the epoxide-amine reaction between 

epoxide group and primary amine of D-glucosamine in chitosan [114]. By directly applying 

a coupling agent on the 3D printed materials, one end of the coupling agent ensures a good 

adhesion on the surface of 3D printed structure, while the other end is able to grow dense 

and uniform amino-polysaccharide molecular with primary amine functional groups via 

regio- and stereoselective ring opening of epoxides. A chitosan-laden 3D porous structure 

was finally fabricated, and the high content of amine and hydroxyl groups can take the role 

of adsorbing metal ions due to its polymer chelation properties. In this study, a water 

purification ‘filter’ was demonstrated with superiority of less diffusion resistance, high 

adsorption capacity and fast separation for large volumes of solution. Notably, this 3D 

printed purification-used cellular structure is potential to remove multiple heavy metal ions 

because of chitosan’s high content of amino and hydroxyl groups [100]. In this study, the 

removal of Cu (II) is taken as an example to demonstrate the filter’s capability and 

reusability.   
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2.2 Experimental setup 

2.2.1 Materials 

The acrylate-based UV-curable resin was purchased from Asiga. (3-Glycidyloxypropyl) 

trimethoxysilane (GPTMS, ≥98%), chitosan flakes (85% deacetylated, 140000-220000 

g/mol), (3-Aminopropyl) trimethoxysilane (APS) and Ethylenediaminete-traacetic acid 

(EDTA) were supplied from Sigma-Aldrich. CH3OH (anhydrous, 99.8%), Isopropyl 

alcohol (IPA) and CH3COCH3 (99.8%) were purchased from Caledon. All chemicals were 

used as received except specially noted. 

2.2.2 Fabrication of the chitosan filter 

To prepare the polymer cellular structure, a customized 3D model was designed first using 

a CAD software (SOLIDWORKS). After slicing the CAD model to 2D layers, a DLP 3D 

printer (PICO2, Asiga) was used to create 3D structures by photo-polymerizing the resin 

in a layer-by-layer sequence until an entire 3D object was printed. Afterwards, the finished 

object was ultrasonically rinsed in ethanol for 10 min to avoid any resin and small molecule 

residual on the surface. Finally, a cylinder filter with a diameter of 20 mm and height of 15 

mm was printed. To maximize the working area and water adsorption time, four structures 

were designed with close-arranged hexagonal holes (Fig. 2-1A), round holes (Fig. 2-1B), 

square holes (Fig. 2-1C) and hexagonal holes with a slight skewing between every 200 µm 

layer (Fig. 2-1D), which can allow the fluid to have a better chance of contacting the 

surface. In this study, the minimum dimension a of the hexagonal hole was determined to 

be 300 µm by the chitosan functionalization process (calculated as Appendix S1), which 

can be further decreased by lowing the viscosity and surface tension of processing solution 

if desired. According to the geometric relationship between these four structures, it is easy 
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to calculate the feature size of the rest filters. 

 

Fig. 2-1. Models of 3D printed filter and the structural parameters. 3D printed 

filters were designed with close-arranged hexagon holes (A), round holes (B), square 

holes (C) and skewed hexagon holes (D). Inset illustrated the feature size.   

A layer of coupling agent was coated before grafting the chitosan brushes. Here we used 

epoxy-based silane, GPTMS, as the coupling agent to graft chitosan brushes through 

epoxide-amine reaction. Briefly, an alkali treatment was performed on the cleaned object 

by immersing into a 30% NaOH aq. solution at 60 ℃ for 5 min. This process is to prepare 

a hydroxylated surface for covalent bonding of -Si-OH group. Then, the sample was coated 

with a layer of silane by immersing into the coupling agent solution. The solution was 

prepared by dissolving 3 ml GPTMS into 6 ml IPA, 1 ml APS and 1 ml DI water. After 

that, the treated sample was air-dried and then post-cured at 100 ℃ for 20 min. Next, 

ultrasonic cleaning was performed for the deposited sample in IPA to remove the 

physically adsorbed molecules and impurities on the surface. The samples were then 

washed with DI water and finally dried in the air.  
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The immobilization of chitosan was carried out on the epoxide-derivative surface 

according to Lee’s report [115]. Briefly, the treated sample was immersed into 2 wt% 

aqueous solution (PH~5) of chitosan and the water was evaporated slowly at 60℃ 

overnight (≥10 hours). The sample was then rinsed with an acid solution (PH~5) and DI 

water to remove polymers and impurities physically adsorbed on the surface.              

2.2.3 Adsorption and desorption  

 

Fig. 2-2. Schematic illustration (A) and experimental setup (B) of the chitosan-

deposited filter 

To demonstrate the adsorption process, a metal ion removal device was assembled by 

integrating the treated filter into a 3D printed enclosure (Fig. 2-2). Cu(II) solution of 100 

mg/L was prepare initially to investigate the concentration change before and after filtration. 

The initial pH was adjusted by using 0.1 M HCl and 0.1 M NaOH. The adsorption process 

was performed repeatedly as filtration cycles, and after each cycle, the Cu(II) concentration 

of filtered solutions was analyzed via UV/vis spectroscopy. The adsorbed amount of Cu(II) 

per unit weight of chitosan-coated material K was calculated from mass balance equation 

as follows: 

K=(Co-C1)V/m    (1) 

where Co and C1 denote the initial and final concentration of Cu(II) respectively, V is the 
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volume of the passing flow of Cu(II) solution, and m is the weight of modified 3D structure.   

For the desorption studies, EDTA aqueous solution (0.02 M) was used as an eluent to 

desorb the Cu (II) from the filter. The adsorbed amount is described above as a final 

concentration C1, and the desorbed amount was determined by the concentration of Cu (II) 

ions C2 in the EDTA solution. The desorption ratio τ was calculated by the decrement of 

Cu(II) ions from the filter. Moreover, to verify the reusability, this sorption-desorption 

process was repeated through the same chitosan modified filter.  

Lastly, the desorption ratio τ can be calculated as follows: 

VCC

VC

)( 10

22


    (2) 

where V2 is the volume of the EDTA solution.  

2.2.4 Characterization  

The morphology of the chitosan modified 3D printed sample was observed by scanning 

electron microscopy (SEM, Hitachi S-4500) at a 10 Kv accelerating voltage. XPS was 

conducted by using an Axis Ultra spectrometer (Kratos, UK) to obtain the chemical 

composition of the 3D object during each procedure. For the spectroscopy, a 

monochromatic Al Kα radiation resource was utilized with reference to a binding energy 

of C 1s at 284.8eV. Fourier transform infrared spectroscopy (FTIR, Nicolet 6700 FT-IR 

Spectrometer) was used to verify the grafting of polymer groups as well as to identify the 

functional groups involved in adsorbing Cu(II) ions. The presence of Cu(II) adsorbed on 

the surface of the cellular structure was detected by energy dispersive X-ray spectrometer 

(EDS).   
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2.3 Results and discussion 

2.3.1 Working principle 

Fig. 2-3 describes the fabrication process of the chitosan-grafted 3D printed filter. 

Following the fabrication procedure, the commercial UV-curable resin was polymerized to 

be a highly cross-linked network, and was finally converted into a highly porous 3D 

structure via 3D printing. Subsequently, the -Si-OH functional group in the coupling agent 

was bonded to the substrate covalently. Afterwards, the outmost epoxide group of the 

coupling served as an initiator to grow chitosan via epoxide-amine reaction. Because of the 

formation of covalent C-N bonds between chitosan and the epoxy films, the epoxy-

terminated surface was specifically modified. Finally, a chitosan-coated object with 

complex geometry was obtained.  

 

Fig. 2-3. Schematic illustration of the fabrication of complex 3D architecture coated 

with chitosan for metal ion removal. 
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SEM was used to demonstrate the morphology change before and after the deposition of 

chitosan. The morphology comparison of the untreated (Fig. 2-4A and C) and treated 

objects (Fig. 2-4 B) is evident that the surface of the original object immediately after 

printing is smoother, and distributed with small cavities due to the shrink during the 

polymerization process. While the crack shown in Fig. 2-4E indicates the deposited object 

was covered with a thin layer which is ~micron thick and present in form of folding status 

(Fig. 2-4F). It is noteworthy that the crack of chitosan described here is an extremely 

individual phenomenon. The adhesion between the chitosan layer and substrate is strong 

enough to withstand the adsorption of metal ions which will be justified in later discussion.     

 

Fig. 2-4. SEM images show the change of surface morphology before and after the 

deposition process. Before deposition (A and C), the 3D printed object shows 

relatively smooth surface and with cavities distributed. After the deposition (B, D-

F), a thin crinkly layer was produced.  
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2.3.2 XPS analysis 

XPS was utilized to monitor the fabrication process from the original 3D printed object to 

the final functional material, as Fig. 2-5. As mentioned in Fig. 2-3, functional groups were 

attached to the acrylate-based substrate via a media of terminal epoxide moieties due to the 

silanization of GPTMS molecules. Obvious peaks of Si 2s and Si 2d show up after the 

reaction with a coupling agent containing GMTPS, and they are completely absent in the 

spectrum of the original object after printing, indicating the grafting of GMTPS on the 

surface. The deposited GMTPS enabled the outmost layer of epoxy groups to act as a 

medium to carry out the epoxy-amine reaction with chitosan. The signal of N 1s which 

presents at 396.35 eV and increases from 0.9% to 5.1% verifies the existence of amine 

groups, and indicates a successful formation of chitosan layer on the surface. In addition, 

the Si 2p signal also decreases sharply from 6.3% to 0.7%, due to the shroud formed by 

chitosan. All the evidence demonstrates a uniform and dense chitosan layer was deposited 

on the surface of 3D printed subject.  

 

Fig. 2-5. XPS survey spectra of 3D printed cellular before and after GMTPS 

grafting and subsequent deposition of chitosan. The inset is the Si 2p high resolution 

spectra of GMTPS grafted object. 
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High resolution C 1s XPS (Fig. 2-6A-C) provides a more detailed insight into the chemical 

binding state before and after grafting of GPTMS. It is evident that the epoxy-modified 

surface shows a completely different spectrum from that of the acrylate-based substrate. 

The spectrum is fitted with four components: C-O which features intensely at 286.5±0.3 

eV are ether moieties and epoxide rings respectively [116], and C-C/C-H peaks at 285.0 

eV. The other two components (C=O/O-C=O) and the additional contributions of (C-C/C-

H) are contributed to the acrylate-based substrate (Fig. 2-6D). It is noteworthy that, the 

susceptibility of C-O-containing material to X-ray exposure is the main reason for the 

underestimation of C-O peak area compared to theoretical data.  

 

Fig. 2-6. High-resolution XPS C1s spectra of original 3D printed cellular, GMTPS 

modified and final chitosan-modified cellular (A-C). Representative high-resolution 

XPS peaks of O 1s (D) and N 1s(E) in a chitosan-modified sample. 
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In addition, the percent of Si and O which presents in a ratio of nearly 1:5 also verifies the 

successful integration of epoxy group onto the surface of the 3D cellular structure. 

Representative high resolution XPS of N 1s, O 1s and C 1s shown in Fig. 2-6A, D and E 

demonstrate the chemical binding state of chitosan. The spectrum of C 1s consists of three 

components: main component peaking at 286.5 eV indicates the single bond of C-O or C-

N, while the smaller peak (284.8 eV) shows the typical bound of carbon and carbon to 

hydrogen (C-C/C-H). The smallest cover area near 288.0 eV is attributed to the acetal and 

amide groups. The major O 1s peaking at 532.5 eV represents the oxygen of polysaccharide 

backbone, whereas another peak at 531.0 eV is due to the amide of acetylated function. 

The N 1s XPS spectrum which consists of a main component at 399.5 eV and an affiliated 

contribution near 401.5 eV suggests the presence of non-protonated amine and protonated 

amine. Moreover, Table 2-1 compares the theoretical and measured ratios between molar 

concentrations of elements and functions, and further verifies the success of chitosan 

grafting. 

Table 2-1. Expected and XPS measured molar concentration ratios of chitosan 

Elements Theoretical XPS data 

N/C286.5 0.20 0.17 

N/C288.0 0.84 0.83 

O/C286.5 0.84 0.83 

C287.7/C286.5 0.24 0.20 

(O+N)/C286.5 1.04 1 

(O+N)/(C286.5+C280.0) 0.84 0.84 

C285.0/Ctotal 0.3 0.32 

N/C288.0 0.84 0.85 

2.3.3 Adsorption and desorption 

After the fabrication of chitosan-grafted filter, the efficiency of this material for metal ions 
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removal was investigated. In this study, a lab-made filtration device (Fig. 2-2) was used to 

remove the Cu(II) ions (the size of the filter was 20 mm in diameter and 15 mm in height). 

As shown in Fig. 2-7, the experimental setup was composed of two circulations. One was 

the adsorption by flowing the solution with high concentration through the functional filter. 

The other was the desorption process to desorb the metal ions from the filter by using an 

eluent solution. To test the adsorbability and reusability, each circulation was repeated 

according to the instructions prementioned. Both the adsorbability and desorbability were 

finalized by repeating the filtration process until there was no change of the solution 

concentration.  

EDS was used to measure the existence of Cu(II) ions on the cellular structure. The change 

of concentration of Cu(II) ions in the solution was also detected through spectrophotometry. 

The EDS spectrum of each element after the Cu(II) ion removal was also conducted as Fig. 

2-8. A Cu signal shows up in the sample (6.89 wt%) after the adsorption procedure, but 

was absolutely absent in the original chitosan-grafted sample. This EDS spectrum provides 

direct evidence for the adsorption by the material. EDS spectroscopy was also performed 

on the material after the lavation of EDTA, as shown in Fig. 2-8B, only a small amount of 

Cu(II) ions were residual on the material.  

 

Fig. 2-7. Schematic illustration of metal ion (Cu(II)) removal and absorption-

desorption repeating cycles. 
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Fig. 2-8. EDS of the desorption results by EDTA. (A) EDS data just after Cu(II) ions 

removal; (B) EDS data after desorption of EDTA. 

Influence of temperature and pH. The adsorption experiments were carried out by passing 

50mL of 100 mg/L Cu(II) solution through the filter with a pre-optimized flow rate of 0.12 

ml/min. To optimize the adsorption process, we first investigated the effect of temperature 

and pH on the adsorption efficiency. Because the optimal temperature and pH do not 

change with filter’s hole shape of, here, we take the skew-hexagon filter which has the 

largest porosity as the target object. The results in Fig. 2-9A shows that the Cu(II) 

adsorption on the chitosan-coated filter decreases from 92% to 75% when increasing the 

temperature from 25 to 100℃. This shows a great agreement with other reports [117, 118] 

and can be explained by the fact that the reaction of metal ion removal is an exothermic 

process due to the negative △Ho values during the adsorption reaction [119]. The mobility 

of metal ions is expected to increase with the increase of temperature, resulting in 

desorption and dechelation from the adsorbent. 
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pH is one of the most important variables which affect the ionization and surface 

characteristics of the chitosan. The optimum pH for the adsorption of metal ions by 

chitosan and chitosan derivatives has previously been investigated, and was found in a 

range of 2.0 ~ 6.0 [120]. In this study, we investigated the optimum pH by adjusting the 

initial pH of the solution using 0.1 M HCl and 0.1 NaOH. It is noted that the temperature 

was kept at 25℃ to eliminate the temperature influence according to the results above. The 

optimum pH was observed to be 5.5, as shown in Fig. 2-9B. The low adsorbability in lower 

pH range can be explained in two aspects. For one, the abundance of H+ in the low pH 

solution may compete with the metal ions for the limited functional sites on the adsorbent. 

For another, the functional groups of chitosan-coated material are easily protonated and 

will be positively charged. Thus, the metal ions will show electrostatic repulsion to the 

material surface at low pH. And the fact that higher pH will neutralize or precipitate the 

metal ions and hydroxide will then adversely affect Cu(II) adsorption.   

            

Fig. 2-9. (A) Effect of temperature (pH = 5.5) and (B) pH on the adsorption (T = 

25℃) of Cu(II) on the chitosan-modified 3D filter. 

Adsorption kinetics. The adsorbability with multiple filtration repetitions was investigated 

to find the optimum processing. Fig. 2-10a shows the measurement results under optimized 
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working condition of pH = 5.5, T = 25 ℃. The removal capacity increased with the reaction 

time, and the adsorption rate slowed down with time elapsed until reaching a platform after 

75 min adsorption. Thus, 75 min was selected as a preset time interval for studies on 

adsorption equilibrium in following. Compared with several hours for adsorption 

equilibrium reported frequently, this monolithic structure with oriented porosity has a fast 

adsorption kinetics indicating a high-performance adsorbent (Table 2). As shown in Fig. 

2-10a, the equilibrium adsorption for Cu (II) is 13.7 mg/g of chitosan-coated filter, 

implying a universal practicability for heavy metal ions removal. 

A comprehensive analysis of adsorption rates is helpful to guide the practical operation. 

Therefore, a quantitative kinetic analysis was conducted to get an insight of the adsorption 

rate and the adsorption mechanism. The pseudo-first-order equation (PFO, Eq.3) and the 

pseudo-second-order equation (PSO, Eq.4), which are the most frequently used in the 

kinetic analysis of adsorption, were adopted here to analyze the filter’s performance. 

𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡 (3) 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

1

𝑞𝑒
𝑡      (4) 

where, qe and qt are the adsorption capacities at equilibrium and at time t (min), respectively. 

k1 and k2 are the rate constant of PFO adsorption and PSO adsorption. Here, the rate 

constants k1, k2 and equilibrium capacity qe were calibrated together to get a convincible 

evaluation result based on the correlation coefficient. And the deviation between the 

calculated qe and experimental data was adopted to evaluate the preferred equation. 

According to Fig. 2-10, although both PFO and PSO describe the fast adsorption stage very 

well, PFO model can obtain a qe closer to the experimental data than that from PSO model, 
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and evidently, gives a better fit for the experimental kinetic data.  

  

Fig. 2-10. Comparisons of experimental and fitted results according to pseudo-first-

order kinetics model (A) and pseudo-second-order kinetics model (B). 

Generally, the adsorption and desorption of adsorbates (denoted as A) in solution can be 

described as [119]: 

A + ∗ 
𝑘𝑎
← 

𝑘𝑑
→  A(a)  (5) 

ka is the adsorption rate constant, while kd is the desorption rate constant, and ∗ stands for 

the vacant site of the working material. According to Azizan’s theory [121], this general 

equation can convert to either a PFO model at a high initial concentration of solute or a 

PSO model at a short contact time. The validity of the PFO may support the surface 

adsorption as a rate-controlling mechanism, for the initial concentration in our experiments 

was relatively high and the concentration change during adsorption was small. The initial 

adsorption rate can be calculated from k1·qe according to Fig. 2-10a, that the adsorption 

rate of Cu (II) is 2.2 mg/(g·min), indicating a superior adsorption kinetics compared with 

literatures [122-125].  

Moreover, compared with the developed pellets and beads which have drawbacks of 
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complicate synthesis, low yield and technical complexity for adsorption, the 3D printed 

monolithic structure takes advantages of high yields, fast reaction and easy scale-up, 

leading to a more practical application in wastewater treatment. Table 2-2 representatively 

compares the adsorption capacities of chitosan-based materials for the removal of Cu (II) 

from aqueous solutions. It is noted that, although chitosan takes up a weight proportion 

nearly two orders of magnitude lower that of other adsorbents, the 3D printed filter present 

a comparable equilibrium adsorption capacity, indicating a high advantage of working 

efficiency. 

Table 2-2. Comparison of adsorption capacities of chitosan-base materials for the 

removal of Cu (II) from aqueous solutions. 

Materials Form Qe 

(mg/g) 

k1·qe 

(mg/g·min) 

Production 

/ h  

Reaction 

time 

Reference 

Carboxymethylated CS-

bound Fe3O4 nanoparticles 

nanoparticles 21.5  20            ~mg 1-60min [126] 

Chitosan-coated sand particles 8.18 0.01 ~mg ~24h [127] 

Chitosan-coated magnetic 

particles 

Nanoparticles 35.5 - ~mg ~8h [128] 

CS-MWCNTNH membrane 12.89 9.9 ~mg ~24h [129] 

N-HAP/chitosan microparticles 113 0.57 ~mg ~24h [118] 

CS- filter monolithic 

structure 

13.7 2.2 g - kg 75 min This study 

Adsorption isotherms. A serial of adsorption equilibrium experiments were further 

conducted at the optimal working condition to establish the relationship between the 

adsorption capacity and Cu (II) concentration, as shown in Fig. 2-11a. The experimental 

data were then used to fit the Freundlich (Eq.6) and Langmuir isotherm model (Eq. 7), 

which are the most frequently used isotherm models, as Fig. 2-11b.  

𝑙𝑛 𝑞𝑒 = 𝑙𝑛𝐾𝐹 + 𝑛 ∙ 𝑙𝑛𝐶𝑒 (6) 
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𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚
𝑏 +

𝐶𝑒

𝑞𝑚
  (7) 

where qe (mg/g) is the adsorption capacities at equilibrium, Ce (mg/L) is the Cu (II) 

concentration at equilibrium, KF (L/mg) is the Freundlich constant, n is the heterogeneity 

factor. b (L/mg) and qm (mg/g) are the Langmuir coefficients, indicating an adsorption 

equilibrium constant and a monolayer capacity, respectively. Freundlich model describes 

the adsorption on an energetically heterogeneous surface where the adsorbed molecules are 

interactive, while Langmuir model interprets a monolayer adsorption on an energetically 

uniform surface where the adsorbed molecules are not interactive [119].  

All the calibrated results are listed in the Fig. 2-11a, and the fitting behaviors are described 

as Fig. 2-11b. It is found that the adsorption of Cu (II) fits the Langmuir model better than 

the Freundlich model, the former presents a square error R2 as > 0.99, while the latter is 

just ~0.90. The reason for the better agreement with Langmuir isotherm model lies in: 1. 

the dominant interaction for adsorption is a short-range interaction same to chemisorption; 

2. the active sites on the filter distribute homogeneously. 

Desorption and reusability study. For the desorption process, EDTA (0.02 M) was used as 

the chelating agent to desorb the metal ions from the filter. According to Fig. 2-12a, it was 

found that, due to the high chelation ability to metal ions, EDTA can desorb > 90% 

desorption of Cu(II) ions from the filter after 15 min, and finally obtains the maximum 

desorption capacity of 92%. What is more, the used EDTA can be further recycled after 

the precipitation of the metals by a well-established procedure using combination of Na2S 

with Ca(OH)2 [130].  
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Fig. 2-11. Adsorption isotherms of Cu (II) by chitosan-coated filter (A), and the 

Freundlich (B) and Langmuir (C) isotherm plots. 

The adsorption–desorption cycles were performed to investigate the potential of chitosan-

coated filter for real applications. Fig. 2-12b shows the reusability of the chitosan-modified 

filter. It is clear to see that the material presented the best adsorption during the first 

filtration and the efficiency become steady from the second filtration. The efficiency of 

desorption remains around 91%, indicating that there are still metal ions residual on the 

filter after the desorption, and the saturation of ions adsorbed onto the limited functional 

sites will limit further adsorption. Therefore, the following filtration can present a relatively 

constant adsorbability from the second adsorption. Fig. 2-12b shows the adsorbability K 

of a filter decreases slightly from an initial adsorbability of 13.7 mg/g to around 11 mg/g 

in the following 4 repetitions of the absorption-desorption process and then keeps relatively 

steadily, which is also comparable with the other adsorbents. Also, the surface change 

before and after the five adsorption-desorption cycles was compared to verify the durability 

of this chitosan-loaded surface. 
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Fig. 2-12. (A) Desorption capacity of EDTA to the Cu (II), T=25oC, pH=5.5. (B) 

Reusability profile of the chitosan-modified material in adsorption and desorption 

repetition with the optimum working condition (T=25oC, pH=5.5) 

As shown in Fig. 2-13, the chitosan layer has no obvious change after cycles of purification 

because the covalent C-N bonds between chitosan and the epoxy films are strong enough 

to withstand the dissolution at acidic condition, leading to a robust adsorption performance.   

