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Abstract 

  

Additive manufacturing is considered one of the revolutionary production 

technologies, and an appropriate deposition path for metal droplets is critical in 

additive manufacturing, which contributes to the printing at high quality. Therefore, 

optimizing the planning process is of vital importance, and this research proposed 

an appropriate method for printing curved shapes to reduce layer surface height 

variation and roughness. Depending on various curvatures with internal filling, an 

adaptive spacing with angular displacement was determined, in the balancing of 

improving dimensional accuracy and reducing material consumption. In addition, 

dynamic changes in the droplet energy and the droplet deposition radius at different 

release heights were obtained, as a basis for the spacing of neighboring droplets in 

the path planning. The components of the printing system for high-melting-point 

metals were integrated, and therefore the system operation could be supported in 

the compatible software and hardware. Based on the drop-on-demand technique, 

two-dimensional curved patterns were printed, and three-dimensional curved 

objects with the internal filling were completely manufactured. Compared to 

common path planning methods, the result showed the surface flatness was 

improved by more than 30% based on the proposed strategies. The proposed 

method approximated the curved contours, and the filled rate was close to 90% 

in spite of the cross-sectional radius of the printed objects was small, less than 5 

mm. The strategies proposed in this research were proven to be effective, laying 

the foundation for the practical application of droplet-based manufacturing 

technology. 
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 Introduction  

 

1.1 Background  

1.1.1 Additive layer manufacturing  

Additive-layer Manufacturing (AM) is considered one of the revolutionary 

production technologies due to its versatility. In manufacturing, 3D printing can 

increase efficiency and sustainability at the supply chain end [1]. Additively 

manufactured parts supplied to the automobile and aerospace sectors constitute 

roughly 20 percent of the overall additive manufacturing market [2]. In a report, 

the AM market is expected to yield components and final products, worth $2 trillion 

by 2030 [3]. Therefore, the use of reliable production technologies combined with 

low-cost manufacturing processes to produce products will be a feasible strategy 

for the industry of the future. 

There are various printing techniques such as Binder Jetting (BJ), Selective 

Laser Melting (SLM), Selective Laser Sintering (SLS), and Fused Deposition 

Modeling (FDM) that can handle a range of materials [4]. For BJ, binders enter a 

bed of raw powder [5]. Mechanical properties of the printed parts based on BJ are 

limited due to fragility, and post-processing in the form of casting or sintering is 

required. In SLM or SLS, metal powders are selectively melted or sintered using 

high power lasers. The parts manufactured by SLM or SLS are prone to porous 

surfaces and poor surface finishes [6, 7]. In addition, over half of products are 

fabricated using polymer-plastic filaments based on additive manufacturing [8]. 

Overall, additive manufacturing reduces the steps of traditional manufacturing and 

builds parts without geometric constraints, which shows the great potential [9]. 
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1.1.2 Metal-droplet on demand 3D printing  

As one of novel manufacturing techniques, metal droplet-based additive 

manufacturing, has attracted attention on account of advantages such as low cost 

and high efficiency in energy consumption. Gao and Sonin [10] first utilized molten 

droplets as the units for additive manufacturing. Luo et al. [11] proposed a new 

type of on-demand metal droplet generation device. The repeated electromagnetic 

force generated by the input pulse voltage drives an impact rod. Then the impact 

rod strikes the heat-resistant vibration transfer rod, pushing individual droplets out 

of the nozzle. Based on the optical images of 3D-printed particles, the effect of the 

pulse duration on the size of ejected droplets was analyzed. The results indicate that 

shorter pulse widths could reduce the droplet size. Luo et al. selected the metal 

material of Sn-40 wt% Pb, which requires pretreatment (remove metal oxide skin 

by grinding) before being utilized. Since Sn-40 wt% Pb is widely applied in the 

electronics area, it was also adopted by Dou et al. [12]. The melting point of the 

manufacturing material Sn-40 wt% is 456 K (183 ℃), and the solidification 

behavior on the substrate platform was tested in an argon gas environment. Dou et 

al. used a piezoelectric actuator and a crucible for drop-on-demand manufacturing. 

The observation techniques such as scanning electron microscopes, optical 

measuring microscopes, and industrial digital cameras were used to observe the 

solidified and combined form of the metal droplets. The solidification time was 

more sensitive to different temperatures of the substrate, which was from 0.46 to 

4.72 s, while the droplet adhesion varied little with temperature. At the same 

substrate temperature, the expansion of droplet spacing increased the risk of metal 

line fracture, as shown in Figure 1. 

 

Figure 1. Metal line fracture [12]. 

For metal droplets heated at high temperatures (>500 ℃), Simonelli et al. 

[13] inductively heated Sn or Ag metals, and liquid droplets were created by a push 

force. Plates of 99.9% Cu were selected as the deposition substrate, and the 

influence of substrate selection on adhesion has been studied. According to the 

research by Meda et al. [14], aluminum alloy 4043 wire was heated at 900 °C in a 
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resistively heated crucible. The metal droplets were deposited on a polyimide 

substrate, as shown in Figure 2. Droplet production frequency and spacing were 

changed to analyze the influence on the electrical resistivity of the deposition lines. 

 

 

Figure 2. Metal-droplet system [14]. 

 

 

1.1.3 Process of the metal-droplet on demand 3D printing  

The metal-droplet on demand manufacturing involves product design, 

processing and fabricating. In the early stage of additive manufacturing, a diagram 

of the 3D model is required, which contains the spatial Cartesian coordinates, 

periphery and internal contours of the 3D model to be printed. This model data is 

then utilized and processed, which can be also used as input for slicing. 

 

For the reference and subsequent slicing, 3D models to be printed are 

usually drawn in a modelling software in three dimensions. Since computer-aided 

design (CAD) software is based on classic and basic two-dimensional drawing, it 
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is used for two-dimensional patterns. SolidWorks is user friendly, and it is 

generally used for small to medium sized printed models. Other mainstream 

software used for additive manufacturing contains UG, CATIA and Creo. Creo is 

widely applied in industries requiring three-dimensional components, while UG is 

generally used by medium or large enterprises to build complex models. At present, 

all 3D modelling software is well established and functional. The user-friendly 

operation makes model design easier and faster. 

 

After the model design and drawing, the exported file format is also related 

to the success of manufacturing [15]. A mismatched file format can not be 

identified by the slicing software, such as Ultimaker Cura. An unsuitable file format 

can also result in incomplete raw data in slices, overlapping shapes and surface 

breakage. Therefore, the exported file format can be Standard Tessellation 

Language (STL), which can be identified by slicing software. The STL format was 

developed as a graphic type for the technical services of layered manufacturing. 

The STL format utilizes triangular meshes to describe a model in three dimensions, 

expressing the geometric information of the three-dimensional object without 

providing or supporting auxiliary information such as colour and material [16], [17]. 

There are two forms of STL files, text (ASCII format) and binary (BINARY), and 

the ASCII format is more generic than the BINARY format. The STL output data 

is simplified, and the format is manageable, and hence the STL format is widely 

used as a simplified version of a 3D model. 

Šljivić et al. compared printed objects based on a technique of Fused 

Deposition Modeling, using three slicing software, Simplify3D, Slic3r, and 

Ultimaker Cura [18]. For lower-cost 3D printers, free open-source software is 

available, containing Slic3r and Ultimaker Cura. Šljivić et al. indicated that 

Ultimaker Cura sliced better than Slic3r, and the error between the expected model 

and the printed part sliced by Slic3r was greater than 6.7%. 

For specific 3D printing systems and consumables, the manufacturing 

parameters can be configured and modified in the optimized slicing software. 

Industry-standard integrated software streamlines workflows for greater 
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productivity, and slicing software integrates with material manufacturing printers 

and consumables. In practical terms, the custom configuration in the slicing 

software can be modified to match the designated printing system. The slicing 

software such as Ultimaker Cura is available as open-source software, completely 

free of charge across platforms, and supports the system running on Linux, 

Windows, and Mac. A range of custom parameters allow for manual control, and 

reliable connection of hardware and materials. More features can be added to the 

slicing software, with the support for reading OBJ, X3D, and 3MF file formats. 

Printed models can be interpreted by slicing software into Geometric Code 

(G-code) containing slicing layers and paths, as shown in Figure 3. The slicing 

software reads the various parts of the imported model and divide it into smaller 

parts. The settings can be adjusted as required and a file is saved that is compatible 

with the Computer Numerical Control (CNC) system, which was used in the project. 

A networked 3D printer can read the file remotely and control the printing, or the 

file can be saved to a USB stick or SD card and transferred to a local printer. 

 

Figure 3. A general workflow in AM software processing [19]. 

 

The main function of the slicing software is to cut the model into several 

layers, analyze the closed path and convert it into commands for 3D printers. For 

only one slicing step, it used to take hours to slice, but at present the slicing process 

takes only a few seconds. Path generation software is intended for additive 

manufacturing and the dedicated software generates paths at a fast speed [20]. 

Control commands applicable to the additive manufacturing machine are generated 

and executed based on a two-dimensional profile. 
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Based on standardized methods, robots for 3D printing can achieve the 

functionality of 3D printers by adapting to the machine programming languages of 

diverse robot manufacturers. For instance, Werner et al. proposed a software 

solution called MeshSlicer [21]. In that research project, the customized fused-

filament-fabrication (FFF) print head was connected to an Asea Brown Boveri 

(ABB) six-axis machine. The G-code output by the conventional slicer reflects the 

3D model to be printed. Afterwards, the necessary modifications are executed so 

that G-code output can be imported into the next linked software in the 

manufacturing process. MeshSlicer integrates the corresponding code required for 

necessary steps. The MeshSlicer program quickly converts the G-code instruction 

into ABB code to adapt to the corresponding ABB machine motion language. In 

order to simplify these steps, the created program consists of a post processor as a 

main component, which processes the data and divides the data into two parts. 

These two parts are motion commands and extrusion values, so that industrial 

machines can produce models through additive manufacturing. In order to test the 

algorithm of MeshSlicer, several models, such as pyramids and cubes, were 

imported into the software. The information including edges and points of the 3D 

models can be extracted, and the complexity of the models varies. However, 

MeshSlicer cannot indicate the supporting materials that might be required. During 

the printing process, unoptimized path planning based on MeshSlicer may result in 

the model collapsing. The result in Figure 4 showed that the printing required 

additional support structures and the quality of the printed tip and edges was not 

sufficiently good. 
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Figure 4. Printed object based on MeshSlicer [21]. 

Moreover, displaying images of printing paths in the software makes the 

printing process more intuitive. As shown in Figure 5, the path in two dimensions 

is displayed according to a given model. Therefore, the 3D representation of the 

deposition points of metal droplets can be displayed in the software development 

of the drop-on-demand 3D printing. 

 

Figure 5. Printing path for a given model [22]. 

Widely used slicing software can be generated for printing path planning 

and filling. Open-source algorithms of slicing software can be selected, such as 

Slic3r or Cura Engine. Therefore, to apply to the metal-droplet printer in the project, 

a modification program for converting motion instructions based on slicing 

software is a suitable choice [23]. As mentioned above, in the research project by 

Werner et al., one processing software was written for ABB machines only. In order 
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to match a wider range of industrial machines from various manufacturers, a 

simplified and adaptable processing method for industrial CNC (Computer 

numerical control) systems can be developed.  

 

 

1.2 Project situation and focus 

The future of metal droplet additive manufacturing will be the direct 

printing of integrated parts, with high surface quality requirements [24]. The 

surface of printed layers based on metal droplets with high melting points is uneven, 

such as aluminum droplets in Figure 6, which to some extent hinders the internal 

filling of three-dimensional curved objects. In order to reduce surface height 

variation and roughness, exploring appropriate strategies to fabricate curved shapes 

with internal filling remains an important topic to be addressed. 

 

Figure 6. Samples manufactured by depositing metal droplets [25], [26]. 

