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Abstract 

In this research, a biocompatible nano-composite is designed for the application of 3D 

printed battery. The nano-composite paste is composed of an electrically conductive silver 

nanowire (AgNW) filler within a thixotropic carboxymethyl cellulose (CMC) matrix. 

Experimental demonstration and computational simulations on nano-composites with 

various filler fractions are performed to find the electrical percolation threshold of the nano-

composite. The percolation threshold as 0.7 vol. % of AgNWs is predicted by computer 

simulations as well as by experiments. Also, maximum electronic conductivity is obtained 

as 1.19×102 S/cm from a nano-composite with 1.9 vol. % of AgNWs. Also, newly designed 

paste 3D printing apparatus is built by integrating a commercially available delta 3D printer 

with a paste extruder. 

Finally, the 3D printable battery facilitated by the conductive composite is demonstrated. 

Cathode and anode materials are formulated by addition of cathode and anode active 

materials to the nano-composite of AgNW and CMC. Rheology study of the cathode and 

anode paste is carried out and thixotropic (shear-thinning) behavior is observed which is 

an essential characteristic of the 3D printable paste [1], [2]. Lastly, the performance 

demonstration on the fabricated 3D printed battery is carried out. The 3D printable 

conductive paste is expected to contribute in additive manufacturing process for printable 

electronics. 

 

Keywords:  Silver nanowire; CMC; nano-composite; percolation threshold; paste 3D 
printing; lithium battery 
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Chapter 1  
 
Introduction 

1.1. Motivation 

According to recent reports of 3D printing market trends and forecasts, the 3D 

printing industry marked total of $5.165 billion with a significant $1 billion growth (25.9 %) 

in a single year of 2015 [3], and the market is expected to reach $8.6 billion by 2020 [4] 

suggesting a promising future of 3D printing technology. Although the use of current 3D 

printers is mainly on a rapid prototyping purposes, the next emerging field for the 3D 

printing is embedding the different components such as electronics or batteries in a single-

build cycle with the use of multi-materials; thermoplastics, dielectric or electricity 

conducting materials [5]. However, the most affordable and widely-used type of 3D printer 

[6], the Fused Deposition Modelling (FDM) 3D printer has printing material restricted to 

the thermoplastics [7], [8] with only a few carbon-based conductive filaments that 

demonstrate insufficient conductivity to be used for electrical applications [9], [10].  

Electrically conductive silver nanowire (AgNW) is broadly researched because of 

its superior electrical properties and capability of percolated from its network formation 

from its high aspect ratio (ratio of length to diameter of a cylinder) within a composite 

matrix [11], [12]. On the other hand, a naturally-abundant sodium carboxymethyl cellulose 

(CMC) is often used as a thickening or binding agent and possess thixotropic rheology 

[13]. The merging of conductive AgNW and the thixotropic CMC matrix can result in a 3D 

printable highly conductive composite paste. A paste 3D printing platform and a 

AgNW/CMC printable composite can facilitate superior electronic conductivity compared 

to the existing thermoplastic-based conductive filaments with a minimal modification to the 

standard FDM 3D printer.  
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A wide range of material selection provided with the paste 3D printing system [14] 

and electrical property with the AgNW/CMC conductive paste, the utilization of the 

conductive composite can be extended to electronics fabrication with a 3D printer. One 

feasible paste 3D printable electrical component is a battery as it is a structure with layers 

composed of particles. A demand for lithium battery is rapidly increasing with emerging of 

portable devices and electric vehicles (EV) [15]. The lithium battery is composed of 

cathode and anode layers of lithium active particles which can be simply formulated by 

mixing the active materials with the AgNW/CMC conductive paste.  

1.2. Objective 

The objectives of this thesis are summarized as below 

• Design of 3D printable conductive AgNW/CMC nano-composites 

• Evaluation of electrical percolation of developed nano-composites 

• Development of paste 3D printer from a delta 3D printer integrated with a 3D 
paste extruder 

• Rheology study and printability optimization of 3D printable conductive pastes  

•  Performance demonstration 3D printed battery 

1.3. Contribution 

In this thesis, AgNW-based conductive nano-composite with CMC matrix has been 

developed and evaluated for the application of 3D printed battery. Simulational and 

experimental study was performed to find a AgNW-derived percolation threshold of the 

AgNW/CMC composite. Also, a novel and low-cost paste 3D printing system platform has 

been established by integrating commercial delta 3D printer and a syringe-type paste 

extruder. Lastly, fabrication and evaluation of poly(ethylene oxide)-based polymer 

electrolyte study along with 3D printable battery anode and cathode pastes are achieved. 

Rheology investigation of the electrode paste, 3D printing process of battery and its 

performance characterization are demonstrated. 
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1.4. Thesis Organization 

The organization of thesis is as follows. In chapter 1, recent researches on various 

types of conductive nano-composite are introduced. And advantages of AgNW/CMC over 

other nano-composites are discussed. Also, review on conventional conductive material 

3D printing technology and recent studies on conductive paste 3D printing are discussed. 

Chapter 2 explains on our paste 3D printing system platform and its integration process 

of commercial delta 3D printer with a paste extruder. The software control of 3D printer 

and key parameters for paste extrusion are also introduced. Chapter 3 starts with 

describing a concept of percolation network and its importance in designing a conductive 

nano-composite. Percolation behavior of AgNW/CMC conductive nano-composite is 

studied with computer simulation. And it was compared to experimental studies for 

investigation of percolation threshold.  In Chapter 4, 3D printing of a battery electrode 

pastes based on the AgNW/CMC composite is demonstrated. Also, studies on polymer 

electrolyte and its preparation is shown. Preparation of the pastes, rheology study as well 

as performance study of the 3D printed battery is described here. Conclusion and future 

work are outlined in Chapter 5.  

1.5. Conductive CMC-Matrix AgNW Nano-composite 

1.5.1. Conductive Nano-composites 

Nano-composite is a solid material that has mixture of two or more phases with at 

least one phase in nanometer scale (from 1 to 100 nm) [16]. With a size reduction of a 

material down to nanoscale, the material’s thermal [17], mechanical [18] or 

electrochemical [19] properties can be uniquely defined which were not available in its 

bulk form. The lower sintering temperature promotes easiness of a manufacturing process 

for example, a sintering temperature of bulk gold is 1,063 °C while it is only about 130 °C 

with gold nanoparticles in 2 nm size [17], [20]. Also, addition of conductive nano-fillers in 

a polymeric matrix can provide an electrical property to the composite. Enormous kinds of 

conductive nano-composite composed of various fillers have been reported as an 

alternative for using conductive bulk metals or alloys thanks to the previously stated 

advantages brought by nanomaterials.  
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Carbon allotropes such as carbon black (CB) and carbon nanotube (CNT) are 

being extensively researched conductive nanomaterials for conductive nano-composite 

applications. Carbon black (CB) is a carbon particle made from an incomplete combustion 

of petroleum which is spherical with typical size of 20 ~ 60 nm (Figure 1.1) [21], [22].  

 

Figure 1.1  TEM image of spherical carbon black particles [23]. Reprinted with 
permission. 

For its cost-effectiveness and fair electricity conducting property, researches have 

proposed nano-composites with CB conductive filler. P. C. Ma et al. [22] demonstrated a 

conductive nano-composite with an electrically insulative epoxy (diglycidyl ether of 

bisphenol A, DGEBA) and conductive CB filler. The composite showed electrical resistivity 

about 106 Ω∙cm with 1 wt. % CB content. Considering the fact that the bulk metals possess 

resistivity in the order of 10-6 Ω∙cm, the electrical property CB-filled conductive nano-

composites can not be sufficient for their use electrical applications. The inferior 

performance of the CB-based composites can be ascribed to a high electrical resistivity 

(1 ~ 3 Ω∙cm) of CB [22], [24], also its low aspect ratio shape requiring a composite to have 

high CB content loading (wt. % or vol. %) to form a percolation network.  A percolation 

threshold of a composite with carbon black is typically in a range of 3 to 15 wt. % [25], 

[26]. 

Meanwhile, a composite with CNT has electrical conduction advantage with CNT’s 

lower electrical resistance (0.2 Ω∙cm) [22] which is about a tenth order of magnitude of 

CB. Moreover, the CNT has an extremely high aspect ratio (500 ~ 5000) cylindrical shape 

thus, a composite including CNT can have a benefit of having a lower electrical percolation 

threshold (less than 1 wt. %) [22], [25].  
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Figure 1.2  (a) SEM image of CNT [27]. Reprinted with permission. 

The supressed percolation threshold and higher conductivity of CNT promotes its 

use in the nano-composite applications. P. C. Ma et al. [22] demonstrated an CNT-filled 

epoxy-based nano-composite. An electrical resistivity of 103 Ω∙cm was measure with a 

low 0.3 vol. % percolation threshold thanks to CNT’s high aspect ratio. J. Sandler et al. 