 

Fig. 2-13. SEM images of the chitosan-loaded surface before (A) and after five 

adsorption-desorption cycles (B). 

Structural influence on the adsorbability. The adsorbability is expected to increase with 

filter’s porosity. To verify the assumption, we repeated the adsorption experiment on the 

filters of four hole shapes. For each filter, three samples were prepared to get the average 
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maximum adsorbability. Briefly, all the filters were tested by passing Cu(II) solution of 100 

mg/L. And the temperature and pH were kept at the optimum conditions T = 25 ℃, pH = 

5.5, respectively. Fig. 2-14 shows the filter of skew-hexagon holes provides the largest 

adsorbability of 13.2 mg/g, while the filters of round and square holes can only reach to 

9.3 mg/g and 9.8 mg/g, respectively. The results present a positive correlation with the 

filter’s porosity, and verify the assumption that the adsorbability increases with filter’s 

porosity. That is because the effective area increases with the porosity, and results in a 

proportionate increase of the working chitosan.  

 

Fig. 2-14. Comparison of adsorption capacity of filters with different hole shapes 

(T=25oC, pH=5.5). 

2.3.4 Mechanism analysis 

FTIR analysis was conducted to analyze the mechanism of metal ion adsorption, and 

confirm whether it is the amine and hydroxyl groups that work to adsorb the metal ions, 

and then eliminate the possibility of physical absorption. Fig. 2-15 shows the FTIR spectra 

of the chitosan-coated sample before and after ion adsorption. It clearly shows that the -N-

H peak at 1630 cm-1 shifts to 1614 cm-1, and 3420 cm-1 shifts to 3370 cm-1 after the 

absorption of Cu(II), indicating that NH2 plays a role in adsorbing metal ions. Furthermore, 
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a new peak also appears at 1324 cm-1 in the spectrum of the sample after Cu(II) adsorption, 

which presents the characteristic band of the association between chitosan and Cu(II). 

Since the peak of 1324 cm-1 corresponds to C-N stretching vibration [131], the Cu(II) 

adsorption is implied to affect the bonds of the N atom. All these evidences verify that -

NH2 and -OH are involved in the adsorption of metal ions.  

 

Fig. 2-15. FTIR spectra of chitosan-modified cellular before and after Cu(II) ions 

absorption. 

2.4 Conclusion  

In this study, an effective method was demonstrated for heavy metal ion removal by 

integrating a hybrid 3D printing technology with bio-adsorption. By combining the 

advantages of 3D printing for geometry construction and the high efficiency of bio-

absorption in heavy metal ion, it enables to fabricate a 3D chitosan ‘filter’ with great 

reusability. Four kinds of filters were prepared to obtain the optimal structural design, and 

it was found the filter of skew-hexagon holes provides the largest adsorbability.  

Compared to conventional bio-sorbents, it offers advantages of simplified manufacturing, 
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customized design and fast treatment. Furthermore, it can achieve a considerable 

adsorption capability of up to 13.7 mg/mg in the optimal working condition at T = 25oC 

and pH = 5.5, which shows promising prospect in a mass application of wastewater 

treatment. By repeating the adsorption-desorption process, the adsorbability remains 

relatively steadily in repeated filtrations, with only a slight reduction of ~2 mg/g after the 

first filtration cycle. FTIR spectra indicate that it is the -NH2 and -OH groups of chitosan 

that facilitate the adsorption process and shows potential compatibility of adsorbing other 

metal ions [120]. Therefore, the application in this study can be employed for the removal 

of more kinds of heavy metal ions. 

Appendix 1 

The minimum dimension a of the hexagonal hole (Fig. 2-1) was determined by the surface 

tension of chitosan solution. Suppose a drop of chitosan solution has a radius r, then the 

pressure difference between the inside of the drop and the outside is: 

                            ΔP=2 /r                          (1) 

Where  is the surface tension of chitosan solution. 

To calculate the hole size of the 3D printed filter, one needs to work out the pressure at the 

hole and equate it to the pressure (1). The pressure working on the surface of the object 

depends on the immersion depth when depositing the 3D printed object in chitosan solution. 

It is calculated as ρgh, where ρ is the density of the chitosan solution (measured as 1.22 

g/cm3) and g is the acceleration due to gravity (9.81m/s2). Let the two pressures equal to 

each other, it has  
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                               ρgh=2 /r                          (2)  

According to the measurement =193mN /m, and supposing the immersion depth as 30 

cm, the minimum radius of the hole is calculated as 200 µm. Thus, the feature size a was 

determined as 300 µm. Based on the resolution of the 3D printer, the distance 𝒕 was set 

to 120 µm. 
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Chapter 3 

3 Development of an initiator-integrated 3D printable 

material system (i3DP) 

In this chapter, a 3D printable material system was developed by introducing an initiator 

into a customized UV-curable resin for functional 3D printing. Surface-initiated atom 

transfer radical polymerization (SI-ATRP) is employed to enable a generic post-printing 

modification for the fabrication of functional materials. By taking advantage of both 3D 

printing and SI-ATRP, with one material system, it is feasible to fabricate complex 

architectures along with obtaining desired functions for various applications. Compared 

with other 3D printing technology, like the printed filter in Chapter 2, this technology is an 

all-in-one 3D printing method to fabricate objects with a modifiable surface that can be 

easily tuned to realize various functionalities.  

3.1 Introduction 

3D printing technology has emerged as a powerful manufacturing tool, allowing one to 

create sophisticated, customer-required and low-cost products, which were either 

impossible to manufacture or traditionally fabricated using complicated procedures and 

facilities. Different types of printer and printing technology are being developed to meet 

various demand. However, a universal 3D printing process, which can meet multiple 

requirements for various applications by one 3D printing approach, is nearly impossible. 

Two possible approaches are suggested to address the challenge, one is developing specific 

printing strategies together with many different material systems, and the other is 
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developing a new 3D printing material system to produce all functional materials/devices. 

The former is obviously costly and time-consuming, which also requires the support of 3D 

printer, while the latter is verified to be accessible through an integrated strategy. As a 

matter of fact, the very recently developed integrated 3D printing approach [78, 79, 132], 

has verified this strategy in applications of biomedical science, composite and electronics. 

As identified in the Introduction part, embedding fillers in a polymeric matrix could 

improve the 3D printed objects properties but usually causing the printing process more 

difficult. Considering this drawback, we proposed a strategy to obtain desired functional 

materials/devices by in situ generation of functional surface after the printing process. 

Compared to the existing technologies that can only server for a specific application by 

developing treatments individually, this integrated strategy can enable the printed parts 

with modifiable surfaces which can easily be formed to functional materials with various 

properties. For example, a vinyl-terminated halide that can induce atom transfer radical 

polymerization can enable the 3D printed object to have an easily modifiable surface by 

growing various polymer brushes via surface-initiated polymerization. These resultant 

polymer brushes can either act as a medium to grow other organic or inorganic functional 

coating, or even as a functional coating directly. Particularly, all these functional coating 

can be induced upon the same surface-initiated polymer, indicating the 3D printing material 

itself plays a role as a “stem cell” for making 3D architectures with desired surface 

properties in a cost-effective manner. 

In this study, a customized 3D printable material system is developed, which is applicable 

for all types of photo-polymerization based 3D printing routes, including DLP, SLA, 

polyjet and other emerging technologies. It has significantly extended the capacity of 

current 3D printing technology. 
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According to the comparison of different 3D printing processes described in Chapter 1, the 

photo-polymerization based approach has combined the advantage of easy-to-use and high 

resolution, along with a relatively large area and an acceptable cost. More importantly, for 

industrial application, the photo-polymerization method has made a great progress, which 

has great potential to become a new manufacturing technique in the coming world of 

Industry 4.0. It is therefore, in this study, the newly developed material system is based on 

a 3D printing technology of photo-polymerization principle.  

3.2 Working principles 

Fig. 3-1The material is developed according to the principle of atom transfer radical 

polymerization (ATRP), which has been proven to be robust and widely used to grow multi-

functional surface [133-135]. Typically, a vinyl-terminated halide as the initiator (part D) 

is added into the UV-curable resin which is mainly composed of acrylate-based pre-

monomer (part A, part B), cross-linking agents and phosphine oxide-based photoinitiator 

(part C). Herein, to exemplify the working capability, a vinyl-terminated initiator (2-(2-

bromoisobutyryloxy) ethyl methacrylate (BrMA) was mixed with resin base composed of 

pentafunctional monomer, diacrylate oligomer and Diphenyl(2,4,6-trimethylbenzoyl) 

phosphine oxide (Fig. 3-1). The mixed resin will be polymerized to highly cross-linking 

networks after 3D printing process and result in a 3D printed object with initiator both 

exposed on the surface and in the structure. Subsequently, the outmost Br will initiate the 

ATRP process to grow a variety of polymer brushes with desired functions.  

3.3 Preparation of initiator-integrated resin 

The resin base was composed of pre-polymers including 39.5 wt.% di(trimethylolpropane) 
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tetraacrylate, 39.5 wt% uethoxylated pentaerythritol tetraacrylate and 20 wt.% 2-

[(butylcarbamoyl)oxy] ethyl acrylate with 1.0 wt.% (2,4,6-Trimethylbenzoyl-diphenyl-

phosphineoxide) as the photo-initiator. From the view point of ATRP, 5 wt.% 2-(2-

bromoisobutyryloxy) ethyl methacrylate BrMA is the minimum concentration to prepare 

the initiator-integrated resin for a successful grafting for the polymer brushes [133]. Thus, 

the customized resin was prepared by adding 5 wt.% BrMA which is a standard mixing 

concentration in the following study, into the acrylate-based pre-polymers, mixed well, and 

degassed for 1h in the dark. 

 

Fig. 3-1. Schematic illustration of the preparation of initiator-integrated UV-curable 

resin and the surface modification of 3D printed object via SI-ATRP. 
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3.4 Characterization 

The objective is to achieve a robust integration of the initiator with the 3D printed object 

for the following functionalization. To verify the effectiveness of this initiator-integrated 

material, X-ray photoelectron spectroscopy (XPS) was utilized to detect the chemical 

component of the 3D printed object from both basic resin and the customized resin.  

A DLP 3D printer as Fig. 3-2 [136] (PICO2, Asiga) was used to print architectures via 

photo-polymerizing the acrylate-based liquid resin. A digital projector screen was used to 

flash a single image of each layer and a final 3D architecture is formed by repeating this 

process. After printing, both structures were thoroughly cleaned with methanol in an 

ultrasonic bath to remove the physical residual groups on the surface and ensure the 

accuracy of characterization. Fig. 3-3 clearly shows that, the initiator-integrated object has 

a rising characteristic peak of Br, which was absent in the object printed by the basic resin. 

In addition, the distribution of Br in the printed object was also analyzed in the internal 

structure, which was cut off from different locations. The results in Fig. 3-3B indicate that 

the initiator distributes in both the outmost surface and all the locations inside the structure. 

Therefore, uniform coverage of the initiator throughout the whole object guarantees the 

following grafting of polymer brushes.  

 

Fig. 3-2. Experiment used DLP 3D printer, and the 3D printing process via a layer-

by-layer sequence. Reproduced with permission from [136]. 
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Fig. 3-3. XPS spectra of UV-cured sample. (A) UV-curable resin before and after 

initiator-integrated. (B) Br signal from the outmost surface and the internal part. 

3.5 Printability  

It is crucial to investigate the influence of the integrated initiator on the printability, and 

find out the optimal concentration for 3D printing and functionalization use. It is expected 

that the newly customized resin will have the same printability as that of original resin. 

Here, the printability is determined by the printing quality compared to the control resin 

which is without initiator integrated. The transparent initiator in the pre-polymers is 

assumed to have a minimum or no influence on the absorption of UV light. A standard test 

model was designed and fabricated as Fig. 3-4A to verify the assumption by comparing 

the printability of original resin and the initiator-integrated resin. The test model contained 

five areas of different printing features arrays, including square trusses, rectangular-shaped 

holes and circular holes. Specifically, in area 1, the square trusses were aligned with the 

printing direction, and the smallest dimension was 50 μm for side length and 5 mm for 

height. All the features in the rest areas were designed to be perpendicular to the printing 

direction. In area 2, circular holes were distributed with diameters from 100 μm to 1 mm, 

and with a depth of 4 mm. Area 4 was distributed with similar circular holes to area 2, but 
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the depth was designed to be 1.5 mm. Area 3 and 5 were distributed with rectangular holes, 

for which the smallest dimension was 100 μm, 1 mm and 1.5 mm for width, length and 

depth.  

 

Fig. 3-4. Printability of initiator-integrated resin. (A). CAD model. (B) 3D object by 

original clear resin. (C) 3D printed object of clear initiator-integrated resin. (D-E) 

3D printed objects by initiator-integrated resin with the addition of pigments.  

After printing, no visible difference was found between the control part (Fig. 3-4B) and 

initiator-integrated part (Fig. 3-4C). The printing process of both resins were conducted by 

the same setting, allowing one to analyze the influence on the absorption of UV-light.The 

results further imply that, it is the structural design and 3D printing process itself that result 

in the blocked holes rather than the addition of initiator, and initiator does not cause a 

negative effect on the printability. 

Table 3-1 summarizes the printability comparison of UV-curable resin with and without 

initiator-integrated. It verifies our speculation that the introduction of initiator does not 

affect the printability, and implies that the initiator-integrated resin can work under the 

same printing setting as the original resin which does not have initiator.  

Scanning electron microscopy (SEM) was also conducted to detect the printing resolution 
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as shown in Fig. 3-5. It was found that the smallest holes in both objects were not through. 

Two main reasons for the blocked holes are that, the printing direction will influence the 

resin’s flow in the holes and the scattering property of light will cure the resin in the 

perpendicular direction. The latter can be optimized through adding additives, like pigment, 

to enhance the printing resolution [137]. Fig. 3-4D and Fig. 3-4E are examples of 3D 

printed objects with pigment added, which also demonstrate initiator’s compatibility in 

preparing colorized resin. The results further imply that, it is the structural design and 3D 

printing process itself that result in the blocked holes rather than the addition of initiator, 

and initiator does not cause a negative effect on the printability. 

Table 3-1. Comparison of the printability after the integration of initiator. 

features Control resin  Initiator-integrated resin note 

Area1 (μm) 80  80  

Area2 (μm) 100 100 Not through 

Area3 (μm) 100 100 Not through 

Area4 (μm) 100 100 Not through 

Area5 (μm) 100 100  

 

Fig. 3-5. SEM images of feature arrays to investigate the printing resolution. (A-B) 

Side view and top view of square trusses. (C) Circular holes. (D) Rectangular holes. 

Scale bars: A 50 μm, B 100 μm, C and D 150 μm. 
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3.6 Mechanical properties 

Mechanical properties are also of great significance when developing a new material. 

Desired modifications are regarded as those which will not sacrifice one property to 

enhance another. We assume that, although the attachment of initiator to cross-linkers 

would decrease the degree of cross-linking more or less, one could reduce the influence by 

carefully choosing the ratio of A/B/C/D and introducing a proper content of initiators into 

the network. In fact, as a random cross-linking process, the network formation during the 

polymerization is not 100% completed even without the initiator added, but always has a 

small amount (<5%, w/w) of unreacted functional groups left [138]. It is expected that the 

introduction of initiator will not cause a significant change of the mechanical property 

because: 1. The initiator only takes up a small proportion to the material system; 2. the 

vinyl-groups contained in initiator are expected to take part in the photo-polymerization 

process and cross-link with acrylate-based monomers [63]. 

To verify our speculation, uniaxial tensile tests were conducted to compare the mechanical 

behaviors of the objects printed by original resin and customized resin. Standard test 

samples designed as Fig. 3-6 were fabricated to conduct the tensile test. All tests were 

performed with a servo-electric INSTRON 8862 frame, equipped with a FastTrack 8800 

controller and a National Instrument SCXI Data Acquisition system.  

 

Fig. 3-6. Test specimen for axial tension experiment. 
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Fig. 3-7. Influence of the initiator on the mechanical properties of 3D printed parts. 

(A) Stress-strain curve of the initiator-integrated specimen under axial tensile test. 

(B) Comparison of the tensile strength of the samples with and without initiator-

integrated. (C) Comparison of Young’s modulus of the samples with and without 

initiator-integrated. 

The deformation behavior of initiator-integrated sample is shown in Fig. 3-7A, which 

describes a typical mechanical behavior of elastic deformation and was constant with the 

sample containing no initiator. In addition, the elongation remains ~0.27 which is relatively 

unchanged after the addition of initiator. Fig. 3-7B and C plot the quantitative comparison 

of the tensile strength and Young’s modulus. Apparently, the addition of initiator does not 

cause a side influence same as other reports in which the addition of small molecular 
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usually result in a negative influence on the mechanical properties [139-141]. In conclusion, 

the mechanical test verifies that the addition of initiator causes no obvious change on the 

mechanical property of the initiator-integrated 3D object. 

3.7 Functionalization  

The distribution of Br in the 3D object enables the SI-ATRP process to grow polymer 

coatings. Here we take two representative monomers as examples to demonstrate initiator’s 

capacity of growing polymer brushes on the surface. One is 1H,1H,2H,2H-perfluorodecyl 

methacrylate (PFMA) which is expected to result in a surface with low surface energy, and 

the other is 2-(methacryloyloxy)ethyl-trimethylammonium chloride (METAC) which can 

act as a polyelectrolyte layer to assist the electroless plating process.  

3.7.1 Experiment setup  

Materials. The customized resin was prepared as that described in 3.3. Briefly, 5 wt% 

BrMA was mixed well with the resin base composed of acrylate-based pre-polymers 

(Asiga), and degassed for 1h in the dark. All other chemicals and solvents were obtained 

from Sigma Aldrich and used as received except that CuBr was purified by reflux in acetic 

acid. PFMA and METAC were passed through an aluminum oxide column to remove 

inhibitors prior for use.  

Initiator-integrated architectures by 3D printing. The initiator-integrated objects were 3D 

printed following the instruction described in 3.4. Briefly, a 3D model was first designed 

by Solidworks (Dassault Systèmes), and then digitally sliced into 2D layers for the 

subsequent solidification, which was conducted in a DLP 3D printer. Since the initiator has 

no negative effect on the printability, the initiator-added resin was polymerized with the 
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same parameters as the commercial resin base. After ultrasonically rinsing for 5 min in 

ethanol, the 3D printed objects were dried by a mild nitrogen flow and UV-post cured for 

5 min. 

SI-ATRP process. For the grafting of PFMA, 1.56 g of PFMA was added in 15 mL of 

dimethylformamide (DMF) under stirring with Argon protection for 20 min. Then, 78 mg 

of N,N,N’,N”,N”-pentamethyldiethylenetriamine and 42 mg of CuBr were added to the 

solution. The mixture was then degassed by Argon flow under stirring for 20 min before 

syringing into Schlenk tube where a 3D printed object was already placed. 2 h of 

polymerization was conducted. After the polymerization, all the samples were ultrasoundly 

rinsed with methanol and water, dried using Ni flow, and heated at 60 ℃ in vacuum 

overnight. 

For the grafting of METAC, a typical process follows as: commercially available METAC 

was dissolved in methanol at 20 °C by a weight ratio of 1:1, and the resultant solution was 

degassed for 20 min by passing a continuous stream of dry N2. Then 2,2-Dipyridyl (24 

mg/ml) and CuBr (6 mg/ml) were added to the solution. After stirring and degassing the 

mixture with a N2 stream for 15 min, the 3D printed initiator-integrated samples were 

carefully immersed into the solution. The polymerization was performed at 60 °C under N2 

protection for 4 h. Once completed, the resultant samples were washed with methanol and 

water, and then dried with a stream of N2. 

3.7.2 Characterization 

Surface information of chemical composition was obtained by X-ray photoelectron 

spectroscopy (XPS). The measurement was carried out by a Kratos Axis Ultra spectrometer 

using a monochromatic Al Kα radiation source. The binding energy was referred to the C 
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1s line at 284.8 eV from an adventitious carbon. 

3.7.3 Results and conclusion  

Fig. 3-8 is the XPS spectra of PFMA and METAC grafted objects via SI-ATRP. As shown 

in Fig. 3-8A, the strong F 1s signal at 689.4 eV and the high-resolution spectrum of C 1s 

which demonstrates the atom% of the initiated chemical components by SI-ATRP is very 

close to the theoretical values of poly(PFMA) [63], suggest a successful grafting of 

poly(PFMA). In addition, the P decreases sharply from 4.0% to almost zero (compared to 

Fig. 3-3) further implies that a dense layer of poly(PFMA) was covering the object’s 

surface.  

As shown in Fig. 3-8C, the presence of N is attributed to the formation of poly(METAC) 

coating, for the sharp increase of N signal from 1.0 to 6.5% indicates the growing of a 

PMETAC coating on the surface of 3D printed object. In addition, the atom % of P nearly 

disappears from 4.0%, suggesting that a dense PMETAC surface coating was formed. All 

these evidence indicate that a uniform and dense PMETAC coating was grafted on the 3D 

printed object through the SI-ATRP.  
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Fig. 3-8. XPS spectra of two representative polymer coatings growing by SI-ATRP. 

(A) XPS spectrum of poly(PFMA). (B) high resolution spectra of C 1s. (C) XPS 

spectrum of PMETAC.  

The described generic post-printing surface modification via SI-ATRP allows the 
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realization of various functional materials which can be designed with complex structures 

when incorporating the design flexibility of 3D printing. For example, a micromesh which 

was designed with a feature size of 400 μm was functionalized to be hydrophobic after the 

grafting of poly(PFMA), as shown in Fig. 3-9. In addition, the surface quality is excellent, 

no crack or delamination was found. The proposed all-in-one 3D printing method that 

combines the merits of the building flexibility of 3D printing and the high-compatibility of 

SI-ATRP surface modification enables an easy approach to functionalize 3D printed 

structural materials, which are believed to have broad applications in a lot of fields. 

 

Fig. 3-9. Hydrophobicity of poly (PFMA) grafted micromesh. Inset is the SEM of 

hexagonal mesh holes.  

3.8 Extending functions based on the polymer grafting  

3.8.1 Metallization of 3D printed objects 

Preparation of PMETAC-coated object. The polymerization of METAC was conducted 

following the procedures described in 3.7.1. Briefly, a mixture of METAC and methanol 

was prepared under N2 protection for 20 min. 2,2-Dipyridyl and CuBr were subsequently 

added into the solution. An initiator-integrated object was immersed into the resultant 

solution at 60 ℃ for 4 h.         
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Electroless Plating (ELP) based PMETAC. Two representative metal coatings, Ni- and 

Cu-coating, were deposited to showcase the metallization of 3D printed objects. Typically, 

the PMETAC-coated samples were immersed into a 5 mM (NH4)2PdCl4 aqueous solution 

for 15 min. After PdCl4 
2− moieties immobilizing onto the brushes by ion exchange and 

rinsing thoroughly with water, the samples were immersed into the house-made plating 

bath to obtain metallic architectures.  

The ELP of Ni was prepared as: two plating bath solutions were prepared separately, one 

consisted of 40 g/L of Ni2SO4·5H2O, 20 g/L of sodium citrate, and 10 g/L of lactic acid, 

and the other was 1 g/L of dimethylamine borane (DMAB) in water. The stock solutions 

were prepared in a 4:1 volume ratio as a final electroless bath.  

The Cu plating bath contained a 1:1 mixture of freshly prepared solutions A and B. Solution 

A consisted of 12 g/L of NaOH, 13 g/L of CuSO4·5H2O, and 29 g/L of NaKC4H4O6·4H2O. 

Solution B was an aqueous solution of 9.5 mL/L of HCHO.  