 

Based on the literature review, there is a lack of sufficient studies in terms 

of the path planning for printing curved shapes with metal droplets. Different from 

the straight-line deposition, printing paths involving curved shapes are with 

multiple arcs. In additive printing, target objects, such as cylinders and hemispheres, 

are sliced into layers. In this manner, three-dimensional curved objects can be 

transformed, with each layer being analysed in a two-dimensional plane. Based on 

the curvature, that is the variation rate of the arc direction as regards the arc length, 

the printed contour of curved shapes is a closed flowing line in each layer. Aiming 

to improve the deposition, the presented study provides an optimized approach to 
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manufacturing curved shapes, involving the position generation of print path points 

and the motion control. The deposition control over the manufacturing of curved 

objects is achieved by the method, called adaptive droplet-spacing with angular 

displacement.  

Additive manufacturing of metals with a high melting point is investigated 

based on an extruder with induction heating. Since the radius of a single metal 

droplet is on the millimeter scale, a number of metal droplets are required for the 

fabrication of small-sized parts. The proposed solution can be applied to droplet-

based techniques for rapid prototyping, and hence the broad scope is beyond metal 

droplets. In terms of the drop-on-demand technique, the optimized printing path 

strategy is proposed to improve the layer flatness and the printed contour accuracy 

of curved shapes, taking into account the filling material consumption. Additionally, 

efforts are made to integrate printing system components in metal additive 

manufacturing, and therefore the system operation can be supported in the 

compatible software and hardware.  

In the project, the objectives are as follows: 

1) The project aims to optimize the droplet-spacing to adapt to various 

curvatures, achieving a reasonable number of droplets for filling 

curved shapes internally without visible voids. 

2) In the software processing of the deposition paths, a software program 

can be designed to simplify the operational steps in additive 

manufacturing. 

3) Dynamic changes in droplet energy and deposition radius at different 

release heights can be obtained, as a basis for spacing of neighboring 

droplets in the practical path planning. 

4) The optimized drop-on-demand path-planning strategies are adopted to 

print two-dimensional curved patterns, and three-dimensional curved 

objects can be completely filled and fabricated. Based on the proposed 

strategies, the printed surface quality can be superior compared to 

general methods. 
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1.3 Thesis structure 

This thesis is set up as follows.  

In chapter 1, the research background is introduced, and the objectives are 

included. A literature review on the research topic is presented in chapter 2.  

Chapter 3 presents the details of the experimental system with experimental 

methodology, and describes the methods to support the system operation.  

In chapter 4, the optimized deposition path strategies, the analysis of the 

droplet deposition, and the printing of curved shapes are presented and discussed. 

Chapter 5 draws a conclusion and states the future outlook to improve the 

manufacturing quality. 
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 Literature review  

2.1 Path planning                        

2.1.1 Continuous printing path  

The development of continuous printing path is mainly for fused deposition 

modelling or other continuous manufacturing techniques. For printing simple 

patterns, such as quadrilaterals, there are generally direction-parallel methods, 

including raster or zigzag [27], [28]. Based on continuous extrusion, the travelling 

path was improved to achieve no retraction [29]. Since additive manufacturing 

requires the printing of multiple layers, Wei et al. used parallel printing for different 

layers in horizontal or vertical directions [30]. As shown in Figure 7, through 

optimization such as zoning, the cross shaped parts were manufactured [31], and 

the part was printed at different speeds in different colored areas in Figure 7 (i). 

The zoning optimization reduced visible hole defects. 

 

 

Figure 7. Cross shaped components [31]. 

Another common continuous printing strategy is contour-parallel 

manufacturing, which can reduce the appearance of sharp corners [32], [33]. For 

thin-walled structures, the contour-parallel manufacturing has been adopted in 

order to approximate the structure [34], [35]. In directed energy deposition, similar 

to the paths in Figure 8, the zigzag filling and the contour-parallel filling were 

generated by Biegler et al. [36]. In addition, deposition lines of different thicknesses 

were produced to form continuous paths without gaps [37].  
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Figure 8. (a) Zigzag along X axis, (b) zigzag along Y axis, (c) contour-parallel, (d) zigzag along 

X axis, Y axis [30]. 

Fang et al. [38] mentioned and compared the contour-parallel paths and 

Hilbert curves for various printed regions, as shown in Figure 9. Moreover, a spiral 

continuous path was proposed by Ren et al. [39]. However, the spiral continuous 

path requires a constantly changing width of the deposited line, which does not 

apply to droplets with constant size.  

 

 

Figure 9. Hilbert curves for (a) square (b) circular shape [38]. 

 



 

 

 

13 

 

As shown in Figure 9 (b), regarding the circular shape, continuous printing 

may cause the printed edge to differ from the ideal contour. When corners are 

present in the printing path, the continuous deposition cannot be controlled 

effectively to minimize the overfilled field at the corners, which results in an 

uneven printed object, as shown in Figure 10. 

 

Figure 10. (a) Continuous deposition path with corners (b) continuous printing result [40]. 

 

 

 

2.1.2 Drop-on-demand printing 

Different from the continuous printing, the on-demand printing is highly 

controllable, and it has the potential to yield more uniform parts. As shown in 

Figure 11, the on-demand deposition, represented by the circles, allows for 

effective control of the droplet landing points. This reduces the overfilling to some 

extent, leading to a flatter surface of the printed object based on the drop-on-

demand technique.  
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Figure 11. Deposition pattern at corners [41]. 

As droplets are created and deposited on the area to be printed, excessive 

material in overfilled areas is minimized. Therefore, the on-demand printing has a 

higher material usage rate than the normal continuous jetting, which reduces the 

material waste. In terms of the power consumption in heating materials for printing, 

droplet-based techniques basically do not involve electron beams or lasers, saving 

the costly expense of the equipment associated with lasers and beams. In SLM-

based additive manufacturing, single-mode lasers are used as a heat source to melt 

the area within 20 cm3 per hour, consuming the power around 1000W [42]. 

Moreover, the power consumed is greater than the output power, and the output 

using electron beams is higher than 2000W for melting areas within 80 cm3 per 

hour [43]. Regarding droplet-on-demand technology, the related machine produces 

droplets intermittently, which also lowers the power consumption in operation 

compared to the continuous printing. Therefore, droplet-based techniques set the 

stage for cost-effective manufacturing due to relative low energy input and cost. In 

addition, droplet sizes of 1mm or even 0.1mm are suitable for small sized 

manufactured parts, and the generation of smaller sized droplets can further 

improve the uniformity of manufactured objects. 

Cheng et al. [44] generated low melting point tin droplets, and the tin 

droplets were deposited separately on a table stage. However, the table stage had 

only two directions (X and Y directions), and three-dimensional objects were not 

constructed. Fang et al. investigated the temperature effect of droplet and substrate 

on the deposition of tin droplets in the process of forming thin-walled objects [45]. 

Yamaguchi et al. printed three-dimensional structures according to the desired 
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droplet landing position [46]. Cao and Miyamoto [47] printed square shaped 

container via aluminum alloys, based on a raster deposition path, as shown in 

Figure 12.  

 

Figure 12. Square shaped part via a raster deposition pattern [47]. 

 

As the printed shapes transition from lines to polygons, conventional raster 

or contour filling patterns are not suitable for printing precise peripheral contours 

without voids. In the linear printing, the length between two centers of adjacent 

droplets was further studied to achieve better printing geometric quality. The short 

lines composed of droplets can be divided into four types: a broken line, a partially 

connected line, an ideal connected line, and protrusion caused by excessive overlap. 

When the spacing between two neighboring droplets is greater than the droplet 

deposition diameter, there is no physical connection among neighboring droplets, 

and hence a broken line is formed in Figure 13 (a). Due to the error in the droplet 

landing position, neighboring droplets may be in contact, which composes a 

partially connected line in Figure 13 (b) under critical spacing conditions. 

Therefore, the distance between two adjacent droplets should be less than the 

droplet deposition diameter based on the drop-on-demand technique. When the 

spacing between two adjacent droplets is around the ideal distance for the 

horizontal line deposition, as shown in Figure 13 (c), the straight line is uniform 

and the line width remains basically the same, except for the two ends. 
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Figure 13. (a) A broken line, (b) a partially connected line, (c) an ideal connected line [48]. 

In addition, excessive overlap causes another situation, particularly obvious 

for metal droplets. As shown in Figure 14, wavy lines or protrusion are presented 

when the droplet spacing is less than the lower limit of the ideal distance range for 

the horizontal line deposition. 

 

(a) 

    

    (b)                                                      (c) 

  Figure 14. (a) Deposition morphology [12], (b) wavy lines [49], (c) schematic [12]. 

 

 Various overlapping extent of molten wax droplets have been studied for 

the formation of straight lines, and the critical relationship of line breakage has 

been explained [48]. In addition, the diffusion length of the dropping water droplet 
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combined with the previous water droplet on the steel surface was analyzed [50]. 

Different combinations were listed based on the relationship between diffusion 

length and ideal length. Two-dimensional straight lines and squares were formed 

using 87 wt% glycerin-in-water droplets by Dalili et al. [51]. Exceeding the range 

of overlap ratios led to breakage or irregular shapes. 

 

Since the deposition unit of the metal-droplet printing is an independent 

metal droplet, the workpiece surface will form a "shell" shaped and uneven 

morphology, as shown in Figure 15.  

 

Figure 15. Deposited lines [52]. 

Two-dimensional patterns can be printed by the horizontal movement of the 

nozzle or deposition substrate. When the spacing between droplets is greater than 

the droplet deposition diameter in top view, there is no physical connection among 

neighboring droplets. Based on various travelling speeds and droplet sizes, 

continuous and discontinuous lines were printed, as shown in Figure 16. 

 

Figure 16. Continuous and discontinuous lines [53]. 
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Qi et al. [52] predicted the ideal spacing of metal droplets by analyzing 

optimal overlapping in straight lines.  

𝑤𝑥 =
4𝜋𝑅𝑖

3 √(
4

(𝑐𝑜𝑠𝜃+2)(1−𝑐𝑜𝑠𝜃)2)
23

×(𝜃−𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃)

                       Equation 1 

where 𝑤𝑥 is the droplet spacing in the straight lines, 𝑅𝑖 is droplet radius and 

𝜃 is solidification angle. Qi et al. [52] utilized Sn60–Pb40 alloy as droplet materials, 

and copperplate as deposition substrate platform. Sample parts were manufactured 

with a pneumatic metal-droplet generator, and droplet spacing results in various 

metal-droplet overlap and bonding strength. Thus, different longitudinal and 

transverse droplet intervals were tested at a substrate temperature of 90 °C with a 

droplet temperature of 270 °C. Parameters such as droplet generation frequency 

and spacing were adjusted to reduce porosity. The printing with a small spacing 

made the overlap ratio high, which may cause protrusions and holes, as shown in 

Figure 17. 

 

Figure 17. Deposited layer with a small spacing [52]. 

Utilizing the metal printing materials Sn63%Pb37% and AlSi12, Zhang et 

al. [49] studied the relationship between linear droplet-spacing and depositional 

morphology, demonstrating a variety of depositional shapes involving diagonal, 

wavy lines. Dou et al. illustrated mechanism of the spread and retraction errors, and 

they used a model to predict the position of two metal Sn-40 wt.% Pb droplets [54].  

Additively manufactured stacking in the vertical direction can form three-

dimensional shapes. In terms of metals with high melting points, Fang et al. [55] 

printed columns using aluminum alloys, as shown in Figure 18 (a). The vertical 

deposition is not a straight line perpendicular to the horizontal plane due to droplet 

landing deflection. Three vertical columns with different droplet numbers were 

formed with heights of 0.5 mm, 2 mm and 5 mm as shown in Figure 18 (b) [56]. 
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The effect of the deposition deflection became significant as the number of 

deposited layers increased. 

  
                    (a)                                                                        (b) 

Figure 18. (a) Printed vertical column [55] (b) columns with different droplet numbers [56]. 

 

According to the distance between each two droplet centers, polygonal 

structures can be additively fabricated with droplets. Inconel alloy 600 was used to 

fabricate simple objects by 3D Micro welding [57]. The rearrangement of the 

droplets deviated from the desired contour, resulting in a greater dimensional error 

between the fabricated object and the desired object. Zhang et al. [58] conducted 

experiments on the printing of thin-walled triangular contours with single-droplet 

thickness. They used the metal droplet temperature of 573 K and substrate 

temperature of roughly 295 K. The trigger of piezoelectric ceramics causes the bars 

to vibrate in liquid metal, which pushed metal droplets out of the nozzle. After 

manufacturing, the height difference between the starting and ending droplets on 

the closed profile reflects the degree of overlap. In the study, the droplet spacing 

around the corners was optimized in order to reduce the excessive overlap around 

the closed corners, as shown in Figure 19. However, the spacing of the droplet 

bonding for the internal filling was not analyzed. 
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Figure 19. Droplet position at corners [58]. 

