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ABSTRACT 

 
 In this study, an FDM 3D printer is modified into a motionless 3D printer, which 

has the potential to print patterns in a noiseless manner with improved resolution and in 

less time. In this motionless 3D printer, both nozzle and collector are fixed, while the 

extruded polymer melt is driven by high voltage switching points on the collector. By 

this approach, simple 3D patterns such as multilayer circles, squares and lines have been 

printed using two polymer melts with different rheological properties, High 

Temperature Polylactic Acid (HTPLA) and Acrylonitrile Butadiene Styrene (ABS).  

 Melt electrospinning set-up is also modified to motionlessly print patterns, 

which allows for greater flexibility in varying parameters such as flowrate and 

application of voltage at the nozzle. Melt electrospinning produces fibers in the micron 

range leading to high resolution prints, making it a viable additive manufacturing 

procedure.   

 Furthermore, a discretized, non-isothermal bead and spring model is developed 

to probe 3D patterns. The effect of parameters such as number of conducting points, 

switching time, voltage, and material properties on the accuracy of the printed 3D 

patterns are thoroughly studied, and we demonstrated that various 3D fiber collection 

patterns obtained from the experiments are favorably compared with the simulation 

results. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

 A thermoplastic polymer is a polymer that readily soften when heated and 

solidifies when cooled down without change of their chemical properties [1]. 

Thermoplastics have high molecular weight with large macromolecular chains held by 

intermolecular forces, that allows them to be molded and reshaped at higher 

temperatures [2]. Usually, they have a threshold temperature, above which the polymer 

becomes moldable [2].  Thermoplastics are used in various industries such as 

construction, electrical, home goods and sports industries [3-6] . Some of the techniques 

to manufacture thermoplastics are extrusion, injection molding, thermoforming, and 

calendaring [7].  

 FDM 3D printing is a widely used additive manufacturing technique that 

generally extrudes thermoplastic polymers to make 3D objects [8]. Contrary to other 

polymer manufacturing techniques, FDM 3D printers do not require molds for 

producing parts, leading to its low cost [9]. This technique has been used to print wide 

variety of materials including ceramics, metals, and composites [10]. Due to its low cost 

and flexibility in materials, this layer wise 3D printing technique gained popularity in 

automotive, biomedical, consumer goods and aerospace industry [11-14]. In this 

technique, thermoplastic polymer is molten at the heated nozzle and the polymer 

filament is deposited layer by layer on the collector due to the mechanical motion of the 

nozzle, forming 3D objects. Out of the thermoplastics, PLA and ABS are some of the 
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most common filaments for 3D printing [15]. PLA has gained attention due to its 

biodegradable, non-toxic nature, and its low melting point [16-17]. It has hence become 

a default choice in most extrusion-based 3D printing. On the other hand, ABS has good 

mechanical properties such as high impact strength and chemical resistance but emits 

toxic fumes [18-19]. Nonetheless, ABS remains one of the most popular filament 

choices for prototyping.   

 A widely accepted additive manufacturing approach similar to FDM 3D printing 

is melt electrospinning writing [20]. Melt electrowriting is an emerging 

electrohydrodynamic technique for printing high resolution fibers by using a moving 

collector [21]. FDM 3D printing mainly uses pressure to push the melt polymer through 

the nozzle, which forms the desired object on the collector as it cools down due to the 

mechanical motion of the nozzle. On the contrary, melt electrospinning uses electric 

field as the driving force for extruding the high-resolution melt polymer fibers in the 

range of 5-40 micrometers [22]. Despite the ease of extrusion 3D printing, it has some 

disadvantages associated with mechanical movement of nozzle or collector such as 

noisy, time-consuming operation and wear and tear of mechanical parts [23-24].  

 In this thesis, we will be investigating motionless 3D printing and motionless 

melt electrospinning to eliminate the disadvantages seen in conventional 3D printers. 

Motionless printing is a technique where electric field is used to maneuver the jet onto 

the collector, without the assistance of mechanical motion of the nozzle or the collector. 

There have been some advancements in Motionless EHD printing, where electric field 

is used to deflect ink jets or droplets, to be printed onto a substrate [25-27]. Liashenko 

et al. produced ultrafast 3D patterns using jet deflection technique using an array of high 
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voltage electrodes on the sides of the collector to deflect the ink jet coming out of the 

nozzle [27]. A combination of translation of substrate and jet deflecting electrodes are 

used to obtain the desired pattern [27]. Hwang et al. used motionless EHD printing by 

using array of target electrodes to direct droplets onto the collector without the 

mechanical motion of nozzle or collector [26]. Using high voltage electrodes to deflect 

jets, is an emerging technique to unleash the potential of high-speed printing [27]. Some 

of the techniques used in these studies are adapted in our current work for motionless 

3D printing.  