[27] proposed a CNT-filled nano-composite within an epoxy matrix (bisphenol-A). An 

electrical resistivity of 104 Ω∙cm with a significantly low 0.02 wt. % percolation threshold 

with an aid of optimized CNT distribution in the matrix. However, a high cost of CNT and 

its still-insufficient electrical resistivity (0.2 Ω∙cm) inhibit its uses in composite fabrication 

[22], [28].  

Silver nanowire (AgNW) is actively researched for its uses in nano-composite 

applications thanks to its promising metallic electrical resistivity of silver (1.6 × 10-6 Ω∙cm) 

and a high aspect ratio (typically, 50 ~ 500) [29]. AgNW has a rod-shape with a pentagonal 

cross section and unlike CNT, AgNW is straight in nature (Figure 1.3) [29], [30]. 



6 

 

Figure 1.3  (a) Schematic representation of AgNW [29] and (b) SEM image of 
AgNWs [30]. Reprinted with permission. 

S. I. White et al. [31] demonstrated an AgNW/polystyrene nano-composite. A 

percolation threshold was found to be 2.3 vol. % with an aspect ratio of AgNW was 16 and 

a resistivity of the composite was measured to be around 10-3 Ω∙cm. W. Xu et al. [11] 

recently introduced an AgNW nano-composite based on an environmental-friendly 

carboxymethyl cellulose (CMC)-matrix (Figure 1.4). A percolation threshold in this study 

was only 0.29 vol. % due to its higher aspect ratio than White’s study [31] with an electrical 

resistivity around 10-3 Ω∙cm.  

 

Figure 1.4 SEM images of (a) an AgNW nano-composite and (b) a cross-sectional 
view of AgNW/CMC composite. Embedded AgNWs are visible in the 
matrix [11]. Reprinted with permission. 

The AgNW-filled composites tend to have a bit higher but fair level of percolation 

threshold compared to CNT-filled composites due to AgNW’s shorter length compared to 
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CNT. But as AgNW content in the composite exceed beyond the percolation threshold, a 

superior electronic conductivity can be acquired compared to carbon nano-filler-based 

nano-composites suggesting AgNW’s practical use in conductive nano-composites 

towards electrical applications. 

1.5.2. AgNW and CMC Properties 

As mentioned in previous section 1.5.1, AgNW has advantages in composite 

fabrication for electrical conduction thanks to its high aspect ratio and great conductivity. 

Another interesting property of the AgNW is its low sintering temperature as compared to 

a bulk silver. The bulk form of silver has typical 350 °C [32] sintering temperature but 

AgNW has been demonstrated to have sintering temperature even lower than 200 °C [33]. 

A general type of AgNW, polyol processed-AgNW is shown on Figure 1.5 (a) [33]. It shows 

as deposited AgNW with a thin 30 nm-thick shell composed of polyvinylpyrrolidone (PVP) 

from AgNW synthesis process and an organic residue from a solution (isopropyl alcohol, 

IPA solvent) based deposition. As can be seen from Figure 1.5 (b), the PVP-coating 

around each AgNW gets degraded upon a glass transition temperature of PVP (150 °C) 

and local sintering of individual AgNW junctions can take place at temperature around 200 

°C [33].  

 

Figure 1.5  SEM images of (a) polyol-processed as deposited AgNWs and (b) 
AgNWs sintered at 200 °C [33]. Reprinted with permission. 

Adjoined AgNWs form a conductive percolation network which is crucial aspect of 

a conductive composite. Details of percolation network will be discussed in the later 

section. The low-temperature sintering of AgNW benefits fabrication of a conductive nano-
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composite avoiding the burning of a matrix and at the same time easily increasing the 

electronic conductivity of the nano-composite.  

Carboxymethyl Cellulose (CMC) derived from wood cellulose and it is made by a 

chemical reaction of the wood cellulose and sodium monochloroacetate (Figure 1.6) [34], 

[35]. CMC is a biocompatible and water-soluble substance and it has been proposed as a 

viscosity thickening agent for enormous kinds of personal products, cosmetics such as 

toothpaste and shampoo or even for foods [34], [36]. As can be seen from Figure 1.6, 

protrusion of carboxymethyl groups (-CH2-COOH) on the side of cellulose backbone, 

restricts hydroxyl groups to avoid hydrogen bonding with another hydroxyl group of the 

other cellulose in turn promoting CMC’s high water-solubility.  

 

Figure 1.6  Unit structure of carboxymethyl cellulose (CMC) [35]. Reprinted with 
permission. 

Another interesting feature of CMC is its thixotropic (shear-thinning) behavior in 

aqueous solution [37], [38] . For viscous liquid extrusion, the shear-thinning feature plays 

critical role for its printability through a narrow nozzle [1], [2]. With the thixotropism, a 

material can flow (lower viscosity) during extrusion with high shear rate and it can stop 

flowing with the viscosity can return back to high viscosity after extrusion. As shown in 

Figure 1.7, a CMC solution experiences a large drop in its viscosity with increasing shear 

rate. For example, CMC solution with 5 wt. % CMC undergoes viscosity change from 

90,000 mPa∙s (level of toothpaste) at 1 s-1 shear rate down to around 15,000 mPa∙s (level 

of mayonnaise) at 10 s-1 shear rate [39], 
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Figure 1.7  Flow curve of representing viscosity with respect to applied shear 
rate of CMC solution [37]. Reprinted with permission. 

CMC has been drawing attentions as replacement material for conventional 

polymeric binders such as polyvinylidene fluoride (PVdF) which require the use of toxic 

solvents for their manufacturing [40], [41], [42]. S.S. Jeong et al. [40] and G.T. Kim et al. 

[42] demonstrated a cathode using CMC as a binding agent for LiFePO4 (LFP) cathode 

and Li4Ti5O12 (LTO) anode active particles with greener manufacturing process of using 

water as a solvent. The fabricated lithium ion batteries showed specific capacities of 123 

mAh g-1 [40] and 140 mAh g-1 [42] and stable charge/discharge cyclic performances up to 

50 cycles [40] and 160 cycles [42]. The comparable performance CMC-based lithium 

batteries to conventional PvDF-based batteries promises CMC’s practical use in lithium 

battery application. 
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Figure 1.8  SEM images of (a) a LFP electrode and (b) a LTO electrode with CMC 
binder [42]. Reprinted with permission. 

In brief, CMC has many attractive features of its biocompatibility, water-

processability, successful conductive composite formation with AgNW, shear-thinning 

feature, binding ability with the battery active materials which brought our attention for 

fabricating a 3D printable lithium battery. 

1.5.3. Preparation of Conductive AgNW Nano-composite Paste 

AgNW was synthesized with typical polyol process to create uniform and high 

aspect ratio AgNWs [29]. Detailed polyol process of AgNW synthesis is discussed in our 

previous study and AgNW with diameter of 100 ~ 150 nm and length about 20 μm (aspect 

ratio of 133 ~ 200) was achieved [43]. After the synthesis, AgNW ink was made by 

dispersing AgNW in de-ionized (DI) water with an ultrasonicator for 1 minutes (Ultrasonic 

Bath model 2510, Branson ®). Prepared AgNW ink and CMC powder (Mw ~250,000, 

degree of substitution 0.7, Sigma Aldrich) was vigorously mixed in according volume 

fractions. For percolation threshold study of the AgNW/CMC nano-composite paste, five 

composite samples were fabricated with different AgNW content ranging from 0.3 to 1.9 

vol. %. As it can be seen from Figure 1.10, the AgNWs are homogeneously dispersed 

over the CMC matrix proposing a low percolation threshold thus a high electronic 

conductivity of the AgNW/CMC nano-composite. 
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Figure 1.9  SEM images of (a) a synthesized AgNW showing its unique 
pentagonal cross section and (b) a surface of fabricated AgNW/CMC 
nano-composite with AgNW diameters labeled. 

 

 

Figure 1.10  SEM image of a surface of fabricated AgNW/CMC nano-composite 
with 1.9 vol. % AgNW content. 
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1.6. 3D Additive Manufacturing Process 

As opposed to traditional manufacturing processes injection molding, machining, 

or casting the additive manufacturing has several benefits. Objects with high complexity 

such as cellular structure are now easier to fabricate without remodeling of molds or 

several tool changes respectively from casting and machining. Also the additive 

manufacturing is a bottom-up process of building an object layer-by-layer, a massive 

material wastes can be avoided unlike the milling or carving processes in the machining 

[44]. During the past few years, the 3D printing industry experienced a huge compound 

annual growth rate (CAGR) of 33.8 % in 2014 and 25.9 % in 2015 [3], in turn increasing 

the need for the 3D printing of functional materials such as printing of electronics like 

sensors or complex circuits without expensive equipment [45], [46].  

One of the most widely used 3D printing technology, Fused Deposition Modelling 

(FDM) dispenses molten thermoplastic materials through an extrusion nozzle heated 

above glass transition temperatures of the plastics. The printed filament solidifies 

immediately after the extrusion. An object is built up with a print head moving with the 

designed trajectories layer-by-layer [47] (Figure 1.11 (a)).  