Dou et al. [59] discussed spacing offsets to manufacture triangular shaped 

objects with the internal filling. However, the droplet spacing in one line and the 

line spacing between adjacent line segments should be varied for various shapes 

accordingly, since the droplets and the line segments are of different sizes. As a 

result of this, the spacing offset for the internal filling needs to be further optimized. 

In addition, the cross-sectional profile printed by Dou et al. is triangular contours, 

a combination of straight-line segments. They approximated arc segments as 

straight lines, and the droplet overlap on the curves has not been studied.  
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2.2 Dimensional accuracy and roughness 

Extrusion-based printing involves continuous and drop-on-demand 

manufacturing. Currently, there are some challenges in the printing, including low 

printed contour accuracy, and excessive surface roughness caused by its own 

technology and process parameters [60]. The process parameters contain 

orientation of 3D printing, filling pattern, printing speed, and so forth [61]. Various 

contour shapes were printed based on the continuous printing [62], and dimensional 

accuracy varies depending on the shape of the part being manufactured. Deswal et 

al. compared different models to set process parameters based on the continuous 

printing with the aim of improving the contour accuracy of fabrication [63]. Based 

on two materials (Nylon and ABS), the manufacturing parameters were varied to 

achieve output dimensions at high quality respectively [64]. 

Surface quality is also a concern in additive manufacturing, and parts with 

low surface roughness improve properties such as fatigue resistance [65]. 

Furthermore, surface quality has a considerable impact on the cost and efficiency 

of the overall manufacturing process [66]. Ahn et al. analysed the effect of different 

deposition directions on the surface quality based on the raster printing path [67], 

as shown in Figure 20. In order to reduce the roughness of the additively printed 

outer contour, the optimal manufacturing orientation of the printed parts was 

obtained by a genetic algorithm [67]. 

 

Figure 20. Different deposition directions for (a) square, (b)curved shapes [67]. 

Fahad et al. adjusted the continuous printing speed to fabricate an object 

from 35 to 55 mm per second [68]. The printing results showed that the flatness in 

the low-speed case was superior to the deposition at high speeds. Based on the 
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continuous printing, Bakar et al. considered the effect of the object shape on the 

error and flatness of the printed contour [69]. The result indicated that the fabricated 

cylinders have greater errors in size and surface roughness than the fabricated cubes. 

Due to the staircase effect caused by multi-layer printing, the fabricated surface 

quality of curved contours is worse than that of straight contours [70]. 

In the drop-on-demand inkjet printing, the shapes can be printed via TIFF 

files. Elkaseer et al. predicted droplet positions based on pixels in the TIFF files, 

and they investigated the effect of image resolution and droplet size on the 

formation in the printing [71]. The method proposed by Elkaseer et al. is pixel-

based and therefore limited to two-dimensional predictions. In their study, based 

on a low resolution of 360 dpi, the size error of more than 27% was presented in 

the samples formed by larger droplets. With respect to drop-on-demand metal 

printing, thin-walled triangular contours with single-droplet thickness were 

fabricated based on the droplets of Sn63%Pb37% melted at less than 300 degrees 

[58]. By adjusting the droplet position at the triangular corners, the fabricated layer 

flatness was improved according to the height variation.  

In terms of aluminum droplets similar to the material used in the project, 

Zhong et al. fabricated a tube with a square cross-section using the generator they 

designed, and the usability of their generator was verified to extrude the droplets 

[72]. However, the dimensions and roughness of the fabricated square profile were 

not examined or measured. In the study of Cao and Miyamoto, the square shaped 

containers consisted of aluminum droplets were printed based on a raster deposition 

path [47]. The length and width in the horizontal direction were measured and the 

dimensional error was around 6.3%. 

According to the previously mentioned studies, various manufacturing 

parameters were considered, and the impact on the quality of the manufactured 

parts was evaluated. For different shapes, materials and manufacturing process 

conditions, the parameters need to be optimized to improve the ultimate quality of 

additive fabrication. However, insufficient attention has been paid to printing and 

filling curved shapes internally, utilizing the drop-on-demand technique. 
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 Experimental system and 

methodology 

3.1 Metal additive manufacturing system  

 

The metal additive manufacturing core system is shown in Figure 21, which 

involves a moving and deposition part (including a wire feeder and a 3-axis CNC 

linear motion platform), and a heating part (including a ceramic heating substrate 

and an induction heater). The connections in the two parts are presented in Figure 

22 & Figure 23. 

 

Figure 21. Core part of the metal additive manufacturing system. 

By inductively heating the graphite to a temperature around 900°C 

(1173.15K), the tip of aluminum 6061 metal wires is melted as the wire feeder 

travels downwards allowing the wire tip to touch the graphite. The wire feeder 

retracts to create droplets, which can be produced in varying quantities as required. 

The three-axis motion stage supported the substrate and moved it in three 

dimensions according to the motion commands of the planned paths. The molten 

droplets were deposited on the heated ceramic substrate, and adjacent droplets were 

remelted and bonded for additive printing.  
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Figure 22. Moving and deposition part. 

 

Prior to the 2022-23 research project, the experimental equipment did not 

work together in a complete system to print three-dimensional or even two-

dimensional patterns. During this one academic-year-long project, the research as 

a master was conducted and the first version of the thesis was completed. More 

details prior to this 2022-23 project are as follows. Aluminum droplets were 
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generated by induction heating. However, there was no additional structure to 

support the induction heater on top of the 3D platform, and there was also no 

deposition plate that can be heated at a constant value. As a result, the generated 

droplets were dropped into a heat-resistant glass with water before this project.  

In addition, no planned path points were created according to desired shapes. 

Therefore, the number of droplets as desired based on the drop-on-demand printing, 

and the droplet landing position on the heated substrate had not been tested 

experimentally prior to the project. 

 

During the project, the integration work and preparation by the author are 

as follows, before testing the proposed path planning. Regarding the hardware 

integration, the induction heater and the PID controller were rewired and mounted 

in order to be placed on top of the 3D platform. The output power of the induction 

heater was adjusted by setting the parameters of the PID controller to achieve stable 

heating. Moreover, a shaft, which is the connecting part in the wire feeder, was 

redesigned for more stable droplet generation. The pyrometer and the stepper motor 

with the newly designed shaft were also fixed in an appropriate position to realize 

the closed loop printing control. Therefore, the change before and after the project 

regarding the hardware is similar to the consolidation process from discrete parts 

to the whole system as shown in Figure 21. With regard to the software preparation 

work, the code to control the wire feeder was modified and the travelling 

parameters were determined. The motion function suitable for on-demand printing 

was achieved and implemented based on the 3-axis motion platform. In addition, 

regular printing paths were generated by importing the drawn shapes into Ultimaker 

Cura slicing software. Relevant content on the software control is presented in the 

section 3.2 & 3.3.  
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Figure 23. Heating part. 

 

In Table 1-3, more details can be seen in this study. 

Table 1. Details of the induction heater. 

Rated  

power 

Rated  

power 

Maximum output 

frequency 

Heat conversion 

efficiency 

15kW 15kW 100kHz ≥95% 
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When the heating area covered the area of the copper coil with a diameter 

of 6 cm, the graphite temperature was raised from room temperature to the set 

temperature within 1 minute. Then a steady state of heating was achieved by 

regulating output power and switching between low and zero power. The time taken 

for the substrate heating was roughly 40 minutes to increase the substrate 

temperature to the set temperature.  

Table 2. Details of the infrared pyrometer. 

Measurement range Output  Wavelength Emissivity 

0-1200 °C 4-20 mA 1 μm 0.73 (for graphite) 

 

As shown in Table 3, the diameter of the wire was chosen as 1.6mm since 

thinner wires were prone to bending, which is not conducive to the generation of 

droplets. Additionally, thicker wires easily destroyed the graphite outlet. 

Table 3.  Experimental conditions in the study. 

Parameters Values 

Aluminum wire diameter 𝑑𝑤𝑖𝑟𝑒 1.6 mm 

Graphite outlet diameter 0.5 mm 

Substrate temperature  

Graphite temperature 

385-400 °C 

900 ± 10 °C 

Droplet release height 𝐻 0.01, 0.02, 0.03 m 

In order to produce small droplets, the graphite outlet diameter is 0.5 mm, 

as shown in Figure 24. 

 

Figure 24. Graphite outlet. 
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The temperature variation of the substrate platform came from the heating 

source underneath the platform, so that the actual heating temperature in the center 

of the platform was slightly lower than the displayed temperature. It was difficult 

to increase the substrate temperature above 400 degrees, since the heating power 

of the substrate was basically equal to the heat dissipation over 400 degrees. The 

droplets were released from the graphite outlet, and hence the droplet release height 

includes the thickness of the crucible bottom, as shown in Figure 25. 

 

Figure 25. Schematic of the droplet release height. 

 

To obtain the droplet extrusion, preliminary experiments of the wire feeder 

motor were conducted to determine the parameters, as shown in Table 4. Droplets 

were created by the rapid travels of the wire feeder including descending and 

ascending. 

 

 



 

 

 

29 

Table 4. Employed parameters for the wire feeder in the trials. 

Parameters Values 

Descending distance 𝑑𝑠𝑑  10 steps (2.41 mm) 

Ascending distance 𝑑𝑠𝑢 6 steps (1.45 mm) 

Descending speed 𝑣𝑠𝑑 0.45 m/s 

Ascending speed 𝑣𝑠𝑢 7.5 m/s 

Pause between droplets 1s 

In the wire feeder, a HB808C hybrid drive was used to connect and match 

the 57HSE stepper motor. The shaft with the feeder motor was designed to fit the 

wire feeder structure, involving the groove positions, as shown in Figure 26. The 

steps for assembling the wire feeder are as follows. (a) The shaft was placed in 

the bearing, and the corresponding circlips were used to fix the shaft and the 

bearing.  (b) The shaft part was connected to the coupler, and hence the wire 

feeder motor could move the wire filaments. (c) A key was placed in the shaft to 

prevent unnecessary movement. The gears for the size of 1.6 mm were placed, as 

a drive transition. Based on the design, the accuracy of the motor step angle was 

improved to produce droplets more stably. 

 
               (a)                                                    (b) 

Figure 26. (a) Shaft design (b) wire feeder assembly. 
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3.2 Software control  

Software is an important component in determining the success of 3D 

printing. This is because the slicing software exports a collection of motion 

commands, which is the G-code. The motion commands contain the extrusion 

volume and other data for the extruder. For the CNC motion platform in the project, 

information such as the displacement path of the three axes was required, while 

other extrusion commands could not be executed. In addition, the paths of the 

metal-droplet on demand printing were not continuous, and hence the 

corresponding deposition points were required. The 3-axis motion platform stopped 

at each point, allowing metal droplets to fall onto the substrate. Manually 

modifying the G-code was basically impossible, as there were thousands or even 

tens of thousands of lines of the instructions. Therefore, an automated processing 

script was necessary. MATLAB R2022b was used since various functions are 

included in the MATLAB to meet the modification requirements. 

The deposition paths in this project were generated point-trajectories for 

straight lines and curves in the drop-on-demand manufacturing. As shown in Figure 

27, the flowchart shows the transformation of a continuous path into drop-on-

demand points with the pause time. 
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Figure 27. Flowchart of the deposition path transformation. 

 

First step was to obtain the file where the original set of motion instructions 

G-code was located. In MATLAB, the “fopen” function was applied, which had 

two basic parameters. The first basic parameter is the full path where the document 

is located, and the second parameter sets whether to read or write. The function of 

' r+' is to open the file to be read or written, while the function of 'w+' is to open or 
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create a new file to be read or written. If there is an existing file name and it is in 

the path of the first basic parameter, the original content of the existing file will be 

discarded. When the original document with motion commands was opened, the 

function to read a line was “fgetl”. It showed the next line without the newline 

character in the file. If the file is non-empty, a character vector will be returned. 