 

Fig. 3-10. Ni- and Cu-coated microlattices through polyelectrolyte-brush assisted 

metal deposition. (A-B) Ni-coated microlattice and SEM image of the Ni coating. (C-

D) Cu-coated microlattice and SEM image of the Cu coating. 

Results and discussion. Fig. 3-10 shows the resultant Ni- and Cu-coated microlattices. 
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SEM was conducted to investigate the surface morphology of the metal layer. It is found 

that the lattice was coated with a layer of Ni (inset of Fig. 3-10B) after1h of ELP, which is 

composed of dense particles and covers uniformly the entire lattice surface. Also, it shows 

the lattice was built layer-by-layer, and the connections are excellent, without any cracks 

or delamination, indicating a robust microlattice. Similarly, a Cu-coated microlattice was 

also fabricated as Fig. 3-10C which is composed of nanoparticles with diameters of ca. 

100−200 nm (Fig. 3-10D) and present a uniform coverage over the lattice material. 

Compared with the flat surface in the X and Y directions, the column in the Z direction is 

rougher with obvious layer patterns, because the polymerization layers were stocked in Z 

direction during the 3D printing process.  

This polyelectrolyte-brush assisted metal deposition is highly dependent on the ELP time 

[142]. Normally, 15~20 min of ELP can produce a Cu-coated surface with uniform 

coverage, and the thickness of Cu layer are ca. 140 and 230 nm, respectively, whereas the 

Cu layer obtained at 10 min of ELP has a thickness of ca. 100 nm, but cannot completely 

cover the surface [112]. Obvious defects can be found in the Cu layer after ELP of 10 min. 

This indicates that at least 15 min of ELP is necessary to produce a Cu-coated architecture 

with a uniform metal coating.  

Notably, it is able, assisted with the computer-aided process, to fabricate other desired 

metallic objects. For example, metallic model of Eiffel towers which have not only the 

shape but also the details were realized for the first time using a 3D printing approach [112]. 

Moreover, the polymer core of the metallic architectures can be etched away to obtain 

ultralight metallic materials, seen as Chapter 6 for more details. 
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3.8.2 Conductive hydrogel enabled by SI-ATRP  

Preparation of initiator-integrated hydrogel. 4 wt% BrMA was mixed well with a resin 

base that was composed of Poly(ethylenglycol)diacrylate (PEGDA, 70 wt.%), 29 wt.% 

H2O and 1 wt.% photoinitiator of Phenylbis-(2,4,6-trimethylbenzoyl)-phosphine oxide. 

Here, the initiator concentration was optimized to be 4 wt.% according to the pre-polymer’s 

proportion. After degassing for 30 minutes in the dark, the customized resin containing 

initiator was ready for printing. The 3D printing was performed in the same way as that 

described in 3.4. CAD models of microlattices were first designed and converted to STL 

files, and then built to hydrogel samples after 3D printing.  

Fabrication of 3D poly(pyrrole-co-formyl pyrrole) (P(Py -co-FPy)) by SI-ATRP. The 

preparation of P(Py-co-FPy) layer was carried out according to Abbasian’s report [143]. 

Briefly, 2 M Pyrrole (Py) and 2 M Pyrrole-2-carboxaldehyde (FPy) in chloroform solution 

(10 ml) were added dropwise into 100 ml of deionized water, and stirred the solution for 

30 minutes. Then, an acid catalyst, trifluoroacetic acid (TFA) (6.63 ml, 0.0866 mole), was 

added into the solution. After a complete dissolution under stirring, CuCl (0.015 g, 0.158 

mmol) and bpy (0.07 g, 0.47 mmol) were subsequently added. The system was degassed 

to remove oxygen by stirring the solution under nitrogen for one hour. The 3D printed 

initiator-integrated hydrogel samples were immersed into the mixture. After the 

polymerization was carried out for about 24 hrs at room temperature, the resulted objects 

were washed with water and methanol for 5min.  

Characterization. Sample resistivity was measured by using a Keithley-238 High Current 

Source Measure Unit (voltage range ±10 V, step 0.1 V) realizing a two-point contact setup 

with copper electrodes on the two opposite basal sides. Morphology of the 3D printed 

materials after the interfacial polymerization of P(Py-co-FPy) was detected by SEM 
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(Hitachi TM3030Plus). 

Results and discussion. Optical microscopy and SEM of the P(Py-co-FPy) coated structure 

are shown in Fig. 3-11. A well-defined hydrogel microlattice was fabricated via the 

functional 3D printing, and it was with good building accuracy. Moreover, the post 

polymerization of the P(Py-co-FPy) on the structure causes no influence on the printing 

resolution during the process step, and it clearly shows the structure is without any breaks.  

The SEM shows details of P(Py-co-FPy) grafting on the surface. A flowerlike pattern 

shows up and becomes rougher, and is with big porosity (Fig. 3-11C, D). One surmise is 

that high concentration of FPy and Py monomers in the solution result in a faster 

polymerization rate, and thus a more uneven distribution of P(Py -co-FPy) was produced 

[144].  

The influence of P(Py-co-FPy) on the resistivity was evaluated by electrical measurements. 

As plotted in Fig. 3-12, the presence of P(Py-co-FPy) decreases the film resistivity of one 

order of magnitude or more compared with the control film without P(Py-co-FPy) 

indicating a layer of P(Py-co-FPy) was successfully formed and covered the surface. In 

addition, the obtained resistivity values are comparable with that in the literature [145], 

which further evidence that functional 3D printing is capable of forming conductive 

polymers.  
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Fig. 3-11. Functional 3D printed hydrogel-microlattices. (A) 3D printed PEGDA 

(60%) microlattice. (B) Microlattice with P(Py-co-FPy) grafted. (C-D) High 

resolution SEM image of the P(Py-co-FPy) brush. Scale bar of C: 200 μm, D: 10 μm. 

 

Fig. 3-12. Semilogarithmic plot of I/V measurements and resistance evaluation for 

P(Py-co-FPy) coated object (a plate was fabricated via the same procedures as the 

microlattices). 

3.9 Conclusion 

In conclusion, a facile and effective initiator-integrated material system was developed to 
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extend 3D printing’s capacity of fabricating functional materials/devices. The initiator-

integrated UV-curable resin was prepared by adding an initiator monomer into the resin 

base, and the SI-ATRP can be initialized to endow the 3D printed materials with tunable 

surface properties, such as hydrophilicity, metallicity, and conductivity. It is noted that, this 

approach is versatile for any UV-curable resin that is composed of acrylate-based pre-

polymers. That means, taking advantage of 3D printing and SI-ATRP, this initiator-

integrated approach can act as an all-in-one 3D printing method feasible to fabricate 

complex architectures along with obtaining desired functions for various applications. 

More importantly, this initiator integrated strategy could be compatible with many other 

surface initiated technology, only by simply selecting a proper initiator with different 

functional groups. Our following study will further demonstrate that this initiator-

integrated strategy is highly effective to 3D print a variety of functional materials/devices, 

including magnetic robot, cellular materials of high effective strength, ultralight metallic 

materials and mechanical meta-materials. The proposed functional 3D printing shows a 

great potential in applications of biomedical science, energy-absorbing, ultralight 

composites, catalyst support and so forth.
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Chapter 4 

4 Magnetic objects by i3DP and the structural 

optimization   

The premise of initiator-integrated strategy described in last chapter enables 3D printing 

to fabricate objects possible for a variety of desired functions. This chapter steps further 

to use this strategy to fabricate a magnetically driven robot and simultaneously 

combines the structure topology for effective propulsion. Microrobot with spiral feature 

was fabricated, and was powered and steered wirelessly using low-strength rotating 

magnetic fields. The spiral-shaped feature induced a propulsion to the robot which can 

swim in the fluids. The fluidic kinematics was investigated to optimize the robot’s 

structure. A comprehensive investigation was carried out on the optimization of spiral 

shape, liquid viscosity and the strategy of magnetic controlling. It is noted here, this 

Chapter is based on author’s publication: Zhang, Dongxing, et al. "Initiator-Integrated 

3-D Printing of Magnetic Object for Remote Controlling Application." IEEE 

Transactions on Magnetics 53.5 (2017): 1-9. And all the figures are used with 

permission from [132].  

4.1 Introduction  

Magnetically driven micromachines can be employed in a variety of biomedical 

applications [146-148]. Unlike other micromachines which need onboard batteries or 

additional controlling accessories, the magnetically actuated machines can be 

controlled wirelessly, which is especially suitable for minimal invasive applications. 

Such technology is harmless for living organisms which can benefit the medical 

application from the reduction of recovery time and infection risks to the increase of 



101 

 

 

care quality [149, 150]. All the above advantages make the magnetic actuation a 

promising tool for medical and biological tasks [151].  

Recent reports [152-154] have shown the feasibility of external magnetic fields for 

propelling robotic agents with milli-to-micrometer scale in liquid. They also found the 

working efficiency depends mainly on the geometries. For instance, a scaffold is always 

an excellent candidate for cell storage because of its porous three-dimensional (3D) 

structure [152], and a helical structure is ideal for target-drug delivery [151]. However, 

recent research mainly focusses on the physical connection between the magnetic 

material and the matrix, like adhering permanent magnets [155-158], to realize 

magnetic response. Very few research involves 3D construction, but is using relative 

complex process, such as e-beam evaporation, to introduce magnetic layer [153, 159-

161]. Comprehensive integration of the geometry design and magnetic material was 

lacking, thus, the strategy to ensure high spatiotemporal guidance and movement 

trajectories was less explored. The challenges of geometric design, materials spectrum 

and fabrication process are restricting the application in more widely working 

conditions. Thus, it is desired to seek for other possible and efficient techniques to 

fabricate magnetic micromachines.  

3D printing technology arises as a popular tool for structure construction benefitting 

the possibility to create sophisticated, customized and low-cost devices which are either 

impossible to produce or required complicated procedures and manufacturing facilities 

[7, 162]. Taking the newly developed direct writing technique for example, although it 

enables the fabrication of 3D structures of resolution as high as sub-micrometer, the 

realization of magnetic response is still a big challenge and needs complicated process, 

such as ALD and e-beam evaporation [152]. Similarly, selective laser sintering (SLS) 

is feasible to print magnetic objects by incorporating ferromagnetic particles, such as 

Ni, Co and Fe[163], but the construction resolution and combination of multi-materials 
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are still big challenges to satisfy the biomedical application. Besides, the surface based 

technique, such as sputtering, cannot ensure an even coating of magnetic material onto 

the established 3D structure. In spite of its utilization in industrial rapid prototyping and 

a few tissue engineering [6] applications, there are few reports about its application in 

the fabrication of magnetic objects. Therefore, instead of trying hard to develop 

printable magnetic materials to utilize the advanced 3D printing technology, it is 

desirable to develop an all-in-one printing method to simultaneously achieve both the 

geometry construction and magnetic property for the material.  

In this study, we aim to adopt the feasible technique described in Chapter 2, which 

combines 3D printing technology and generic post-surface modification, to in-situ grow 

magnetic materials onto 3D structures. The proposed initiator-integrated strategy is 

adopted here to make a magnetically driven robot with desired geometry. The process 

is illustrated as Fig. 4-1. Briefly, a vinyl-terminated initiator was added into a 

commercial UV curable resin for 3D structure fabrication. After printing, the initiator 

is embedded into the 3D printed structure to generate surface bound radicals. Because 

of the uniform distribution of the initiator over the entire structure, the surface of 3D 

printed object can be modified easily by growing polymer brushes via initiator-

enhanced polymerization. The subsequent surface modification is performed by 

surface-initiated atomic-transfer radical polymerization (SI-ATRP) [134, 135] and 

electroless plating (ELP) of magnetic materials. Thus, a uniformly distributed coating 

of magnetic materials is obtained. Because the polyelectrolyte brushes grown via ATRP 

act as a nano-thick platform to induce the following ELP, the magnetic layers are of 

excellent adhesion to the substrate [142, 164]. The results demonstrate that the 

combination of 3D printing and post-printing surface modification provides an efficient 

method for both construction of complex geometries and innovative functionality, along 

with the advantage of high-resolution, cost-efficiency and time-saving. 
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Fig. 4-1. Schematic illustration of the procedures of magnetic-driven robot by 

initiator-integrated 3D printing with subsequent SI-ATRP and electroless plating 

for the magnetic layer. 

4.2 Experimental setup 

4.2.1 Materials 

The UV-curable resin was commercially purchased from Asiga, consisting of acrylate-

based pre-polymers. All other chemicals were purchased from Sigma-Aldrich and used 
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as received except the CuBr was purified by washing through glacial acetic acid.  

4.2.2 3D printing and ATRP 

A spiral-type swimming robot was designed conceptually to demonstrate the i3DP 

process. This robot was photo-polymerized as an acrylate-based substrate with spiral 

blade via 3D printing and the outmost magnetic layer was functionalized from the i3DP 

technique. When an external rotational magnetic field was applied, it allows the robot 

rotated and subsequently propels to move linearly because of the existence of the spiral 

blade. The robot was characterized by the structural parameters (as shown by the 

schematic model in Fig. 4-2), including the height of the spiral ℎ, the width 𝑊, the 

pitch 𝑃 and the spiral 𝜃.  

 

Fig. 4-2. CAD model of the designed robot and the spiral characteristics.   

The preparation of initiator-integrated UV-curable resin has been introduced in Chapter 

3. Briefly, 2-(2-bromoisobutyryloxy)ethylmethacrylate (BrMA) (5 wt%) was mixed 

well into the resin base and then degassed for 1h in dark. The 3D structure was designed 

by Solidworks (Dassault Systèmes) and printed layer by layer via a commercial 3D 

printer (PIC2, Asiga). Our previous results showed that there was no influence of the 

mixed initiator on the printing process. The printed object was ultrasonically rinsed for 

10 min in ethanol to eliminate the adhesive residue on the surface and dried in the air. 

The initiator-containing structure was ready for the subsequent surface modification to 

induce functional magnetic material coating.  

A layer of functional groups (brushes) was firstly grafted by immersing the sample into 
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the following solution for 4 h at 60°C. 2-(methacryloyloxy)ethyltrimethyl ammonium 

chloride (METAC) and methanol were mixed by  weight ratio of 1:1, and then the 

solution was deoxygenized by passing N2 stream for 20 min. After that, 2, 2-Dipyridyl 

(24 mg/ml) and CuBr (6 mg/ml) were added into the solution under the protection of 

N2. 

The brush-loaded structure was then immersed into an aqueous solution of 5 mM 

(NH4)2PdCl4 for 30 min. The high affinity between METAC and ammonium ions helps 

the PdCl4
2- be immobilized on the brushes. The catalyst of PdCl4

2- will assist the 

subsequent ELP to grow a magnetic layer. Herein, for a specific application of remote 

controlling under magnetic force, a lab-made multi-alloy (NiCo) magnetic plating bath 

was prepared for the coating of ferromagnetic material on 3D printed objects with high 

saturation magnetization (Ms) and low coercivity (Hc).  

4.2.3 Magnetic control 

A permanent-magnet manipulator was set up to carry out the remote-control experiment. 

The permanent magnet (Grad-42 NdFeB, axially magnetized and 25.4 mm in both 

length and diameter) was housed in a transparent 3D printed case and connected to a 

DC motor, seen as Fig. 4-3. The magnetic robot was placed in two positions for the 

magnetic manipulation: beneath the permanent magnet and along the rotation axis of 

the magnet. 

 

Fig. 4-3. Magnetic manipulator used to magnetically drive the robot. 
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4.2.4 Characterization 

X-ray photoelectron spectroscopy (XPS) was conducted by using an Axis Ultra 

spectrometer (Kratos, UK) to analyse the chemical composition of the 3D object during 

each procedure. For the spectroscopy, a monochromatic Al 𝐾𝛼 radiation resource was 

utilized by referencing to a binding energy of C 1s at 284.8eV. The morphology of the 

surface coating was examined by scanning electron microscopy (SEM, Hitachi S-4500) 

at a 10kV accelerating voltage. A vibrating sample magnetometer (VSM) (730T, 

Lakeshoper, America) was utilized to measure the magnetic property at room 

temperature. 

4.3 Results and discussion 

4.3.1 XPS of ATRP Process 

XPS spectra were utilized to reveal the process of SI-ATRP. Fig. 4-4A clearly shows a 

characteristic peak of Br rising in the initiator-integrated object which was absent in the 

object printed by commercial resin. The comparison of Br distribution was also 

analyzed between the outmost surface and the internal material (2 mm beneath the 

surface). The results in Fig. 4-4B indicate that the initiator distributes in both the 

outmost surface and the location 2 mm beneath which can verify its existence 

throughout the whole object. This also guarantees the following polymer brush grafting. 

The presence of N in Fig. 4-4C is attributed to the formation of poly(METAC) coating, 

and indicates the successful grafting of poly(METAC) on the surface. After ion 

exchange in (NH4)2PdCl4 aqueous solution, Pd 3d5/2 and 3d3/2 signaling at 342.5 eV 

and 337.0 eV respectively (Fig. 4-4D) indicate the loading of PdCl4
2- moieties due to 

their high affinity to quaternary ammonium of poly(METAC).  
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Fig. 4-4. XPS survey spectra of 3D printed robots. (A) robot integrated with 

initiator and regular robot with base resin. (B) High resolution XPS of Br 3d on 

outmost surface and 2mm beneath. (C) Sample with PMETAC brush before and 

after ion exchange with PdCl4
2-. (D) High resolution XPS spectra in Pd 3d region 

of poly(METAC) grafted sample after ion exchange. 

4.3.2 Magnetism properties 

The loaded PdCl4
2- moieties act as valid catalytic sites for the subsequent ELP of 

magnetic coating. Fig. 4-5 shows the resulted Ni-Co coated robot of ellipsoidal shape 

with spiral blades on the surface. SEM was used to get the morphology of the magnetic 

layer. It was found that a dense layer of coating was grown on the surface uniformly 

after 1h of ELP, shown as Fig. 4-5B. As the thickness of the magnetic film highly 

depends on the ELP time, it is able to control the thickness of magnetic coating by 

adjusting the reaction duration. In this study, a magnetic coating of 200 µm thickness 
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was achieved after 12 hours’ ELP. This micrometer-level thick layer was composed of 

uniform particles of ca. 100-200 nm in diameters (inset in Fig. 4-5B).  

Furthermore, the composition of the magnetic coating was also verified through EDX. 

The result shown in Fig. 4-5C demonstrates the surface consists of 65% Ni, 28% Co, 

and 7% P. All these evidences strongly suggest a Ni-rich magnetic material was 

successfully obtained. In addition, a typical hysteresis loop was found through the VSM 

measurement (Fig. 4-6) which illustrates that the object exhibits soft ferromagnetic 

behavior. This is in agreement with the fact that Ni-rich alloy coating expresses soft 

ferromagnetic property[165], and it also verifies the EDX measurement. It is notable 

here that the ratio of Ni to Co was controllable by adjusting the proportion of Ni in the 

ELP solution which can subsequently regulate the property for the magnetic coating. 

Therefore, according to the requirement of magnetic response, it is possible to optimize 

the property, such as magnetocrystalline anisotropy, based on different magnetic 

properties of Ni-rich coating or Co-rich one.  

 

Fig. 4-5. (A) Magnetic material coated robot with a major axis of 12.5mm and 

minor axis of 5mm. (B) Surface morphology. (C) The EDX spectrum of the 

surface coating. 
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Fig. 4-6. VSM measurement of the magnetic coating (powder scraped from the 

surface of i3DPed object) 

4.3.3 Fluidic Kinematics 

Swimming in low-Re liquid. The magnetic coating on the surface makes the robot able 

to rotate synchronously along with a rotating magnetic field. Because of the spiral on 

the body, the rotation will generate forward and backward thrust, resulting in a 

propelling in linear direction. In general, there is a boundary layer around the swimming 

machine as shown in Fig. 4-7. Within the boundary layer, the fluid is affected by the 

movement of the machine. 

To analyze the swimming behavior in liquid, Navier-Stokes equations [166] is 

introduced here to define a fluid flow when it is combined with the boundary conditions. 

For a given fluid, the magnitude of characteristic velocity 𝑈 and length 𝐿 of the robot 

can non-dimensionalize the equations in space and time as:  

2uL dV uL
p V Re

dt

 

 

 
     

 
      (1) 

Here 𝜌 and 𝜂 are the density and viscosity. �̌�and 𝑝 is the velocity vector field and 

hydrodynamic pressure scalar field. Reynolds number which presents the interaction 
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between the inertia and viscosity of the fluid is expressed by this equation. A low Re 

flow means a very viscous, slow and small environment and is referred to as creeping 

flow or Stokes flow around the robot. Thus, there is not a transition to turbulence, even 

behind bluff bodies. According to the equation (1), the role of time is negligible, and 

the flow pattern keeps relatively steady and is effectively reversible. Consequently, the 

reciprocal motion in this study just causes a negligible net movement [167].  

 

Fig. 4-7. Flow field around swimming robot. 

Relationship between the kinematics and robot structure. Based on the above 

precondition, in order to optimize the structural parameters of the robot, it is still 

necessary to set up the relationship between the fluid dynamics and the structural 

parameters when designing the robot.   

A coordinate was established as Fig. 4-8A. When the robot starts to rotate, the 

movement can be decomposed to the axial velocity 𝑢 and the radial velocity 𝑣𝑎, and 

their components in 𝑥 and y are calculated as: 

  
sin cos

cos sin

a

a

w v u

v v u

 

 

 

 
 

where, w is the component of velocity in 𝑥 direction, and 𝑣 is that in y direction. 

𝜃is the angle included angle between the spiral and the vertical direction.  
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Fig. 4-8B shows the schematic of the robot unfolding along with the a-a cross-section. 

To simplify the calculation, it is reasonable to neglect the arc influence [166] and 

consider the surface as flat. Also, we just analysis the pressure contribution in the range 

of one pitch. ℎ1 and ℎ2 are the distance between the robot surface and the tube wall. 

Because the radius in 𝐿1  and 𝐿2  are different, it results in a different tangential 

velocity 𝑣𝑎1 and 𝑣𝑎2. And the expressions of the components in 𝑥 direction are: 

1 1 2 2sin cos , sin cosa aw v u w v u        

According to the Newton inner friction law, we can get the shear force of 𝑥 and y 

direction in unit area as[168]  
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Where, 𝜏𝑥1, 𝜏𝑦1, 𝜏𝑥2  and 𝜏𝑦2  are the shear stress in 𝐿1 and 𝐿2 , respectively. 𝛽 = 

spiral width (W)/spiral pith (P), γ=spiral height (h)/distance between robot surface and 

tube wall (ℎ2). l1 and l2 stands for the length of contour line along with spiral direction 

in both L1 and L2 area.  

When the radius of the robot is r, it has 
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Thus, according to the calculation results of 𝜏𝑥1, 𝜏𝑦1, 𝜏𝑥2 and 𝜏𝑦2 in [168], the total 

thrust force applied on the robot can be calculated as 
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Where,  1 2 sin cosC r h r ur      , 2 sin cosC u    . A and l are the surface 

area and length of the robot. ω is the angle velocity. 

 

Fig. 4-8. Kinematic analysis of the robot swimming in liquid. 

4.3.4 Magnetic control 

Swimming behavior activated by rotating magnetic field. The sum of nonfluidic 

force  𝑓  and torques 𝜏  acting on the magnetic robot can be described by a 

transformation of symmetric propulsion matrix [169].  
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Here, 𝑢 and 𝑤 are the robot’s forward velocity and angular velocity respectively. The 

matrix parameters 𝛼 , 𝛽  and 𝜆  are related to geometric and environment property, 

which can be expressed as: 
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           (5) 

Here, 𝑛 is the number of the spiral on the robot. 𝜉∕∕ and 𝜉⊥are constants denoting the 

viscous drag coefficients for the spiral structure locally along the length of the axis and 

normal to the axis, respectively. They present a linear relation with the viscosity of the 

flow and a complex relation with the geometry of the spiral [169].   