 

Figure 1.11  (a) A schematic representation of FDM 3D printing system [47], (b) 
commercial PLA-based conductive filament for FDM 3D printer [10]. 
Reprinted with permission. 
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Although the conventional Fused Deposition Modelling (FDM) 3D printer is easy, 

inexpensive, and office-friendly the printing materials of FDM printers solely limit on 

thermoplastics [7], [8]. There are a few carbon or graphene particle-based conductive 

thermoplastic filaments developed for FDM 3D printers in the market [9], [10] (Figure 1.11 

(b)). However, their inferior conductivity discourages their application in electronics using 

high current and voltage.  

Selective Laser Sintering (SLS) is another 3D printing system that has been 

proposed for its ability to print various kinds of materials. As shown in Figure 1.12 [47], the 

SLS system typically uses a carbon dioxide laser that moves through a pre-defined route 

and scans the surface of a powder bed to fuse thermoplastic powders or to even sinter 

metal powders that can conduct electricity [48]. After forming a layer by selectively 

exposing the powders with the laser, the powder bed is lowered by a defined layer height 

and the new powders are filled from a refilling reservoir located right beside the powder 

bed. The process is repeated until the printing of a part is completed. 

 

Figure 1.12  A schematic representation of SLS 3D printing system  [47]. 
Reprinted with permission. 

Despite the fact that the SLS can eventually print metallic-conductive objects, it 

requires an expensive and sophisticated printing setup of having a laser and its guiding 

system, the two lowering powder beds and an inert gas chamber to avoid oxidation of the 
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metal powders with applied heat [49], [50]. And the system possesses difficulty of material 

change as it is only available to print a single material until the entire powders are replaced 

[51]. 

To overcome the aforementioned limitations of the traditional 3D printing, a 

composite paste 3D printing has been proposed with its cost-effectiveness and wide range 

of printing material selection [1], [14], [52]. Depending on materials used for paste 

composition, printed paste solidifies upon extrusion via paste’s solvent evaporation [53], 

UV-curing [54] or chemical curing of two-mixed agents [52] to form structural layers for 

stacking. The paste 3D printing system consists of an extrusion syringe for paste material 

deposition and a syringe pump that controls pressure to the plunge [55]. 

 

Figure 1.13  View of a paste extrusion system  [53]. Reprinted with permission. 

At the instance after printing, the nano-composite paste has to maintain its 

filamentary shape and not laterally spread on the substrate suggesting the highly viscous 

matrix material and to have shear-thinning (thixotropic) rheology [1], [2], [56], [53].  

In this research, to enable 3D printing of the composite paste, the simple and cost-

effective paste extrusion system is integrated with the conventional delta FDM 3D printer 

to create highly conductive 3D object by printing the nano-composite paste. The 

conductive paste is comprised of the high-aspect ratio AgNW as a conducting filler and 

the biocompatible CMC matrix. The CMC plays essential role in the composite paste by 

offering a thixotropic rheology which is the key property of enhancing the 3D printability of 

the paste. With the 3D printer’s free X, Y, Z-axis movement and the nano-composite paste 

having the strong thixotropism, the integrated paste 3D printing system can create 3D 

architectures by layer-by-layer stacking the continuous filament. 
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1.7. Recent Researches on Paste 3D Printed Battery 

Direct 3D printing of electronics is a novel idea of manufacturing process which 

has been suggested with growing 3D printing industry and active development of 3D 

printable functional materials [46]. Especially, extrusion-based additive manufacturing is 

claimed to be a most all-around 3D printing technique for its simple mechanism, low-cost 

and variety material choice [1]. Thanks to the aforementioned advantages of the paste 3D 

printing technique, recent researches have demonstrated 3D printed batteries with 

extrusion-based system. K. Sun et al. [53] fabricated a 3D printed interdigitated lithium 

battery by formulating viscous cathode and anode pastes as can be seen from Figure 

1.14. Nano-scaled cathode (lithium iron phosphate, LFP, mean diameter of 180 nm) and 

anode active (lithium titanate, LTO, mean diameter 50 nm) materials were used to form 

the paste in order to flow fine extrusion nozzle (30 μm diameter). Concentrated cathode 

and anode pastes with their solid content loading of 60 and 57 wt. % was used to help 

avoiding structural distortion or delamination after drying. Glycerol and hydroxypropyl 

cellulose were used as binding agent and viscosity thickener. As a result, thixotropic 

anode and cathode pastes were achieved which are 3D stackable. They showed resistivity 

2.1×105 Ω·cm and 2.3×103 Ω·cm respectively after thermal annealing at 600 °C for 2 h.  

 

Figure 1.14   (a) Graphical representation of 3D printed battery fabrication and 
[53]. Reprinted with permission. 

A complete battery cell was fabricated by consecutively 3D printing anode and 

cathode interdigitated layers with 3-axis micro-positioning stage. Battery showed a great 
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charge/discharge cyclic capability up to 30 cycles and showed high areal capacity of 1.5 

mAh cm−2 from its 3D geometric structure.  

Another interdigitated 3D printed battery was demonstrated by Fu et al. [1]. High 

viscosity and thixotropic cathode and anode pastes with LFP and LTO active materials 

were used as well. In this research, however, conductive reduced graphene oxide (rGO) 

particles were added to the paste to enhance the conductivity of the electrodes. Because 

of high conductive rGO loading (30 wt. %) in the paste, the resulting cathode and anode 

electrodes respectively displayed resistivities of 3×10-2 Ω·cm and 1.6×10-1 Ω·cm which is 

about 5th order of magnitude less than the pastes from the research conducted by K. Sun 

et al. [53]. The conductivity increase of the electrodes results in decrease of internal 

resistance of the battery which promotes increase in battery’s electrochemical 

performance such as battery capacity and charge/discharge capability. 

Recent research from Sun et al. [53] and Fu et al. [1] successfully demonstrated 

3D printed lithium batteries with comparable performance made by the conductive 

composite pastes. The shear-thinning property of the composite ink was verified with the 

viscosity study which enabled layer stacking of the ink to create the 3D printed batteries. 

The recent research activities suggest the practical use of the highly viscous and shear-

thinning pastes to create the printed electronics with the next-generation additive 

manufacturing process. 
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Chapter 2  
 
Development of Paste 3D Printer Apparatus 

2.1. Paste 3D Printer Configuration 

The paste 3D printing apparatus was fabricated by integrating a commercially 

available delta FDM 3D printer (Orion, SeeMeCNC) and a paste extrusion system 

(Discov3ry, Structur3d Printing). Also a printing head of the Orion was modified to have 

two extrusion nozzles; one for thermoplastic extrusion and the other for paste material 

extrusion. 

 

Figure 2.1   Integration of Orion delta 3D printer (left) [57] and Discov3ry paste 
extruder with a syringe pump plugged in (right) [58]. 

A main electronics board (RAMBo, RepRap Electro) on Orion provides six stepper 

motor input ports. Among the available ports, four ports are allocated for controlling 

stepper motors (yellow rectangles in Figure 2.3) each for X, Y, Z-axis and an extruder 

motor of the Orion. The rest two ports (blue rectangles in Figure 2.3) are left empty for 

additional machines. The integration of paste extruder starts with electrically connecting 
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wires of its stepper motor to the available E1 Motor port on the RAMBo. After the 

connection setup, the Orion’s firmware had to be updated to have control on the newly 

added Discov3ry’s extruder on E1 Motor port. The firmware configuration was done by 

editing Configuration.h and pins.h header files with a compiler software (Arduino IDE) [59].  

 

Figure 2.2   Image of six stepper motor input ports available on RAMBo board. 

The original Discov3ry paste extruder uses a syringe pump to directly extrude 

paste materials through an extrusion nozzle which leads to an undesired material wastage 

(up to 3 mL) on the long tubing between the pumping and the extrusion syringe (Figure 

2.4 (a)). To avoid the material wastage, a hydraulic pumping mechanism was adopted in 

our paste extrusion system (Figure 2.4 (b)). The hydraulic pumping has two syringes; a 

60-mL pumping syringe receives a primary pressure from the Discov3ry motor at one end 

while an extrusion syringe extrudes a material through a nozzle at the other end. These 

two syringes are connected with the tubing which is filled with water (Figure 2.4 (c)). The 

extrusion syringe was simply made by placing two 5-mL syringe back-to-back to form a 

barrel and a plunger was inserted in the barrel for pressure transmission (Figure 2.4 (d)). 
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Figure 2.3   Explanation of (a) original Discov3ry extrusion system, (b) modified 
hydraulic pumping extrusion system, (c) hydraulic syringe pump 
and extrusion syringe, and (d) detailed view of the modified 
extrusion syringe. 