The code “while ~feof(gcommand)” was used to determine the last line of the 

document. The function of “feof” is to return the end-of-file indicator. The symbol 

“~” is the computation logic NOT, meaning that the while loop continues to the 

end of the file. 

 

The function of “digitsPattern” is to create a pattern of digit matches. The 

variables in “digitsPattern” matched text consisting of exactly N numeric characters. 

The function of “wildcardPattern” is to create a pattern that matches as few 

characters as required, including zero characters. It extracts numbers and decimal 

points. The reason for not using this function is that “wildcardPattern” may 

recognize redundancy and cause command errors. In addition, the “replace” 

function can replace all occurrences of the substring with the newly modified string. 

The input text was a line of motion instructions, and the substring to be replaced 

was the extrusion amount, including the decimal point. The new substring was an 

empty string, which could be interpreted as a command to remove the extrusion 

command. The instruction for the extrusion was transmitted in another form to the 

controller of the wire feeder, thus allowing the motor to move or stop.  

 

When the extrusion command was removed, the three Cartesian coordinates 

of the three axes needed to be read for the subsequent processing and the digital 

presentation in the 3D space. The data tested was with three decimal places before 

the decimal point, whereas in practice there were also four decimal places before 

the decimal point. Therefore, the number limit recognized by the program was 

modified to more decimal places. The function of “extract” is to return any 

substrings in the original data that match the specified pattern. If the original data 

is an array of strings or an array of character vectors, this function will extract the 
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substrings in each element of the original data. The three axes with corresponding 

values were each placed in their entirety into three different arrays, named NumX, 

NumY and NumZ. The digit matching pattern “digitsPattern” was used in order to 

extract the three values corresponding to the three axes. Finally, since all three 

values have a decimal point, the function of “str2double” is to convert all values of 

type string in the string array into an array containing double precision values, not 

scalars. 

 

The original motion command has some repetitive elements. Generally, the 

“empty” travel motion command of G0 was executed first, followed by the original 

command of G1 carrying the extrusion command. The displacement information 

of the original G1 command as well as the previous G0 line of the “empty” travel 

motion command was important. This information was extracted to obtain the 

spatial displacement data before and after one point. In the project, the spatial 

displacement data was broken down into multi-line commands of droplet spacings 

to lay the basis for the drop-on-demand printing.  

 

To determine whether it is G0 or G1 code, “strncmp” function was 

introduced to compare the first n characters between the two strings. Depending on 

the practical commands, the first 2 characters were compared to verify the preset 

conditions. If the current line is a G0 code-line, the tri-axis data for the “null” travel 

movement will be stored directly into the corresponding array. If the current line is 

a G1 code-line, a new event will be triggered. For the movements in the XY plane, 

the data of the X- and Y-axes in the previous and current rows were compared 

separately.  

 

The curve paths were customized in the chapter 3, and the linear path 

planning was modified as follows. For instance, if there is no change in the X-axis 

position, the Y-axis position information will be required. The absolute value 

function of “abs” was used to ensure a positive difference between the Y-axis 
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values. According to the droplet size, the unit displacement was set, and the overall 

program divided a long straight line into a positive integer number (j) of points with 

the unit displacement. In the program loop, the Y-axis position will be added or 

subtracted by the unit displacement if the code line does not reach the line (j). If the 

Y-axis position in the previous row is greater than the Y-axis position in the current 

row, the subtraction code will be executed. On the contrary, if the Y-axis data in 

the previous row is smaller than the Y-axis data in the current row, the addition 

code module will be executed. The value in the last (j) line of the code is the 

position of the original G1 data. Similarly, when there was no change in the Y-axis 

position, the modification process was to swap the X and Y conditions in the 

judgement described above, as shown in Figure 28. Moreover, the parameter “P1” 

in Figure 28 (b) is the pause time. 

 

                                         (a)                                                    (b) 

Figure 28. (a) Original, (b)modified commands. 

 

It is worth noting that overwriting the data should be avoided. The original 

set of motion commands was saved to ensure that the original data was not lost, 

and hence the modified content was placed in a newly created file. The content of 

the modified 3D movements was written to the specified text file by “fprintf” 

function, which wrote all the elements of the array in order. In the project, the 

automatic modification program was designed for the CNC 3D control system, and 

hence the file format was converted for recognition. 
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The intelligent setting and modification of the designed program not only 

saves time, but also makes it easy to turn concepts into printed products. In order 

to display the spatial distribution of the deposition points, additional functions were 

implemented. As shown in Figure 29, in the simulation test, the deposition points 

for printing a cylinder are displayed as an example. 

 

 

 

Figure 29. Example diagram of points for a cylinder. 

 

The CNC system is based on Debian Linux. Generally speaking, Debian is 

more stable than Ubuntu as an Operating System suitable for servers. In addition, 

Debian as a whole has a very small base core and takes up little hard disk space and 

little memory. In addition, Xfce was used as the desktop in the CNC Linux system 

for the following reason. Xfce's terminal emulation is very powerful and, similar to 
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many other terminal emulation programs, allows multiple terminals to coexist in a 

single window. Since networking is available, additive printing can be controlled 

remotely. The Debian network configuration process includes configuring IP, 

gateway, DNS, etc. To realize networking, the alternative is to connect to a hot spot 

with a phone. Ultimately, G-code output was modified in the project, which could 

be adapted to the printing system. 

 

 

3.3 Slicing and moving settings 

 

Proper set-up and optimization in software are the foundation for successful 

additive manufacturing. Adjusting important and critical setup parameters can 

improve printing results. The parameters are modified depending on the different 

printing materials, the additive manufacturing requirements, etc. For parts with a 

small angle between the outer surface and the bottom horizontal plane, especially 

when the curvature is gentler, a larger layer height can produce more pronounced 

steps and layer textures. There are two strategies for solving this situation. The first 

strategy is to set a small layer height, and the second strategy is to directly change 

the position and angle of the parts in the slicing software. When adjusting the 

position of the model, the right click and the scroll wheel need to be used. The 

scroll wheel allows the image to be scaled and the model can be rotated by holding 

down the right button and moving the mouse. When the rotate icon is selected, two 

icons pop up, one for reset and one for flip. At the same time, a rotation guideline 

will appear on the model. The model can be rotated by moving the mouse along the 

guideline in the direction of the rotation. 

The main purpose of filling is to support the internal structure. When the 

filled rate is too low or the filling is absent, the model tends to distort when the 

shell is being printed. If the filled rate is at a low level, there will also be a degree 

of warping created.  
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Due to the heaviness of the printhead assembly, the printer nozzle in the 

project was placed in a fixed position. The deposition heating plate was moved to 

the specified position in accordance with the transmitted motion command. When 

the deposition platform was in “an empty moving”, the filament consumables were 

not extruded by the nozzle. When the “idle” travel speed was too high, the 

instantaneous acceleration and deceleration were great, creating a large inertia that 

could easily lead to lost steps. Therefore, excessive “idle” travel speed was not used. 

Moreover, an acceleration and deceleration control can be applied to reduce 

acceleration. When moving from the current printed layer to the subsequent layer, 

there was a wide range of diagonal lines, that means a large displacement. The 

parameter "Z joint alignment" in the slicing was modified, and the beginning of the 

path in the layers was adjusted. 

 

Regarding the control of the wire feeder, a designed program controlled the 

motor in the wire feeder, similar to the program developed by Gong and He [73]. 

The upward and downward travel of the wire feeder was determined by the rotation 

direction of the motor. The clockwise and anti-clockwise rotation of the motor was 

based on the transmitted signals from the NI myRIO board, which was controlled 

by the LabVIEW modules and the program. 

 

NI myRIO is with an internal Xilinx Zynq chip, as an embedded system 

platform. There are two main modes on the RIO target, one for Real-Time scanning 

and the other for Field Programmable Gate Array (FPGA) mode. The logic 

functions of the FPGA can be utilized through the integrated modules of LabVIEW. 

Using an oscilloscope, the signals of the Input/Output (I/O) interface on the NI 

myRIO target were measured and displayed. The real time scanning mode has 

varying signal trigger intervals, and hence the moving time of the wire feeder could 

not be determined. In order to control the motor more precisely, the program in the 

FPGA mode was developed in the project, which allowed the signal generation 
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time to be determined. A user interface was created for setting the parameters of 

the wire feeder, as shown in Figure 30.  

 

Figure 30. User interface for the wire feeder. 

“Forward distance” represents descending distance  𝑑𝑠𝑑 , which was 

determined by the “forward step” of the stepper motor. “Backward distance” 

represents ascending distance 𝑑𝑠𝑢, and the movement speed was based on the pause 

time.  

With appropriate settings, the software and hardware in the metal additive 

manufacturing system could support the additive printing in three dimensions. 
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3.4 Deposition for printing 

Depending on the desired release height, the distance between the three-

axis stage and the bottom of the crucible in the Z-axis direction was adjusted. As 

shown in Figure 31, the release height is the sum of two segments, the thickness of 

the crucible bottom and the distance from the crucible bottom to the substrate.  

 

Figure 31. Schematic of the droplet release height. 

 

The thickness of the crucible bottom is approximately 6 mm, and the 

vertical distance from the three-axis stage to the crucible bottom was measured to 

be 80 mm, after Z-axis zeroing. Therefore, for the release height of 1 cm, the three-

axis stage was set and elevated to “+76mm” in the Z-axis. When the printing is in 

one layer, the Z-axis will be fixed in order for the stage to move in the X-Y plane. 

When the setup is complete, the metal additive manufacturing system can work as 

a whole to generate small droplets in a relatively stable manner. The above steps 

were repeated at various release heights including 2 cm and 3 cm, the three-axis 

stage was raised to “+66 mm” and “+56 mm” respectively. At each release height, 
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the average deposition diameter of at least thirty droplets was recorded, and the 

deposition radius was obtained as a result of dividing the diameter by two. The 

dynamics of the deposition process and the dimensions were recorded with an EOS 

C70 camera and a vernier caliper. Deposition details were demonstrated using a 

scanning electron microscope (ZEISS SIGMA/VP) and the filled rate was 

measured by ImageJ software. In addition, a compression test was performed by a 

Universal Testing MTS Machine with the compression velocity of 3 mm/min. A 

cylinder can only undergo compression once. Therefore, one repetition was 

performed in the compression experiment. The printed cylinders were based on the 

same number of droplets and the proposed deposition method. Parameters 

including load and strain during testing were recorded. Based on the data, the yield 

strength was obtained. 



 

 

 

41 

 Theoretical analysis and results  

4.1 Conventional path planning   

The basic printing path of Fused Deposition Modeling is the deposition path 

in a certain direction on the X-Y plane with a Z-axis height.A regular printing path 

was generated by importing the drawn curved shape into Ultimaker Cura slicing 

software, as shown in Figure 32. 

 

Figure 32. Conventional Printing Path. 

The shape in Figure 33 was drawn to illustrate the following equations. As 

shown in Figure 33, the deposition width of the lines is 𝑟𝑐𝑔, and the radius of the 

cross section (which is a circle) of the object to be printed is 𝑅𝑐𝑔.  

 

Figure 33. Regular deposition of the circular region. 

For the path in the row “n”, the unfilled area is in yellow, and the area 

calculation is based on Figure 33. 
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𝑐𝑜𝑠(𝑟𝑛) = √1 − (
𝑅𝑐𝑔|𝑠𝑖𝑛𝜕𝑛|+𝑟𝑐𝑔

𝑅𝑐𝑔
)2                               Equation 2 

𝐿𝑐𝑔 = 𝑅𝑐𝑔(|𝑐𝑜𝑠𝜕𝑛 − 𝑐𝑜𝑠 𝑟𝑛 |)                                 Equation 3 

∆𝑆𝑐𝑔 =

𝑟𝑐𝑔 𝑅𝑐𝑔(|𝑐𝑜𝑠𝜕𝑛|−√1−(
𝑅𝑐𝑔|𝑠𝑖𝑛𝜕𝑛|+𝑟𝑐𝑔

𝑅𝑐𝑔
)2)

2
                    Equation 4 

 

According to Equation 4, if the radius of the cross section 𝑅𝑐𝑔 is 100 mm, 

the red, purple, and black curves represent the deposition widths 𝑟𝑐𝑔 = 1, 3, 5 mm 

respectively in Figure 34. Figure 34 was generated in the project based on Equation 

4. The result shows that the smaller deposition width will have the smaller unfilled 

area between the expected and actual deposition. Therefore, the droplet radius in 

this project should be small. According to Figure 34, the conventional path leads to 

large dimensional errors, an optimized printing path is proposed for the on-demand 

printing.  