The parameters of 𝜓𝑣and 𝜓𝑤in (4) are translational and rotational drag coefficient for 

the magnetic body, respectively. 

               
3

6

8

v

w

r

r

 

 




                    (6) 

According to the symmetric matrix shown in equation (6), the motion behavior can be 

illustrated by Fig. 4-9. A step-out frequency will stop the linear increase of forward 

velocity along with the frequency. Beyond this frequency, the rotating magnetic field is 

no longer sufficient to drive the robot rotating synchronously. Thus, the speed decreases 

drastically.  

The magnetic torque 𝑇𝑚 acting on the robot in the rotated magnetic field 𝐻 is given 

by: 
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                 0mT VM H                (7) 

where, M is the magnetic moment of the magnetic robot. 𝜇0 = 4𝜋×10−7𝑇 ∙ 𝑚/𝐴 is 

the permeability of free space Vis the volume of the robot in 𝑚3. The component 𝑇𝑚 

on the robot is equal to 𝜏 in equation (4).    

 

Fig. 4-9. Qualitative motion behavior of magnetic-driven based on equation (2). 

a1,2 and a2,2 are the entries of matrix A. 

For the applied magnetic force 𝑓 on the robot, it is can be simplified as a permanent 

magnet. Thus, the spatial gradient in applied field at the location of the robot, is given 

as: 

             0f F V m H                (8)  

Here, we can also use magnetic flux density 𝐵 to substitute the applied magnetic field 

in (5) and (6) by a simple translation of 𝐵 = 𝜇0𝐻. By taking the combination of (4), 

(7) and (8) into account, it is found that the rotation frequency of the magnetic field is 

the primary control input. After an instantaneous equilibrium between the magnetic 
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torque (7) and rotational fluidic drag torque, the robot rotates synchronously with the 

rotational magnetic field.   

A theoretical magnitude of magnetic field of the manipulator can be described in a 

simplifying of a point-dipole model. The differentiation can be calculated to get the 

field gradient[149].  

                3
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p
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Where, Γ is the magnet’s magnetic dipole in A ∙ 𝑚2, and �̃� is the distance from the 

3D printed objects to the dipole in m. It’s easy to calculate the field power of the rotating 

manipulator repeating in a cycle of 360° , and the average strength acting on the robot 

mainly depends on the distance.   

The magnetic field generated by a rotating permanent magnet was used to realize 

wireless propulsion to this 3D printed robot. The experiment was conducted to verify 

the ability to manipulate the i3DP robot under the magnetic field. The investigation of 

magnetic controlling was carried out in two aspects: one is to investigate the effect of 

the robot’s shape on the swimming properties, the other is to analyze the effect of 

external magnetic field on the swimming properties of the magnetic robot. 

4.3.5 Optimization of spiral structure 

It is notable that the relationship between the thickness of the magnetic coating and the 

magnetic force is well understood. The interaction volume of magnetic response 

enhances with the increase of the thickness resulting in a subsequent increase of the 

magnetic force acting on the robot. Here, all the robots have a constant layer thickness 
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of 200 µm. Thus, it is reasonable to eliminate the influence of the coating thickness for 

the magnetic characterization. The global dimension of was fixed as 25 mm of major 

axis and 10 mm of minor axis. As shown in the schematic of the magnetic robot in Table 

1, the spiral is characterized by the pitch P , height ℎ  and width 𝑊 . In order to 

investigate the effect of these parameters, simulations were conducted by MATLAB to 

confirm the optimum design of the robot according to (3). Fig. 4-10 shows the 

relationship between the axial force and the velocity under different rotation speed. It 

shows the thrust force 𝐹𝑎 decreases with the increase of velocity 𝑢. When 𝐹𝑎=0, the 

swimming velocity gets to the maximum. Therefore, the optimum parameters can be 

determined by plotting their influence on the swimming velocity u at the situation of 

𝐹𝑎=0. 

Fig. 4-11 shows the influence of spiral angle 𝜃, spiral width coefficient 𝛽 and height 

coefficient 𝛾 on the velocity u at different rotation speed. When 𝜃 gets to 60°, the 

swimming velocity can arrive to the maximum. And the optimum width and height 

coefficient are 0.15~0.2 and 1.0~1.2, respectively. 

 

Fig. 4-10. The relationship between the thrust force Fa and swimming velocity u 

at three different rotation speeds, 150r/mim, 90 r/min and 60 r/min. The other 

parameters were set as θ=30°, β=0.2, γ=1, h2=2 mm, r=5 mm, η=1 Pa∙s, l=25mm. 
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Fig. 4-11. Relationship between the design parameters and the swimming 

velocity. (A) Spiral angle 𝜽, (B) spiral width coefficient 𝜷 and (C) height 

coefficient 𝜸. 

Table 4-1. Series of robots with different spiral shape, l=25mm, r=5mm, 

h1=4mm. (unit: mm) 

 

 

 

Number Angle,𝜃 Pitch,𝑃 Height,ℎ(𝛾=h/(h1-h)) Width, W(β=W/P) 

M1 30 5 2(1.0) 1(0.2) 

M2 60 5 2(1.0) 1(0.2) 

M3 80 5 2(1.0) 1(0.2) 

M4 60 2 2(1.0) 1(0.2) 

M5 60 5 2(1.0) 0.2(0.04) 

M6 60 5 1(0.33) 1(0.2) 

M7 60 5 2.5(1.67) 1(0.2) 
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To verify the simulation results, Table 4-1 lists the experimental candidates of different 

spiral shapes used in the following test. All measurements were conducted radially to 

the rotating magnetic field by paralleling the robot to the magnet with a distance 𝑑 of 

10 mm (a maximum 0.08 T magnetic field was acted on the robot). All robots moved 

in a tube (inner radius 5.4 mm) full of water to simulate the backlash force on the spiral. 

Fig. 4-12A reveals the relationship between the spiral angle and the swimming velocity. 

It shows a great accordance with the simulation result that the velocity gets to the 

maximum value at 𝜃 = 60° , and either smaller or larger angle will decrease the 

velocity. In Fig. 4-12B, when the ratio of pitch (P) to width (W) is 0.2, it reaches to the 

fastest swimming velocity, which is consistent with the simulation shown in Fig. 4-11B. 

And it is clear to see that either increasing or decreasing the ratio will reduce the 

swimming velocity. Fig. 4-12C illustrates the relationship between the spiral height and 

velocity. Because the larger spiral height causes bigger drag force and lower height 

decreases the active working area, too high and too low height will result in side effects. 

The robot of spiral height h=2.0 presents the fastest swimming speed which conforms 

to the simulation shown in Fig. 4-11C. Generally, we can see from the measurements 

that spiral width shows less influence on the swimming velocity than that of spiral angle 

and height. Also, all the measurements reveal that the velocity was proportional to the 

rotation rate, which fits with the results shown in Fig. 4-9 and Fig. 4-10. 
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Fig. 4-12. Effect of spiral shape (A. spiral angle, B. spiral width, C. spiral height) 

on the swimming velocity. 
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4.3.6 Effect of viscosity on the swimming properties.  

According to equation (6), translational 𝜓𝑣  and rotational drag coefficient 𝜓𝑤  are 

proportional to the viscosity η. Consequently, the viscosity is in a linear relationship 

with the α, β, λof (5). Therefore, when doubling the viscosity with keeping all other 

parameters constant, the step-out frequency will be reduced by half and, consequently, 

halves the maximum velocity. That is, the fluid viscosity affects the maximum velocity 

concerning inverse proportion.  

Fig. 4-13 depicts the robot (M1) swimming in a plastic lumen via a radial propulsion 

(distance is 10mm from the robot to the permanent magnet, 𝑓=1.0Hz). When there was 

no liquid in the tube (Fig. 4-13A), approximated 60 mm linear movement was measured 

along the axis in 8 s. For this situation, because the viscosity of air is negligibly small, 

the backlash is mainly generated by the friction between the robot and the tube wall. It 

was found that the liquid (Fig. 4-13B) can act as lubrication to make the rotation more 

smoothly. However, due to the increase of the drag force, the movement is slower with 

the same magnetic force where it took 13 s to finish 55 mm. Furthermore, when this 

manipulation was performed in the hydrogel of high viscosity, the frictional force 

caused by the high viscosity will increase the start torque. The magnetically induced 

torque is not enough to overcome the drag torque, and even high frequency of magnetic 

field was no longer able to activate the object to rotate.  
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Fig. 4-13. Robot (M1) rotates along its long axis in an empty plastic tube (A) and 

full of distilled water (B). The inset shows the schematic of magnetic force 

applying to the rotor. 

4.3.7 Effect of rotating magnetic field.  

To investigate the effect of external magnetic field on the manipulation, two control 

strategies were used to realize the controlling of the magnetic robot. As shown in Fig. 

4-14, a permanent magnet rotates radially to produce a rotating magnetic field while 

the robot was propelled in two methods: along the axis of the rotation and perpendicular 

to the axis, respectively. External magnetic field induces magnetization to the robot, 

then drove it to rotate. Because of the existence of spiral structure on the surface, it is 

effective to transfer the rotation into linear motion in either direction, forward or reverse, 

by manipulating the rotation direction of the magnetic field. An experimental robot we 

used here is M2 (swimming in water), of which the spiral has pitch of 5 mm, height of 

2 mm and width of 1 mm. 

For the axial swimming, two swimming characteristics appear during robot’s 

swimming, namely, step-out and break-away. For the behavior of step-out, it means the 
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frequency of rotation over which the magnetic field cannot propel the robot anymore. 

As described above, this behavior can be explained by the symmetry matrix (4). As 

illustrated by equation (9), the step-out frequency can be calculated indirectly as a 

function of the distance from the permanent magnet in the control region. As for the 

break-away behavior, it denotes the frequency over which the propulsion on the robot 

can overcome the attractive gradient force, and thus the robot can move away from the 

magnet. Therefore, it is straightforward to speculate that the applying frequency for 

manipulation is ranging from the break-away to step-out. Fig. 4-15 shows the relation 

between rotation frequency and the distance between the manipulator and the robot. It 

is evident that, during the swimming, the robot always swims above the break-away 

frequency and below the step-out frequency, which follows the theoretical result of (4). 

It also shows that when the robot is close to the permanent magnet, break-away occurs 

at high rotation frequency, but it cannot swim long route before reaching to step-out. 

When the robot is further away from the magnet, break-away happens at low rotation 

frequency because of the less propulsion. However, the robot can swim to a farther 

distance at this situation.  

As for the radial swimming, the robot was placed directly beneath the permanent 

magnet and can rotate synchronously in either forward or backward direction. Also, due 

to the local minimum in the field gradient, the robot will align itself just below the 

magnet. Unlike axial swimming, the local minimum in the attractive force can propel 

the robot at any frequency. That is, no break-away frequency appears during the radial 

swimming. As shown in Fig. 4-16, the magnet can propel the robot at a constant 

frequency until it is too far from the magnet, which is step-out. The results also show 

that when the robot starts from a closer distance from the magnet, it is able to swim 

longer. It is well explained by equation (9) that the magnetic field decreases along with 

the increase of the distance between the robot and the magnet. Furthermore, compared 



123 

 

 

to axial swimming, the permanent magnet can be closer to the robot. When the magnet 

moves at the same velocity as that of the robot, it can propel the robot in a constant 

magnetic field. In both the axial and radial swimming, the robot presents similar 

swimming behaviors with other research work with a robot made of permanent magnet 

[149]. This also states the feasibility of i3DP in fabricating remote controlling objects. 

 

Fig. 4-14. Axial swimming and radial swimming in rotating magnetic field. 

 

Fig. 4-15. Axial swimming of the magnetic robot. Red dash line and blue dash 

line represent the fitted curve of strep-out and break-away, respectively. 
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Fig. 4-16. Frequency of the rotating magnetic field vs. distance of the robot the 

rotation axis during radial swimming. 

4.4 Conclusion  

In summary, a facile and effective approach has been demonstrated to fabricate 

magnetically manipulated robot by the proposed initiator-integrated 3D printing 

technique. A layer of bi-alloy magnetic coating was in-situ grown on a 3D structure to 

generate a magnetic object via surface-initiated ATRP and the subsequent 

polyelectrolyte-brush-assisted ELP process. A robot with Ni-rich magnetic coating was 

demonstrated, which exhibited a soft-magnetic property. The magnetic manipulation 

demonstrated that the ellipsoid robot was successfully magnetized, and rotated 

synchronously with the magnetic field. The rotational movement can be translated 

subsequently to linear movement by carefully designing the spiral structure and the 

strategy of magnetic controlling. According to the kinematic and magnetic analysis, the 

swimming properties under magnetic control were affected by the spiral shape, liquid 

viscosity and the controlling manner. Our investigation has shown that the proposed 

combination of 3D printing for architecture design and surface modification techniques 

works well for fabrication of remote controlling objects. This technique offers 3D 

printing with potential application in fabrication of magnetically driven 

micromachines/systems. 
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Chapter 5 

5 Strength-enhanced cellular materials by i3DP and the 

optimal design  

This chapter mainly focuses on the fabrication of optimized cellular materials which 

was inspired by the study of magnetic coating described in last chapter. First, octet-

truss and pyramidal lattice materials were optimally designed. Effective properties of 

these two cores were presented and compared. Next, generic post-printing modification 

was employed to fabricate the metallic ordered lattices. And the strength-enhanced 

properties were investigated to highlight the influence of nano-metal coating on the 

mechanical properties.  

5.1 Introduction 

Nature evolves cellular materials for many situations where low density yet high 

stiffness and strength are needed [170]. Examples are beaks and bones of birds which 

consist of thin, solid skins attached to a highly porous and cellular core [171]. The 

desired properties of low density yet high strength have attracted humankind’s long-

standing efforts on architected materials. Although ranges of synthetic materials have 

been developed, such as metal alloys, which are superior to the biological base materials, 

the developed cellular materials are much less sophisticated than nature’s. Foams are 

the mostly used architectures today because they can be readily manufactured, although 

they are far from ideal for many applications [172]. However, the pseudo-stochastic 

cancellous architectures of foams lead to non-uniform mechanical properties, and the 

local heterogeneous structure makes it difficult to predict the properties and mechanical 

behaviors of foams.  
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Emerging highly ordered architectures have been proposed to address the challenge by 

creating so-called mechanical metamaterials [64]. Their hierarchical structures can 

result in an efficient distribution of the constituent material [49, 173], and then provide 

material with the capability to withstand higher mechanical loads [174]. To date, 

various architected cellular materials have been developed, which have broad potentials 

in mechanical, optical, electrical, electromagnetic, thermodynamic and acoustic fields. 

Unique mechanical characteristics were also demonstrated, such as superior stiffness, 

negative Poisson’s ratio, and negative stiffness, etc. [66, 69]. Yet, the key issue is how 

to design and achieve such structures in a fast, cost-effective, and high throughput way. 

It is imperative to develop an effective platform for optimal design and fabrication; thus, 

the geometric parameters can be carefully assigned to meet the desired performance. 

The emerging additive manufacturing enables the fabrication of cellular materials with 

more complex architectures. Very recently, well-controlled 3D cellular structures were 

fabricated by 3D printing, and simultaneously with unique yet deterministic mechanical 

properties, for example, ultra-light metallic micro-lattices [175, 176], high-strength 

ceramic composites [71, 177], and zero thermal expansion lattices [173]. In parallel, 

computational methods have improved significantly to the design of materials and 

structures with a complex cellular architecture which is optimized for specific 

applications. 

Here, the feasible functional 3D printing technology described in Chapter 3 was 

employed to fabricate metallic cellular structures. 3D printing was used to prepare 

large-scale complex geometries while post-surface modification was used to add 

detailed metallic features. Two representative core materials, octet-truss and pyramidal 

cellular structures, were built through this strategy with Ni-and Cu-film coated. To 

optimize the mechanical properties, the configurations of two lattices were theoretically 

analyzed and optimized. And the mechanical enhancement after the ELP of metal 
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coating was also investigated by comparing with polymer-based cellular materials.  

5.2 Optimal design and the effective properties  

Fig. 5-1 shows the CAD design of truss-assembled lattice materials. Fig. 5-1A has an 

octet-truss structure, while Fig. 5-1B is composed of pyramidal cells. (x,y,z) denotes 

the Cartesian coordinate system for the cell. For both cells, the structure is characterized 

by the radius of strut D, distance between two adjacent nodes L, and the angle θ between 

the strut and the horizontal plain. The parameter L is usually used to indicate the size 

of a representative lattice. Relative density   is defined as the ratio of the density of 

the lattice material to the density of the solid material of which the lattice is made.  

 

Fig. 5-1. Cellular materials with octet-truss core (A) and pyramidal core (B). 

5.2.1 Effective relative density 

The relative density for octet-truss core is:   

2
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For pyramidal core, it is: 
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The objective of optimization is to find the optimal structure parameters that minimize 

the weight of two cores. The relative density of octet-truss core can be determined with 

a fixed strut aspect ratio- /D L , while the angle θ issues most on the weight efficiency 

of the pyramidal core. Then the optimization problem requires the minimization of 

relative density of pyramidal core lattice. Equation (2) can be simplified as:  
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Where Cm  is a constant parameter, as 
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D
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. The solution to this problem can be 

addressed through derivation. It has:  

35o   (4) 

The result indicates that for pyramidal core lattice, the optimal angle to reach minimal 

relative density is 35o  .  

5.2.2 Effective moduli 

Another optimization relies on maximizing the stiffness with respect to angle  . To 

eliminate the influence of bending stiffness and strength on the effective stiffness.  The 

strut aspect ratio, /D L , is assumed to be sufficiently low so that the bending stiffness 

and strength are negligible. Thus, the materials can be considered as consisting of pin-

jointed trusses, which deform in tension or compression only [178]. Under such 

assumptions, the effective moduli of pyramidal core can be deducted by the following 

steps according to literature [179]: 1. Apply stress boundary conditions to the surfaces 
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of the cuboid cell; 2. Calculate the corresponding forces on the node, and then distribute 

them to every strut in the cell; 3. Analyze the structs deformation; 4. Calculate the cell 

overall displacement. The effective shear stiffness xyG   and xzG   of pyramidal core 

can be obtained as:    

2

sinxy xz S

D
G G E

L
 

 
   

 
 (5) 

Where SE  is the Young’s modulus of strut material.  

The optimization problem is defined as the maximization of the ratio of effective 

stiffness to the relative density, thus: 
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Then the optimization result of angle is 45o   . We can step further to get the 

effective strength as: 
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Where Y  is the yield stress of strut material. 

The optimization problem is defined as the maximum ratio of effective strength to 

relative density.  
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Then, it is easy to get the optimization result for this project when 45o  . 
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According, we can get the conclusion that, for pyramidal, when 45o  , it can present 

the optimal stiffness divided by relative densities, although   is slightly larger (about 

8.9% higher) than that of 35o  . Therefore, the following discussions in this study 

will be based on the condition of 45o  . 

For the octet-truss core, the effective moduli were deduced as [180], along with the 

associated coordinate system in Fig. 5-1A. Table 5-1 lists the summary of effective 

properties of two lattice materials. The effective moduli of octet-truss material is from 

[180].  

Table 5-1. Effective properties of several lattice materials. 

 Relative density Effective Young’s moduli Effective shear moduli 
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5.2.3 Comparison of effective properties among various lattice 

The effective Young's and shear modulus of two truss structures are plotted as functions 

of relative density in Fig. 5-2. In the figure, the slopes of each line are indicated 

correspondingly to the property. At low relative density (  < 0.25), all these two truss 

configurations are usually stronger than those of honeycomb if all moduli are 

considered [65]. It is because the deformations of lattice materials are governed by 

stretching or compression of struts while the in-plane deformation of honeycombs is 

governed by cell wall bending rather than stretching/compression. At the same relative 

density, pyramidal truss has a higher modulus than octet-truss. Therefore, if high 

stiffness under low weight is the most important design requirement, the pyramidal 
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truss is preferred. 

  

 

Fig. 5-2. Comparison of the effective Young's modulus (A) and shear modulus (B) 

as a function of relative density for octet-truss and pyramidal core structures. 

5.3 Metallization via post-printing modification 

5.3.1 Experimental setup 

Materials. Commercial 3D printing resin was purchased from Asiga, which is mainly 



132 

 

 

composed of acrylate-based prepolymers. All other chemicals were purchased from 

Sigma-Aldrich and used as received except that CuBr was purified by washing through 

glacial acetic acid. 

 

Fig. 5-3. Schematic illustration of the fabrication of metallic cellular lattices. 

Both octet-truss and pyramidal lattices are based on the same approach.  

Initiator-integrated resin and 3D printing. Metallic lattices were prepared through the 

proposed functional 3D printing described in Chapter 3. As shown in Fig. 5-3, an 

initiator-integrated UV-curable resin was first prepared, followed by the 3D printing 

process and the SI-ATRP assisted ELP. Briefly, 5 wt.% BrMA was mixed well into the 

resin base and then degassed for 1h in dark. 3D structures were designed by Solidworks 

(Dassault Systèmes) and printed layer by layer via a commercial 3D printer (PIC2, 

Asiga). Here, both octet-truss and pyramidal cellular architectures were designed 

following the optimization result from Section 5.2. The strut angle θ was designed as 

45o. The strut aspect ratio D/L, was fixed as 1/4. Our previous results showed that there 

was no influence of the mixed initiator on the printing process, thus the architectures 
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were printed with a normal setting. The printed objects were ultrasonically rinsed for 

10 min in ethanol to eliminate the adhesive residue on the surface and dried in the air. 

The initiator-containing structures were ready for the subsequent surface modification 

to induce functional metallic coatings. The polymer octet-truss and pyramidal lattices 

are shown as Fig. 5-4A and Fig. 5-4D, respectively.  

Fabrication of metallic octet-truss and pyramidal cellular materials. Ni- and Cu- 

coating were deposited subsequently to obtain metallic cellular architectures. The 

metallization process was following the procedures described in Chapter 3. Typically, 

the PMETAC-coated 3D samples were immersed into a 5 mM (NH4)2PdCl4 aqueous 

solution for 15 min. After PdCl4 
2− moieties immobilizing onto the brushes by ion 

exchange and rinsing thoroughly with water, the samples were immersed into the 

house-made plating bath to obtain metallic architectures. The ELP of Ni and Cu was 

prepared and conducted as the protocols described in Chapter3.  

Characterization. Because this study follows the same metallization protocol as that 

described in Chapter 3, it is not necessary to detect again the chemical composition 

during the SI-ATRP process. Therefore, one can read the analysis (i.e., XPS) referring 

to the previous Chapters. The morphology of the surface coating was examined by SEM 

(Hitachi TM3030Plus) at a 15 Kv accelerating voltage. The compression tests were 

carried out on a servo-electric multi-functional test stage (Deben MICROTEST 

tensile/compression/bending stages). The test stage is equipped with a standard 

miniature load-cell in the range 2 N to 200 N, which has accuracy readout of ±1%, 

dynamic resolution 0.1% and static resolution 0.05% of the full-scale range. All the 

compression tests were conducted at a rate of 0.5 mm/min. Load-displacement curves 

were recorded. Then the relationship between strength and strain were obtained. In the 

compression tests, the compressive strength is defined as the maximum compressive 

strength before collapse and the value is the stress at the inflection point of stress strain 
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curves.  

5.3.2 Results and discussion 

Metallic cellular materials. Ni- and Cu- coated metallic lattices were prepared through 

polyelectrolyte-assisted ELP. Both octet-truss and pyramidal lattices are fabricated as a 

cube, with an overall dimension of 14 mm×14 mm×14 mm for width×length×

height. Fig. 5-4 shows the 3D printed metallic cellular materials with features of octet-

truss and pyramidal structure.  

 

Fig. 5-4. 3D printed octet-truss cellular materials (A. polymer, B. Cu-coated, C. 