 Along with experimentation, theoretical modeling of motionless 3D printing is 

also studied to predict 3D patterns formed. The theoretical modelling of electrospinning 

processes is important since it would provide in depth information about the parameters 

affecting the fiber properties that cannot be fully understood by experimentation alone 

[28]. Compared to conventional electrospinning processes, in Motionless FDM printing 

or Melt electrospinning, the melt polymer is subjected to variation in temperature due 

to cooling as it leaves the heated nozzle. Generally, electrospinning processes are 

modelled using continuity equations, by conservation of momentum equations. Due to 

nonlinearities among variables, solving these equations analytically is complex and time 

consuming [29]. In this thesis, a discretized approach is used where the polymer is 

divided into smaller discrete elements to solve for the conservation equations in each 

element. Compared to conventional electrospinning processes, in Motionless FDM 

printing or Melt electrospinning, the melt polymer is subjected to variation in 

temperature due to cooling as it leaves the heated nozzle. So, the added non isothermal 

effects are considered in this modelling but the overall simulation procedure is similar 
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to previous work done by Divvela and Joo in solution electrospinning system [30]. A 

discretized non isothermal bead and spring model is used, where the polymer is assumed 

to be made of beads connected by massless springs. This approach follows a lagrangian 

frame, where individual forces such as gravity, viscoelastic force, electrical force, 

surface tension and drag force is calculated and jet trajectory is obtained by applying 

newton’s second law of motion. Temporal boundary conditions are used at the collector 

to simulate the switching circuit by which fiber is guided to form a pattern. Parameters 

such as temperature, stress, charge, co-ordinates of the jet etc. are updated using 

numerical methods.   

 

1.2 The scope of investigated problems 

 In Chapter 1, a conventional FDM 3D printer is modified into a motionless 3D 

printer, which prints patterns onto the collector by electrically guiding the melt polymer 

and without the motion of nozzle or the collector. This is achieved by using high voltage 

electrode points on the collector which is switched on and off in a sequence with the 

help of an Arduino, to guide the polymer jet from one conducting point to another.  In 

the current work, we try to obtain simple patterns such as squares, circles and 3D walls 

using the motionless printing technique. During this process, parameters such as number 

of conducting points, voltage, and distance from nozzle to collector required to print 

accurate patterns are investigated experimentally and via simulation. Simulation results 

are further used to improve the process by optimizing the switching time between the 

conducting points and voltage required.  
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 In Chapter 2, melt electrospinning system is modified into a motionless printing 

system to overcome the disadvantages in 3D printers. Melt electrospinning system 

allows for larger flexibility to control flow rate and it also allows for supply of voltage 

at the nozzle. Ratio of voltage to be applied at the nozzle and conducting points of the 

collector is investigated via simulation to improve the accuracy of patterns formed.   
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CHAPTER 2 

FACILE ADAPTATION OF A FUSED DEPOSITION MODELING 3D PRINTER 

TO MOTIONLESS 3D PRINTING BASED ON FIXED NOZZLE AND 

COLLECTOR WITH PROGRAMMABLE ELECTRIC RELAY: DISCRETIZED 

MODELING AND EXPERIMENTS 

2.1 Introduction 

FDM printing is the most common 3D printing technology, that deposits thermoplastic 

polymer melt coming out of the nozzle layer by layer onto a substrate by the motion of 

nozzle [1,2]. It has various applications in aerospace, automotive, bio-medical industry 

and consumer goods [3–7]. However, printing of patterns by the mechanical motion of 

the nozzle can be quite noisy, and result in long print time and poor resolution [8–10].  

In this work, FDM 3D printers are modified into motionless 3D printers by 

fixing the nozzle and collector. The melt polymer jets in this motionless 3D printer are 

driven by high voltage conducting points on the collector and their switching in time. 

As opposed to conventional FDM 3D printers, jets driven by the electrical force can 

offer higher resolution and more flexibility [11–13]. Also, printing melt polymers driven 

by the electrical field on the collector is not subject to whipping motion as seen in 

conventional solution electrospinning, and thus it allows for controlled deposition of 

jets [14] without the use of solvent [15]. The current motionless 3D printing can be seen 

as an additive manufacturing process that bridges melt electrospinning and FDM 3D 

printing. It offers all the advantages of melt electrospinning, and thus eliminating the 

noisiness and potentially poor resolution, along with offering improved printing 

efficiency compared to FDM 3D printers. 
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In the current work, 3D patterns such as square, circle and line are printed in the 

motionless 3D printer set up using ABS and HTPLA melt polymers which are 

commonly used in FDM 3D printing. The effect of switching time of electric field, 

voltage and resolution (number of conducting points) on 3D patterns is investigated 

experimentally. Discretized, non-isothermal bead and spring modelling is also 

developed to predict the pattern obtained. Several theoretical studies for electrospinning 

and melt electrospinning made use of solving series of coupled ordinary differential 

equations with Taylor-cone-like analysis boundary [16–19]. The bead and spring model 

is used for its computational rigor, with simplified equations of motion and energy to 

predict the pattern formed [20–22]. The modeling here is similar to the previous 

electrospinning model by Divvela, et al., but the non-isothermal effect on the molten 

polymer is also incorporated since the molten polymer undergoes cooling in air as the 

filament extruded from the heated nozzle [21,23,24]. A temporal boundary condition is 

applied to define the switching of voltage at the conducting points on the collector and 

these modelling results are then compared with printed patterns in experiments [21].  