 

 

 Figure 34.  Relationship between the deposition width and the unfilled area. 
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4.2 Optimized deposition path for curved contours  

4.2.1 Non-overlapping-droplet situation  

The case of non-overlapping droplets was considered first, and each droplet 

circle is externally tangent to each other, as shown in Figure 35. The cross-section 

radius of the object is 𝑅, and the droplet deposition radius is 𝑤0 in the top view. 

The red and blue circles represent the region where the droplets are. 

 

Figure 35. Schematic diagram of droplet landing points. 

The angle 𝜃𝑤𝑞 corresponding to each red droplet in the outermost loop (the 

1st loop) is equal to the angle corresponding to the orange line between two red 

droplets in Figure 35. 

𝜃𝑤𝑞(1) = 2 𝑎𝑟𝑐𝑠𝑖𝑛
𝑤0

𝑅−𝑤0
                                 Equation 5 

The corresponding angle for the second loop from the outermost to the 

inside is given by, 

𝜃𝑤𝑞(2) = 2 𝑎𝑟𝑐𝑠𝑖𝑛
𝑤0

𝑅−3𝑤0
                            Equation 6 

 

In the nth loop, the angle is, 

  𝜃𝑤𝑞(𝑛) = 2 𝑎𝑟𝑐𝑠𝑖𝑛
𝑤0

𝑅−(2𝑛−1)𝑤0
                        Equation 7 
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In the project, the droplets need overlap for combining. Therefore, the angle 

corresponding to the optimized path 𝜃𝑟(𝑛) fulfils the following condition, 

𝜃𝑟(𝑛) < 𝜃𝑤𝑞(𝑛) = 2 𝑎𝑟𝑐𝑠𝑖𝑛
𝑤0

𝑅−(2𝑛−1)𝑤0
           Equation 8 

 

4.2.2 Droplet spacing for the line formation 

If based on the ideal center-to-center distance 𝑤𝑥 calculated in the linear 

combination of droplets, the top view of two droplets is presented in Figure 36.    

 

Figure 36. Linear droplet combination. 

Based on the linear spacing 𝑤𝑥, the metal-droplet on demand manufacturing 

encounters problems when the object's cross-section is circular or curved, as shown 

in Figure 37. The objects formed by subsequent droplets have stacking problems, 

where the purple area in the middle overlaps excessively leading to an extra surface 

height variation in the side view, especially for multiple loops inside.  

   

Figure 37. Schematic diagrams of multiple droplets to print curved shapes. 

In terms of the constant linear spacing, the angle corresponding to the linear 

droplet-spacing in the different loops is 𝜃𝑤𝑥(𝑛) . The optimized path with the 

adaptive spacing 𝑤𝑟(𝑛) fulfils the following condition, 

𝑤𝑟(𝑛) > 𝑤𝑥   &    𝜃𝑟(𝑛) > 𝜃𝑤𝑥(𝑛)                  Equation 9 
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4.2.3 Adaptive spacing with angular displacement for curves 

A relatively flat layer surface can provide a stable base for the deposition 

of the upper layers. Based on the above analysis, adaptive spacings for different 

curvatures are presented as follows.  

The cross-sectional radius of the object to be manufactured is R and the 

droplet radius after deposition is 𝑤0 in the top view. The distance between two 

droplets is 𝑤𝑟  (the distance between two centers r1 to r2). For droplets in the 

outermost circular loop, the distance between neighboring droplets is 𝑤𝑟1. 

 

 

Figure 38. Adaptive spacing for curves. 

As shown in Figure 38, the angle ∠ CAB between two droplets 

corresponding to the droplet position in the outermost circular loop is, 

𝑐𝑜𝑠∠CAB = 𝑐𝑜𝑠 𝜃𝑟(1) =
2(𝑅−𝑤0)2−𝑤𝑟1

2

2(𝑅−𝑤0)2
                      Equation 10 

𝜃𝑤𝑥(1)＜ 𝜃𝑟(1) ＜𝜃𝑤𝑞(1)                                    Equation 11 



 

 

 

46 

 

Figure 39. Side and top views of two droplets ideally fusing. 

In the case of ideal fusion, the shape in the top view formed by the ideal 

fusion of the two droplets in the middle approximates a rectangle, as shown in 

Figure 39. 

 

Figure 40. Details of the adaptive spacing for curves. 

As shown in Figure 40, 

𝜃𝑟(1) = ∠BAC                                      Equation 12 

𝐵𝐶 = 𝑤𝑟1 − 2𝑤0 𝑠𝑖𝑛
𝜃𝑟(1)

2
                            Equation 13 
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Due to the small height of droplets, the fusion area “BCDE” is 

approximately two sectors minus two triangles, 

(π − 𝜃𝑟(1)) 𝑤0
2 − 2𝑤0

2 𝑐𝑜𝑠
𝜃𝑟(1)

2
 𝑠𝑖𝑛

𝜃𝑟(1)

2
= 2𝐵𝐶 × 𝑤0 𝑐𝑜𝑠

𝜃𝑟(1)

2
    Equation 14 

where the sectors are ⌔r2DGC and ⌔r1EFB, and the triangles are 𝛥𝑟2DC, 

𝛥𝑟1BE. 

2𝐵𝐶 ×  𝑐𝑜𝑠
𝜃𝑟(1)

2
= 2 𝑐𝑜𝑠

𝜃𝑟(1)

2
𝑤𝑟1 − 4 𝑤0𝑐𝑜𝑠

𝜃𝑟(1)

2
 𝑠𝑖𝑛

𝜃𝑟(1)

2
      Equation 15 

 

Therefore, the adaptive spacing in the outermost loop is, 

𝑤𝑟1 =
(π−𝜃𝑟(1)+sin 𝜃𝑟(1)) 𝑤0

2𝑐𝑜𝑠
𝜃𝑟(1)

2

                            Equation 16 

Three deposition points are required to form a circular arc. Therefore, the 

angle between neighboring droplet circles ranges from 0 to 120° (0 to 2.09 rad). As 

shown in Figure 41, when 𝑤0 is 1 mm, the adaptive spacing gradually increases to 

1.91 mm as the angular displacement 𝜃𝑟(1) grows to 2.09 rad. 

 

Figure 41. Relationship between 𝑤𝑟 and 𝜃𝑟. 

 



 

 

 

48 

When the deposition platform reaches the end arc, there may be residual 

angles, for example in a complete circle, 𝑚 × 𝜃𝑟(1) ≤ 3600 , and (𝑚 + 1) ×

𝜃𝑟(1) > 3600 (m is a positive integer). When the angle corresponding to the cross-

section arc of the printed object is 𝜃𝑟𝑝, and  
𝜃𝑟𝑝

𝜃𝑟(1)
= m, no further optimization is 

required. 

 

If m<
𝜃𝑟𝑝

𝜃𝑟(1)
<m+1, for the contour closure, the residual angle is equally 

distributed to each droplet displacement. 

{
 𝜃𝑟(1)

′ =  
𝜃𝑟𝑝

𝑚
, |

𝜃𝑟𝑝

𝜃𝑟(1)
− 𝑚| < | −

𝜃𝑟𝑝

𝜃𝑟(1)
+ 𝑚 + 1|

      𝜃𝑟(1)
′ =  

𝜃𝑟𝑝

𝑚+1
, |

𝜃𝑟𝑝

𝜃𝑟(1)
− 𝑚| ≥ | −

𝜃𝑟𝑝

𝜃𝑟(1)
+ 𝑚 + 1| 

               Equation 17 

which means the equal angle variation for the corresponding loop. 

 

Therefore, the method is called “adaptive spacing with angular 

displacement”, abbreviated as ASAD. When the cross-section center of the printed 

object in the current layer has the coordinate (𝑥𝐴, 𝑦𝐴), the center position of the 

𝑛𝑡ℎdroplet in the outermost circular loop is, 

𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝑛) = {
𝑥𝐴    + (𝑅 − 𝑤0) sin ((𝑛 − 1) 𝜃𝑟(1)

′) ,

𝑦𝐴    + (𝑅 − 𝑤0) cos ((𝑛 − 1) 𝜃𝑟(1)
′)

} 

                             Equation 18 
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If the spacing 𝑑𝑠𝑐 between each droplet deposition is constant in the inner 

and outer loops, an example is presented in Figure 42. 

    
                     (a)                                                         (b) 

Figure 42.(a) Constant spacing 𝑑𝑠𝑐 = √3𝑤0 (b) Local enlarged view. 

To cover the entire circular printing area, the accuracy of approximating 

curved contours is relatively low, as shown in Figure 42, which adds additional 

roughness in the outer contours. Therefore, the adaptive spacings for the inner 

circular loops need to be further determined. 

 

When the outermost circular loop is formed based on the adaptive spacing, 

the side close to the center of the printed object approximates an equilateral polygon 

in the green area, as shown in Figure 43 (a).  

          
                                         (a)                                               (b) 

Figure 43. (a) Inner filling (b) inner droplet bonding. 
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To avoid voids in adjacent contours, the droplets in the inner loops and 

surrounding loops need to be combined, as shown in Figure 43 (b). Since the 

droplet unit is small, two droplets form a short line segment on a circular arc. 

According to the finite element microelement method, the spacing between two 

neighboring segments can be determined, as shown in Figure 44. 

 

Figure 44. Combination of neighboring segments. 

The cross-sectional area in the side view formed by remelting between 

metal line segments can be represented by the product of the droplet height and the 

theoretical spacing between metal lines. Therefore, the spacing between metal 

segments is [52], 

𝑤𝑙 =
𝑅𝑖×(𝜃−𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃)× √

4

(𝑐𝑜𝑠𝜃+2)(1−𝑐𝑜𝑠𝜃)2
3

1−𝑐𝑜𝑠𝜃
                  Equation 19 

where the parameters are shown in Figure 45. 

 

Figure 45. Droplet deposition. 

 

Therefore, the printing area of the second loop from outside to inside is a 

curved region with a radius of 𝑅 − 𝑤𝑙, which is the orange area in Figure 43 (b). 
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The angle 𝜃𝑟(2) between two droplet centers in the second loop is, 

𝑐𝑜𝑠 𝜃𝑟(2) =
2(𝑅−𝑤0−𝑤𝑙)2−𝑤𝑟2

2

2(𝑅−𝑤0−𝑤𝑙)2
, 𝜃𝑤𝑥(2)＜ 𝜃𝑟(2) ＜𝜃𝑤𝑞(2)     Equation 20 

                           

The center of each droplet in the second loop is determined based on the 

identical angular displacement. In the nth  loop, the concentric circle area has a circle 

radius of 𝑅 − (𝑛 − 1)𝑤𝑙 . Ultimately, the location of all droplets which are 

supposed to be deposited can be determined. Depending on the deposition radius 

and the angular displacement, the corresponding spacing can be determined. 

Overall, the relationship among the adaptive spacing 𝑤𝑟 , the droplet deposition 

radius 𝑤0 and the angular displacement 𝜃𝑟 is shown in Figure 46, generated in the 

project using MATLAB R2022b. 

 

 

Figure 46. Relationship among 𝑤𝑟, 𝑤0 and 𝜃𝑟. 
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In terms of the desired central region for printing, there are three possible 

situations. 

Case 1: 𝑅 − 𝑛 𝑤𝑙 ≤ 𝑤0 , a single droplet can be deposited, as shown in 

Figure 47 (a), where the pink area represents the desired central region to be filled.  

   

                     (a)                               (b)                       (c) 

Figure 47. (a) 𝑟(𝑝𝑖𝑛𝑘) ≤ 𝑤0; (b) & (c) 𝑟(𝑝𝑖𝑛𝑘) = √2𝑤0.   

Optimization for case 1: When 𝑅 − 𝑛 𝑤𝑙  is less than 𝑤0 , smaller sized 

droplets can be deposited to avoid excessive overlap. 