Ni-coated) and pyramidal cellular materials (D. polymer, B. Cu-coated, C. Ni-

coated) 

SEM was conducted to investigate the surface morphology of the Ni layer, as Fig. 5-5. 

It was found that, in the z direction (Fig. 5-5B), the lattice was built layer-by-layer, with 

each layer having a thickness consistent with the set point for printing (50 μm). 

Importantly, the connections between layers are excellent, without any cracks or 

delamination, resulting in a robust microlattice. It is evident that, compared to the flat 

surface in the x and y directions (Fig. 5-5A), the column in the z direction is a bit rougher.  
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Fig. 5-5. Surface morphology of Ni-coated octet-truss lattice in the z (A) and x, y 

direction.  

To obtain the influence of metal coating thickness on the mechanical properties. A series 

of cellular materials are fabricated with different metal thickness. Typically, for this 

polyelectrolyte-assisted deposition, the obtained metal film is highly dependent on the 

ELP time [63, 112]. Fig. 5-6 shows the thickness of Ni-coating upon different ELP time. 

The coating produced by 15 min of ELP is ~ 120 nm, yet to make a uniform coverage 

on the microlattice (Fig. 5-6A and B). While 30 min of ELP can produce a Ni-coated 

surface with uniform coverage, and the thickness of Ni layer was ca. 300 nm (Fig. 5-

6C). With increase of the ELP time, a thicker metal layer can be obtained. Fig. 5-6D 

shows the Ni-layer produced after 180 min ELP, which was ca. 1.5 μm. Technically, 

according to the thickness detected via SEM, it was found the thickness of both Ni- and 

Cu- presents a linear relationship with ELP time. A function of Ni layer thickness of 

ELP time can be established approximately as: T=8t+23 (nm), where the T is the 

thickness of metal layer, and t is ELP in a unit of min.  

Similarly, the thickness of Cu layer upon ELP time was observed as Fig. 5-7 [112]. 15 

and 20 min of ELP both produced Cu-coated lattices with uniform coverage of metal 

film, and the thickness of Cu layer was ca. 140 and 230 nm, respectively, whereas the 

Cu layer obtained at 10 min of ELP was not very dense, with a thickness of ca. 100 nm. 
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Obvious defects can be found at 10 min of ELP. This indicates that at least 15 min of 

ELP is necessary to produce a metallic architecture with a uniform Cu coating. And the 

function of Cu coating thickness to ELP can be calculated as: T=13t-38 (nm). 

 

Fig. 5-6. SEM images showing the surface of the Ni-coated lattice obtained at 15 

min (A, B), 30 min (C), and 180 min (D) of ELP. The thickness of Cu layer is c.a. 

120 nm, 300 nm, and 1500 nm, respectively. The Ni film obtained at 15 min of 

ELP was not uniform and had some defects (A). 
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Fig. 5-7. SEM images showing the surface of the Cu-coated lattice obtained at 10 

min (A, inset shows the thickness), 15 min (B), and 20 min (C) of ELP. The 

thickness of Cu layer is c. a. 100 nm, 140 nm, and 230 nm, respectively. The Cu 

film obtained at 10 min of ELP was not uniform and had some defects (A). 

Compression of 3D polymer-based lattices. To detect the mechanical responses, 

uniaxial compression experiments were monotonically and cyclically performed on the 

polymer-based lattices. The mechanical properties of all the lattice structures are 

summarized in  

Table 5-2, and the stress-strain curves of octet-truss and pyramidal microlattices are 

shown in Fig. 5-8 and Fig. 5-9, respectively. It was found that both octet-truss and 

pyramidal lattices present zigzag stress-stress curves. And both curves are characterized 

by three peaks, each corresponding to the collapse of a row of units. Octet -truss lattice 

presents a larger stiffness and compressive strength compared to the pyramidal one, 

which is consistent with the fact that octet-truss unit is nearly an idealized pin-jointed 

stretching-dominated structure. The beams are assumed to only experience uniaxial 

tensile or compressive stresses, and it is the stretching of the horizontal members in 

tension that will govern the strength and stiffness of the lattice [180, 181], as Fig. 5-10.  
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Fig. 5-8. Compression setup of octet-truss lattice and the stress-strain curve. 

 

Fig. 5-9. Compression setup of pyramidal lattice and the stress-strain curve. 

 

Fig. 5-10. Simplified representation of idealized stress state in an octet-truss 

lattice. The solid struts are assumed to only experience uniaxial tensile or 

compressive stresses. 

When it comes to the effective mechanical properties, the octet-truss lattice is inferior 
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to the pyramidal lattice in terms of the specific strength and specific modulus. Here, the 

effective property is defined as the ratio of the mechanical property and the relative 

density, as Table 5-1. As observed in Fig. 5-11, although pyramidal lattice has a lower 

compressive strength and Young’s modulus than octet-truss one, the effective strength 

and Young’s modulus are higher due to its lower relative density. Fig. 5-12 shows the 

images of octet-truss lattice after compression test that the lattice deformed gradually 

until fracture and collapse occurred finally with increasing pressure value. Fig. 5-12B 

tells that the fracture happened mainly at nodes.  

Table 5-2 summaries the mechanical properties of all the tested polymer octet-truss 

lattices and pyramidal lattices.  

 

Fig. 5-11. Comparison of effective properties between octet-truss and pyramidal 

lattices. (A) comparison of effective strength; (B) comparison of effective Young’s 
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modulus. 

 

Fig. 5-12. (A) Octet-truss lattice after compression test. (B) SEM image of the 

fracture status at nodes.  

Table 5-2. Summary of lattice properties and the composed bulk material. 

 Apparent 

density,   

(g/cm3)  

Relative 

density, 
  

Young’s 

modulus, 

E (MPa) 

Compressive 

strength, 

Y  (MPa) 

Effective 

modulus 

(E /  ) 

Effective 

strength 

( Y /  ) 

Octet-truss 1 0.20 0.169 3.52 2.22 20.83 13.15 

Octet-truss 2 0.188 0.159 3.35 2.11 21.69 13.30 

Octet-truss 3 0.192  0.162 3.46 2.10 21.36 12.98 

Pyramidal 1 0.129 0.109 2.63 1.54 24.13 14.12 

Pyramidal 2 0.135 0.114 2.52 1.52 22.11 13.32 

Pyramidal 3 0.122 0.103 2.41 1.41 23.40 13.71 

bulk 1.18 —— 305 25.5 —— —— 

Mechanical performance of metallic lattices. To identify the strength-enhancement of 

metallic lattices, uniaxial compression test was conducted to the Ni- and Cu-coated 

octet-truss lattices. For each architecture, lattices after ELP of 15 min, 30 min, 45 min, 

and 60 min were prepared, and 3 samples for each. The metallic structures’ compressive 

strengths and Young’s modulus are described in Fig. 5-13. For both Ni- and Cu-coated 

lattices, Young’s modulus and compressive strength increase as the ELP time. For the 

Ni-coated lattices, Young’s modulus increases to 6.05 MPa after ELP of 15 min from 

3.52 MPa of pure polymer. When the ELP time increases to 60 min, Young’s modulus 
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can reach to 26.92 MPa, which is around 8 times to that of polymer lattice. It can be 

explained by that, the high specific strengths of copper and nickel contribute most to 

carry high compressive force, improving the stiffness and preventing the polymeric 

cores from an early buckling.  

Similarly, the deposition of Cu-coating provides a significant improvement on the 

mechanical properties. The stiffness increases to 5.6 MPa after ELP of 15 min from 

3.52 MPa of pure polymer lattice, and finally reaches to 19.28 MPa after ELP of 60 

min. It is noted that, although Cu film is thicker than Ni after the same ELP time, the 

Cu-coated lattices shows a lower stiffness. The main reason lies in that Ni owns a higher 

specific stiffness than Cu. Ni which has a density of 8.91 g/cm3 almost same as that of 

Cu (8.96 g/cm3), has a Young’s modulus almost twice of that of Cu. For both Ni- and 

Cu-coated lattices, Young’s modulus presents an exponential relationship of ^ 3 with 

the thickness of metal film, Fig. 5-13B and D.  
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Fig. 5-13. Strength-enhancement of mechanical properties of the octet-truss 

lattice. (A) Stress-strain curves of Ni-coated lattices of different ELP time. (B) 

Young’s modulus of Ni-coated lattices vs. the thickness of metal film. (C) Stress-

strain curves of Cu-coated lattices of different ELP time. (D) Young’s modulus of 
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Cu-coated lattices vs. the thickness of metal film. 

It is noted that, Ni-coated lattice after 60 min ELP deformed as a bulk material, for 

which the fracture happens along the plane 45o to the loading direction, as Fig. 5-14. 

That is because, when the metal layer is thick enough, the nodes can bear a higher 

loading force form fracture than the maximum shear stress action face of the entire 

material. The material will start to fracture along the maximum shear stress face and 

finally collapse [65]. With growing layer thickness of the metal film, the failure 

mechanism changes from buckling to brittle fracture [177].  

 

Fig. 5-14. After 60 min of ELP, the lattice collapses along the maximum shear 

stress face. When the metal layer is thick enough, the nodes can bear a higher 

loading force form fracture than the maximum shear stress action face of the 

entire material. The material will start to fracture along the maximum shear 

stress face and finally collapse  

All the evidence suggest that the deposition of metal layer has a great improvement on 

the compressive strengths and Young’s modulus, although the ratio of metal thickness 

to strut radius is only ~10-2 even after 1 h of ELP. 
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5.3 Conclusion 

Macroscopic properties of cellular materials are determined by both material and 

structural properties. In this chapter, we theoretically analyzed the mechanical 

properties of two stretching-dominate structures - octet-truss cellular material and 

pyramidal cellular. It was found that the pyramidal lattice presents the lowest density 

with optimal truss angle of 35o, while the effective stiffness reaches to the best at a truss 

angle of 45o. Although octet-truss can bear a larger compression than pyramidal lattice 

when having a same loading area, it provides a lower specific stiffness due to its higher 

density. 3D printing was employed to fabricate the lattices of complex architecture, 

allowing the verification of the above analysis. Compression tests were conducted to 

observe and compare the mechanical behaviors, and the results presented a great 

consistency with the theoretical analysis. By combining the structural optimization and 

the post-printing modification, Ni and Cu coatings were deposited on the 3D printed 

polymer lattices, resulting in metallic cellular materials of high effective strength. We 

also investigated the strength-enhancement of mechanical properties, and understood 

the relationship between mechanical properties and metal films’ thickness in detail. It 

was found that Young’s modulus and thickness of metal films exhibit an approximately 

exponential relationship. By combining the advantages of 3D printing for the 

fabrication complex architectures with the generic post-printing modification for 

surface metallization, it provides opportunities to fabricate more functional materials 

with novel properties that will have great potentials in fields of tissue engineering, 

catalyst supports, damping and so forth.  
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Chapter 6 

6 Ultralight, super-elastic, hierarchical metallic meta-

materials by i3DP  

In this chapter, the proposed method of initiator-integrated 3D printing was employed 

to create a series of ultralight metallic materials composed of 3D interconnected hollow 

tubes. This is a further study based on the strength-enhancement described in the last 

chapter. These metallic materials were characterized with structures spanning three 

scale orders. The resultant materials can achieve an ultralight density of as low as 5.1 

mg/cm3 and nearly recover after significant compression up to 50%. XPS was utilized 

to monitor materials preparation during the entire fabrication process. Uniaxial 

compression was carried out in order to observe the mechanical response upon cyclic 

loading/unloading. Due to a high compression ratio, the hierarchical structure exhibits 

superior properties in terms of energy absorption and mechanical efficiency. The 

relationship of structural parameters and mechanical response was established. The 

ability to achieve ultralight density < 10 mg/cm3 and the stable 
2~E   scaling through 

all range of relative density, indicates an advantage over the previous stochastic metal 

foams. The initiator-integrated 3D printing approach provides an effective platform for 

fabricating metallic structures with substantial benefits from the hierarchical design and 

fabrication flexibility to ultralight applications.  

6.1 Introduction 

It has long been an engineering pursuit to create lightweight and mechanically robust 

materials. The incorporation of ultralight materials shows tremendous potential in many 

engineering applications, such as thermal insulation [182-184], battery electrodes [185] 
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and energy absorption [66]. To date, materials with a density under 10 mg/cm3 in 

ultralight regime have been created, including polymer foams [186], silica aerogels 

[187, 188], carbon nanotube aerogels [189] and cellulose nanocrystal aerogels [190]. 

Because metal exceeds at its strength-to-weight ratio among all the possible materials, 

metallic light-weight structures have recently attracted much research attention. In 

addition, in compared with the existing ultralight materials of stochastic cells, an 

optimized cellular structure can achieve lower material density, while simultaneously 

preserving important mechanical properties such as high material stiffness and good 

impact resistance due to the high strength within the microstructure [191, 192]. The 

desired hierarchical structures result in an efficient distribution of the constituent which 

provides structures with the capability to withstand higher loads [49, 193]. Therefore, 

metallic cellular materials recently attracted significant interest within the research 

community. 

Different from the most existing ultralight weight materials, such as foams and aerogels, 

for which the porosity is mainly governed by a random process, target-motivated 

controlling of the ordered architecture at multiple length scales is a great challenge for 

current manufacturing. Recently, the newly developed self-propagating polymer 

waveguides (SPPW) enables the rapid fabrication of large three-dimensional (3D) 

open-cellular structures with the assistance of exposure masks [67]. Using this method, 

ultralight cellular materials with the ability to recover from compression were 

successfully fabricated [67]. However, they still suffer from lacking of structural 

diversity, the use of a complex process, the requirement of multi-resource of UV, and 

the necessity to prepare exposure masks. Therefore, it is imperative to develop an 

effective platform for optimal design, thus the geometric parameters can be carefully 

controlled to meet various desired performance.  

Recent advances in 3D printing have allowed not only the ability to fabricate repetitive 
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structures similar to SPPW, but also to construct controlled intricate elements. Thus, 

unique geometries can be created to increase the usefulness of certain materials. 

However, the creation of hierarchical structures with cross-scale features remains a 

challenge for even the most advanced 3D printing techniques. Direct laser writing 

(DLW) which uses a femtosecond laser can print structures at the resolution of tens of 

nanometers, but it is confined to using photo-resistant materials and printing small 

structures [193]. Selective laser sintering (SLS) enables a large building areas of some 

metal materials, but it is hard to obtain high resolution [191]. Therefore, it is desirable 

to develop an all-in-one method to simultaneously design the geometric architecture 

and metallic property of the material.  

One feasible strategy for building metal materials with hierarchy structures is to 

integrate 3D printing with controllable and effective methods of surface modification. 

Recent research has demonstrated success in producing functionalized 

materials/devices by simple modifications of current 3D printing technology [63, 111-

113], and allows construction of intricate structures with functional surface. It is, 

therefore, promising to employ and extend such hybrid 3D printing techniques to 

fabricate hierarchical metallic architectures. Herein, we adopt this feasible strategy to 

fabricate metallic structures with hierarchical features, for which 3D printing is used to 

construct large-scale complex geometries while post-printing modification is used to 

add detailed metallic features. Surface modification is achieved with atomic-transfer 

radical polymerization (ATRP) and the subsequent electroless plating (ELP). Since the 

polyelectrolyte brushes grown via ATRP act as a nano-thickness platform to induce the 

following ELP, the metal layers are more securely attached to the substrate compared 

to traditional ELP induced by physically absorbing catalyst [142, 164].  

To demonstrate our proposed method, we successfully constructed metallic cellular 

materials with features of ordered scales ranging from submicron to centimeter. These 
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materials are ultra-lightweight with high energy-absorbing efficiency and capable of 

recovering their original shape after large compression strain up to 50%.  

6.2 Experimental setup 

6.2.1 Materials  

The UV-curable resin was prepared by mixing acrylate-based monomers consisting of 

acrylic acid groups with photo-initiator. All the chemicals were purchased from Sigma-

Aldrich and used as received except that the CuBr was purified by glacial acetic acid. 

6.2.2 Fabrication of metallic structures 

The fabrication of metallic structures is shown as Fig. 6-1. A polymer-template was 

first 3D printed via polymerizing the initiator integrated UV-curable resin. The initiator-

integrated material was prepared following the instruction described in Chapter 3. 

Initiator-containing polymer-templates were finally fabricated layer by layer via 

stereolithography using a commercial 3D printer (PIC2, Asiga). 

 

Fig. 6-1. Schematic illustration of the fabrication of metallic cellular material by 

initiator-integrated 3D printing and the subsequent surface initiated atomic 

transfer radical polymerization (SI-ATRP) assisted ELP followed by etching. 
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As described in previous chapters and our previous work [112, 132], the metallization 

was conducted by polyelectrolyte-assisted ELP and a skeleton and metallic lamina on 

the surface was fabricated successfully following the growth of metallic layer. The 

removal of the sacrificial template was then carried out through etching the polymer 

core, and resulted in a hollow, hierarchical and metallic structure.  

6.2.3 Characterization 

XPS was conducted using an Axis Ultra spectrometer (Kratos, UK) to obtain the 

chemical composition during each procedure, and measure the effectiveness of SI-

ATRP. For spectroscopy, a monochromatic Al Kα radiation resource was utilized with 

reference to a binding energy of C 1s at 284.8 eV. The morphology of the surface 

coating was examined by SEM (Hitachi TM3030Plus) at a 15 Kv accelerating voltage. 

The compression tests were carried out on a servo-electric multi-functional test stage 

(Deben MICROTEST tensile/compression/bending stages), which was integrated into 

the confined space of a SEM chamber (Hitachi TM3030Plus). The test stage is equipped 

with a standard miniature load-cell in the range 2 N to 200 N, which has accuracy 

readout of +/-1%, dynamic resolution 0.1% and static resolution 0.05% of the full-scale 

range. All the compression tests were conducted at a rate of 0.5 mm/min.  

6.3 Results and Discussion 

6.3.1 ATRP grafting  

XPS spectra have been used to reveal the process of SI-ATRP in Chapter 3. Here I want 

to emphasize again to guarantee the preparation of initiator-integrated 3D printed 

objects. Fig. 6-2A shows the presence of the Br signature in the initiator integrated 

sample, which is absent from the sample printed with the original resin. The distribution 

of Br in the 3D printed object was tested by comparing the Br signal of its inner 

composition (after 1 mm of material was trimmed from the surface) and the outmost 
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surface. No obvious difference was observed (inset of Fig. 6-2A), which suggests an 

even distribution of Br within the object. It signifies that the inner distributed Br can 

also be used to re-initiate the ATRP process, allowing a re-generation of functional 

polymers and demonstrating a potential application of function self-healing. The 

successful grafting of poly(METAC) was also confirmed by XPS. The presence of N 

and Cl (Fig. 6-2B and C) are attributed to the formation of a poly(METAC) brush. After 

the ion exchange in (NH4)2PdCl4 aqueous solution, Pd signals at 342.5 eV and 337.0 

eV (Fig. 6-2B) associated with the shift of Cl signal (Fig. 6-2C) indicate a successful 

loading of PdCl4
2- due to its high affinity to the quaternary ammonium, which acts as 

the catalyst to initiate the following metallization. Here, Ni coated 3D objects were 

fabricated through this approach for the following study. 
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Fig. 6-2. (A) Comparison of XPS survey spectra of 3D printed samples with and 

without initiator integrated. The inset is the comparison of high-resolution 

spectra of Br 3d distributed on the outermost surface and inner part. (B) XPS 

survey spectra of poly(METAC) before and after an exchange in (NH4)2PdCl4 

aqueous solution. The inset is the high-resolution spectra of Pd 3d. (C) High 

resolution spectra of Cl 2p shift after ion exchange for loading PdCl4
2− moieties 

on PMETAC-sample surface. 
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6.3.2 Structural controlling of the hollow metallic microlattices  

After the fabrication of solid polymer-templates using SLA 3D printing, the ATRP-

assisted loading of PdCl4
2- moieties act as active catalytic sites for the subsequent 

metallization of the 3D objects. A polymer etching process was then used to obtain 

ultralight cellular metal architectures. Here, a commercially available Ni bath was used 

to obtain a thicker metal film (CASEWELL Inc.). The ELP procedures are similar to 

those described in Chapter 4, but reacted at a high temperature of 90℃.  

Importantly, different from the previously reported method of SPPW which only works 

for building structures with repetitive units, SLA printing offers more freedom to create 

flexible and complicated architectures. Fig. 6-3 showcases a metallic ‘Eiffel Tower’ 

(Fig. 6-3A) etching of a polymer-based template (Fig. 6-3B). Its structural hierarchy 

(Fig. 6-3C) further verifies the capabilities of the proposed initiator-integrated 3D 

printing for freeform fabrication.  

 

Fig. 6-3. Metallic ‘Eiffel Tower’ as an example of hierarchical structure 

composed of hollow Ni-tubes. (A) polymer-template of ‘Eiffel Tower’. (B) 

Metallic ‘Eiffel Tower’ after ELP and the subsequent etching of polymer core. 

(C) SEM image of hollow NiP tube. 

To further demonstrate the suitability of this strategy for fabrication of recoverable 
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lightweight structures, as well as for the corresponding mechanical tests, metallic 

pyramidal Ni microlattices were prepared (Fig. 6-4) consisting of periodic arrays 

forming octahedral unit cells. Similar to the ‘Eiffel Tower’ above, the hierarchy of the 

microlattice spans across three distinct length scales from ~μm to cm, as shown in Fig. 

6-4C and D. For testing purposes, microlattices with different densities were fabricated 

via the proposed method, as listed in the Table 6-1. Their dimensional characteristics 

including the strut angle   , strut length l, diameter D and metal thickness t, are 

described in the schematic of pyramidal lattice (Fig. 6-5). The relative density mainly 

depends on the architecture, while the absolute density is determined by the 

constitutional material. Besides the structural parameters of truss diameter, length and 

angle which can be controlled during the CAD design process, one important issue is 

to control the thickness of the hollow strut. To achieve this, metal layer with various 

thickness determined by the ELP time can be deposited on the polyelectrolyte-grafted 

surface to obtain the desired density.  

 

Fig. 6-4. (A-D). Demonstration of as-fabricated ultralight metallic microlattices 

along with a breakdown of the hierarchical elements. (E) Ultralight metallic 

materials suspending on a flower  
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Fig. 6-5. Structural characteristics of the pyramidal microlattices. 

As observed by SEM images (Fig. 6-6), 0.5 and 1 h of ELP both produce Ni coating 

geometries with uniform coverage, and the thickness of metal layers were c.a. 0.53 μm 

and 1.52 μm, respectively, while the thickness of Ni layers obtained from 5 min and 10 

min of ELP were not dense enough to form an intact layer. This suggests that a 

minimum of 20 min ELP is necessary to produce Ni-coated architectures. The density 

  was calculated by measuring the weight and the global dimensions of the lattice 

while the relative density   was calculated by dividing the density of the constitute 

material (ELPed Ni) with the nominal density   [194]. As listed in Table 6-1, the 

microlattice with 380 nm wall thickness can achieve an ultralight density of 5.1 mg/cm3 

(ultralight is defined as materials with density less than 10 mg/cm3). This density is 

comparable to that of other reported ultralight materials [71] and demonstrates the 

superiority of the proposed approach for structural adjustability.   
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Fig. 6-6. SEM images showing the surface of the Ni layer obtained at 5 min (A), 

10 min (B), 0.5 h (C, D), and 1 h (E, F) of ELD. The thickness of Ni layer is c.a. 

530 nm and 1.52 μm after 0.5 and 1 h’s deposition. The film obtained at 5 and 10 

min of ELP was not uniform and had obvious defects (A and B). 