2.2 Modeling procedure 

Motionless 3D printing is modeled using the discretized non isothermal bead and spring 

model. Here, the polymer jet is assumed to be composed of a series of beads connected 

by springs in between them. The approach is similar to previously used immersed 

electrospinning system [21]. However, the medium is air here and non-isothermal 

effects are also incorporated into the model since the molten polymer jet undergoes 

cooling in air, as it is extruded from the heated nozzle and solidifies as it is deposited.  
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The radius 𝑟! of each bead ‘i ’, with length 𝑙! and mass 𝑚!, as it flows from the 

nozzle is given by the conservation of mass equation, Eq. (2.1).  

 𝑟! = %
"!
#$%!

   (2.1)                                                                                                                                           

Each of the charged bead experiences forces such as surface tension 𝐹&',!, 

aerodynamic force 𝐹),!, viscoelastic force 𝐹*,!, electric force 𝐹+,! and gravitational force 

𝐹,,!. The position of each bead ‘i ’ with position vector 𝑥!, mass 𝑚! and radius ri is 

obtained from Newton’s second law of motion, given by Eq. (2.2).  

 𝑚! (
-"𝒙𝒊
-'"

) = 	𝑭𝒔𝒕,𝒊 + 𝑭𝒂,𝒊 + 𝑭𝒗,𝒊 + 𝑭𝒆,𝒊 + 𝑭𝒈,𝒊 (2.2)                                   

The surface tension and viscoelastic force equations are taken from Divvela, et 

al.  [24] and Divvela and Joo [23]. The surface tension force is due, i) the capillary force 

along the jet axis and ii) force due to local curvature of jet. In the surface tension 

equation, Eq. (2.3), 𝑘6 is the local curvature of the jet and 𝛾 is the surface tension 

coefficient. 𝑑𝑖 represents the downstream stream and 𝑢𝑖 represents the upstream beads 

with 𝒆𝒖𝒊 and 𝒆𝒅𝒊 being the upstream and downstream unit vectors.    

 𝑭𝒔𝒕,𝒊 = 𝛾𝜋 ()$!9)%!
:

) 𝑘6 (
𝒆𝒅𝒊9𝒆𝒖𝒊
|𝒆𝒅𝒊9𝒆𝒖𝒊|

) + 2𝜋𝛾(𝑎-!𝒆𝒅𝒊 	− 	𝑎<!𝒆𝒖𝒊) (2.3) 

The aerodynamic force by each bead 𝐹),! is taken as an average of aerodynamic 

forces experienced by the upstream bead 𝐹),<! and downstream beads 𝐹),-!, given by 

Eq. (2.4). The aerodynamic force experienced by upstream and downstream beads are 

given in Eq. (2.5) and Eq. (2.6), respectively. The aerodynamic force is due to skin 

friction, 𝑭𝒇 acting parallel to the axis of fiber and pressure drag 𝑭𝒑 acting normal to the 

fiber.	𝜌)!? is the density of surrounding air and 𝑐@ and 𝑐A are friction drag coefficient 
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and pressure drag coefficient respectively. 𝑉' and 𝑉B are tangential and normal velocity 

components of bead relative to air.  

 𝐹),! =
C(,%!9C(,$!

:
 (2.4) 

𝑭𝒂,𝒖𝒊 = 𝑭𝒇,𝒖𝒊 + 𝑭𝒑,𝒖𝒊 = 𝑐@𝜌)!?𝜋𝑎<!𝑙<!|𝑉',<!|𝑽𝒕,𝒖𝒊 + 𝑐A𝜌)!?𝑎<!𝑙<!|𝑉B,<!|𝑽𝒏,𝒖𝒊 (2.5) 

𝑭𝒂,𝒅𝒊 = 𝑭𝒇,𝒅𝒊 + 𝑭𝒑,𝒅𝒊 = 𝑐@𝜌)!?𝜋𝑎-!𝑙-!|𝑉',-!|𝑽𝒕,𝒅𝒊 + 𝑐A𝜌)!?𝑎-!𝑙-!|𝑉B,-!|𝑽𝒏,𝒅𝒊 (2.6) 

The viscoelastic force acting on bead ‘i’ due to the upstream and downstream 

beads can be represented by Eq. (2.7). 𝜏-!  and 𝑎-! represent the viscoelastic stress and 

radius of upstream bead, 𝜏<!  and 𝑎<! represent the viscoelastic stress and radius of the 

downstream bead, respectively.  

 𝑭𝒗𝒊 = (𝜋𝑎-!: 𝜏-!)𝒆𝒅𝒊 − (𝜋𝑎<!: 𝜏<!)𝒆𝒖𝒊 (2.7) 

The viscoelastic stress of each bead 𝜏! has two components: i) polymeric stress 

𝜏A,! 	and ii) solvent stress 𝜏&,! 	as represented by Eq. (2.8). Likewise, 𝜇& and 𝜇A represent 

the polymer and solvent contributions to polymer zero shear rate viscosity 𝜇 as shown 

in Eq. (2.9). The viscoelastic stress is obtained from the non-isothermal Giesekus model 

[24], Eq. (2.8) - Eq. (2.12).  