Case 2: 𝑤0 < 𝑅 − 𝑛 𝑤𝑙 < 𝑤0 +
𝑤𝑟

2
, an instance of the case 2 is presented in 

Figure 47 (b) & (c), where the black circles represent droplets in the top view. If 

the metal printing material is required to be saved, the second metal droplet cannot 

be deposited even if the radius of the center region is √2𝑤0. Since 𝑤0 < 𝑤𝑟(that is 

𝑤0

2
<

𝑤𝑟

2
), 𝑤0 +

𝑤𝑟

2
> 1.5𝑤0 > √2𝑤0. In Figure 47 (b), the filled rate for the pink 

central region is only 50%. 

To increase the filled area, a second metal droplet can be deposited. As 

shown in Figure 48, 𝑟(𝑝𝑖𝑛𝑘) = 𝑤0 + 𝑝 (𝑝 <
𝑤𝑟

2
), and the area of the pink area  𝑆𝑝 

is 𝜋(𝑝 + 𝑤0)2. 
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Figure 48. 𝑟(𝑝𝑖𝑛𝑘) = 𝑤0 + 𝑝. 

For ⌔𝐵𝐶𝐺𝐸, 𝐵𝐴 =
𝑤𝑟

2
. 

𝑐𝑜𝑠 ∠𝐶𝐵𝐴 =
𝑟(𝑝𝑖𝑛𝑘)2+(

𝑤𝑟
2

)2−𝑤0
2

𝑟(𝑝𝑖𝑛𝑘)×𝑤𝑟
                                Equation 21 

𝑆⌔𝐵𝐶𝐺𝐸 = arccos (𝑐𝑜𝑠∠𝐶𝐵𝐴) ×  𝑟(𝑝𝑖𝑛𝑘)2                  Equation 22 

For ⌔A𝐶𝐹𝐸, 𝐴𝐹 = 𝐴𝐶 = 𝑤0. 

𝑐𝑜𝑠 ∠𝐵𝐴𝐶 =
𝑤0

2+(
𝑤𝑟

2
)2−𝑟(𝑝𝑖𝑛𝑘)2

𝑤0×𝑤𝑟
                                Equation 23 

𝑆⌔𝐴𝐶𝐹𝐸 = arccos (𝑐𝑜𝑠∠𝐵𝐴𝐶) ×  𝑤0
2                       Equation 24 

For 𝛥𝐵𝐴𝐶, 

𝑝𝐵𝐴𝐶 =
2(𝑟(𝑝𝑖𝑛𝑘)+𝑤0)+𝑤𝑟

4
                                Equation 25 

𝑆𝐵𝐴𝐶 = √𝑝𝐵𝐴𝐶(𝑝𝐵𝐴𝐶 − 𝑟(𝑝𝑖𝑛𝑘))(𝑝𝐵𝐴𝐶 − 𝑤0)(𝑝𝐵𝐴𝐶 −
𝑤𝑟

2
)      Equation 26 

If the requirement is to obtain the possible full coverage, the deviation in 

the center region can be distributed equally to 𝑤𝑙 in order to create a new 𝑤𝑙
′, where 

𝑤𝑙
′ = 𝑤𝑙 +

 𝑟(𝑝𝑖𝑛𝑘)−𝑤0

𝑛
. 
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Case 3: 𝑅 − 𝑛 𝑤𝑙 ≥ 𝑤0 +
𝑤𝑟

2
, or if 𝑤𝑙 ≫ (𝑤0 +

𝑤𝑟

2
) . When 𝑅 − (𝑛 −

1)𝑤𝑙 = 𝑟(𝑝𝑖𝑛𝑘) = 𝑤0 +
𝑤𝑟

2
, two droplets can be deposited as shown in Figure 49. 

 

Figure 49.  𝑟(𝑝𝑖𝑛𝑘) = 𝑤0 +
𝑤𝑟

2
. 

The area of the center region 𝑆𝑝 is  𝜋 (𝑤0 +
𝑤𝑟

2
)

2

 in Figure 49, and the area 

of two droplets combined 𝑆2𝑑. Hence, the proportion of the filled area in the center 

region is 
𝑆2𝑑

𝑆𝑝
 . 

 

4.3 Analysis of droplet deposition  

The energy conversion of aluminum droplets is different from that in water 

droplets with low surface tension, and hence an energy model for aluminum droplet 

deposition with high surface tension was developed for the purpose of studying the 

relationship between the release height and the deposition radius etc. In the study, 

the properties of aluminum droplets are presented in Table 5. 

Table 5.  Properties of aluminum droplets at 900 ℃. 

Properties Values 

Density 𝜌𝑖 (
𝑘𝑔

𝑚3) [74] 2302  

Viscosity 𝜂 (mPa · s) [74] 0.894 

Heat Capacity 𝐶𝑙 (
𝐽

𝑘𝑔·𝐾
)  [75] 

Thermal Conductivity 𝑘𝑙  (
𝑊

𝑚·𝐾
) [75] 

1086 

96.4 

Surface tension 𝜎𝑙𝑔 (
𝑁

𝑚
) [76] 0.88 
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1) Initial stage 

The total initial energy 𝐸𝑖𝑛𝑖 of an aluminum droplet consists of the initial 

kinetic energy 𝐸𝑘, the gravitational potential energy 𝐸𝑝 and the surface energy 𝐸𝑠. 

𝐸𝑖𝑛𝑖 = 𝐸𝑘 + 𝐸𝑝 + 𝐸𝑠                             Equation 27 

 

𝐸𝑘 =
1

2
𝑚𝜈0

2 =
1

2
𝜌𝑖𝑉𝑖𝜈0

2                             Equation 28 

where m is the mass of one droplet, 𝑉𝑖 is the volume of the droplet and 𝑣0 

is the initial velocity of the droplet, approximated as the descending speed of the 

wire feeder 𝑣𝑠𝑑. 

 

𝐸𝑝 = 𝑚𝑔𝐻 = 𝜌𝑖𝑉𝑖𝑔𝐻                             Equation 29 

where 𝐻 is the release height. 

As shown in Figure 50 (a), the sphere radius before impact is 𝑅𝑖 (0.8 mm in 

the project), and hence the surface energy before impact is, 

𝐸𝑠 = 4𝜎𝑙𝑔𝜋𝑅𝑖
2                                 Equation 30 

 
                            (a)                                                    (b) 

Figure 50. (a) Droplet falling (b) deposition. 
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The droplet mass produced by a travel of the wire feeder is conserved. 

𝜌𝑖𝑉𝑖 =
4

3
𝜋𝜌𝑖𝑅𝑖

3 = 𝜌𝑛𝑔
𝜋(𝑑𝑠𝑑−𝑑𝑠𝑢)𝑑𝑤𝑖𝑟𝑒

2

4
           Equation 31 

where 𝜌𝑛𝑔 is the density of the aluminum wires [77]. 

 

The shape of a free-falling droplet is approximated as a sphere, and the 

Nusselt number of free-falling droplets is approximated as [78], 

𝑁𝑢 = 2 + 0.6√𝑅𝑒 √𝑃𝑟
3

                             Equation 32 

where 𝑅𝑒 =
2𝜌𝑖𝑣𝑑𝑛𝑅𝑖

𝜂
; 𝑃𝑟 =

𝐶𝑙𝜂

𝑘𝑙
;  𝑣𝑑𝑛 is the droplet velocity. 

The reason for the Nusselt number greater than 2 is the contribution of flow 

over the sphere on heat transfer, based on past experimental statistics on the 

spherical shape [78]. 

 

Since 𝑁𝑢 =
2ℎ𝑙𝑅𝑖

𝑘
ℎ𝑗

 , where ℎ𝑙  is convective heat transfer coefficient in the 

boundary layer of aluminum droplets, and 𝑘ℎ𝑗  is environmental thermal 

conductivity 0.0267(
𝑊

𝑚·𝐾
), the corresponding Biot number is, 

𝐵𝑖 =
2ℎ𝑙𝑅𝑖

𝑘𝑙
                                     Equation 33 

For the release heights from 0.01 to 0.03 m, the Biot number results are 

0.0023 to 0.0026, which is much less than 0.1. Therefore, it could be assumed that 

the temperature of the falling droplets is uniform. The falling process could be 

simplified to be affected by the parameter  ℎ𝑙, and the solidification time estimated 

in the falling process is, 

𝑡𝑙𝑖 =
𝑚𝐶𝑙

ℎ𝑙𝐴
                                    Equation 34 

where 𝐴 is the surface area of an aluminum droplet. 
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If the droplets continue to fall in the environment, the solidification time 

will be 4.16 to 4.76 seconds based on the release heights from 0.01 to 0.03 m. This 

is much higher than the experimental falling time, which was roughly 0.01 to 0.04 

seconds for the release heights from 0.01 to 0.03 m, and hence the aluminum 

droplets were approximately deposited on the substrate in liquid phase. 

 

2) Impact of droplets on the substrate 

As shown in Figure 50 (b), the curved surface area of the spherical cap is,  

𝑆𝑐𝑎𝑝 = 2𝜋𝑅𝑠𝑝ℎ                             Equation 35 

  𝑅𝑠𝑝 =
ℎ

1−𝑐𝑜𝑠𝜃
=

𝑤0

𝑠𝑖𝑛𝜃
                           Equation 36 

The bottom area of the droplet is, 

𝑆𝑏𝑜𝑡𝑡𝑜𝑚 = 𝜋𝑤0
2                             Equation 37 

The converted surface energy can be expressed as, 

𝐸𝑠
′ = 2𝜎𝑙𝑔𝜋𝑅𝑠𝑝ℎ + (𝜎𝑙𝑠 − 𝜎𝑠𝑔)𝜋𝑤0

2          Equation 38 

 

According to Young’s Equation, 

𝜎𝑙𝑔𝑐𝑜𝑠𝜃 = 𝜎𝑠𝑔 − 𝜎𝑙𝑠                             Equation 39 

 

Therefore, the calculated surface energy is, 

𝐸𝑠
′ = 𝜋𝜎𝑙𝑔(2𝑅𝑠𝑝ℎ − 𝑐𝑜𝑠𝜃𝑤0

2)                Equation 40 
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In the deposition, viscous dissipation is, 

𝑊𝑉
′ = ∫ ∫ 𝜙 𝑑𝑉𝑛 𝑑𝑡

𝑉

𝑡𝑛

0
≈ 𝜙 𝑉𝑛𝑡𝑛               Equation 41 

where 𝜙 is the average viscous dissipation function,   𝑉𝑛 is the volume of 

viscous fluid and 𝑡𝑛 is the viscous dissipation time. 

 

𝜙 = 𝜂 (
𝜕𝜈𝑖

𝜕𝑥𝑗
+

𝜕𝜈𝑗

𝜕𝑥𝑖
)

𝜕𝜈𝑖

𝜕𝑥𝑗
≈ 𝜂(

𝑣𝑑𝑛

𝛿
)2              Equation 42 

where 𝜂 is the viscosity, 𝛿 is the boundary layer thickness, and 
𝑑𝑣

𝑑𝑦
 is the 

boundary layer normal velocity gradient. Chandra and Avedisian [79] predicted a 

maximum spreading diameter of droplets, however with an error of 40%. Therefore, 

their assumed thickness was not accurate. 

 

For the velocity at the instant of the droplet deposition, 

𝜌𝑖𝑉𝑖𝑔(𝐻 − 𝑅𝑖) =
1

2
𝜌𝑖𝑉𝑖(𝜈𝑑𝑛

2 − 𝜈0
2)                 Equation 43 

𝑣𝑑𝑛 = √2𝑔(𝐻 − 𝑅𝑖) + 𝜈0
2                        Equation 44 

Pasandideh-Fard et al. [80] calculated the dimension of the boundary layer 

to be, 

𝛿 =
4𝑅𝑖

√𝑅𝑒
                                 Equation 45 

 where 𝑅𝑒 is Reynolds number, and 𝑉𝑛 = 𝜋𝑤0
2𝛿. 

 

In the mathematical model of Pasandideh-Fard et al., they measured the 

time at maximum droplet spreading 𝑡𝑚, by observing the trajectory of the droplets 

in their experiments. The solidification time 𝑡𝑛 is greater than 𝑡𝑚, and there is the 
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dissipation prior to the solidification, and hence the dissipation time is near the 

solidification time.  