   

 

Table 6-1. Summary of structural parameters and mechanical properties of the 

fabricated microlattices. 
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Sample# 

t 

(μm) 

D 

(μm)  

 = t/D l (μm) 

(o) 



(mg/cm3) 



(%) 

Y

(kPa) 

E (GPa) m  

1 0.32 200 1.6e-3 1000 30 9.7 0.121 2.9 2.2e-4  

2 0.51 200 2.5e-3 1000 30 14.3 0.174 7.1 6.2e-4  

3 0.62 200 3.1e-3 2000 30 7.1 0.086 4.2 2.3e-4  

4 0.83 300 2.8e-3 2000 30 11.3 0.137 4.4 2.58e-4  

5 0.48 300 1.6e-3 1000 45 13.8 0.168 8.6 7.05e-4  

6 1.26 500 2.5e-3 4000 45 25.4 0.310 23.5 12.95e-4  

7 0.38 500 7.6e-4 2000 45 5.1 0.062 1.7 1.24e-4  

8 0.94 300 3.1e-3 2000 60 13.3 0.162 8.9 6.49e-4 0.58 

9 7.54 300 2.51e-2 2000 60 91.5 1.115 183.7 195.25e-4 0.112 

10 0.50 1000 5e-4 2000 60 6.3 0.077 3.5 2.25e-4  

11 0.97 1000 9.7e-4 2000 60 11.2 0.147 4.8 4.81e-4 0.672 

12 1.28 300 4.3e-3 2000 60 22.8 0.278 22.8 20.52e-4  

13 2.54 300 8.8e-3 2000 60 40.3 0.491 51.3 100.51e-4  

14 2.83 300 9.43e-3 2000 60 47.1 0.573 76.2 128.9e-4 0.173 

15 7.83 300 2.61e-2 2000 60 97.5 1.147 193.7 205.22e-4 0.058 

16 13.2 300 4.4e-2 2000 60 211.4 2.578 932.3 1154.04e-4  

17 2.77 300 9.16e-3 2000 45 51.8 0.631 72.1 119.8e-4 0.241 

6.3.3 Characterization of mechanical properties 

Mechanical response upon compression. To detect the mechanical response of 

microlattices with varying structural parameters, uniaxial compression experiments 

were monotonically and cyclically performed on the lightweight material, as Fig. 6-7. 

In this study, the microlattices were designed to have densities from 5.1 mg/cm3 to 

211.4 mg/cm3. The relative densities were calculated to be 0.062 % to 2.58 % by using 

a reported density of ELPed Nickel 8.2 g/cm3. The structures in all sets of the 

experiments were compressed uniaxially at a displacement rate of 0.5 mm/min to obtain 

the engineering stress, strain and overall deformation behaviors. The engineering stress 

and strain are defined as 0= /F S   and 0= /L L  , with S0 and L0 as the initial cross-

section and length of the compressed sample. The mechanical response was analyzed 

through the strain-stress curve by extracting the Young's modulus E, yield stress Y , 

and the energy loss coefficient = /U U   is calculated by dividing the absorbed energy 
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by the total energy required for compression. 

 

Fig. 6-7. Cyclic and monotonic uniaxial compression is used to detect the 

mechanical behavior of the microlattices. (A) Experimental setup, microlattice 

(sample 12 in Table S1) before compression (B), after 15% compression (C), 50% 

compression (D), nearly recover to its original shape (E). 

The compressive response of microlattices with different structural parameters is 

described as Fig. 6-8 . It shows that all tests present a loading profile consisting of two 

deformation parts- elastic deformation and the subsequent plastic deformation. Also, all 

the plastic deformations present a relatively constant plateau. For the unloading process, 

the mechanical behavior changes dramatically depending on the relative density. As 

shown in Fig. 6-8A, the ultralight lattice with density of 5.1 mg/cm3 presents a nearly 

complete recovery from strains exceeding 50% during the compression results and is 

referred a typical reversible deformation signature. According to its stress-strain curve, 

the lattice presents a compress modulus of 124 KPa with a yield strength of 1.7 KPa. 

In comparison, the following loading cycles present a decrease in the Young's modulus 

and compressive stress, which can be explained by the introduction of damage during 

the first compression cycle. The spreading of node fracture and buckling suffered from 

the first loading cycle brings the compressive stress in the second loading process down 
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to ~2.5 𝐾𝑃𝑎 with elastic modulus of ~60 KPa. Noticed that all the releasing process 

did not present much different and shows self-similarly. The stress initially drops 

dramatically upon the releasing of the compression and then gradually approaches to 

zero along with the recovery. Finally, the lattice recovers nearly to its original height 

after removing the load.  

A similar mechanical response happened to the microlattice of 13.8 mg/cm3 during the 

first loading/unloading cycle but with much higher compressive strength. After 

removing the compression loading, no complete recovery (90%) is achieved after 50% 

compressive strain. Also, during the following loading/unloading cycles, the sample 

exhibits much greater mechanical loss compared to the first sample, with both the 

compressive stress and elastic modulus reduced dramatically. As depicted in Fig. 6-9, 

the yield stress drops to ~3 KPa from 8.6 KPa and the elastic modulus decreases 

significantly to ~600 KPa. This suggests that the structure suffered heavy irreversible 

damage during the first cycle. Again, the self-similarity during the loading/unloading 

cycles following the second one suggests no additional damage is introduced during 

subsequent compressions.       

When the relative density increases further, the compressive behavior becomes similar 

to that of conventional metal foams, exhibiting a mechanical characteristic with an 

elastic phase, plateau phase and showing minimal recovery upon unloading. The stress–

strain curve of a microlattice with 40.3 mg/cm3 density (wall thickness of 2.54 μm), as 

shown in Fig. 6-8C, shows a typical plastic deformation behavior with the highest yield 

strength Y =51.3 KPa compared to two above samples ( Y =8.6 KPa and s  =1.7 

KPa, respectively).  

To summarize the change of mechanical properties during the loading/unloading cycles, 

the evolution of elastic modulus, yield strength, maximum stress and energy loss 
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coefficient is plotted in Fig. 6-9. As observed, the energy loss coefficients of low density 

samples (Fig. 6-9A and B) stabilize to over 0.2, and even the sample of quasi-cellular 

metal (Fig. 6-9C) still has an energy loss coefficient around 0.1. All these results are 

comparable with other reports [195, 196], and transcend other metallic system, such as 

bulk nickel and nickel foam (~0.02) [195, 197]. In addition, it also clearly shows that 

all properties in all tests decrease sharply after the first compression cycle and begin to 

stabilize after the second cycle, which indicates the first cycle induces damage in the 

sample. All the collective data above suggest that irreversible damage or deformation 

occur upon the first loading process, and the subsequent cycles just exhibit nearly 

recoverable elastic deformation. The phenomena can be explained by the nodal fracture 

occurring after the elastic deformation phase. 

 

Fig. 6-8. Mechanical response of microlattices upon loading/unloading cycles 

(Samples 7, 5, 13 from Table 6.1.) at progressively increasing wall thickness. 
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Fig. 6-9. Mechanical properties evolution of microlattices upon 

loading/unloading cycles (Samples 7, 5, 13 from Table 5-1) at progressively 

increasing wall thickness. 
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Analysis of mechanical deformation. The SEM images of samples, as Fig. 6-10, help 

understand further the deformation mechanism. Two deformation mechanisms are 

revealed that truss rotates on the node either with partial crack (Fig. 6-10B and D) or 

plastic buckling (Fig. 6-10E). Moreover, cracks at nodes are clearly visible after the 

first compression cycle but absent in the original microlattice (Fig. 6-10A), and show 

no obvious spreading after the second loading/unloading process. This verifies the 

above assumption that the irreversible cracks are only introduced in the first loading, 

and subsequent loading cycles only present elastic mechanical behavior. Also, the 

ligaments remain without cracks extending through the node after the first loading, 

which enables the strut to rotate around the node.  

It is noted that, because the compression was conducted along the printing direction, 

the printing layer contribute most to the crack due to the stress concentration during 

compression. When compressing the sample in a direction rotated by 90 degree, it is 

reasonable to speculate that most of the nodes will suffer from buckling rather than 

cracking, and the sample will present a similar deformation behavior, for which the only 

difference lies in the strut angle, because of the structural symmetry. 

A. Torrents, et al [195] also verify the above analysis by observing the in-situ 

deformation process through “freezing” the microlattices using epoxy. They also 

confirmed that microlattices of thinner wall structure present local plastic buckling, 

while thicker samples typically show extensive plastic kinking at the nodes. These 

results indicate that intact ligaments allow extensive rotation of the members without 

introducing plastic strain, thereby resulting in nearly complete recovery after intensive 

compression. 
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Fig. 6-10. SEM images of microlattice (sample #11 in Table S1) in cyclic 

compression testing of 50% strain and two corresponding mechanisms 

demonstrate the microlattices can bear large global compression without plastic 

deforming. From left to right, (A) strut of original microlattice, (B) cracking 

occurs at the node after the first loading cycle, corresponding model of partial 

fracture of a node with subsequent rotation (C) nearly no enlarging of crack 

after second loading cycle (D), (E) and (F) show the node rotation of a remnant 

ligament and the corresponding mechanical model. 

Computational analysis. To reveal the influence of structural parameter on the 

mechanical behavior under conditions of loading, a simple mechanical model is 

proposed referring to reference [195]. The model predicts the deforming process 

according to the two aforementioned mechanisms, which takes into account the 

thickness-to-diameter ratio (t/D,  ) and truss angle θ. Fig. 6-10C and F illustrate the 

schematic deformation during the compression corresponding to the two rotation 

mechanisms. Consistent with the above observation and analysis, Fig. 6-10C shows the 

partial fracture of a node with subsequent rotation about a remnant ligament. Fig. 6-
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10F shows the process of elastic buckling at the node followed by rotation. Assuming 

a uniform deformation during the compression, the rotation occurs by bending a thin 

film of thickness ~t-2t and length of the strut radius. According to Fig. 6-10C and F, an 

approximate geometrical relation can be established as: 

 sin
2 2

Hl      (1) 

Based on the relationship of 2 sinH l  , (1 )H H    , we can get: 

   12 sin 1 sin      (2) 

The critical condition for elastic recovery can be obtained by approaching the thin film 

at nodes on the verge of yielding. Based on the geometrical relation and Hook’s law 

that /t r  and /Y E    , we can get the following equation. 
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From (2) and (3), we can obtain the effect of truss characteristics, angle θ, thickness t 

and the diameter D on the critical compression strain, as: 
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Where, Y    and E  are the compressive yield strength and elastic modulus of the 

constitutent materials, which can be obtained from the measurement of the nanoscale 

mechanical response of Ni films as reported in literature [195] (as Y  ~2.5 GPa and E

~210 GPa).  

Equation (4) indicates that the critical maximum strain mainly depends on the thickness 
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ration and truss angle but ignores the effect of truss length. In this study, the length-to-

diameter ratio of the strut ranges from 2-8. According to the report [198] that the above 

two mechanisms still predominate the strut deformation without introducing global 

instability when this ratio is less than 10, it is not essential to simplify the mechanical 

model without considering the effect of truss length. By substituting the Y   and E  

into equation (4), the critical relevance of the wall-thickness ratio and truss angle on 

the maximum compressive strain allowing elastic recovery is determined (Fig. 6-11).  

The maximum strain decreases with increasing thickness ratio, resulting in a gradual 

reduction of the recoverability. Thus, the microlattices approach that of traditional 

cellular metals with solid truss as the ratio increases. Furthermore, the prediction model 

predicts that truss angle is inversely related to compression tolerance. This is because a 

smaller truss angle leads to a large inclination of the loading on the strut cross-section 

resulting in a decrease of shear stress and increasing the likelihood of the strut bending 

with a large deflection [198]. In addition, the thickness ratio influences the compressive 

strain exponentially while the truss angle affects the strain approximately linearly. This 

is in accordance with the fact that the wall-thickness-to-diameter ratio has the most 

impact on the fundamental local deformation, while the loading angle has more 

influence on the global loading status. Fig. 6-11 also compares the experimental data 

with their corresponding theoretical predictions to verify the accuracy of the mechanical 

model. With regards to the influence of the thickness ratio and truss angle on the 

compression tolerance, the experimental results are consistent with the theoretical 

prediction. Note that microlattices with higher thickness-to-diameter ratio usually 

conform better to the prediction. This is because the local-buckling deformation model 

emerges when further decreasing the thickness and becomes the dominant mechanism.     
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Fig. 6-11. Critical maximum strain varying with the wall-thickness-to-diameter 

ratio (A) and truss angle (B) to obtain complete recovery after the compression, 

insets are the comparison of theoretic prediction and experimental data. 

Evaluation of the mechanical efficiency. The mechanical efficiencies of the 

microlattices can be illustrated by plotting the relative strength and compressive moduli 

as a function of the relative density. As shown in Fig. 6-12A, the compressive strength 

exhibits two different functional behaviors with regards to the relative density. For 

microlattices with relative density > 0.1%, the compressive strength exhibits 

approximately a 1.9 scaling in relation to the relative density, which is comparable to 
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the reported hollow cellular metals and the open-cell stochastic foams [195, 197]. For 

relative densities less than 0.1%, although the scaling law changes to 2.5~Y   because 

of the emergence of local buckling upon compression of the ultrathin strut, they can 

bear a larger compressive loading than the traditional ultralight materials with 

stochastic structures [187] and even the newly developed metal foams [199, 200]. The 

deformation mechanism shifts from the plasticity-dominated deformation to a local-

buckling deformation model[195]. It interprets again that the prediction accuracy of the 

ultra-small wall-thickness-to-diameter ratio is slightly lower, as Fig. 6-11.  

The relationship between the elastic modulus and relative density exhibits a 2~E   

scaling, as shown in Fig. 6-12B, which is similar to the stochastic metal foams. This 

scaling law indicates a bending-dominated mechanical behavior to open-cell foams [65]. 

The reason why a stretching-dominated template (generally has a linear scaling) results 

in a foam-like scaling for the modulus is: the absence of horizontally linked truss 

members and the hollow tubes after polymer etching [201]. Most of the deformation is 

consequently concentrated at the node but not distributed along the truss, as Fig. 6-10. 

In contrast to the most existing ultralight materials [195, 202-204], such as carbon 

foams, Si aerogels and solid metallic lattice materials, which follow a steeper scaling 

of 3~E    due to the inefficient load transfer between ligaments, the hierarchical 

material presents a stable 2~E  through all range of relative density. Moreover, no 

metal foams with stochastic cell have been reported at a relative density below 0.1%, 

and it is also found that this metallic ultralight microlattice of order cell is among the 

stiffest materials with densities below 10 mg/cm3 [205-207].  



167 

 

 

 

Fig. 6-12. Evaluation of the mechanical efficiency of the microlattices by plotting 

the relative compressive strength (A) and elastic modulus (B) as functions of the 

relative density. The compressive strength scales quadratically with the relative 

density over the ultralight region but sharply changes to ~
2.5 . For the elastic 

modulus, the microlattices show a quadratic scaling through the entire range of 

relative density. 

Importantly, we can further enhance the mechanical properties by either utilizing 

superior coating materials [201] or carefully designing the lattice topology. For example, 

adoption of octet-truss lattice can improve the scaling low to ~E  , which will result 

in a much superior performance [206]. In addition, multiscale metallic metamaterials 

of higher ordered hierarchy can also allow achieving the maximum strength of a 
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material for a given density by optimizing the equivalent strength at each hierarchical 

level [208]. This also highlight the superiority of 3D printing in structural adjustment 

resulting in a better mechanical property.  

6.4 Conclusion  

In summary, an effective approach has been developed to create ultralight hollow 

cellular metals with controlled hierarchical structures by a modified 3D printing 

technology. The superiority of this technology was demonstrated in constructing 

complex geometries with lattice topology and hierarchical structures spanning multiple 

length scales. By directly mixing an initiator monomer (Br-containing vinly-terminated 

monimer) into the photo-curable resin, a thin metallic coating via surface-initiated 

ATRP and the subsequent polyelectrolyte-brush-assisted ELP is successfully coated on 

the 3D printed objects. After etching, metallic structures with complex geometries are 

achieved and subsequently can be engineered into a thin-walled metallic lattice which 

is capable of deforming elastically via the node fracture and buckling. In this study, 

microlattices with a global size of ~ 2 cm and wall thickness of 320 nm to 13.2 μm were 

fabricated with density ranging from 5.1 to 211 mg/cm3.  

Using this novel manufacturing process, we can construct objects from constituent 

material of high yield stress and truss members of very low aspect ratio, allowing 

recovery from large compressive strain. These materials exhibit a unique combination 

of strength and stiffness that optimizes energy absorption and shape recovery after 

significant compression. In this study, uniaxial compression experiments were carried 

out to reveal the mechanical behavior of the designed hierarchical microlattices. Two 

distinct mechanical responses were found to depend on material density, that 

microlattices of ultralow density (<10 mg/cm3) exhibit nearly full recovery after large 

compressive strain, while the microlattices (10 - 50 mg/cm3) exhibit limited recovery 
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but with higher compressive strength. As density increases, the deformation behavior 

of microlattices approaches to that of traditional cellular metals of solid trusses. A 

mechanical model was established and verified to predict the effect of structural 

parameters on the compressive response, which can be used to guide the material design. 

In general, smaller wall-thickness-to-diameter ratio and truss angle allow larger 

compression without introduction of plastic strain, leading to higher compression 

tolerance for microlattices.  

This fabrication method opens up new possibilities in material design by integrating the 

advantages of 3D printing for architectural construction with the benefits of surface 

modification to control the fine structure. This technique also provides an effective 

approach to fine-tune the mechanical properties through the structural design. Starting 

from strong but dense brittle base material, the fabrication of an ultralight, energy-

absorbing, and recoverable metamaterial was successfully demonstrated.  
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Chapter 7 

7 Mechanical meta-materials by i3DP and the integrated 

properties 

In this chapter, we apply the proposed initiator-integrated material in the fabrication of 

mechanical meta-materials with negative Poisson’s ratio (NPR), which is an extended 

investigation of metallic cellular materials. Specifically, structural design of auxetic 

architectures were cooperated with the SI-ATRP initialized modification, allowing the 

creation of metallic mechanical meta-materials. Three material systems were 

demonstrated here: 1 polymer, 2 hollow Cu, 3 Cu-polymer composite. It is found that 

polymer and Cu-polymer composite auxetic materials present an invariable negative 

Poisson’s ratio, while the materials composed of hollow Cu present a tunable ratio. The 

NPR of hollow Cu material varies with the thickness of metal film. Also, the Cu-

polymer shows a significant strength-enhancement to the mechanical properties.  

7.1 Introduction  

Metamaterials are usually referred to composite materials that can achieve unusual and 

sometimes even unprecedented effective optical and electromagnetic properties [209-

212]. More recently, the concept has been extended to mechanical properties as well. 

Different kinds of meta-mechanical behaviors have been developed to endow the 

materials with unique mechanical properties, such as negative modulus, negative 

compressibility, negative stiff or extremal stiff in certain deformation modes [68, 213, 

214]. These materials show promising applications in actuators, amplifiers, 

micromechanical control, and protective packages. Particularly, the property of zero or 

even negative Poisson’s ratio (NPR) is desirable for materials that subjected to 
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environments with large compression/tensile fluctuations [173]. Compared to 

conventional materials, these NPR materials have a precise dimensional tolerance due 

to their advantages of increased plane strain, tunable density, higher fracture resistance 

and shear modulus [215].  

The NPR materials’ unusual equivalent physical properties are dictated by their 

architectures rather than compositions because the Poisson’s ratio (PR) of a given 

materials can hardly be altered by changing the size of the components. It is therefore 

that, only elaborately designed structures can result in an effective distribution of the 

constituent, and then endow material with the capability to perform novel mechanical 

property. For example, the auxetic materials which are interconnected network-like 

structures can expand when stretched longitudinally or shrink laterally when 

compressed uniaxially [216]. Besides the novel property of NPR, carefully designed 

structure can also make auxetic materials with lower material density than stochastic 

structures, while preserving some important mechanical properties such as material 

stiffness and impact resistance due to the efficient distribution of deformation within 

the structure [177, 217]. However, the instinct constraints of natural material limit the 

design space and practical applications. The fabrication and controlling of the structure 

are, therefore, challenging the current manufacturing. As a result, many of the designs 

of meta-material discussed in the previous studies were only studied theoretically or 

computationally [218]. All these challenges are motivating the researchers to develop 

effective fabrication methods that could enable an arbitrarily assigned set of mechanical 

and physical properties, along with the engineering pursuit of lightweight and 

mechanically robust materials.  

Recent advances in 3D printing made it possible to construct intricate elements. Unique 

geometries can be created to increase the usefulness of given materials. Here, we adopt 

the proposed functional 3D printing to fabricate auxetic architectures, aiming to create 
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mechanical metamaterials with integrated NPR, strength-enhanced and ultralight 

properties. The SI-ATRP initiated by the integrated initiator helps the deposition of 

metal layer. After etching the polymer core, ultralight materials composed of hollow 

tube are obtained.  

7.2 Experimental setup 

7.2.1 Materials 

The UV-curable resin was prepared by mixing acrylate-based monomers consisting of 

acrylic acid groups with photo-initiator. All the chemicals were purchased from Sigma-

Aldrich and used as received except that the CuBr was purified by glacial acetic acid. 

7.2.2 Initiator-integrated 3D printing 

The preparation of initiator-integrated materials and the fabrication of metallic lattices 

followed the description in Chapter3 and 5. Briefly, the initiator-integrated 3D printing 

material was first prepared by mixing well 5 wt% BrMA into the photo-monomers and 

then degassed for 1h in dark. 3D structures were designed by Solidworks (Dassault 

Systèmes) and printed layer by layer via a commercial 3D printer (PIC2, Asiga).  

Re-entrant structure was employed to compose auxetic material in this study. As shown 

in Fig. 7-1, the unit cell is characterized by the structural parameters as overhung link 

L1, width L2 and the re-entrant angle θ. Besides, to guarantee the effectiveness of re-

entrant, the length-diameter ratio was designed for each inclined beam as D/L2  = 1/4 

so that local buckling can be eliminated [198].  
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Fig. 7-1. CAD model of re-entrant structure and the structural parameters 

To investigated the influence of structural parameters on the PR and the mechanical 

properties. Three material systems were prepared, including polymer lattices, metal-

polymer composite lattices and metallic hollow lattices. Except for the polymer lattices 

which were directly printed through 3D printing, the rest of the materials were 

synthesized by the initiator-integrated 3D printing and the post-printing technology.  

Fabrication of metallic auxetic materials. Cu- coating was deposited subsequently to 

obtain metallic cellular architectures. The metallization process followed the 

procedures described in Chapter 3. Typically, the PMETAC-coated 3D samples were 

immersed into 5 mM (NH4)2PdCl4 aqueous solution for 15 min. After PdCl4
2− moieties 

were immobilized to the brushes by ion exchange, the resultant samples were rinsed 

thoroughly with methanol and immersed into a house-made plating bath (details in 

Chapter 3) to obtain metallic architectures. 

7.2.3 Characterization 

The compression tests were carried out on a servo-electric multi-functional test stage 

(Deben MICROTEST tensile/compression/bending stages). The test stage is equipped 

with a standard miniature load-cell in the range 2 N to 200 N, and has an accuracy 

readout of +/-1%, dynamic resolution of 0.1% and static resolution 0.05% of full scale 

range. All the compression tests were conducted at a rate of 0.5 mm/min.  
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7.3 Results and Discussion 

7.3.1 Computation of re-entrant structure 

An analytical model based on a small deflection assumption was proposed by Warren 

[219], which neglects the axial deformation of the struts. By establishing equilibrium 

equations for the unit structure, a set of equations for numerical characterization were 

used to obtain the PR with different re-entrant angles. It was found that PR varies with 

the re-entrant angle and only becomes negative at θ ≥13o. Wan et al. [220] proposed a 

generalized model of the re-entrant lattice structure by considering the case undergoing 

large deflections. This model is expected to be more accurate in cases when relatively 

soft materials, such as polymers, are used. The total deformation of the unit cell is 

obtained by numerically solving a set of elliptical equations. PR is then obtained based 

on the magnitude of deflection. Unit cell size is included in the analysis along with the 

re-entrant angle to provide a more comprehensive design guide for these types of 

structures.  