 𝜏! = 𝜏A,! + 𝜏&,!  (2.8)  

 𝜇 = 𝜇& + 𝜇A (2.9) 

The solvent contribution of viscoelastic stress 𝜏&,! can be represented by Eq. 

(2.10), where 𝑓* is the temperature dependence on zero shear viscosity and -%!
%!-'

  is the 

strain rate.  

 𝜏&,! = 𝜇&𝑓*
-%!
%!-'

 (2.10) 
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The polymer contribution to viscoelastic stress 𝜏A,! , is represented by Eq. (2.11), 

where 𝑇?+@ is the reference temperature, 𝜆	and 𝛼 are the relaxation time and mobility 

factor of the polymer at the reference temperature obtained by fitting characterization 

results as shown in Table 1. 𝑓* is calculated using Eq. (2.12), where ∆𝐻 is the activation 

energy, obtained from calculations shown in Fig. 2.1 and 𝑅!,	is the ideal gas constant.  

 	

 𝜏A,! + 𝜆𝑓*
E*+,
E!
G-F-,!

-'
− 𝜏A,!

G
E!
(-E!
-'
)H + 	𝛼 H

I-

E?+@
E!

𝜏A,!: = 𝜇A𝑓*
-%!
%!-'

 (2.11) 

 𝑓* =
I(E!)
ILE*+,M

= 𝑒𝑥𝑝 G∆O
P!.
K G
E!
− G

E*+,
LH (2.12) 

The change in temperature of each bead 𝑑𝑇! is updated with respect to time using 

1-D energy equation on fluid element in Eq. (2.13). The energy balance consists of two 

elements: i) viscous dissipation in the jet and ii) heat transfer with the surrounding air.  

𝐶A is the specific heat capacity, 𝑇)!?is the temperature of surrounding air and h is the 

heat transfer coefficient, which can be estimated using Kase-Matsuo’s empirical 

formula as shown in Eq. (2.14) [25].   

 𝜌𝐶A
-E!
-'
= F!

:
-%!
%!-'

− :Q(E!RE(!*)
)

 (2.13)

  

 𝑁𝑢 = :)!Q
S(!*

= 0.495 (:|𝑽𝒕|)!
*(!*

)
0
1 (#(!*U-,(!**(!*

S(!*
)
0
" T1 + (V|𝑽𝒏|

|𝑽𝒕|
)
:
V
0
3
 (2.14) 

In Kase-Matsuo’s empirical formula, Nu is the Nusselt number, 𝐶A,)!? , 𝑘)!?, 

𝜌)!? and 𝑣)!? is the specific heat capacity, conductivity, density and kinematic viscosity 
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of air respectively. 𝜌)!? and 𝑘)!? are functions of 𝑇)!? and are calculated by Eq. (2.15) 

and Eq. (2.16), respectively.   

 𝜌)!? =
WX:
E(!*

 (2.15) 

 𝑘)!? = 1.879 × 10RY𝑇)!?	[.V]] (2.16) 

The electric field 𝑬𝒆,𝒊 is given by Eq. (2.17) and has two components. The first 

term represents the electric field experienced by the jet at a distance h from the 

conducting points. The second term represents the coulombic interactions of bead ‘i’ 

with the rest of the beads ‘j’ at a distance 𝒓𝒊𝒋.  Electric force is represented in Eq. (2.18) 

where 𝑞! is the charge at each bead.  

 𝑬𝒆,𝒊 = − _4
Q
𝒆𝒛 +

G
Y$a4

∑ b5
?!5
1 𝒓𝒊𝒋cd!   (2.17) 

 𝑭𝒆,𝒊 = 𝑞!𝑬𝒆,𝒊 (2.18) 

The charges are conserved by considering convection current only since 

conduction current is negligible for melt polymers with low conductivity. In addition, 

the leaky dielectric model is considered to get equilibrium value on surface of the jet, 

given by Eq. (2.19). In this model, radial charge conduction is instantaneous since 

charges migrate quickly to the jet surface in fluids with low conductivity. Since the 

conductivity of melt polymer is negligible, conduction current is negligible and total 

current is equal to convection current.  

 𝑞! = 2𝜋𝑎𝜖[|𝐸+,!| (2.19) 

 

2.3 Experimental Procedure 

2.3.1 Characterization of ABS and HTPLA  
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ABS and HTPLA polymer filaments are characterized using the DHR3 Rheometer to 

obtain some rheological parameters (Table 2.1 and Table. 2.2), that are used in the 

governing equations of non-isothermal discretized model as given in Section 2.2. The 

polymer is molten between the parallel plates in the rheometer and subjected to 

oscillatory shear at different temperatures to obtain the viscosity of the polymer as 

shown in Fig. 2.1a. The ABS polymer has the viscosity of about 2 orders higher than 

HTPLA and it also exhibits some yielding behavior at low shear due to additives. Hence, 

the zero-shear viscosity of ABS is obtained by extrapolating the viscosity curve to 

mimic Cross model rheology. Other parameters such as activation energy, relaxation 

time, zero shear viscosity, mobility factor, solvent and polymer viscosity ratios of 

polymer melt is obtained by fitting of the data to the Giesekus constitutive model [Eq. 