 

The solidification time is [81], 

𝑡𝑛 ≈
𝐶𝑙𝜌𝑖𝑅𝑖

2

𝑘𝑙
(

𝐿𝑙

𝐶𝑙(𝑇𝑚−𝑇𝑠)
+

𝑇𝑖−𝑇𝑚

𝑇𝑚−𝑇𝑠
)                  Equation 46 

where 𝐿𝑙 is the latent heat, and 𝑇𝑚, 𝑇𝑠, 𝑇𝑖 are the melting point of aluminum 

droplets, the substrate temperature, and the heated droplet temperature respectively. 

 

In the energy model of the project, the change in gravitational potential 

energy was modified to be the displacement between the droplet centroids for the 

release and deposition positions. The mass center of the homogeneous spherical 

cap is on the central axis and the centroid height is, 

ℎ𝐶 =
ℎ(2𝑤0

2+ℎ2)

6𝑤0
2+2ℎ2                              Equation 47 

The gravitational potential energy for the deposition is, 

𝐸𝑝
′ = 𝜌𝑖𝑉𝑖𝑔ℎ𝐶                                Equation 48 

 

Therefore, the converted energy 𝐸𝑐𝑒 is, 

𝐸𝑐𝑒 = 𝐸𝑠
′ + 𝑊𝑉

′ + 𝐸𝑝
′                         Equation 49 

 

Preliminary tests were carried out to observe the deposition of droplets at 

different heights. As shown in Figure 51, oscillation existed during the deposition 

process of droplets.  
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Figure 51. Droplet deposition in the experiments. 

At low release heights, the deposition shape eventually formed a spherical 

cap, as shown in Figure 52. 

 

Figure 52. Final deposition in experiments. 

However, when the release height was greater than 0.1 m, the droplets 

solidified before the end of the oscillation due to the strong impact, as shown in 

Figure 53. Therefore, the final release height was selected within 0.03 m. 

 

 

Figure 53. SEM image of a solidified droplet before the end of the oscillation. 
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As shown in Figure 54, the deposition radius obtained in the project is 

positively correlated with the release height. The dashed line is a trend line, and 

therefore, the deposition radii at other release heights can be also approximately 

estimated. 

 

 

Figure 54. Relationship between the droplet release height and the deposition radius. 

 

Based on the values presented in Table 3 & 4 & 5, with the obtained 

deposition diameters, the corresponding values in Table 6 were derived.  

Table 6. Droplet energy values in experiments. 

Release 

height 

(m) 

𝑬𝒑 (J) 𝑬𝒔 (J) 𝑬𝒌 (J) 𝑬𝒑
′  (J) 𝑬𝒔

′  (J) 𝑾𝑽
′  (J) Relative 

difference 

0.01 5.03E-07 7.26E-06 5.68E-07 2.44E-08 6.73E-06 8.11E-07 9.07% 

0.02 1.01E-06 7.26E-06 5.68E-07 2.07E-08 6.20E-06 1.83E-06 8.81% 

0.03 1.51E-06 7.26E-06 5.68E-07 1.40E-08 4.12E-06 4.01E-06 12.67% 

 

 

As shown in Table 6, the unit for energy is the joule (J), and the relative 

difference is between the initial 𝐸𝑖𝑛𝑖  and the converted energies 𝐸𝑐𝑒 , which is 

𝐸𝑖𝑛𝑖−𝐸𝑐𝑒

𝐸𝑖𝑛𝑖
 in percentage. 



 

 

 

62 

 

Figure 55. Initial and converted droplet energy at different release heights. 

Figure 55 shows the initial and converted droplet energy at different release 

heights, based on the data in Table 6. As shown in Figure 55, the work to overcome 

air resistance resulted in a loss of the mechanical energy, and hence the converted 

droplet energy was slightly less than the initial energy. The greater displacement 

through the air led to more energy loss in the droplets. When the release height is 

low, 𝐸𝑖𝑛𝑖 ≈ 𝐸𝑐𝑒, and a relationship can be obtained based on the droplet release 

height, the initial droplet size and the deposition radius, 

𝜌𝑖𝑉𝑖𝑔ℎ𝐶 + 𝜋𝜎𝑙𝑔 (2
ℎ2

1−𝑐𝑜𝑠𝜃
− 𝑐𝑜𝑠𝜃𝑤0

2 − 4𝑅𝑖
2) +

𝜂 𝑡𝑛 𝜋𝑤0
2𝑣𝑑𝑛

2√𝑅𝑒

4𝑅𝑖
−

1

2
𝜌𝑖𝑉𝑖𝜈0

2 ≈ 𝜌𝑖𝑉𝑖𝑔𝐻                                        

 

Equation 50 

The droplet deposition process is a transformation among surface energy, 

kinetic energy, gravitational potential energy and viscous dissipative energy. The 

proposed model can present the energy conversion of the deposition. Under the 

condition that the same sized droplets were released at different heights, the energy 

proportion changes are shown in Figure 56.  The values presented in Figure 56 are 

based on the data in Table 6. 
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(a) 0.01 m 

 

(b) 0.02 m 

 

(c) 0.03m 

Figure 56. Percentage of energy in the initial and converted energies at (a) 0.01, (b) 0.02, (c) 

0.03m. 
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The surface energy ratio varied greatly due to the shape change, and the 

release height was one of the significant factors in determining the droplet 

deposition radius. The proportion of the viscous dissipation increased significantly 

as the release height ascended. 

Dynamic changes in the droplet energy are presented, providing a tool for 

the analysis of the deposition behavior. In addition, the droplet deposition radius at 

different heights was obtained, which determined the practical spacing of 

neighboring droplets in the path planning. 

 

4.4 Single droplet deposition and multi-droplet linear combination 

When the droplet size was large, the volume of gas drawn into the bottom 

of the droplet was great, resulting in a significant phenomenon of gas pores, as 

shown in Figure 57. 

 

Figure 57. Gas pores in droplets. 

According to the droplet analysis by Liu et al. [82], random collapses 

occurred locally at the bottom on account of the Kelvin Helmholtz instability. As a 

result, the two larger droplets, in the center and on the right of Figure 57, were 

found to have a random number of hollows, and the hollow locations were 

dispersed.  

The gas pores reduced the surface quality of the parts. For this reason, small 

droplets were required. For instance, the smallest droplets that could be stably 

printed had a radius of 0.99 to 1 mm on the deposition plate at the droplet release 

height of 0.02 m based on the system in the project.   
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As shown in Figure 58, shallow depressions were on the bottom surface of 

the smallest droplet with no obvious formation of gas pores. 

 

Figure 58. SEM image of the bottom surface. 

Irregular shapes were produced occasionally, such as satellite droplets or 

droplets with tails. As shown in Figure 59, the droplets with tails were created since 

the retraction speed of the wire feeder was slow, without generating a sufficient 

instantaneous vacuum. 

 

Figure 59. A droplet with tails. 

Under room temperature conditions, two droplets could not combine tightly, 

as shown in Figure 60 (a). Although the neighboring droplets were shaped to fit 

together, the fitted parts left a narrow gap at the junction, as shown in Figure 60 (b). 

In addition, Hao et al. found there was a pinhole problem between the droplets and 

the substrate with a low substrate temperature of roughly 30°C [83]. Based on 
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simulations [84], the linear deposition of molten droplets was investigated, but the 

droplets landed on an unheated substrate. As a result, there were gaps in the bonding 

area between the droplets. 

 

                                         (a)                                                    (b) 

Figure 60. (a) Two droplets in top view (b) Bottom surface of two droplets in the SEM image. 

When the substrate in the project was heated to roughly 400 degrees, there 

was no obvious gap between droplets, and remelting can be seen in Figure 61. The 

dashed lines represent the boundaries between the droplets. 

 

Figure 61. Binding of multiple droplets. 

As shown in Figure 62, the release height includes the thickness of the 

crucible bottom, plus the distance from the crucible bottom to the substrate. The 

thickness of the crucible bottom is nearly 6 mm. Therefore, the crucible bottom 

surface and the substrate were approximately close to each other at the release 

height of 0.01 m. The substrate was affected by the heating itself and the heat 
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transfer of the heater for melting the aluminum droplets above, which may cause 

uneven heating for the substrate. During the straight-line printing, the substrate was 

prone to breakage, as shown in Figure 63. 

 

Figure 62. Schematic of the distance between the crucible bottom and the substrate.  

 

Figure 63. Substrate breakage at low release height. 

 

Therefore, 0.02 m was selected as the release height for the printing. In the 

straight-line printing, a deflection was observed, as shown in Figure 64. The 
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deflection in the linear deposition was similar to the morphology in Figure 16. The 

reason could be that the graphite opening was passively enlarged in Figure 65 by 

the molten droplets or the aluminum wires, which further led to the deflection. The 

volume of the graphite outlet would be enlarged with degradation, resulting in the 

droplet size being affected. 

 

 

Figure 64. Deflection in the printing. 

 

Figure 65. Intact graphite and used graphite. 

 

Primary defects in the manufacture of graphite may cause the surface of the 

graphite outlet to be uneven or inconsistent in quality. The droplets from the outlet 

were subjected to the cooling effect of the environment, which could lead to 

solidification and blockage in the outlet channel. In addition, small amounts of 
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solidified aluminum remained at the outlet of used graphite, which further caused 

different wetting conditions around the outlet, as shown in Figure 66 (a).  

 

 

                                         (a)                                                    (b) 

Figure 66. (a) Schematic diagram (b) droplet flight trajectory [25]. 

Consequently, the actual trajectory was not entirely consistent with the 

desired trajectory due to the varying wetting of liquid aluminum at the graphite 

outlet, as shown in Figure 66 (b). 

 

 

 

 

 

4.5 Printing of curved shapes 

As shown in Figure 67, to print the same circular pattern, the filled rate with 

the zigzag path is lower than that with the proposed ASAD method since 𝑤𝑟(𝑛) >

𝑤𝑥. In addition, the printing based on the proposed ASAD method is closer to the 

curvature of the shape. 
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Figure 67. (a) Zigzag path example (b) proposed ASAD method. 

 

For the system with the deflection in the project, according to the zigzag 

points in Figure 68 (a), the zigzag result is shown in Figure 68 (b). The result 

indicates the zigzag path approximates the curved contours at low quality.  

     
                                         (a)                                  (b) 

Figure 68. (a) Deposition points based on the zigzag method (b) zigzag result. 

 

Based on the proposed ASAD method, the theoretical filled rate “FR” for 

complete filling in the central zone is, 

𝐹𝑅 = 1 − 𝑓(𝑣𝑜𝑖𝑑𝑎𝑔𝑒)                             Equation 51 

where 𝑓(𝑣𝑜𝑖𝑑𝑎𝑔𝑒) is the vacancies in a layer that is not filled. For instance, 

the area “FGED” is void, as shown in Figure 69. 
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Figure 69. Voids in the printing. 

 

Due to the area S(FGED) = S⌔AFG- S⌔r1EG -S⌔r2DF- S𝛥ABC-S𝛥r1EB- 

S𝛥r2DC-S(CBED), 

𝑓(𝑣𝑜𝑖𝑑𝑎𝑔𝑒) = 

𝑚 [
𝜃𝑟(1)𝑅2

2 − (𝜃𝑟(1) +  𝑠𝑖𝑛𝜃𝑟(1))𝑤0
2 −

(𝑅 − 2𝑤0)2 𝑠𝑖𝑛𝜃𝑟(1)

2 − (2𝑤𝑟1𝑤0 𝑐𝑜𝑠
𝜃𝑟(1)

2 − 2𝑤0
2𝑠𝑖𝑛𝜃𝑟(1))]

π𝑅2
 

                             Equation 52 

where “m” is the droplet number in Table 7. 

 Therefore, the rate is, 

𝐹𝑅 = 1 −
𝑚[

𝜃𝑟(1)𝑅2

2
−π𝑤0

2−(
𝑅2

2
+𝑤0

2−2𝑅𝑤0)𝑠𝑖𝑛𝜃𝑟(1)]

π𝑅2
            Equation 53 

which indicates the accuracy of approximating curved shapes. 
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For a deposition radius of 0.99 mm, the theoretical radius of printed curved 

patterns and the corresponding angular displacement of droplets in the outermost 

circular loop are shown in Table 7. Angular displacement can approach 

infinitesimal, and Table 7 lists a portion. Overlap ratio (
2𝑤0−𝑤𝑟

𝑤0
) is the ratio of the 

droplet overlapping length to the deposition radius, and theoretical filled rate is 

proportion of the filled area to the cross-sectional area of the printed object. 