Orion 3D printer has a single thermoplastic extrusion nozzle. Thus, an additional 

nozzle for paste extrusion had to be added to the printing head. A plastic holder for 5-mL 

extrusion syringe was designed so that it can be simply mounted at one side of the printing 

head without major structural modification of the printing head. The holder was designed 

with a 3D CAD software (Solidworks) and 3D printed with polylactic acid (PLA) filament as 

shown in Figure 2.5. The paste 3D printing apparatus was completed after mounting the 

3D printed syringe holder and the paste extrusion syringes in place (Figure 2.6). 
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Figure 2.4   Images of (a) CAD design of 3D paste holder and (b) actual 3D 
printed syringe holder mounted at the print head. 

 

Figure 2.5   (a) Complete paste 3D printing apparatus and (b) close-up view of 
extrusion syringe mounted at the print head. 
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2.2. Control of Paste 3D Printing Apparatus 

The control of the paste 3D printer was done with a host software (Repetier Host) 

which is one of the widely used open-source software to control 3D printers in the market 

(Figure 2.7). The role of the host software is to control the arms and peripherals (heated 

bed temperature, fans and etcs.) of the 3D printer with a generated machine code (g-code) 

by the slicer software which is integrated in the host software. The Repetier Host comes 

with two integrated slicer softwares (Cura and Slic3r) [60]. Users can import their CAD 

design in .STL (stereolithography) format to the slicer software in which the design can be 

sliced layer-by-layer and can create a g-code for printer head’s printing/traveling 

trajectories as well as heated printing nozzle temperature, bed temperature, fan speed 

settings, and various other peripheral settings. In addition to automatically executing the 

g-code, Repetier provides a manual control panel for calibration purpose and printing 

parameters such as material extrusion and printing head movement speed so that the 

user can troubleshoot the print during the printing process. A back pressure build-up is 

one drawback of the hydraulic pumping mechanism [61]. Especially, in order to extrude a 

high-viscous paste with the hydraulic pump, a certain amount of manual extrusion has to 

be applied prior to actual printing to overcome the significant back pressure built inside 

the hydraulic extrusion syringe.  

 

Figure 2.6   View of a main window of Repetier Host. An example pyramid 
structure imported on Repetier Host (left) and manual control panel 
(right). 

The host software generates 3D preview of the design after slicing so that the user 

can see the design before the actual printing and check potential size, resolution, and 
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quality of the structures. Among the numerous number of printing setting parameters, the 

layer height plays a critical role for adhesion of extruded paste on the bed or between the 

layers. Layer height is basically a layer thickness for each sliced layer of a structure (Figure 

2.8 (a)). The rule-of-thumb layer height we have found in this research was the 80 %-size 

of the diameter of extrusion nozzle (Figure 2.8 (b)). For example, if 0.84 mm-sized nozzle 

was used then each layer height would be about 0.67 mm (80 %-size of 0.84 mm). If the 

layer height is too large the extruded paste cannot adhere to the bed or to the previously 

printed layers due to the strong cohesive force of the paste itself from its high viscosity. 

 

Figure 2.7  Images of (a) a preview of an example sliced pyramid structure 
demonstrating layers and (b) a desirable layer height (80 %-size of 
the diameter of nozzle) for the optimal inter-layer adhesion. 
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Chapter 3  
 
Design and Evaluation of AgNW/CMC Nano-composite 
Paste 

3.1. Objective and Plan for Discovering Electrical 
Percolation Threshold  

In this section, a concept of electrical percolation is explained and a discovery of 

percolation threshold is demonstrated by a computer simulational and an experimental 

approaches. A composite polymer matrix with a conductive filler inclusion, the conductive 

particles can form conductive paths when they are in contact or even at adjacent where 

electrons can jump in between and show tunneling effect [62] (Figure 3.1).  

 

Figure 3.1  (a) Schematic demonstration of a percolation network (grey colour) 
in a composite matrix [63], (b) a SEM image of AgNW network [64] 
and (c) a schematic of tunnelling effect in between adjacent 
conductive fillers [62]. Reprinted with permission. 

Moreover, the electrical percolation threshold is the minimum filler content 

(generally, vol. %) in a matrix composite where percolation network is dominant and 

property of the composite transits from insulative to conductive with increasing filler 

content loading (Figure 3.2) [65]. With this interesting phase transition, enormous studies 

about the composite development have been conducted with different kinds of conductive 

fillers in a rod-shape such as carbon nanotube (CNT) [62], silver nanowire (AgNW) [66] 
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as well as in a low-aspect ratio form such as silver nanoparticle (AgNP) [66], graphene 

platelets [63].  

 

Figure 3.2  Plot of conductivity with respect to filler volume fraction. 
Conductivity of a composite sharply increases beyond the 
percolation threshold marked in a circle [65]. Reprinted with 
permission. 

 In order to form a percolation network, it is not necessary for fillers to have a rod-

shape. Percolation can take place regardless of the shape and it can occur with low aspect 

ratio fillers if a sufficient content loading is satisfied (Figure 3.3) [67]. 

 

Figure 3.3   Schematic demonstrating how percolation network (red trace) can 
occur with low aspect ratio fillers with increasing volume content 
[67]. Reprinted with permission. 
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The rod-shaped fillers (high aspect ratio), however, can form percolation networks 

with much lower volume fraction compared to the composites including spherical particles 

or platelets. A. Lonjon et al. researched a relationship between aspect ratio to conductivity 

of Ag-filled composites. A composite made of silver nanowires have significantly less 

percolation threshold (0.6 vol. %) while it is found to be 12 vol. % for a composite with 

silver nanoparticles suggesting the high aspect ratio AgNW as a great conductive filler 

candidate for a composite formulation (Figure 3.4) [66].  

 

Figure 3.4   Plot of conductivity of composites with respect to filler content. Dark 
square-dots represents AgNW with aspect ratio up to 300, grey 
square-dots for AgNW with aspect ratio of 250, and circle-dots for 
AgNP with aspect ratio close to 0. Each specimen shows 0.6, 2.2, 12 
vol. % respectively [66]. Reprinted with permission. 

Although electrical percolation studies of enormous kinds of fillers and matrices 

have been reported, to best of our knowledge, no report has demonstrated percolation 

studies of high aspect ratio (around 200) AgNW within CMC matrix. Thus, we aim to 

establish a percolation threshold of the composite with high aspect ratio AgNW by 

experiments and with computational simulations. For the experiments on AgNW/CMC 

nano-composites, the composite samples are prepared with various filler fractions (from 

0.3 vol% to 1.9 vol%) and their electrical conductivities are measured to find a percolation 

threshold. Also, several CAD nano-composite models are designed with various filler 

fractions to simulate electronic conductivity of the nano-composite. 
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3.2. Computational Simulation on Percolation Threshold 

3.2.1. Electrical Conduction Simulation Set Up and Process 

Computational simulation for electronic conductivity started with designing a 

AgNW/CMC composite with a composite modeling software (Digimat-FE, e-Xstream 

engineering). Digimat allows a user to automatically create 3D Representative Volume 

Element (RVE) composed of a matrix phase filled with various filler material phases. RVE 

is a volume element that is used for simulation or measurement on behalf of a whole 

material [68].  In Digimat, various parameters can be set for filler material’s properties such 

as aspect ratio, volume fraction, orientation, and shape (cylinder, sphere, platelet and 

etc.). In this composite modeling, RVE size was set to 40×40×40 μm3 and randomly-

oriented cylindrical filler was set to aspect ratio of 200 imitating our AgNW geometry. 

Figure 3.5 shows 1.9 vol.% AgNW/CMC composite model generated by Digimat. 

 

Figure 3.5  A Digimat-generated RVE of AgNW/CMC composite with 1.9 vol. % 
AgNW content. 

After the composite model generation by Digimat, matrix and filler separate 

geometric files were exported in .step (.stp) format for and a CAD software Autodesk 

Inventor (Autodesk Inc.) was used to import the geometry .step files to generate CAD 

model of our AgNW/CMC composite. For electrical conduction simulation, two thin copper 

electrodes were additionally attached at two ends of the composite model (Figure 3.6). 
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Figure 3.6   Procedure of generating AgNW/CMC composite CAD model for 
electrical conduction simulation.  

Electrical conduction characterization was carried out by a simulation software 

Ansys Workbench (ANSYS, Inc.). In Ansys Workbench, electrical resistivities of each part 

of the model were set to 1.58×10-6 Ω∙cm for AgNW [29], 1.015×1011 Ω∙cm for CMC [69], 

and 1.68×10-6 Ω∙cm for copper [70] respectively. As illustrated on Figure 3.7, for electrical 

conduction simulation, a voltage drop across the composite was measured while 0 volt 

was set to 2nd copper plate and current of 1 μA was applied to the 1st copper plate. 

 

Figure 3.7   Illustration of current source and ground setup for electrical 
conduction simulation of the AgNW/CMC composite (CMC visual 
hidden for better understanding). 
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After running the simulation, a voltage value was measured at the 1st copper plate 

and composite’s resistance (R) was computed with a simple Ohm’s law (equation (1)) and 

resistivity (ρ) was then calculated for the composite (equation (2)). 