(2.20) – Eq. (2.22)] as shown in Fig. 2.1b-c. In the Giesekus constitutive model, 𝜆G is 

the relaxation time of the polymer, 𝜆: is the retardation time, 𝛼 is the mobility factor 

and 𝛾 is the oscillatory shear strain. The fitted and measured rheological data of ABS 

and HTPLA melt are tabulated in Table 2.1 and 2.2, respectively.  These rheological 

data are used in modelling procedure in section 3.  

 e
e4
= H"

H0
+ (1 − H"

H0
) LGR@"M
(G9(GR:f)@)

  (2.20) 

 𝑓 = GRg
(G9(GR:f)g) 

 (2.21) 

 𝜒 = LG9G]f(GRf)(H0ḣ )"M
0
"RG

Vf(GRf)(H0ḣ )")
 (2.22) 
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Fig. 2. 1 Viscosity and temperature dependence of ABS and HTPLA melt at different 

oscillatory shear. 

 

 

Fig. 2. 2 (a) Fit of rheological data of ABS and HTPLA melt at 220°C to the Giesekus 

equation and (b) the Arrhenius equation. 

 
Table 2. 1 Material Properties of ABS used in the current study 
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Properties  Value Source 

Zero Shear Viscosity at 220°C, 𝜂[	(𝑃𝑎	𝑠) 12849 Measured 

Relaxation time, 𝜆G	(𝑠) 158.3 Fitted 

Activation energy of flow, 𝛥𝐻/𝑅!,	(𝐾) 8340.9 Fitted 

Density, 𝜌	(kg/mW) 1031 [26] 

Specific heat, 𝐶A	(𝐽/𝑘𝑔𝐾) 1990 [27] 

Electrical Conductivity, 𝐾	(𝑆/𝑚) ~10RGX [28] 

Surface tension, 𝛾	(𝑁/𝑚) 0.039 [29] 

Mobility Factor, 𝛼 0.008 Fitted 

Ratio of solvent to zero shear viscosity, 𝛽 0.057 Fitted 

 

Table 2. 2 Material Properties of HTPLA used in the current study 

Properties  Value Source 

Zero Shear Viscosity at 220°C, 𝜂[	(𝑃𝑎	𝑠) 614 Measured 

Relaxation time, 𝜆G	(𝑠) 8.3 Fitted 

Activation energy of flow, 𝛥𝐻/𝑅!,	(𝐾) 9006 Fitted 

Density, 𝜌	(kg/mW) 1240 [30] 

Specific heat, 𝐶A	(𝐽/𝑘𝑔𝐾) 1800 [31] 

Electrical Conductivity, 𝐾	(𝑆/𝑚) < 10RG[ [31,32] 

Surface tension, 𝛾	(𝑁/𝑚) 0.0435 [34] 

Mobility Factor, 𝛼 0.0085 Fitted 

Ratio of solvent to zero shear viscosity, 𝛽 0.265 Fitted 
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2.3.2 Experimental set up 

An existing Airwolf HD2x 3D printer is modified into a motionless 3D printer, where 

the nozzle and collector are held stationary, and the molten jet is maneuvered using the 

high voltage conducting points on the collector and their switching in time, as depicted 

in Fig. 2.3a. To print a 3D square, four conducting points are arranged in four corners 

of a square and voltage is switched ON and OFF sequentially from point 1 to 4 to form 

a square pattern. First point 1 is switched on till the polymer reaches the first conducting 

point. Next, point 1 is switched off and immediately point 2 is switched on till the 

polymer reaches point 2 and so on till the pattern is completed, as shown in Fig. 2.3b.  

 

Fig. 2. 3 (a) Schematic of an FDM 3D printer modified into a motionless 3D printer. 

(b) Schematic of pattern formed by voltage switching of conducting points. 

 

This switching of high voltage is controlled by a circuit, which is built using a 

combination of high voltage DC supply, high voltage relays, power switching mosfet, 

V
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Arduino and conducting points. A detailed schematic of the electrical circuit is 

presented in Fig. 2.4. The timing and switching of high voltage supplied to conducting 

points can be controlled using Arduino codes.  

 

Fig. 2. 4 Simple block diagram of electric circuit used to control motionless 3D 

printing. 

 

In the current setup, screws or aluminum tape are used as conducting points, 

which are arranged in a sequence depending on the 3D print pattern needed, with the 

nozzle centered above the conducting points. Patterns such as circles, squares and 3D 

walls are 3D printed using ABS and HTPLA experimentally with conditions mentioned 

in Table 2.3. At the same time, simulations are performed to gauge the appropriate initial 

conditions such as voltage, switching time, number of conducting points etc. required 

to obtain an accurate pattern. 