 

Fig. 7-2. Deformation of re-entrant cell by inclined cell member bending. 

When the auxetic unite is uniaxially loaded in the Y direction, the cell member bends 

as shown in Fig. 7-2. The loaded stress   produces force F on the inclined member, 

which is paralleling to the Y axis, and can be calculated as [221]: 
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 1 2F = cosL L r   (1)  

Where F is the force applied on the inclined member due to  , N;  is remote stress 

applied on the auxetic structure in the Y direction, Pa; r is the radius of the cell member, 

m. The equilibrium of the moment is giving the bending moments at the end of the 

inclined member as: 

 sin 45oM FL   (2)   

Then the PR under Y direction loading is calculated as the negative transverse strain 

divided by the axial strain in the loading direction: 
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 , Xa  and βX are bending 

angles between the tangent of the shape of the inclined member, ES is Young’s modulus 

of the constituent material, I is the second moment of inertia of the cell member. F(αX) 

is an incomplete elliptic integral of the first kind,  XE a is the corresponding bending 

moment of F(αX). 

PR versus strain and geometries. As obtained from (3), PR ν for loading in Y-direction 

is expected independent of density, because this large deformation model used here 

ignores axial compression. Fig. 7-3 shows that PR in the orthogonal directions versus 

strain for varying geometry parameters including a=L1/L2 and re-entrant angle θ. It is 

found that PR is variable, and has a negative value generally. The magnitude of PR 

decreases significantly at high strain when the re-entrant cell is under compression in 

Y-direction. In addition, compressive loading and tensile loading at large deformation 
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will result in a different variation of Poisson’s ratio with strain. For the loading in Y-

direction, PR decreases as strain increases when the structure is compressed, and 

increases as strain increases when the structure is stretched. Importantly, when the re-

entrant cell undergoes a compressive stress in Y-direction at large deformation, the sign 

of PR may switch from negative to positive. It can be explained by that, under 

compressive loading, if the deformation is large enough the inclined members will 

contact each other. At this time, the force and the moment distribution will change, 

indicating that this large deflection model is not suitable for a larger deformation over 

the critical point of contact [222].     

 

Fig. 7-3. Poisson’s ratios vary with strain for a re-entrant cell with geometric 

parameters of different a and re-entrant angle θ.   
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To investigate the effect of geometry of the re-entrant cell on the PR, ν at the limit of 

small deformation is plotted as Fig. 7-4. The Poisson’s ratio at the limit value of small 

deformation is consistent with that reported in literature [222], and a simplified 

expression using the small deflection assumption was also obtained as: 

   

2 2

1 2

sin sin
= =

/ cos cos cos cosL L a

 


    
 (4) 

Where, a is the length ratio of struts, a=L1/L2.  

 

Fig. 7-4. Relationship of PR with re-entrant angle θ (A) and strut ratio α (B) at 

the limit value of small deformation.  

From Fig. 7-3 and Fig. 7-4, it is found that PR not only varies significantly with the 

strain in all cases, but also is influenced significantly by the geometric parameters of 

the cell. As a becomes large, the magnitude of ν reduces generally with a given value 

of strain. A reversed tendency occurs for the influence of θ on the PR. The sign of PR 

changes to positive at a critical strain, which, on the other hand, depends on the value 

of a.  

According to the rule of structural influence on the PR, the following compression tests 

will focus on the mechanical response to the metal deposition, all the fabricated re-

entrant lattices have same geometry parameters, θ = 60° and a = 2. 
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7.3.2 Mechanical properties 

Polymer, Cu-coated composite and metallic auxetic structures were fabricated 

following the proposed initiator-integrated 3D printing. For the composite and auxetic 

structures, architectures with varying thickness of coating was obtained by controlling 

the ELP time. Finally, metallic hollow microlattices with hierarchical structures were 

obtained after etching the polymer core away, as Fig. 7-5. The hollow microlattice 

essentially translates the deposited nanoscale thin film in three dimensions to form a 

macroscopic material where the base structural elements are hollow tubes. By 

controlling the reaction time, submicron-thick uniform conformal coating can be 

achieved, resulting in a metallic cellular material with strength-enhanced property.  

 

Size scale ~mm - cm ~μm - mm  ~nm - μm 

Controllable 

architectural 

features 

Unite cell symmetry, 

spatial location of 

lattice members 

Diameters, wall 

thickness, node 

geometry 

Microstructure, 

multilayer, 

composition 

Fig. 7-5. Auxetic architecture of metallic hollow microlattices after etching of 

polymer core. (A) Polymer template was fabricated by the initiator-integrated 3D 

printing. (B) Metallic cellular template was achieved by SI-ATRP-assisted ELP 

of Cu. (C) Metallic hollow structure was obtained after etching polymer core 

away. (D) Unit cells along with a breakdown of the relevant architectural 

hierarchy.  
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Fig. 7-6. Compression experiments on the re-entrant lattices of three material 

systems. (A) Image of the polymer sample before compression. (B) Load 

displacement data that show compression to 35% strain. (C) Post-deformation of 

the polymer sample. (D) Image of the composite polymer and 190-nm Cu sample 

before compression. (E) Load displacement data that show 17.5% strain. (F) 

Post-deformation image of the composite sample. (G) Image of the hollow 1.9 μ

m walled Cu sample before compression. (H) Load displacement data that show 

compression to 20% strain. (I) Post-deformation image of the hollow sample 

The characteristic failure and post-yield deformation of each sample were observed to 

be correlated with material system and architecture. It was found that the material 

systems (i.e., polymer, composite, hollow Cu) directly affected the localization of 
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failure within the hierarchical beams and the global recoverability of the samples, while 

the architecture strongly influence the global deformation behavior. Mechanical 

properties of all three material systems with two orders of hierarchy are demonstrated 

as Fig. 7-6. 

The post-yield deformations of polymer and composite samples are brittle-like with 

continuous serrated flow (Fig. 7-6A-C and D-F), which is governed primarily by 

buckling in the inclined beams. The strength-enhancement of composite sample 

increases significantly the compressive strength and stiffness. After the deposition of 

~190 nm Cu coating, the compressive strength increases to 0.1 MPa from polymer’s 

0.04 MPa. And the stiffness is doubled to 6.36 MPa. As investigated in Chapter 5, the 

high instinct strength and stiffness of Cu contributes most to the improvement.  

The post-yield deformation behavior of hollow metallic samples is ductile-like with 

continuous stress-strain flow (Fig. 7-6 G–I). Similar to the ultralight metallic pyramidal 

materials in Chapter 6, failure of the re-entrant architecture occurred through a 

combination of localized elastic beam buckling in the inclined beams, shell buckling in 

individual hollow tubes, and microcracking at the nodes.  

Table 7-1 lists the mechanical properties of all material systems, and especially the 

composite and hollow metallic materials with different coating thickness. The hollow 

Cu samples have the highest average recovery, with samples recovering up to 85–98% 

of their original height after compressions exceeding 30% strain. Failure in the hollow 

samples initiated and localized primarily in individual inclined beams. Buckling of 

these beams creates a compliant region in the horizontal row that accommodates most 

of the ensuing displacement. Upon unloading, most of the inclined beams within the 

cross-section of the linked beams remained intact, allowing a significant global 

recovery. This effect is present in all hierarchical microlattices. The recoverability 
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mechanism described above is followed the same mechanism as the hollow pyramidal 

lattices described in Chapter 6.  

Table 7-1. Summary of structural parameters and mechanical properties of the 

fabricated microlattices. 

 

Sample# 

t 

(μm) 

D 

(μm)  

  = 

t/D 

L2 

(μm) 



(o) 



(mg/cm3) 



(%) 

Y

(kPa) 

E 

(MPa) 

m  

polymer - 500 - 2000 60 130 11.0 43.7 2.4  

polymer - 500 - 2000 60 123 10.4 45.2 2.23  

polymer - 500 - 2000 60 137 11.6 44.9 2.37  

composite 0.19 500 3.8e-4 2000 60 143 12.1 117 6.36  

composite 0.47 500 0.9e-3 2000 60 217 18.4 245 20.3  

composite 1.87 500 4.1e-3 2000 60 567 20.3 963 107.4  

composite 2.18 500 4.4e-4 2000 60 613 22.4 1033 117.8  

hollow 0.37 500 7.6e-3 2000 60 4.8 0.054 0.79 0.028 0.53 

hollow 1.9 500 4.1e-3 2000 60 41.5 0.463 18.3 0.52 - 

hollow 0.50 500 1.0e-3 2000 60 10.3 0.115 2.5 0.093 0.48 

hollow 0.91 500 1.8e-3 2000 60 17.6 0.196 9.28 0.19 0.31 

hollow 1.22 500 2.4e-3 2000 60 22.8 0.255 17.9 0.32 0.11 

hollow 2.18 500 4.4e-3 2000 60 50.4 0.53 23.9 0.61 0.06 

hollow 5.72 500 1.1e-2 2000 60 127.6 1.43 218.7 7.05 - 

 

Fig. 7-7. Mechanical model of inclined beams rotating around the node. 

Fig. 7-7 shows the process that elastic buckling occurs at the node following by the 

rotation about the buckling. Assuming a uniform deformation during the compression, 
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the rotation occurs by bending a thin film of thickness ~t-2t and length of the strut radius. 

For the hollow metallic lattices, a simple mechanical analysis according to Fig. 7-7 can 

be established to predict a transition from the elastic recovery regime to the plastic 

regime at a critical wall-thickness-to-diameter ratio, which is given by: 
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 (5)  

Where E’ and 
y   are the yield strength and Young's modulus of ELP Cu. 

(more details can be found in Chapter 6) 

Equation (5) depicts that the critical maximum strain mainly depends on the thickness 

ration and truss angle but ignores the effect of truss length. As stated in Chapter 6, by 

applying the value into equation (5), it is able to plot the critical relevance of the wall-

thickness ratio and truss angle with the maximum compressive strain after which a full 

recovery can be realized. The maximum strain decreases with the increase of thickness 

ratio, resulting in a gradual reduction of the recoverability. That means, the 

microlattices tend to deform as the traditional cellular metals composed of solid truss 

when the ratio increases further.  

As for the truss angle, the prediction suggests that a small truss angle usually get higher 

compression tolerance. That is because a small truss angle leads to a large inclination 

of the loading on the strut cross-section resulting in a decrease of the introduction of 

shear stress and the strut is deformed likely in form of bending with a large deflection 

[198]. In addition, thickness ratio influences the compressive strain exponentially while 

the truss angle affects the strain approximately in linear. It is in accordance with the fact 

that the wall-thickness-to-diameter ratio issues most on the fundamental local 

deformation, while the global loading status is more sensitive to the loading angle. 



183 

 

 

7.3.3 Poisson’s ratio upon metal thickness. 

We also investigated the influence of metal layer on the PR by dividing the axial strain 

in the loading direction with the negative transverse strain. It should be noted that, PR 

varies significantly with the strain in all cases of geometric parameters as described in 

7.3.1. Here, a transient PR is calculated through an approximation method, for which 

we only take the initial 2.5% uniaxial strain as the effective measurement. The 

transverse strain is calculated as the ratio of the average contraction after 2.5% uniaxial 

compression to the width of the sample. 

The influence of metal thickness on the PR is plotted in Fig. 7-8. Both polymer and 

composite materials have a fixed PR as ~ -1.1, which agrees with the computational 

analysis. The solid polymer beam or metal-coated solid polymer beam undergoes same 

mechanical response to the uniaxial loading. As analyzed in 7.2.1, the inclined beam 

will bend around the midpoint and then result in a global contraction. Consequently, for 

a given geometric parameter of L1/L2 =2, θ= 60o, and L1/D = 4, both polymer and 

composite material will have a same Poisson’s ratio.  

 

Fig. 7-8. PR of three material systems versus the thickness metal layer. 
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For the hollow Cu lattices, it is noted that PR increases with the increase of metal 

thickness, and finally stabilizes at ~ -1.1, which is same as that of the polymer and 

composite lattices. When the metal film is below 2 μm (t/D = 4 x 10-3), the bending of 

inclined beams in response to the uniaxial load will not only result in the inclined beam 

rotating around the node, but also cause a local buckling. The local buckling will reduce 

the transferring effectiveness of the force in the transverse direction, and accordingly 

decrease the global contraction of the lattice. In addition, the linking beams will also 

undergo a local buckling which further decrease the effective PR. The lattices with a 

thicker metal coating will deform similarly to the polymer and composite lattice due to 

the inclined and linking beams that are strong enough to eliminate the local buckling.        

7.4 Conclusion 

In summary, mechanical metamaterials-auxetic materials-composed of re-entrant cells 

were prepared by the initiator-integrated strategy. Ultralight hollow cellular metals were 

achieved with hierarchical architectures after the etching of polymer core. The 

advantage of 3D printing in the fabrication of complex geometries incorporating lattice 

topology benefits the materials of hierarchical structures spanning multiple length 

scales. In this study, three material systems, i.e. polymer, composite and hollow Cu, 

were created and compared in terms of the mechanical properties. Among them, hollow 

microlattices with a global size of ~ 2 cm and wall thickness of 370 nm to 5.72 μm are 

fabricated with density ranging from 4.8 to 127 mg/cm3. Furthermore, the transient PR 

of hollow metallic materials varies with the thickness of metal film, and finally 

stabilizes at a constant same as that of the polymer and composite materials. These 

mechanical meta-materials exemplify a new conception of structural design by 

integrating the advantages of 3D printing in architectural construction with the benefits 

of surface modification in precise structure controlling.  
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The numerical analysis shows PR of auxetic lattices are not a constant under large 

deformation. They vary significantly with the strain and converge to the results 

predicted by small deformation of flexure within the limit of small strain. At large 

deformation, the NPR is different in remote compressive loading and tensile loading. A 

simplified expression was obtained based on the predicted PR at the limit of small strain. 

Geometric parameters of the re-entrant cell, i.e., L1/L2 and θ, have a very significant 

effect on the magnitude of PR. The sign of PR even changes from negative to positive, 

when the cell bears a compression, and the deformation is large enough.  

In contrast to the brittle-like deformation behavior of polymer and composite lattices, 

the post-yield deformation behavior of hollow metallic ones is ductile-like with 

continuous stress-strain flow. The reason is because the failure of hollow lattices occurs 

through a combination of localized elastic beam buckling in the beams, shell buckling 

in individual hollow tubes, and microcracking at the nodes. Of all material systems, the 

hollow metallic samples have the highest average compression recoverability. 
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Chapter 8 

8 New generation of initiator-integrated 3D printable 

material (i3DP II) 

In this chapter, a new generation of 3D printing material, namely i3DP II, was 

developed and employed to fabricate various metallic structures by directly integrating 

a catechol-based dopamine as the initiator into the 3D resin followed by the surface-

initiated self-polymerization of polydopamine and subsequent electroless plating. This 

newly developed material can simplify the functionalization process by eliminating the 

nitrogen/argon protection, since the functional layer of polydopamine comes from a 

natural oxidation process, and no critical condition is required. The rich catechol groups 

in polydopamine endow the metal coating with high adhesion stability on the surface 

of 3D printed object. Complex structures, such as Eiffel towers, micro-stretching-

dominated lattices and auxetic lattices were prepared with multifarious metal coatings. 

The distinct metal coating can offer the 3D printed object with desired properties such 

as magnetic and high conductivity. The combination of 3D printing’s merits in structure 

design and polydopamine’s versatile function in surface modification and the 

subsequent polymer-assisted ELP of metals, extended the capability of 3D printing as 

a universal, robust and cost-effective technique to get applications in more practical 

areas, such as electronics, energy absorption, thermal insulation and others. 

8.1 Introduction 

3D printing technology provides a powerful tool for the fabrication of sophisticated, 

bespoke and customized materials/devices, which may be difficult or even impossible 

for traditional manufacturing routes [223]. Because of its efficient capability of rapidly 
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converting materials into functional structures, 3D printing has become a revolutionary 

technology increasingly attracting attention from various fields such as material science, 

biology, chemistry and engineering [24]. However, the limited range of working 

materials contradict much of the growing interest in the production of functional 

materials/devices [224, 225]. Only a few applications have been addressed to date. It is, 

therefore, imperative to extend the capability of 3D printing to endow the 3D printed 

materials with more desired properties.  

Two possible approaches are suggested to address the challenge, one is developing 

specific printing strategies together with many different material systems, and the other 

is developing a new 3D printing material system to produce functional 

materials/devices. The former is obviously costly and time-consuming, which also 

requires the support of 3D printer, while the latter is verified to be accessible through 

an integrated strategy. The recent advances of conjunction of materials with existing 

3D printing are opening new areas of applications. This strategy has been preliminarily 

applied in the fabrication of biochemical products, such as tissue and scaffold 

engineering. Nevertheless, a major part of the previous work just involves the 

incorporation of different types of additive into the commercially available resin, 

mainly focusing on a specific improvement to the matrix [226-229]. Besides, the 

additive in all these cases strongly affects the printing process in aspects of solution 

viscosity, light penetration and additive dispersion. It is, therefore, of great significance 

to develop a robust printing method or material system by optimizing the incorporation 

of materials with 3D printing instead of solely developing for each.  

The newly developed material system described in Chapter 3 gave a great 

demonstration by incorporating the additive and surface modification. It significantly 

enhanced the capability of 3D printing in fabrication of various functional materials, 

such as biocompatible, superhydrophobic, metallic, conductive and antimicrobial. But 
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the complex experiment procedures and rigorous reaction conditions restrict it available 

on more applications. Therefore, it is crucial to exploit a robust material system that 

can serve for a wide variety of demands and only require simple experiment procedures 

and mild reaction conditions.  

Herein, we demonstrate the incorporation of dopamine as an additive with 3D printing 

to make metallic structures/materials. It presents superiorities in terms of easy-using, 

environmental friendly and versatility. Metallic cellular materials are used to 

demonstrate that this approach can not only produce high quality metal coating, but 

also easily realize an in-situ repair of metal coating. Compared to other methods 

suggested, including direct 3D printing of metal alloys (i.e., DIW, SLS & EBM) [230-

232] and polymer-template directed metallization (SPPW) [67, 206], the proposed 

approach shows advantages of easy-use, fast-reaction and high resolution. The direct 

metal 3D printing only involves alloys of moderate-melting-point by high energy beams 

or metal-nanoparticle suspensions by polymerization, which is relatively costly and 

time-consuming to specially prepare the working materials. As for the SPPW, although 

it opens opportunities to fabricate metallic structure indirectly through converting 

polymer-based templates, its application is limited by fabricating only ordered structure 

units without horizontal elements. Furthermore, the ELP used in this technique was 

carried out only by physically absorbed catalysts, which results in a metal layer of weak 

adhesion.      

This study aims to develop a simple and versatile strategy for 3D printing functional 

materials with desired properties. And taking the fabrication of metallic cellular 

materials as an example to demonstrate its capacity. In addition to generating high 

quality metallic coatings, the proposed strategy is also able to locally repair the damage 

areas by an in-situ growing of polydopamine (PDA) brushes via self-polymerization 

and the subsequent ELP of metals.  
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Different from the previous studies of PDA initiated functional coating, this study 

utilizes the dopamine as the initiator to mix up with UV-curable resin instead of 

immersing the object into the “have to” freshly prepared dopamine solution. More 

importantly, it can make the printed objects dominant in the following surface 

modification. The thin layer of PDA, as an extremely versatile nano-thick platform, can 

be utilized for secondary reaction to produce tailored functional layers [233, 234]. 

Especially, the catechol-groups in PDA is of great efficiency to deposit high adherent 

and uniform polymer brushes or metal coatings. This offers advantages that, on one 

hand, the 3D printed object itself owns the capability to initiate the following reaction, 

thus it is easy to realize local generation of desired coating and local repair the damage 

area; on the other hand, there is no limitation about the preparation of the solution.  

The working principle is shown as Fig. 8-1, the initiator-integrated resin is polymerized 

with initiator embedded. Then, the initiator exposed on the surface is polymerized into 

PDA which acts as a versatile medium to induce the metallic coatings. This approach 

can provide an effective and robust strategy in fabrication of complex metallic 

structures by incorporating the surface modification and 3D printing technique. It offers 

superiorities not only to generate high quality metallic layers, but also to locally repair 

the surface because the initiator distributed in the 3D printed object is always ready to 

be initialized.  

 

Fig. 8-1. Schematic illustration of the processing of complex architectures by 

dopamine-integrated 3D printing with subsequent ELP for the metallic layer. 
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8.2 Experimental setup 

8.2.1 Chemicals and materials.  

The UV-curable resin was prepared by mixing commercial monomers of 39.5 wt.% 

di(trimethylolpropane)tetraacrylate, 39.5 wt.% uethoxylated pentaerythritol tetraacrylate 

and 20 wt.% 2-[(butylcarbamoyl)oxy] ethyl acrylate with 1.0 wt.% (2,4,6-

Trimethylbenzoyl-diphenyl-phosphineoxide) as photo-initiator. All other chemicals were 

purchased from Sigma-Aldrich and used as received unless specially indicated.  

8.2.2 3D Printing of dopamine-integrated architectures  

Dopamine hydrochloride was added into the resin base and mixed well to prepare the 

initiator-integrated UV-curable resin. After degassing for 10 minutes in dark, the 

customized resin containing 3 wt.% dopamine was ready to print. A DLP 3D printer 

(PICO2, Asiga) was used to print architectures via photo-polymerizing in a layer-by-

layer sequence. During printing, the initiator-added resin was polymerized with same 

parameters as the commercial resin base. After ultrasonically rinsing for 5 min in 

ethanol, the printed object was dried by a mild Ni flow, and post cured by a UV-light 

for 5 min.  

8.2.3 In-suit polymerization of PDA  

In a typical experiment, dopamine was polymerized to PDA by immersing the 3D 

printed object into the Tris buffer (pH 8.5) for 2 hours. This needs to be stressed again 

that the long-time storage of the buffer and the initiator-containing substrate have no 

negative influence for the following reaction, indicating this method is preponderant to 

other methods [235, 236]. It was observed visibly that the oxidation polymerization 

changed the solution color to dark brown, and the object’s surface grew a thin layer of 

black film. After that, the treated object was rinsed with DI water and dried by N2 flow.  
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8.2.4 PDA-assisted ELP 

The PDA coated object was metallized by immersing in a metal salt solution. For ELP 

of copper, a solution contained a 1:1 separately prepared solutions A and B. Solution A 

was prepared in DI water consisting of 30g/L of ethylenediaminetertraacetic 

acid(EDTA), 15g/L of copper chloride (CuCl2), and 12 g/L of boric acid (H3BO3). 

Solution B was 12g/L dimenthylamine-borane (DMAB). Immediately before use, 

solution A was mixed with solution B as 1:1 in volume.  

For ELP of Nickel, the solution was prepared consisting of 40 g/L of Ni2SO4·5H2O, 20 

g/L of sodium citrate, 10 g/L of lactic acid in water. A 1g/L DMAB aqueous solution 

was prepared separately, and was mixed well with the Ni salt solution in a 4:1 volumeric 

proportion to prepare the final ELP bath.  

For the ELP of Ni-Co alloy, the bath contained 0.05 M of CoSO4·7H2O, 0.03M of 

NiSO4·6H2O, 0.02M of NiCl2·6H2O, 0.02 M of NaH2PO2·H2O, 0.01M of NH4ReO4, 

0.05M of glycine and sodium citrate as complexing agents, 0.5M of Na2SO4 as 

supporting electrolyte, and various additives: Ce2(SO4)3 (2×10−5 M), Tergitol 08 (2.5 

mL/L), L -ascorbic acid (8.5×10−3 M) and C7H4NNaO3S·2H2O (sodium saccharinate, 

0.005 M). The pH was adjusted to 8.6 by additing NaOH. Immediately before use, the 

resultant solution was mixed with DMAB solution (10g/L) as 1:1 in volume. The PDA-

coated surface was dipped into the mixed solution for 2-3 hrs at 30℃.  