𝑅 =
𝑉

𝐼
   (1) 

ρ = 𝑅 ∙
𝐶𝑟𝑜𝑠𝑠 𝑆𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑅𝑉𝐸

𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑅𝑉𝐸
   (2) 

where 𝑉 is the voltage at 1st copper plate, 𝐼 is applied current. 

3.2.2. Simulation Result of Percolation Threshold 

By looking at current density distribution over the test model, we could see that the 

current was flowing through the percolation of AgNW network as can be seen from Figure 

3.8.  Moreover, higher number of percolations and electrical couplings between 1st and 2nd 

plates were observed with increasing AgNW concentration. 

 

Figure 3.8  Current density distribution over test sample indicating where 
current is flowing and how percolation network is formed in 
composite. 
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For electrical percolation threshold study, simulation was performed on composite 

models with various AgNW contents as 0.3, 0.5, 0.7, 0.8, 0.9, 1.1, 1.5 and 1.9 vol. % 

(Figure 3.9). 

 

Figure 3.9  AgNW/CMC composites with different vol. % of AgNW for Ansys 
electrical conduction simulation. 

And for each AgNW vol. % composite model, two samples were used and their 

average was taken to discover simulated resistivity of the composite. A plot of electrical 

resistivity simulation result is shown in Figure 3.10.  
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Figure 3.10   Plot of log-scaled resistivity values of composite with respect to 
different AgNW vol. %. 

The simulated result shows a clear trend of decreasing resistivity with increasing 

AgNW content in the composite. The average resistivity at 0.7 vol. % was 3.75×10-3 Ω∙cm 

and with a slight AgNW content increase the value dropped to 5.73×10-4 Ω∙cm at 0.9 vol.%. 

The significant drop of resistivity indicates that the AgNW/CMC composite possesses a 

percolation threshold of 0.7 vol. % and the comparably low percolation threshold will 

benefit formulation of conductive composite with high aspect ratio AgNW.  

3.3. Experiment on Percolation Threshold 

3.3.1. Experimental Result of Percolation Threshold 

To find out the percolation threshold of the AgNW/CMC nano-composite paste was 

prepared with five different AgNW filler contents ranging from 0.3 vol% to 1.9 vol%. The 

AgNW and CMC volume fractions of each sample were calculated using density and 
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weight fraction values of AgNW and CMC particles as shown in each equation (3) and 

equation (4). 

𝑉𝑓,   𝐴𝑔𝑁𝑊 =

𝑊𝑓, 𝐴𝑔𝑁𝑊

𝜌𝐴𝑔𝑁𝑊
 

𝑊𝑓, 𝐴𝑔𝑁𝑊

𝜌𝐴𝑔𝑁𝑊
+

𝑊𝑓, 𝐶𝑀𝐶

𝜌𝐶𝑀𝐶

  (3) 

𝑉𝑓,   𝐶𝑀𝐶 =

𝑊𝑓, 𝐶𝑀𝐶

𝜌𝐶𝑀𝐶
 

𝑊𝑓, 𝐴𝑔𝑁𝑊

𝜌𝐴𝑔𝑁𝑊
+

𝑊𝑓, 𝐶𝑀𝐶

𝜌𝐶𝑀𝐶

  (4) 

where 𝑉𝑓,   𝐴𝑔𝑁𝑊, 𝑉𝑓,   𝐶𝑀𝐶, 𝑊𝑓, 𝐴𝑔𝑁𝑊, 𝑊𝑓, 𝐶𝑀𝐶, 𝜌𝐴𝑔𝑁𝑊, and 𝜌𝐶𝑀𝐶 are AgNW volume fraction, 

CMC volume fraction, AgNW weight fraction, CMC weight fraction, AgNW density (10.6 

g/cm3) [31], and CMC density (1.6 g/cm3) [71] respectively. A complete list of samples and 

their content loading is summarized in Table 3.1. 

Table 3.1  Prepared AgNW/CMC composite with five different volume content 

 vol. %, CMC vol. %, AgNW wt. %, Solid Particles 

Sample 1 99.7 0.3 25 

Sample 2 99.3 0.7 25 

Sample 3 98.9 1.1 25 

Sample 4 98.5 1.5 25 

Sample 5 98.1 1.9 25 

Water was used as a solvent for AgNW and CMC in all prepared paste samples 

and a solid particle weight fraction among the total mass of the paste ((𝑀𝑎𝑠𝑠 𝑜𝑓 𝐴𝑔𝑁𝑊 +

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝑀𝐶) / Mass of Paste) was set to 0.25 in order to create high viscosity for the best 

3D printability and layer stacking ability.  

From each AgNW vol. % sample, five cylindrical-shaped specimens are prepared 

by extruding the paste with a syringe. A SEM (Nova NanoSEM, FEI) image of an 

cylindrical-shaped extruded AgNW/CMC composite paste and a zoomed-in SEM image 

of a surface of the paste are shown in Figure 3.11 (a) and (b) respectively. It can be 

observed that the high aspect ratio-AgNWs are embedded in the CMC matrix and are 
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forming contacts for percolation network. Figure 3.11 (c) and (d) each shows surface a 

SEM view of composite with 0.3 vol. % and 1.9 vol. % AgNW content loadings.  

 

Figure 3.11  SEM images of (a) extruded cylindrical-shaped AgNW/CMC 
composite paste, (b) AgNWs embedded in CMC matrix, (c) a 
composite with 0.3 vol. % AgNW, and (d) a composite with 1.9 col. % 
AgNW. 

The composite with 1.9 vol. % AgNW clearly has lot more AgNWs being entangled 

together and forming enormous percolation contacts compared to the composite with 0.3 

vol. % AgNW. 

Upon complete dry of the extruded pastes, its length and diameters were 

measured by a digital micrometer (EZ Cal Caliper, iGaging) as shown in Figure 3.12.  



33 

 

Figure 3.12   Composite paste dimension measurements of (a) length and (b) 
diameter for resistivity computation. 

To compute resistivities of the samples, a sourcemeter (Keithley 2400 

SourceMeter) was used with two-wire DC resistance measurement method and equation 

(5) was used.  

 𝜌∗ = 𝑅 ∙
𝐴

𝑙
  (5) 

where  𝜌∗ is resistivity, 𝑅 is resistance, 𝐴 is cross sectional area of the sample, and 

𝑙 is the length of the sample. As can be seen from Figure 3.13, mean resistivity values 

were found (black solid line) from the resistivities of the five specimens (colored dots) for 

each 0.3, 0.7, 1.1, 1.5 and 1.9 AgNW vol. % samples. The percolation threshold was found 

to be 0.7 vol. % and a significant drop of resistivity reduction about 9th order of magnitude 

(from 4.33×107 Ω∙cm @ 0.3 vol. % to 8.18×10-3 Ω∙cm @ 1.9 vol. %) was observed with 

increasing AgNW vol. %. Researches have been reported that the resistivity of the AgNW 

percolation network can be reduced with a thermal [eo at the temperature above 150 °C 

which can weld the junction of AgNWs in contact [33], [72], [73] . Thus, the fabricated 

paste sample were thermally annealed in a hot oven at 160 °C for 50 minutes. The 

complete resistivity data is listed in Table 3.2. 
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Figure 3.13  Plot of resistivity with respect to different vol. % of AgNW 
demonstrating the percolation threshold of 0.7 vol. % and a dramatic 
resistivity drop with increasing AgNW vol. %.  

 

Table 3.2  Resistivity of prepared AgNW/CMC composites 

 AgNW (vol. %) Resistivity (Ω∙cm) 

Sample 1 0.3 3.74E+07 

Sample 2 0.7 2.57E+07 

Sample 3 1.1 1.25E+03 

Sample 4 1.5 5.92E+01 

Sample 5 1.9 8.38E-03 

The experimental resistivity data of the AgNW/CMC composite demonstrated a 

good agreement with the simulation result discussed in previous section. For comparison, 

a plot of merged experimental and simulational resistivity results is shown in Figure 3.14. 

The lower level of resistivity from the simulation compared to the experimental result may 

be ascribed to ideal dispersion of the AgNW in the matrix and fixed 200-aspect ratio of 

AgNW in contrast to the real experiment where individual nanowire has size distribution 

[74].  
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Figure 3.14  Plot of merged experimental and simulational electrical resistivity 
results with respect to various AgNW vol. %. 

The suppressed percolation threshold of 0.7 vol. % and the superior electronic 

conductivity (8.18×10-3 Ω∙cm) compared to other reports of AgNW composite [31], [74]  

suggest an excellent harmony of AgNW filler and CMC matrix for generating a conductive 

nano-composite.  

3.3.2. Confirmation of Power-Law 

In a composite which has conductor and insulator phases, the electrical conduction 

behavior is approximated by a power-law [75]. The power-law can be mathematically 

represented by an equation below [31]. 