Table 7. Theoretical parameters for printed patterns. 

Droplet 

number 

“m”  

Angular 

displacement (°) 

Radius of 

printed 

patterns (mm)  

Overlap 

ratio 

 

 

Theoretical 

filled rate 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

120.0  

90.0  

72.0  

60.0  

51.4  

45.0  

40.0  

36.0  

32.7  

30.0  

27.7  

25.7  

24.0  

22.5  

21.2  

20.0  

18.9  

18.0 

2.10  

2.27  

2.49  

2.71  

2.93  

3.17  

3.40  

3.64  

3.88  

4.12  

4.36  

4.60  

4.85  

5.09  

5.34 

5.58 

5.83 

6.08 

9.0% 

20.0% 

25.0% 

29.2% 

32.2% 

34.3% 

36.0% 

37.0% 

38.0% 

38.7% 

39.3% 

40.0% 

40.1% 

40.4% 

40.6% 

40.9% 

41.1% 

41.2% 

49.2% 

53.7% 

59.2% 

64.9% 

69.9% 

74.1% 

77.6% 

80.4% 

82.8% 

84.8% 

86.5% 

88.0% 

89.1% 

90.1% 

91.0% 

91.8% 

92.5% 

93.1% 

 

The greater the curvature, the smaller the corresponding radius of the 

curved path, and hence the spacing between droplets is increased accordingly to 

reduce overlap. When the spacing between two neighboring droplets is greater than 

the droplet deposition diameter, there is no physical connection among neighboring 

droplets. As a result, a broken line is shown in Figure 13 (a). For the case of three 

droplets forming a closed contour, the calculated spacing is 1.91𝑤0  when the 

deposition radius is 𝑤0, according to Equation 16. By definition, the curvature of a 
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straight line is 
1

∞
, approaching zero. In terms of curved shapes with internal filling, 

the spacing 𝑤𝑟 is greater than the spacing in the linear deposition, according to 

Equation 9. The spacing on curved trajectories is as low as 1.57 𝑤0, which is the 

value when the angular displacement approaches zero, using Figure 41 and Figure 

46 as references. Therefore, based on the proposed model, the spacing for the 

curved deposition are from 1.57𝑤0 to 1.91𝑤0. 

If the radius of curved pattern is between two theoretical radii, the angular 

displacement can be selected with the corresponding number of droplets by 

rounding up or down, depending on the requirement.  

 

For the contour-parallel paths with the constant droplet spacing 𝑤𝑥 (1.49 

mm), the overlap ratio (
2𝑤0−𝑤𝑥

𝑤0
) is always 50.9%, and hence the height variation in 

the side view would be larger especially in the central printed region (inner loops), 

compared with the proposed ASAD method. A profile example based on the linear 

spacing with constant 𝑤𝑥 in the side view is shown in Figure 70. 

 

(a) 

 

(b) 

Figure 70. (a) Illustration (b) profile example based on the linear spacing with constant 𝑤𝑥 in 

the side view.  

In Figure 71, it can be seen that the filled rate could be close to 100 percent 

for a large radius of the printed pattern. Therefore, the feasibility of the proposed 
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strategy was verified at different printing ratios (the printed circle radius to the 

deposition radius 
𝑅

𝑤0
). 

 

Figure 71. Deposition points based on the proposed ASAD method, for different printed radii. 

As shown in Figure 72, as the printing ratio 
𝑅

𝑤0
 becomes larger, the angular 

displacement becomes smaller and the filled rate increases based on the ASAD 

method. 

 

 

Figure 72. Relationships among the filled rate, the angular displacement and the printing ratio. 
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As shown in Figure 73 (a), the results based on the deposition points in 

Figure 73 (b) were analyzed by ImageJ software. According to the ASAD method, 

𝑤𝑟(𝑝1) is 1.71 mm, using Figure 46 as a reference. 

 

 
                                         (a)                                                    (b) 

Figure 73. (a) Results, (b) deposition points in circular pattern with printing ratio of 2.7 based 

on ASAD. 

 

As droplets at 900 degrees were deposited onto the substrate at 400 degrees, 

the droplets were fluid at the moment of deposition, and the overlapping part 

flowed around. As a result, the average filled rate 75.1% is relatively larger than 

the theoretical value. For printing curved patterns with small radii, small deflections 

would have a great impact on printing quality. 

 

Based on the proposed ASAD method, the deposition points at the printing 

ratio of 4.6 are displayed in Figure 74 (a). On the optimized trajectory, 𝑤𝑟1 was 

less than 𝑤𝑟2  for a smoother surface in the profile. According to the adaptive 

spacings for the corresponding arcs in the ASAD method, 𝑤𝑟1 is 1.60 mm and 𝑤𝑟2 

is 1.71 mm, using Figure 46 as a reference. 
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                        (a)                                                               (b) 

Figure 74. (a) Deposition points, (b) results in circular pattern with printing ratio of 4.6 based 

on ASAD. 

 

The results at the printing ratio of 4.6 in Figure 74 (b) show that the average 

filled rate is 88.2%, which agrees with the theoretical filled rate. The heights in 

profile based on the different filling strategies are shown in Figure 75, and the 

height variations for the zigzag, contour and ASAD methods are 0.25, 0.24 and 

0.15 mm respectively. The result shows that the ASAD method, with a high 

accuracy of approximating curved contours, improves the surface flatness by 37.5% 

and 40.0% compared to the contour and zigzag paths respectively.  

 

Figure 75. Heights in profile using the different filling strategies. 
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Without the optimized angular displacement for each loop, there may be a 

remaining angle insufficient for a droplet to be deposited in the contour path with 

the constant droplet spacing 𝑤𝑥, as shown in Figure 76 (a). For the contour closure, 

the number of deposited droplets for the loop was changed in Figure 76 (b), 

resulting in a greater height variation in the profile.  

     
                                         (a)                                               (b) 

Figure 76. (a) Remaining angle in contour path with constant 𝑤𝑥, (b) deposited droplets for 

contour closure. 

 

In addition, the overlap rate was high in the contour path with the constant 

droplet spacing 𝑤𝑥, excessive droplets were deposited in the loops when printing 

objects with the same cross-sectional area size, as shown in Figure 77. Therefore, 

the increase in the profile height was significant when printing in the inner loops, 

compared with the deposition points in Figure 73 (b). Uneven surfaces were not 

conducive to the deposition of upper layers, and hence the printed structures based 

on the conventional contour path were unstable, causing tilting or collapsing. 
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Figure 77. Deposition points in the inner loop with the constant droplet spacing 𝑤𝑥. 

 

Based on the ASAD method, cylinders were printed for testing. The side 

view of a printed cylinder is shown in Figure 78, and the deflection in the vertical 

direction was similar to the column cases in Figure 18. Since the upper layers were 

situated away from the substrate, most of the droplets in the upper layers belong to 

mechanical connections.  

 

Figure 78. Side view of a printed cylinder. 

 

The average height of the printed cylinders is within the range of 14.7 to 

15.1 mm, which has a small variation in height at the top surface. For the strength 

analysis, the compression test was performed on the printed cylinders by the 
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Universal Testing Machine with the compression velocity of 3 mm/min. As shown 

in Figure 79, the compression load-strain relationship suggests elastic deformation 

in the range of 0 to 0.02 mm. According to 0.2% offset of the gauge length, the 

average yield strength is 655 kPa, due to the mechanical connections in the upper 

layers.  

 

Figure 79. Compression load-strain relationship. 

 

 

Heating during the printing process can improve adhesion. As a result of 

this, the upper layers will be in more metallurgical bonding if the substrate 

temperature is higher. In the project, the substrate could be heated to 400 ℃. It was 

difficult to increase the substrate temperature above 400 degrees, since the heating 

power of the substrate was basically equal to the heat dissipation over 400 degrees. 

If the substrate structure is redesigned for a higher temperature, better bonding of 

metal droplets can be achieved. 
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 Conclusion  

5.1 Summary of the work 

In the study, the path planning process was optimized to print the curved 

shapes additively. The printing system components (including the moving and 

deposition part, and the heating part) for high-melting-point metals were integrated, 

and therefore the system operation was supported in the compatible software and 

hardware. Based on the current experimental system and optimization strategies, 

the following main points were demonstrated. (a) Molten aluminum droplets can 

be generated and deposited on demand, and this is reproducible. (b) The two-

dimensional curved shapes can be internally filled without visible voids, and the 

surface quality can be superior compared to the other methods. (c) Three-

dimensional parts can be fabricated with a height more than 10 mm. 

 

The developed approach is feasible for the droplet landing, and therefore, 

this will be of great significance for the study of different droplets in the printing 

of 2D or 3D curved shapes. In the present work, depending on the contour closure, 

the corresponding angles between neighboring droplets are compensated to achieve 

the equal angular displacement. In addition, the droplet spacing is adaptive for 

various curvatures and loops with the internal filling, and the reasonable number of 

droplets for each loop can be determined. Therefore, in the project, the spacings 

such as 1.60 mm and 1.71 mm were calculated for the corresponding loops with 

various curvatures. The surface flatness of printed objects was improved by 37.5% 

to 40.0% based on the proposed strategy compared to the commonly used path 

patterns, and the accuracy of approximating curved contours was relatively high, 

close to 90%. Comparison with the conventional paths proves its advantages in 

fabrication, and the feasibility was verified. The optimized printing parameters 

have a positive effect on the surface flatness, which is conducive to the upper layer 

deposition in 3D printing. For the internal filling of 3D objects with curved contours, 

good surface quality can be achieved with the void size reduction, in the balancing 

of improving dimensional accuracy and reducing material consumption. In the 
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software processing of the deposition paths, the designed program can simplify the 

operational steps in additive manufacturing, and the output motion commands can 

be applied to 3D printers or other industrial robots based on G programming 

language. In conclusion, the strategies proposed in this study can promote the 

practical application of droplet fabrication techniques to some extent. 

   

5.2 Project outlook 

In the adaptive spacing strategy proposed in this study, the aluminum 

droplets themselves are sized between the micron and millimetre scale, and the 

small size variations in the combination of neighbouring droplets are simplified to 

the ideal fusion of the droplets. The energy conversion of the droplet combination 

may lead to inhomogeneous expansion and contraction at the bonding interface, 

causing the bonding shape of the droplet to be non-ideal, and potentially creating 

protrusions or dimples at the bonding interface [85]. This may influence the 

spreading of the neighbouring droplets, affecting the combination in the printing. 

The substrate temperature or the heated droplet temperature can be adjusted to 

reduce possible fusion defects [86]. Additionally, the surface of the droplets was in 

contact with the outside environment, associated with the oxidation [87]. The 

formation of the oxide layer may also affect the combination of neighbouring 

droplets to a certain extent. Therefore, it is recommended that the printing system 

is placed in a protective gas environment that is close to oxygen-free. 

In the future research, the stability of creating smaller sized droplets will be 

tested, and the deposition deflection is required to be minimized. Depending on the 

different areas to be printed, droplets of various sizes can be deposited, and 

therefore, path strategies can be further optimized. More experiments of other high 

melting point metals can be conducted for manufacturing composite materials, 

superior to original components. Better structural strength and dimensional 

accuracy can be obtained by selecting the optimal combination of layer thicknesses 

and the pause time between the depositions of two successive droplets. 
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For more accurate motion position compensation, cameras or sensors can 

be mounted at the corners or above the 3D stage to detect positional feedback. The 

error in the motion platform can be compensated by hardware or software [88]. 

When the 3D stage is repositioned, the position arrival signal can be transmitted to 

the controller and the droplets can be generated. The closed-loop control allows the 

droplets to deposit on the substrate at the same position as set by the software, 

improving the expected printing accuracy. In addition, available degrees of 

freedom in the motion stage can be increased, and hence the substrate can be tilted. 

As a result, molten metal droplets can be deposited to form objects with different 

tilted shapes. In the future, all operating commands can be transmitted remotely 

and wirelessly via cloud services. Based on the automated printing and remote 

control of additive manufacturing, manufacturing safety can be further improved.  
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