For the ELP of silver, the solution contained 1:1 separately prepared solutions A and B. 

Solution A was prepared by adding aqueous ammonia solution (0.2M) dropwise into 

the aqueous AgNO3 (5mM) solution until no brown precipitate generated any more. The 

solution B was glucose solution of 3mg/ml. Immediately before use, solution A was 

mixed with solution B as 1:1 in volume. The PDA-coated object was immersed into the 

resulted solution at ambient temperature. Then the surface was rinsed with DI water 
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and dried with N2 gas.  

For the ELP of gold, the PDA-modified object was immersed into a freshly prepared 

solution consisting of 0.01 wt % HAuCl4 and 0.4 mM hydroxylamine hydrochloride for 

24 hr. Then the gold-deposited surface was rinsed with DI water and dried by N2 gas.    

8.2.5 Characterization 

The morphology of the surface coating was examined by SEM (Hitachi S-4500) at a 

10kV accelerating voltage. VSM (730T, Lakeshoper, America) was utilized to measure 

the magnetic property at room temperature. Electrical conductivity of the deposited 

metal film was measured using a four-probe method on an M 2400 Keithley High 

Current Source Measure Unit (voltage range ±50 V, step 1 V), and the conductivity was 

calculated. The data are obtained by multiple measurements on different samples (three 

for each formulation). Uniaxial tensile tests were carried out using a dynamometer 

(Deben Microtest) equipped with a load cell of 200N. Flake structures were tested, and 

at least 3 specimens for each measurement. FTIR spectra were recorded on Nicolet 

FTIR 6700 spectrophotometer (Thermo Nicolet) under ATR mode. Adhesive peel 

strength was measured by the use of a cross scotch tape test, according to the ASTM 

D-3359 using 3M #600 tape [237].   

8.3 Results and discussion 

FTIR analysis was conducted to verify the formation of PDA on the surface of 3D 

printed object. As observed in Fig. 8-2, the original resin presents a typical spectrum of 

acrylate-based formulation, with signals of O-H, C=O, and C-O appearing at 2917, 

1700, and 1203 cm-1, respectively, but no signal of N-H shows up. For both the 

dopamine-integrated resin and PDA-coated sample, signal of N-H (3300-3500 cm-1) 

presents obviously in the spectra indicating the existence of amine group [238, 239]. 
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The shift of the N-H signal from 3348 cm-1 in dopamine-integrated resin to 3300 cm-1 

verifies that the amine group changed after the self-polymerization of dopamine. The 

signal of C-N ranging from 943-1034cm-1 also shifts because of the production of 

secondary amine after the self-polymerization process. All the evidence suggests that 

PDA was generated after the self-polymerization of dopamine which can act as a 

versatile medium for the following modification. 

Moreover, the very broad signal at 3300-3500 cm-1 overlapping the H-bonded signals 

in the FTIR spectrum of sample after self-polymerization indicates that the inner part 

still contains dopamine which has a potential of re-generating PDA. This characteristic 

enables the inner part of the initiator-integrated object to repeat the polymerization of 

PDA and the subsequent modification. That indicates it is possible to locally repair the 

metal coating in case of damage.  

 

Fig. 8-2. FTIR spectra of the photo-curable resin before and after the mixture of 

dopamine 

The universal PDA film is applicable to a broad variety of substrates, from inorganic 
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and rigid glass, polymeric PET flake, to soft green leaf [235]. Here, we adopt this 

characteristic into the 3D printing to fabricate a series of complex metallic structures. 

Fig. 8-3 A-D present the resultant Ag-coated microlattice after 30 minutes’ deposition. 

SEM was used to observe the surface morphology of the Ag coating. The surface was 

deposited with a ~200 nm thick layer of silver which was composed of dense particles. 

One can also find the layer-by-layer feature of ~ 51 μm in the z direction which was 

consistent with the printing setting. Furthermore, as observed from the SEM images 

(Fig. 8-3 B-C), the microlattic has no any cracks or delamination, stating the integrated 

dopamine causes no influence on the printability of the resin.  

Moreover, the mechanical test was also conducted to investigate the influence of 

dopamine on the mechanical properties. Axial tensile test was conducted to qualify the 

influence on the tensile strength and Young's modulus. As shown in Fig. 8-4A, the 

sample with dopamine integrated showed a typical mechanical behavior of elastic 

deformation, which was constant with the sample without initiator. In addition, the 

elongation remains ~0.35 which is relatively unchanged after the addition of dopamine. 

Fig. 8-4B plots the quantitative comparison of the tensile strength and Young's modulus 

after the integration of the dopamine. It is found that the addition of the initiator causes 

no obvious effect on the mechanical properties.  
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Fig. 8-3. Optical photographs of complex metallic-architecture fabricated via 

dopamine-integrated 3D printing. (A-D) Ag-coated Eiffel tower and its surface 

morphology in the x, y, and z direction, the inset shows the thickness of the Ag 

coating, scale bar: 1μm; (E-G) Metallic Eiffel tower of Ni-Co, Cu, and Ni coating, 

the dimension of the model is 28 ×28 x72mm. (H) Microlattice of Au-coating (20 

x20 x15mm). 

 

Fig. 8-4. (A) Deformation behavior of dopamine initiated sample. (B) 

Comparison of tensile strength of the samples with and without mixture of 

dopamine-initiator 

Typically, PAD-assisted deposition of metal film is also highly dependent on the ELP 
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time. To reveal the generation of metal film on the surface of substrate, SEM was 

conducted to investigate the size and distribution of the silver nanoparticles on the 

polymerized matrices. Along with reaction time in the silver ELP solution, the 3D 

sample changed its color from the original clear to brown (the silver nanoparticles 

formation begins to occur), and finally to a silver-mirror like aspect (Fig. 8-3A). Fig. 

8-5 shows the generation process of silver particles reduced by the catalyst layer of 

PAD. At first, a flat interface was observed which is the polymerized polymer with 

nano-thick PAD film on it. Then, because of the PDA acts as a layer of catalyst to reduce 

metal particles in the ELP process, the silver particles began to emerge on the surface 

(Fig. 8-5A, B). Along with the reaction time, a dense layer of silver was deposited and 

the aggregation obviously shows up (Fig. 8-5C, D).  

 

Fig. 8-5. SEM of the silver film growing on the 3D printed object, the reaction 

time is 5 min for (A-B) and 30 min for (C-D), respectively. 

Notably, this strategy is also applicable to deposit other metal materials. By utilizing 

the computer-aided process, we demonstrated various complex metallic objects, 

including Cu, Ni, and Ni-Co-coated Eiffel tower and Au-coated cellular structures (Fig. 
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8-3E-H). In addition, it was found that the thickness of PDA film has no significant 

influence on the patterning efficiency. The metal film can be achieved regardless of the 

PDA thickness, which means a very small of dopamine into the UV-curable resin is 

sufficient to perform the following procedures. This also offers this strategy of 

advantages of cost- and time-saving. Also, because the PDA acts as a nano-thick 

adherent polymeric film to induce metal ELP to form metal layers with excellent 

adhesion to the substrate [236], all the deposited metal films display a robust adhesion 

on the surface of photo-polymerized polymer. The adhesion was measured through a 

standard tape test according to ASTM designation F1842-15. Briefly, a lattice pattern 

with six cuts in two mutual vertical directions was made in the coating to the substrate. 

Then a pressure sensitive tape was applied over the lattice and removed after 90s of 

application. The adhesion was evaluated by comparing with the standard illustrations. 

It was observed that all the coating showed a great adhesion of grade 4, which means 

only small flakes of the coating were detached at the intersection and less than 5% of 

the area was affected, as Fig. 8-6. This also indicates that approach offers great 

opportunities for the applications of stretchable and flexible electronics.  

 

Fig. 8-6. Tape test of the Au- and Ag-coated surface to verify the adhesion of the 

metal coating generated by the dopamine-integrated 3D printing. 
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The success of metal deposition can offer the 3D printed objects of specific properties. 

For example, the Ni-Co alloy coating, which consists of 65% Ni, 28% Co, and 4% P 

(Fig. 8-7), suggests a Ni-rich magnetic material. A typical hysteresis loop was found 

through the VSM measurement (Fig. 8-8) which illustrates that the object exhibits soft 

ferromagnetic behavior. This is in agreement with the fact that Ni-rich alloy coating 

expresses soft ferromagnetic property [165]. It is notable here that the ratio of Ni to Co 

was controllable by adjusting the proportion of Ni in the ELP solution which can 

subsequently regulate the property for the magnetic coating. Therefore, according to 

the requirement of magnetic response, it is possible to optimize the property, such as 

magnetocrystalline anisotropy, based on the different magnetic properties of Ni-rich 

coating or Co-rich one. The result indicates that the proposed combination of 3D 

printing for architecture design and surface modification techniques has a great 

potential of the application of remote controlling objects. This technique offers 3D 

printing with potential applications of magnetically driven micromachines/systems. 

 

Fig. 8-7. EDX spectrum of the Ni-Co alloy coating consisting of 65% Ni, 28% Co 

and 7% P. 
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Fig. 8-8. VSM measurement of the Ni-Co alloy coating. Inset is a cellular 

structure with Ni-Co alloy coating adsorbed by a magnet. 

Remarkably, this proposed technique is able to regenerate metal coating in case of the 

damage of existing coating. According to the FTIR spectrum of Fig. 8-2, the inner part 

still contains dopamine which has potential application of re-generating PDA. This 

characteristic makes this initiator-integrated object reusable to repeat the 

polymerization of PDA and the subsequent modification. An electro-circuit was set up 

as Fig. 8-9 to demonstrate the re-generation of metal film. A plate with Cu coating, 

which was prepared using PDA-assisted ELP, was used as an electrode to connect a 

battery and a LED. As observed, LED was lighted up by connecting the battery through 

an original Cu-coated plated. After peeling off the middle part of the coating, the circuit 

was shut down, and LED was turned off. Because of the existence of the unpolymerized 

dopamine beneath the metal film, it is able to polymerize the dopamine to PDA once 

again after the damage of the outmost metal film. Thus, a new generated PDA can act 

repetitively as a functional medium to grow the metal coating. Finally, a new layer of 

Cu-coating was successfully generated by performing the polymerization of dopamine 

and the subsequent metal deposition process.  
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Fig. 8-9. Demonstration of regeneration of the Cu metal film. (A) A plate with Cu 

coating was used as electrode to light the LED. (B) After peeling off the coating 

in middle area, the LED turned down. (C) The Cu coating was regenerated to 

connect the circuit again. Insets are the electrode made of Cu-coated plate. 

Electrical sheet resistance of the deposited metal films (copper, silver and gold) was 

measured using a four-probe method, and the conductivity was calculated. The results 

were listed as Fig. 8-10. For the copper film, the sheet resistance was measured to be 

ca.0.08 Ω/□ after 30 min ELP. According to the thickness ~300nm (Fig. 8-11A), the 

conductivity was calculated as 3.89 × 107 S m-1 which is ~65% of the bulk copper 

material. Similarly, the sheet resistance of silver and gold film was measured as 0.19 

and 0.21 Ω/□, respectively (deposition time is 30 min for both silver and gold). As 

shown in Fig. 8-10, they took a proportion of 53% and 73% of the bulk material, 

respectively. All the metal films produced by this strategy are of comparable 

conductivities with the printed electronics described in report [240], indicating a 
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promising application of electronics. According to the reports [241, 242], it is the 

difference of surface energy induced by the different microstructures of these three 

materials that causes the conductivity discrepancy comparing with the bulk materials.  

 

Fig. 8-10. Comparison of the conductivity of deposited metal coatings and the 

bulk materials. 

 

Fig. 8-11. SEM images showing the thickness of the (A) Cu-coated substrate at 30 

min, (B) Ag-coated substrate at 30 min, (C) Au-coated substrate at 30 min.  
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8.4 Conclusion 

In summary, a new generation of initiator-integrated 3D printing material was 

developed and employed to fabricate metallic structures. By directly mixing dopamine 

as an initiator into the photo-curable resin, 3D printing technique is able to cooperate 

with the structural flexibility and the surface modification to generate a variety of 

complex metallic architectures based on the in-situ growing of PDA and the subsequent 

ELP process. This strategy makes the 3D printed objects ready at any time to be 

triggered in the alkali environment for the growth of the desired functional layers on 

the surface, allowing a self-healing ability of the functional coatings. It also has a 

potential of fabricating electronics according to the comparable adhesion strength and 

conductivity of the metal coatings introduced by this approach. Overall, by combining 

the advantages of 3D printing for geometry construction and the facial PDA layer for 

inducing metal layers, this approach has greatly extended the capability of 3D printing 

as a robust and cost-effective technology, and enables this technology to be practical in 

applications of electronics, energy absorption, catalyst support, and others. 
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Chapter 9 

9 Summary, conclusions, and future directions 

9.1 Summary of 3D printing of functional materials  

A facile and effective strategy, as described in Fig. 9-1, was demonstrated to endow 3D 

printing’s capacity of fabricating functional materials/devices. Post-printing surface 

modification is used to give the 3D printed materials desirable properties, and structural 

optimization aims to maximize the functionality.  

 

Fig. 9-1. Workflow of 3D printing functional material through the incorporation 

of surface modification and structural optimization.  

Following this principle, a reusable filter was first demonstrated for heavy metal ion 

removal by integrating 3D printing technology with a bio-adsorption method. By 

combining the advantage of 3D printing in structural design and optimization, with the 

bio-adsorbent’s high efficiency for removing heavy metal ion, it enables a 3D chitosan 

filter to have a great performance for water treatment. Compared to conventional 

processes, the fabricated filter offers advantages of simplified manufacturing, 

customized design and fast treatment. Furthermore, the structurally optimized filter can 

achieve a considerable adsorption capability up to 13.7 mg/mg in the optimal working 

condition at T = 25oC and pH = 5.5, which shows promising prospects in a mass 

application of wastewater treatment. During the cyclical adsorption-desorption 

processes, the filter’s adsorbability remains steadily in repeated filtrations, with only a 
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slight reduction of ~2 mg/g after the first filtration cycle. FTIR spectra indicate that it 

is the -NH2 groups of chitosan that facilitate the adsorption process, implying a 

compatibility of adsorbing other metal ions. Therefore, the application in this study can 

be employed for the removal of more kinds of heavy metal ions. 

A robust material system – initiator-integrated printable material – was further 

developed to serve for a wide variety of demands in an all-in-one manner. A bromine-

containing acrylate was added into 3D printing resin, which acts as an initiator to allow 

polymer brushes to grow on the printed surface through surface-initiated atomic transfer 

radical polymerization (SI-ATRP). The 3D printed materials with easy-to-modify 

surface allow the fabrication of various functional materials, such as hydrophilic, 

metallic, and conductive alike. It is noted that, this approach is versatile for any UV-

curable resin composed of acrylate-based prepolymers, and any photo-polymerization 

based 3D printing techniques. That means, taking advantage of both 3D printing and 

SI-ATRP, it is feasible to use only one material system to fabricate complex 

architectures with various desired functions. In addition, this initiator-integrated 

strategy could be compatible with many other surface-initiated technologies, only by 

simply selecting a proper initiator with different functional groups. Our following 

studies further verify that this initiator-integrated strategy is highly effective to make 

3D printing technology practical in the fabrication of functional materials/devices with 

novel properties, and shows a great potential in fields of biomedical science, energy-

adsorption, and mechanical metamaterials. 

Based on the proposed initiator-integrated 3D printing material, magnetically 

manipulated robot was fabricated via the SI-ATRP assisted ELP. The robot was grafted 

with a layer of Ni-rich magnetic coating which exhibited a soft-magnetic property. The 

magnetic manipulation demonstrated that the ellipsoid robot was successfully 

magnetized, and can rotate synchronously with the magnetic field. The rotational 
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movement can be translated subsequently to linear movement by carefully designing 

the spiral structure and the strategy of magnetic controlling. According to the kinematic 

and magnetic analysis, the swimming properties under magnetic control were affected 

by the spiral shape, liquid viscosity and the controlling manner. Our investigation has 

shown that the proposed integrated 3D printing technology works well for fabrication 

of remote controlling objects. This technique offers 3D printing with a potential 

application of magnetically driven micromachines/systems. 

The combination of surface-initiated modification and structural optimization was 

employed further to fabricate metallic cellular materials of high effective strength. First, 

we theoretically analyzed the mechanical properties of two stretching-dominate lattice–

octet-truss lattice and pyramidal lattice. It was found that the pyramidal lattices with 

truss angle of 35o have the lowest density, while the effective stiffness reaches to the 

best at a truss angle of 45o. Although octet-truss can bear a larger compression than 

pyramidal lattice when having the same loading area, it provides a lower specific 

stiffness due to its higher density. 3D printing was employed to fabricate the lattices of 

complex architecture, for the verification of the above analysis. Compression tests were 

conducted to observe and compare the mechanical behaviors, and the results were 

consistent with the theoretical analysis. Next, by combining the structural optimization 

and the post-printing modification, Ni and Cu coatings were deposited to the 3D printed 

polymer lattices, obtaining metallic cellular materials of high strength. We also 

investigated the strength-enhancement effect on mechanical properties, and understood 

the relationship between mechanical properties and metal films’ thickness in detail.  

Ultralight metallic cellular materials inspired by the strength-enhancement effect were 

fabricated by the proposed initiator-integrated 3D printing material. The superiority of 

3D printing in the construction of complex geometries incorporating lattice topology 

benefits the materials of hierarchical structures spanning multiple length scales. A thin 
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metal layer was successfully coated on the 3D printed objects via SI-ATRP and the 

subsequent polyelectrolyte-brush-assisted ELP. After etching away the polymer core, 

metallic structures with complex geometries were achieved, and can be subsequently 

engineered into a thin-walled metallic lattice which was capable of deforming 

elastically via the node fracture and buckling. In this study, microlattices with a global 

size of ~ 2 cm and wall thickness of 320 nm to 13.2 μm were fabricated, and the density 

ranged from 5.1 to 211 mg/cm3. 

This novel manufacturing process enables the fabrication of architectures to have high-

yield-stress constituent materials and very low truss member aspect ratio. These 

structural materials present an unusual mechanical property of strength and stiffness, 

and take dominance in absorbing energy, and shape recovery after significant 

compression. Uniaxial compression experiments were carried out to reveal the 

deformation behavior of the hierarchically designed microlattices. The microlattices of 

ultralow density (<10 mg/cm3) exhibit nearly a full recovery after larger compressive 

strain (50%). When the density increases further, the microlattices tend to deform the 

same as the traditional cellular metals composited of solid truss. A mechanical model 

was established to reveal the structural effect on the compressive response, and was 

used to guide the structural design. Generally, a less wall-thickness-to-diameter ratio or 

a smaller truss angle allows a larger compression without the introduction of plastic 

strain, and benefits the microlattices of a higher compression tolerance. 

Mechanical meta-materials of NPR were also designed and fabricated through the 

initiator-integrated material. Ultralight auxetic materials of hierarchical architectures 

were obtained after etching away the polymer core. Computational analysis was first 

used to reveal the deformation mechanism. It was found that PR varies significantly 

with the strain, and converges to the results predicted by small deformation of flexure 

at the limit of small strain. Geometric parameters of the re-entrant cell, i.e., L1/L2 and 
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θ, have a significant effect on the magnitude of PR. A simplified relationship of PR and 

the structural parameters was obtained based on the predicted data at the limit of small 

strain. At large deformation, PR is different under remote compressive loading and 

tensile loading. The sign of PR even changes from negative to positive, when the cell 

bears an X-direction compression large enough.  

In the experimental section, three material systems, polymer, composite and hollow Cu, 

were created and compared in terms of the mechanical properties. Compared to the 

brittle-like deformation behavior of polymer and composite lattices, the post-yield 

deformation behavior of hollow metallic ones is ductile-like with continuous stress-

strain flow. This is because the failure of hollow lattices occurs in a combination of 

localized elastic buckling and shell buckling in individual hollow tubes, and 

microcracking at the nodes. Of all material systems, the hollow metallic samples have 

the highest average compression recoverability. It is noted that, the instant PR of hollow 

metallic materials increases with the thickness of metal film, and finally stabilizes at a 

constant same as that of the polymer and composite materials. These mechanical meta-

materials exemplify a new conception of structural design by integrating the advantages 

of 3D printing in architectural construction with the benefits of surface modification in 

the controlling of precise structures.  

At last, a new generation of initiator-integrated material (i3DP II) was developed to 

avoid the N2 protection. By directly mixing dopamine as an initiator into the photo-

curable resin, the easy-to-modify surface of the 3D printed object can be generated with 

a variety of functional coatings. Different from the Br-containing initiator which 

initiates surface modification requiring an oxygen-free condition, the dopamine-

initiator used in this new material generates functional surface naturally due to the 

oxidative self-polymerization of dopamine. More importantly, this material makes the 

3D printed objects ready at any time to be triggered in the alkali environment for the 



208 

 

 

re-growing of functional layers, and was verified further by locally repairing the 

damaged surface. It also offers a forward-looking technique on the fabrication of 

electronics according to the measurements that the metal coatings introduced by this 

approach present a comparable adhesion strength and conductivity.  

9.2 Future directions 

One goal of this dissertation, and the associated research work, is to establish the 

working strategy of 3D printing functional materials. I believe this foundation has been 

established, although many details regarding mechanisms and the fundamental science 

that makes all this possible still need to be determined. Regarding to the 3D printing 

technology itself, it is a long way from being possible to print part of large fabrication 

area and simultaneously with high printing resolution and fast printing speed. If the 

technology reaches there, magnetically driven robot can be further improved to have 

small holes containing various drugs, which have great potentials in medical application. 

Also, large-scale cellular materials can be fabricated with higher order of hierarchy, and 

nanoscale materials properties can be harnessed, which will give rise to new 

combinations of properties not seen in bulk-scale materials. In terms of 3D printable 

materials, although an effective strategy is established in this dissertation, it still 

requires great efforts to extend the working materials as diverse as that of traditional 

manufacturing. Specific future directions will be discussed as following, although I 

believe there are virtually limitless directions this work can take. 

The initiator integrated strategy for 3D printing functional materials needs to be further 

extended and compatible with other kinds of surface initiated technologies by 

developing more kinds of initiator monomers. In addition, the preparation of initiator-

integrated material should be further simplified.   
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For the specific functional materials mentioned in this study, such as the material that 

removes metal-ions from wastewater, more work should be focused on extending their 

working capacity of adsorbing more kinds of metal ions. For future research of the 

magnetic actuation-based control of microrobots, closed-loop control for non-

holonomic mobile microrobots in 3D space should be investigated. The independent 

control of a microrobot in a group of multiple magnetic microrobots, and the swarm 

control of a group of magnetic microrobots are also of great challenge in the motion 

control of microrobots. I have also demonstrated several kinds of functional cellular 

materials based on the surface modification and structural optimization. However, all 

the demonstrated materials are limited to contain no more than two constituent 

materials, far from the point that micro-architectures can be rationally designed and 

fabricated with different mechanical properties combined. In addition, actual use of 

mechanical meta-materials for structural application requires a thorough study of their 

fatigue behavior, which is also proposed as a possible avenue for future research.  

At last, the new generation of initiator-integrated 3D printing material still exists a few 

key issues which must be primarily resolved. The first not-fully addressed issue under 

study is the polymerization mechanism. There is still a lack of final verdict regarding 

to the polymerization process, the precise structure, and the components of 

polydopamine. Additionally, polydopamine is moving towards a programmable 

material with a great potential for practical use in the future. The main challenge for 

future success is how to make the best use of its striking properties in the construction 

of polydopamine-derived hybrid materials, so as to obtain high value products with 

performance superior to those already in the market. 
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