𝜎 ≈ [
(Ф−Ф𝑐)

Ф𝑐
]

𝛼
  (6) 

where 𝜎 is electronic conductivity, Ф𝑐 is percolation threshold, Ф is filler volume fraction, 

and 𝛼  is critical exponent. As mentioned earlier, percolation can be formed by, (i) a 

mechanical contact between the conductive fillers or (ii) electron tunneling effect. When 

the critical exponent 𝛼 is between 1.1 to 1.3 the percolation network is known to be two-
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dimensional (2D) percolation while the 𝛼 in the range of 1.6 to 2 is 3D percolation [76]. 

Figure 3.15 shows power law-behavior plot of our AgNW/CMC conductive nano-

composite.  

 

Figure 3.15  Plot of power-law behavior of AgNW/CMC nano-composite. 

The percolation threshold Ф𝑐 of 0.7 vol.% and conductivities of the 1.1, 1.5, 1.9 

AgNW vol. % nano-composites and a spreadsheet software (Microsoft Excel) was used 

to find critical exponent of the nano-composite. From the best-fit straight line the critical 

exponent was found to be 10.146 which indicates that tunneling effect is a dominant 

charge transport mechanism [75]. Tunneling effect is a main conductivity mechanism of 

composites made of conductive fillers embedded in insulative matrix [77]. Due to the thin 

insulative layer surrounding the conductive fillers, the fillers conduct electrons by tunneling 

effect rather than through their mechanical contacts. It has been reported that the higher 

volume concentration of the conducive fillers decreases the electron-tunneling distance 

between the fillers. And the conductive fillers neighboring within the tunneling distance 

form “clusters”. The clusters then form the percolation network enabling electric current to 

flow through the composite [78]. 
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3.3.3. 3D Printing of AgNW/CMC Composite 

Using our paste 3D printing system, 3D printing of AgNW/CMC nano-composite 

was performed. Three layers of AgNW/CMC paste was printed with each square-shaped 

layer size of 2 × 2 cm2. Each layer height was set 0.5 mm which we found to be most 

effective to stick the extruded paste on the bed or preceding layer with the nozzle 

physically pressing the extruded material while printing. A 0.84 mm nozzle was used to 

extrude the paste with a 0.7 mm/s print head movements speed and 0.0002 ml/s extrusion 

flow rate. The slow head movement speed was required to wait the high viscosity paste 

to be extruded. Heated printing bed’s temperature set to 70 °C to avoid possible distortion 

of the printed object during drying process which can lead to a twists or detachment of the 

part from the printing bed. As shown in Figure 3.16, Two different object infill fractions 

(100 % and 70 %) were used to print the AgNW/CMC paste. 

 

Figure 3.16  Photographs of 3D printed AgNW/CMC. (a) Isometric view, (b) top 
view of part with 100 % infill, (c) isometric view, and (d) top view of 
part with 70 % infill. 

In both designs, no buckling from 1st layer was observed and successful layer 

stacking capability was demonstrated with our AgNW/CMC composite. 
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Chapter 4  
 
3D Printed Lithium Polymer Battery 

4.1. Introduction 

In this chapter, fabrication of 3D printed battery utilized by our conductive 

AgNW/CMC nano-composite is explained. Planar battery has a basic structure composed 

of stacked three layers; cathode, anode and electrolyte in between. Studies were done on 

cathode and anode active materials and their combination with eco-friendly CMC binder 

was verified.  

Among many kinds of batteries, a lithium battery was chosen in this study. Growing 

demand of lithium for battery application proves advantages of using lithium. Lithium can 

have the high cell potential compared to other battery materials as lithium has lowest 

reduction potential, in order words, lithium has tendency to receive electrons and thus gets 

reduced easily. Also, lithium is the 3rd lightest material in the world which allows lithium 

battery to have a high specific capacity (mAh g-1) and a great power density [79]. During 

a discharging stage of a lithium battery, anode undergoes oxidation (loss of electrons) 

where the lithium materials (Li4Ti5O12 in our research) gets deintercalated from anode to 

release electrons and create positive lithium ions. In this process, the lithium cations flow 

through an ion-permittive electrolyte to the cathode (LiFePO4 in our research) while the 

electrons flow through an outer circuit for powering to cathode rather than flowing through 

the insulative electrolyte. As a result, the cathode undergoes reduction (gain of electrons) 

where the lithium ions meet the electrons and get intercalated.  Reversely, in a charging 

stage of a battery, cathode lithium material undergoes oxidation process (loss of electrons) 

and release of lithium cations which now flow to anode via electrolyte. And the created 

electrons flow from the cathode through an outer charging circuit to the anode [80]. Figure 

4.1 shows a working mechanism of a lithium battery at a discharging stage [81]. 
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Figure 4.1  Lithium battery working mechanism at discharging stage [81]. 
Reprinted with permission. 

In order to 3D print each battery active layer, extrudable cathode and anode pastes 

were formulated with AgNW/CMC to have high viscosity and thixotropism. Viscosity 

measurement was performed to confirm rheology behavior (shear-thinning) of the paste. 

On the other hand, PEO-LiX solid polymer electrolyte was adopted in this study. Solid 

polymer electrolyte is rising as a safer alternative to conventional liquid electrolytes which 

can cause internal short-circuit and electrolyte leakage [82]. Ionic conductivity of the 

fabricated electrolyte was confirmed by an impedance analysis. In later section, fabrication 

process is explained including a demonstration of consecutive 3D printing of anode, 

electrolyte, cathode layers, battery packaging, and performance characterization of the 

battery.  

4.2. AgNW-Based Lithium Battery Electrodes 

4.2.1. Introduction to Cathode and Anode Active Materials 

For cathode and anode fabrication, lithium iron phosphate (LiFePO4, LFP) and 

lithium titanate (Li4Ti5O12, LTO) active materials were respectively chosen. LFP is one of 

the most popularly used cathode material for commercial lithium batteries by beating other 

lithium materials with its low cost and sufficient capacity. It has brought attentions due to 
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its advantages such as low cost, stable charge/discharge potential at 3.4 V vs. Li [83], 

environmental-friendly, high thermal stability, relatively large theoretical specific capacity 

(170 mAh g-1) [53] and long term cycling capacity reliability [84], [85].  

Graphite has been a governing material for anode of lithium battery in the market. 

It has a low cost, abundancy, high specific capacity (370 mAh g-1) [86], low deintercalation 

potential of ~0.1 V [79]. However, there are disadvantages of using graphite due to a large 

volume change (10 %) during charge/discharge cycles [79] and a passivation layer 

formation on the surface of graphite which increases internal resistance of a battery [87]. 

LTO is a safer alternative to graphite due to its zero-strain intercalation mechanism, in 

other words, LTO can have only 0.2 % of volume change during charge/discharge [79].  

LTO has stable charge/discharge potential at 1.5 V vs. Li and has theoretical specific 

capacity of 175 mAh g-1 [83].  

Regardless of its attractiveness, however, both of LFP and LTO have inferior 

electronic conductivity. Use of these materials been challenging for their low electronic 

conductivity ∼10−9 S/cm for LFP and ~10-13 S/cm for LTO respectively [79], [88]. 

Charge/discharge rate capability is mainly affected by the electronic conductivity of the 

electrodes. The better conductivity allows faster charging/discharging rate for a battery 

[89]. Substantial efforts were made to increase the conductivity of LFP by cationic doping 

[90], carbon coating [91], or mixture with conductive nano-carbon in cathode [92], [93]. For 

LTO, methods of size reduction of LTO particle to reduce diffusion length of Li+ ion and 

electrons [94] and cation doping have been investigated [95].  

In this research, we investigate fabrication of conductive LFP and LTO electrodes 

facilitated with addition of highly conductive AgNW fillers to optimize the lithium battery 

performance. 

4.2.2. Preparation of 3D Printable Electrode Paste 

3D printable cathode and anode pastes are fabricated as composition shown in 

Table 4.1. Pastes were carefully designed to acquire 3D printability (high viscosity by 

CMC), good electronic conductivity (by AgNW), and high lithium active material loading 

for both the pastes. They were designed to have high filler concentration by including 
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content of the solid particles (active material, CMC and AgNW) of 40 % in de-ionized (DI) 

water to minimize inevitable volume shrinkage of printed paste upon drying. 

Table 4.1  Prepared cathode and anode composite paste 

 
vol. % 

Active Material 

vol. % 

CMC 

vol. % 

AgNW 

wt. % 

Solid Particles 

Cathode 78.1 20 1.9 40 

Anode 78.1 20 1.9 40 

For volume content calculation, densities of 3.6 g/cm3 was used for LFP particle 

[96] and 3.539 g/cm3 were used for LTO [53]. To fabricate 5 g of cathode paste (40 wt. % 

solids), AgNW (0.121 g) was first dispersed in 3 g of DI water followed by a short (1 min) 

ultra-sonication with an ultrasonicator (Ultrasonic Bath model 2510, Branson ®). And CMC 

(0.192 g) was added and stirred until complete dissolve of CMC to form a viscous solution. 