Table 2. 3 Typical experimental parameters used in motionless 3D printing 
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 Parameter Value 

 Flow rate 2 × 10RV	mW/s 

 Height from nozzle to collector 4	cm	(𝐴𝐵𝑆) 

  8	𝑐𝑚	(𝐻𝑇𝑃𝐿𝐴) 

 Voltage  10	𝑘𝑉 

 Print temperature 220	[𝐶(𝐴𝐵𝑆	and	𝐻𝑇𝑃𝐿𝐴) 

 Radius of nozzle 0.5	𝑚𝑚 

 

 

2.4 Results and discussion 

2.4.1 3D Circle 

ABS was motionlessly 3D printed into circles of 3.5cm radius using 8 conducting points 

as shown in Fig. 2.5, with the nozzle centered and 4 cm above the collector. The pattern 

is obtained by applying the equal voltage of 10kV but unequal switching time across 

the conducting points, with the corner conducting points (CCP) being switched on for a 

shorter duration of 1s and the middle conducting points (MCP) for 1.5s. Also, since the 

CCPs are further away from the nozzle than the MCPs, the melt polymer experiences 

less electric field towards the CCPs. Hence, due to unequal switching time and unequal 

electric force experienced, the ABS melt extruded bypasses the corner points and take 

a curved path to touch only the middle conducting points forming a circle. Simulations 

are conducted by applying the same initial conditions as the experiments, to obtain Fig. 

2.5b and it can be seen that the pattern predicted from discretized modeling simulation 

is close to the experimental results obtained (Fig. 2.5c). 
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Fig. 2. 5 ABS circular pattern formed using 4 conducting points (a) experimentally, 

(b) from simulation and (c) single layer comparison of experimentation and 

simulation. 

 

HTPLA circles are also 3D printed using the same technique as ABS circles with 8 

conducting points as shown in Fig. 2.6a. The simulation results are shown in Fig. 2.6b, 

which again shows an accurate prediction for HTPLA polymers, which has significantly 

different rheological properties with viscosity and relaxation time being two orders 

lesser than ABS.   
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Fig. 2. 6 HTPLA circular pattern formed with 8 conducting points (a) experimentally 

and (b) via simulation. 

 

2.4.2 3D square 

ABS 3D squares can be motionlessly printed using 4 conducting points in the four 

corners of a square at 4 cm distance from one another, with an equal voltage of 10kV 

and an equal switching time of 2.3s (Fig. 2.7a). Experimental results show some 

warping of the jet in the regions between conducting points whereas the simulation 

results predict an accurate square pattern (Fig. 2.7b-c).  
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Fig. 2. 7 ABS square pattern formed using 4 conducting points (a) experimentally, (b) 

from simulation and (c) single layer comparison of experimentation and simulation. 

 

As the number of conducting points were increased from four to eight, the 

accuracy of the printed pattern increased as shown in Fig. 2.8. To obtain a square with 

8 conducting points, unequal switching time was applied with longer pulse duration for 

CCPs. However, for the higher number of conducting points, it was harder to predict 

the switching time and accurately control it, making it difficult to obtain accurate 

multilayer pattern.   
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Fig. 2. 8 ABS square pattern formed experimentally (a) with 4 conducting points and 

(b) with 8 conducting points. 

 

It was more difficult to print HTPLA than ABS since HTPLA had more fluid 

like characteristics due to its lower viscosity. Squares were printed using a continuous 

conducting path made of aluminum tape to obtain pattern as shown in Fig. 2.9a. A 

continuous path is comparable to a path with infinite conducting points. This further 

demonstrates that accurate patterns can be obtained with increased resolution. However, 

the conducting path in this experiment is 0.5cm thick leading to slight misalignment in 

the multiple layers of the 3D square. These results were comparable with discretized 

modeling simulation results with 4 conducting points (Fig. 2.9b). The squares obtained 

from simulations have sharp edges, whereas the experiments led to squares with 

rounded edges in both HTPLA and ABS. Possibly due to inertia, sharp edges are 

difficult to obtain experimentally, since the 3D printer has less flexibility to adjust the 

flow rate, while the discretized model is based on Stokes’s flow where inertial forces 
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are assumed to be small compared with viscous forces. Reducing the melt polymer 

extrusion speed as the polymer approaches the edges could improve the results.  

 

Fig. 2. 9 HTPLA square pattern formed (a) experimentally with continuous 

conducting path and (b) via simulation with 4 conducting points. 

 

2.4.3 3D wall 

HTPLA 3D walls were printed by using 2 raised conducting points on the same axis, 

separated by 6 cm with a switching time of 3s as shown in Fig. 2.10a. There was slight 

looping towards the end due to cooling of HTPLA fibers, but the pattern traced the same 

path each time. This demonstrates that highly repeatable patterns can be motionlessly 

3D printed with accurate switching time and voltage. Simulation of HTPLA with 2 

raised conducting points shows results which are similar to the experimental results 

obtained (Fig. 2.10b).  
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Fig. 2. 10 HTPLA curved 3D wall pattern formed using 2 conducting points (a) from 

experiments and (b) from simulation. 