Cathode active material, 1.687 g of LFP (< 5 um particle size, Sigma Aldrich) particles 

were then added to the viscous AgNW/CMC mixture and stirred for 20 min. Similarly, for 

fabrication of 5 g of anode paste (40 wt. % solids), 0.123 g of AgNW, 0.195 g of CMC, and 

1.683 g of LTO (< 200 nm particle size, Sigma Aldrich) were dispersed in 3 g of DI water 

with the same preparation process as LFP paste. 

 

Figure 4.2  Photograph of fabricated (a) cathode (LFP/AgNW/CMC) paste and (b) 
anode (LTO/AgNW/CMC) paste.  

The fabricated showed electronic conductivities of 4.21×10-3 S/cm and 1.64×10-4 

S/cm for cathode and anode paste respectively which are several orders of magnitude 

more conductive than that of pure LFP and LTO [79], [88]. Also, our pastes’ conductivity 

levels were higher than conductivities of a reported battery electrode pastes which were 

4.35×10-4 S/cm and 4.76×10-6 S/cm for LFP-based and LTO-based electrode pastes [53]. 
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This indicates an effective conductivity enhancing performance even with the low 1.9 vol. 

% AgNW filler in electrode pastes. However, these conductivities were lower than the 

conductivity of 1.9 vol. % AgNW concentration AgNW/CMC sample which was 1.22×102 

S/cm. We believe that the large solid LFP and LTO particles within the electrode paste 

matrix are interfering even distribution of the AgNW and discouraging percolation network 

formation in the matrix. The resulting viscous cathode and anode pastes are shown in 

figure 4.2.  

4.3. Polymer Electrolyte 

4.3.1. Polymer Electrolyte Background 

Polymer electrolyte has been proposed as a replacement for conventional liquid 

electrolytes. Liquid electrolytes provide higher ionic conductivity and lower production cost 

compared to the polymer electrolytes [97]. However, battery cells made of the liquid 

electrolyte can suffer corrosion, toxicity, electrolyte leakage, and internal short-circuit 

which can lead to cell combustion [98].  

Poly(ethylene oxide) (PEO) is a semicrystal polymer and it is one of the widely 

used polymer electrolyte. But the pure PEO shows poor ionic conductivity in the order of 

10-8 S/cm due to its high crystallinity at an ambient temperature [97], [98]. For lithium 

battery, studies have demonstrated increased ionic conductivity up to the range of 10-4 

S/cm with addition of lithium salt (LiX, X = ClO4
−, BF4

−, etc.) and nano-scale inorganic 

ceramic fillers [99], [100]. Dissolution of the lithium salt is enabled in PEO matrix by chains 

of PEO surrounding Li+ cations and blocking X- anions [101]. The dissolved cations and 

anions become mobile in PEO matrix and hop in between PEO chains (Figure 4.3) which, 

in turn, increase ionic conductivity of the electrolyte [97].  
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Figure 4.3  Mobility of cations in PEO polymer chains [97]. Reprinted with 
permission. 

Even with the additional lithium salt, PEO matrix favors to be at crystalline phase 

and only transform to an amorphous phase and become ionic conductive at an elevated 

temperature over 60 °C [101].  The ceramic fillers have been used in PEO-LiX composite 

polymer electrolyte and shown to effectively reduce crystallinity of the PEO matrix and 

increase amorphous regions [99], [100]. The composite electrolytes of PEO-LiX with 

ceramic fillers were able to achieve useful level of ionic conductivity (10-4 S/cm) at a room 

temperature [101].  

4.3.2. Preparation of Polymer Electrolyte and Ionic Conductivity 
Measurement 

In this research, PEO-based electrolyte including LiClO4
 (battery grade, Sigma 

Aldrich) lithium salt and TiO2 (< 25 nm particle size, Sigma Aldrich) ceramic filler was 

chosen. PEO is a high molecular weight polymer (Mv ~ 900,000, Sigma Aldrich) implying 

high viscosity upon dissolution by acetonitrile solvent (Sigma Aldrich) which is suitable for 

our extrusion platform. For the electrolyte composition, [EO]/[Li] molar ratio of 8 and TiO2 

load of 10 wt. % was chosen as the ratio was studied to have highest ionic conductivity 

[99], [103], [104]. A complete composition weight ratio is shown in Table 4.2. 

 Table 4.2  Polymer electrolyte composition ratio 

wt. %, PEO wt. %, LiClO4 wt. %, TiO2 

89.2 1.8 9.0 
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For the PEO-based polymer electrolyte fabrication, a solvent acetonitrile (Sigma 

Aldrich) was used for particle dispersion. As can be seen from Figure 4.4, LiClO4 and TiO2 

particles were first dispersed by 300 RPM magnet-stirring in acetonitrile for 30 min while 

maintaining heating temperature at 60 °C. Then relative amount of PEO particles were 

added to the solution and kept stirred for 3 h until full dissolution of PEO and viscous liquid 

formation. To carry out impedance analysis on the fabricated electrolyte, the sticky 

electrolyte was poured on a stainless disk and vacuum dried at 60 °C for 24 h. The dried 

membrane with thickness of (0.24 mm) was sandwiched with another stainless disk and 

impedance analysis was performed by measuring impedances with a sweeping frequency 

from 20 Hz to 2 MHz by a LCR meter (E4980A High Precision LCR Meter, Agilent 

Technologies). 

 

Figure 4.4  Fabrication steps of PEO-LiClO4-TiO2 polymer electrolyte. 

To calculate an ionic conductivity of the electrolyte, a Nyquist plot had to be plotted 

as shown in Figure 4.5. Nyquist plot in a shape of slanted line at lower frequency followed 

by a large semicircle at high frequency was observed as expected [100], [105]. This 

impedance characteristic of PEO-based electrolyte comes from combined effect by a 

capacitance of stainless steel electrode in series with a parallel combination of bulk ionic 

resistance of the electrolyte and electrolyte capacitance [106]. Intercept of the semicircle 

at high frequency end and the real axis (Z’) gives a bulk resistance of the electrolyte [106]. 

By extending a trend line of the semicircle to intercept the real axis, we can approximate 

a bulk resistance of the electrolyte to 85.86 Ω. 
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Figure 4.5  Nyquist plot of PEO-LiClO4-TiO2 electrolyte.  

Ionic conductivity can be calculated using a following equation with the bulk 

resistance of the electrolyte [107], [108].  

𝜎 =
𝑡

A×𝑅𝑏
 𝑆 𝑐𝑚−1 = 𝟏. 𝟖𝟑 × 𝟏𝟎−𝟒 𝑺 𝒄𝒎−𝟏   (7) 

where t is a thickness of the electrolyte (0.24 mm), A is a cross-sectional area of 

the sandwiching stainless disk (1.53 mm2), and Rb is a bulk resistance of the electrolyte 

(85.86 Ω). The demonstrated ionic conductivity of our electrolyte agrees with other 

established researches based on PEO-LiClO4 electrolyte and falls in an useful ionic 

conductivity level [99], [100], [101].  

4.4. 3D Printable Battery 

4.4.1. Rheology of Paste and 3D Printability 

Electrode pastes must have a great 3D printability, in other words, have an ability 

to be stacked layer-by-layer without layer buckling. Rheology of the anode paste 

(LTO/AgNW/CMC) was studied by measuring its viscosity at different shear rates with a 

viscometer (microVISC™, RheoSense). As can be seen from Figure 4.6, the anode paste 

demonstrated a strong shear-thinning behavior.  
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Figure 4.6  Shear-thinning behavior of anode paste. 

By increasing shear rate from 0.6 s-1 to 3 s-1, viscosity of the paste dropped from 

30,832 cps (viscosity level of hot fudge) to 1,063 cps (viscosity level of detergent) [39]. 

Full viscosity data is shown in Table 4.3.  

Table 4.3  Viscosity table of anode paste 

Shear Rate γ, s-1 Viscosity η, cPs (mPa s) Shear Stress 𝜏, Pa 

0.6 30,832 11.81 

1 11,894 3.19 

1.5 6,543 9.78 

3 1,063 18.36 

Shear rate at the extrusion nozzle can be calculated by using following equation 

[109]. 

γ =
4∙𝑄

𝜋∙𝑅𝑛
3  (8) 

where γ  is shear rate (s-1) in the nozzle, 𝑄 is extrusion flow rate (0.0002 ml/s or 

0.2 mm3/s), and 𝑅𝑛 is inner radius of nozzle (0.42 mm). The calculated shear rate for 

extruding LTO paste was 1.72 s-1 which means the viscosity of the paste was around 

6,000 cps during extrusion. 
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A quantitative analysis was also done with Ostwald-de-Waele equation (Power 

Law) as shown in below equation [37]. 

𝜏 = 𝜅(𝛾)𝑛  (9) 

 where 𝜏 is shear stress (Pa), 𝜅 is consistency index (Pa sn), 𝛾 is shear rate (s-1), 

and 𝑛 is flow behavior index. By using this formula along with given shear rate and shear 

stress values, we found the flow index 𝑛 to be 0.2745 which is close to 0 and it indicates 

the anode paste demonstrates a strong pseudo-plastic (shear-thinning) behavior [37]. This 

phenomenon implies that the significant decrease of viscosity at higher shear rate allows 

easier extrusion through narrow printing nozzles (inner diameter of 0.84 mm to 1.54 mm) 

and the bumped up viscosity after extrusion (no longer shear application) lets the paste to 

stay in shape and not be spread on the printing bed (Figure 4.7 (a)). 

 Unfortunately for cathode paste, viscosity measurement was unavailable due to 

large size of LFP particles which may block a paste flow channel of the viscometer. 

However, the fabricated cathode paste was also easy to extrude and maintained 

filamentary shape after extrusion (Figure 4.7 (b)). 

 

Figure 4.7   Photographs of (a) extruded anode paste and (b) cathode paste. 

 



48 

4.4.2. 3D Printing of Battery 

Our 3D printed battery has a three-layer stacked structure, in which, first layer is 

anode, second layer is electrolyte followed by a third layer of cathode. Each layer was 2 

× 2 cm2 square-shaped. The anode paste was printed on a copper sheet which is a current 

collector for anode of the battery. A 0.84 mm-nozzle was used to print the anode paste 

with a slow print head movement speed of 0.7 mm/s and extrusion rate of 0.0002 ml/s. 

Two layers were printed with each layer-height of 0.5 mm. The anode layer with a 

thickness of 0.8 mm was achieved upon 15 min drying with a heated printing bed’s 

temperature set to 70 °C. Printing the viscous electrolyte solution, the same printing 

parameter was used and a single layer of the electrolyte was printed. The printed sample 

was vacuum dried at 60 °C for 24 h to remove possible moisture from the electrolyte. On 

the other hand, due to its larger LFP particles clogging the 0.84-mm nozzle, a 1.54 mm-

nozzle and extrusion rate of 0.00083 ml/s were used to print the cathode paste. The print 

head movement speed had to be increased to 1.2 mm/s as more paste was extruded with 

a larger nozzle. Also only a single layer of cathode paste was printed with a layer-height 

of 1 mm. On top of the non-dried cathode layer, an aluminum sheet was placed as a 

current collector for cathode and the complete three-layer sample was dried in vacuum 

oven at 60 °C for 24 h. Figure 4.8 demonstrates a 3D printing process of the battery. 

 

Figure 4.8  3D printing process of consecutive anode, electrolyte, and cathode 
layers 
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Upon drying of the printed battery, battery cell packaging was performed by 

attaching nickel tab to anode and aluminum tab on the cathode with an electrical tape.  

Then, an aluminum-laminated pouch cell case was wrapped around the battery and 

sealed with a heat iron in order to isolate the battery from ambient environment. The 

battery packaging process is shown in Figure 4.10. 

 

Figure 4.9  Photographs of (a) completed 3D printed battery, (b) conductive tab 
attachment on electrodes, (c) pouch cell sealing with heat iron, and 
(d) completed package of battery. 
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4.5. Performance Demonstration of Battery 

Constant voltage (CV) charging was performed to see charging characteristic of 

the battery. Supply voltage of 2 V was applied to the battery and cell voltage was 

measured every 5 min and battery’s voltage profile during charging is shown in Figure 

4.10. 

 

Figure 4.10  Voltage profile of battery during constant voltage charging. 

After charging the battery under the discharged state of 0.32 V, the open circuit 

voltage of the battery increased to about 1.2 V after 1 h 25 min and around 1.8 V after 4h 

35 min. Voltage of a cell is determined by a potential difference between the cathode and 

anode. Potential for LFP range between 3.2 and 3.5 V while for LFP it is about 1.55 V 

which leads to a potential of LFP/LTO full cell to be around 1.8 V [53], [83], [87]. 

Demonstrated cell voltage of our 3D printed battery showed a good agreement with 

reported cell voltages of LFP/LTO batteries which are in the range of 1.5 ~ 1.8 V [110].  
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Figure 4.11  Open circuit voltage measurement from the 3D printed battery (a) 
after 2 h of charging and (b) after 4 h 35 min of charging.  

Although constant current charging and an exact battery capacity measurement 

were unavailable, capacity can be approximated with active material weight and the active 

material’s specific capacity. The mass loading of active materials in the battery was 

measured to be 0.17 g while the total weight of the fabricated battery was 1.16 g including 

metal current collectors. Specific capacity (mAh g-1) of LFP/LTO full cell is reported to be 

about 110 mAh g-1 [1], [83] suggesting our 3D printed battery capacity around 18.7 mAh.  
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Chapter 5  
 
Conclusion and Future Work 

5.1. Conclusion 

In this thesis, 3D printable conductive nano-composite has been developed. Highly 

conductive cylinder-shaped AgNW was used as a conductive filler in the eco-friendly CMC 

matrix due to its strong thixotropic rheology which is advantageous for 3D printing 

application. Also, novel and low-cost paste 3D printing platform was established by a 

simple integration of a commercial delta 3D printer and a paste extruder. Finally, battery 

electrode pastes were formulated based on AgNW/CMC composite for the demonstration 

of 3D printed battery. The key findings from this research are summarized as below: 

1. Design and evaluation of conductive nano-composite: 

(a) AgNW is used as a conductive filler. AgNW has high-aspect ratio shape with 

each AgNW having a metallic conductivity. It can benefit when creating a 

conductive nano-composite compared to other spherical or platelet 

nanoparticles.  

(b) CMC is used as a matrix. CMC is a water-soluble and nature-friendly material 

proposing a toxic-free process. Also, making a composite with CMC is allows 

easy disposal of the composite after use by returning filler materials by a 

pyrolysis of the CMC [84].  

(c) A simulational study using a composite modeling software and an electrical 

conductance simulation tool estimated a percolation threshold. 

(d) AgNW/CMC nano-composites were fabricated in various concentration of 

AgNW to experimentally find a percolation threshold of the nano-composite.  

(e) From both simulational and experimental studies, the discovered percolation 

threshold was only 0.7 vol. % of AgNW which was significantly lower than other 

composites using low-aspect ratio conductive fillers.  

(f) High conductivity of 1.22×102 S/cm was achieved from the AgNW/CMC 

composite with low 1.9 vol. % loading of AgNW.  

2. Demonstration of 3D printed battery using conductive nano-composite: 
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(a) Utilizing the high conductivity of the AgNW/CMC composite, battery electrode 

pastes were designed and printed with the paste 3D printing platform. 

(b) PEO-based electrolyte is fabricated and evaluated. 

(c) Rheology study proved that the thixotropism of the fabricated electrode pastes 

aided by the CMC’s strong thixotropic rheology, which allowed the 3D printing 

of the CMC-based electrode pastes. 

(d) Anode, electrolyte, and cathode pastes were consecutively printed to form a 

typical three-layer lithium battery. And the fabricated battery’s performance is 

demonstrated. 

5.2. Future work 

Newly proposed 3D printing platform and AgNW/CMC nano-composite’s 

thixotropic property shows a practical printability. Additionally, there are few more items to 

be improved for better 3D printing quality. 

5.2.1. Advancement of Printed Part Quality 

Despite the easy and low-cost 3D printing manufacturing process with the CMC-

based nano-composite paste, printed parts showed minor cracking or detachment from 

the printing bed upon drying which affected the quality of the final product. CMC naturally 

undergoes a significant volume change which can create such deformations. It can be 

solved by increasing the fraction of solid filler content and reducing solvent amount to 

minimize the volume shrinkage. Another popular method to enhance binding is to add a 

little amount styrene-butadiene rubber (SBR) [111].  

5.2.2. Variation of 3D Printed Battery Designs 

Conventional battery electrodes are commonly made by electrode slurry casting 

and blading on current collectors which requires large electrode area and restricts 

producing various shape of electrodes.  Due to the unique manufacturing process of the 

3D printing technology, printed objects can have multiple number of layers being stacked. 

Utilizing this technique to the battery’s 3D printing process, cathode, electrolyte, and 

anode layers can be stacked in alternating way and form a standing battery with a high 
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areal capacity (mAh/cm2). Also with the 3D printing method, battery shapes are not limited 

to the conventional coin cell, cylinder cell or planar pouch cell. Batteries can be fabricated 

in any shapes to fully utilize confined area especially in portable electronic devices. 

 

 

 



55 

References 

[1] K. Fu, Y. Wang , C. Yan, Y. Yao, Y. Chen, J. Dai, and S. Lacey, "Graphene Oxide-

Based Electrode Inks for 3D-Printed Lithium-Ion Batteries," Adv. Mater., vol. 28, 

p. 2587–2594, 2016.  

[2] K. Markstedt, A. Mantas, I. Tournier, H. M. Ávila, D. Hägg, and P. Gatenholm , 
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