 

Although the experimental results are in agreement with predicted simulation 

results, the accuracy of fiber deposition and alignment of subsequent layers are not 

perfect in due to several reasons: i) distortion due to the screws (conducting points) 

obstructing the polymer filament depositing on the collector. However, raised 

conducting points lead to more accurate patterns since they guide the jet at an earlier 

stage in the air before it deposits onto the collector. ii) quenching of the polymer jet, 

which hinders subsequent layers from fusing with the previous layer to form separate 

strands. Also, as the jets cool down, its electrical conductivity reduces making it more 

difficult for the fibers to be directed. Delaying the cooling of jet by creating a hotter 

surround air could help in better alignment of fibers due to higher electrical conductivity 

of polymer fibers in its melt state. iii) the extrusion of polymer is not coordinated with 

the beginning of switching of conducting points. In the current set up, the voltage 

switches from one conducting point to another, in a constant loop as the fiber is 

extruded. The fibers eventually align themselves to the constant code of switching 
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circuit after one or two layers of fiber deposition. However, the initial non aligning 

layers can act as a hindrance to accurate patterns being formed in the subsequent layers. 

So, the accuracy of deposition of fibers can be improved by coordinating extrusion of 

polymer with conducting point circuit using some motion sensors. Having a more 

sophisticated circuit with less delay time and greater resolution (more conducting 

points) can lead to deposition of patterns similar to the modelling results.  

 

2.4.4 Effect of voltage and switching time  

Simulation results can be used to decide the experimental conditions to be applied to 

get accurate 3D print patterns. The modelling results in the section demonstrate the 

effect of parameters such as switching time, distance of nozzle from collector and 

voltage strength for 4 conducting points (Fig. 2.11-Fig. 2.13) and 8 conducting points 

(Fig. 2.14).  

Modelling results indicate that when switching time is low, for conducting 

points at optimized voltage of 10kV as seen in Fig. 2.11a, the fiber patterns do not reach 

the corners fully and are distorted. When the switching time is optimized, the melt jet 

effectively reaches the corners to form a defined square pattern (Fig. 2.11b). The 

modelling results, however, have smaller order of switching time since the delay or lag 

of equipments associated with experimentation is not taken into account. 
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Fig. 2. 11 ABS square pattern formed from simulation of 4 conducting points (a) at 

low switching time and (b) at optimized switching time. 

 

Along with the distance and switching time between the conducting points, the 

distance between the nozzle and the collector also has an effect on the pattern formed. 

From Fig. 2.12, it can be seen that, even when there is an insufficient electric field for 

fiber pattern formation, as the distance of the nozzle from the collector increases, the 

polymer melt has more time to be electrified and maneuvered by the conducting points, 

making it reach the conducting points further.  
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Fig. 2. 12 ABS square pattern formed from simulation with the nozzle at a distance of 

(a) 0.02m, (b) 0.05m and (c) 0.1m from the collector. 

 

The voltage is another important parameter in obtaining accurate print patterns. 

It can be seen from Fig. 2.13 that, as voltage decreases below 5kV, the ability polymer 

deposited to reach the CCPs significantly decreases. For the square pattern deposition, 

conducting points were placed 4cm away from each other and with nozzle at 5 cm above 

the collector. There was an agreement in the experimental results with the modelling 

when the same initial parameters were used where, it was observed that 5kV acted as a 

sort of the threshold voltage for polymer fibers to be deposited onto the collector in a 

controlled manner. However, when voltage was increased beyond 10kV, it was difficult 

for the polymer to switch directions from one conducting point to another. The polymer 

fiber seemed to stick to a conducting point for a longer duration of one or two seconds, 

even after the conducting point was switched off, due to the residual charge in the 

polymer. The most optimal voltage for ABS pattern deposition was found to be between 

8kV to 10kV and for HTPLA, a higher voltage of 10kV - 14kV was more effective. Due 

to this high voltage requirement of 10kV, there are several problems with short 

circuiting of the high voltage conducting points with the nozzle, causing damage to the 

Rambo of the 3D printer. Distancing the nozzle from the collector along with creating 

a heated environment around the extrusion area would be beneficial in obtaining better 

patterns and eliminating short circuit problems.  
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Fig. 2. 13 ABS square pattern formed from simulation with 4 conducting points at (a) 

10kV, (b) 5kV, (c) 3kV, (d) 2kV and (e) 1kV. 

 

For 8 conducting points, we can see from Fig. 2.14a and Fig. 2.14b that perfect 

square can be obtained by either unequal switching times with longer pulse duration for 

corner points or by applying unequal voltage with higher voltage at corner points. This 

implies that the best conditions to apply in experiments to get a more accurate square 

would be to apply both unequal switching time with longer pulse duration in CCP and 

unequal voltage with higher voltage at CCP. By reversing the pulse duration i.e., 

keeping voltage on for longer duration at central points than the corner points, circular 

pattern can be formed as seen in Fig. 2.14c. Using the same technique of unequal 

switching time in experiments as shown in Fig. 2.5 and Fig. 2.6, to obtain squares and 

circles works effectively. Another strategy that emphasizes the importance of unequal 
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voltage is shown in Fig. 2.14d, where though pulse duration is longer for central points, 

but the higher voltage at corner points ‘take over’ to ultimately form a square pattern.  

 

Fig. 2. 14 ABS square pattern formed from simulation of 8 conducting points (a) with 

equal switching time and higher voltage at end conducting points, (b) equal voltage 

and longer pulse duration for end conducting points, (c) equal voltage and shorter 

pulse duration for end conducting points and (d) shorter pulse duration and higher 

voltage at end conducting points. 
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2.5 Conclusion 

In the current work, a motionless 3D printer based on a fixed nozzle of a conventional 

FDM 3D printer with electric switching points on the collector is studied experimentally 

and theoretically. Patterns such as circle, square and wall were 3D printed without the 

motion of nozzle and collector, by using the electric force to drive the melt polymer jet. 

Discretized, non-isothermal modelling is also developed to study the motionless 3D 

printer set up. This is done by incorporating energy balance equations to the bead and 

spring modeling to account for cooling of polymer jet after extrusion from the heated 

nozzle. In addition, the rheological behavior of this non-isothermal jet is modeled using 

non-isothermal Giesekus model. 

Non isothermal bead and spring modelling served as an effective tool to predict 

process conditions for the experiments. The effect of number of conducting points, 

switching time and voltage was explored for various types of patterns to optimize the 

process. The model is very versatile, it has been successful in predicting patterns formed 

by both ABS and HTPLA which differ in relaxation time and viscosity by several 

orders. 3D circles were accurately printed using ABS and HTPLA with close 

comparison to the predicted modeling results. 3D squares, on the other hand, were more 

difficult to print but increasing the number of conducting points improved the accuracy 

of the 3D print. The HTPLA 3D wall proves that multilayer patterns tracing the same 

path can be printed with optimized voltage and switching time. Heated air around the 

3D printer, coordinating extrusion of polymer with the circuit, using close by conducting 

points with faster voltage switching system will be implemented to improve the 

alignment of 3D print patterns in motionless 3D printing. 
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CHAPTER 3 

MOTIONLESS MELT ELECTROWRITING BASED ON CONTROLLED 

DEPOSITION OF ELECTRICALLY CHARGED MELT POLYMER JET USING 

PROGRAMMABLE ELECTRIC RELAY: DISCRETIZED MODELING AND 

EXPERIMENTS 

3.1 Introduction 

Melt electrospinning is a form of electrospinning where a polymer melt is used to form 

fibrous material which has diverse applications in filters, textiles, and tissue engineering 

[1-4]. It is considered as a technique that bridges the gap between additive 

manufacturing, such as FDM 3D printing and solution electrospinning [1]. In melt 

electrospinning, fibers of small diameters down to sub-micron range can be obtained 

with relatively larger nozzles compared to FDM 3D printing where ~100 micrometers 

is the limit [5-6].  This can be attributed to the thinning of polymer jet during 

electrification between the nozzle and the collector [7]. In FDM 3D printing, small 

nozzles are necessary to obtain fibers of small diameter since the driving force is high 

pressure to push the melt polymer. On the contrary, it is possible to obtain high 

resolution prints from melt electrospinning and is considered as a viable additive 

manufacturing procedure. Also, in fibers drawn by melt electrospinning are not subject 

as much whipping motion compared to other electrospinning techniques. Dalton et al 

demonstrated that straight fibers can be drawn accurately without any instabilities while 

using narrow deposition areas [8]. 

 In the current work, melt electrospinning is modified to motionlessly 3D print 

patterns by using electric field between the nozzle and the collector to guide the melt 
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jet. Localized electrodes on the collector are switched on and off periodically to direct 

the jet and obtain a pattern. Motionless melt electrospinning offers advantages such as 

high resolution, reduced print times and low noise [7,9,10]. Motionless melt 

electrospinning offers the flexibility to apply voltage at the nozzle and it supports a 

wider range of flow rates. Application of voltage at the nozzle charges the melt polymer 

jet at an earlier stage in their trajectory, leading to higher resolution fibers. Flexibility 

in flow rate rage and low flow rates are especially important when the jet needs to take 

a sharp turn at corners to avoid rounding due to inertia that is present at higher flow 

rates. Conventional 3D printers have flow rates that can be typically adjusted between 

90% to 110% of its flowrate. Whereas syringe pumps used for melt electrospinning can 

have flow rates ranging from picolitre/minute to milliliter/minute which allows for 

greater flexibility in printing.  

 Like Chapter 1, discretized non isothermal bead and spring model is used for 

simulation study. Since voltage is applied to both the nozzle and the conducting points 

on the collector, simulations can be useful to predict the ratio of voltage to be applied 

for accurate print patterns. Other parameters such as switching time between conducting 

points and distance between nozzle and collector can also be predicted using 

simulations. The optimized results obtained via simulation are used in experiments and 

are also used to verify simulation results.  

 

3.2 Experimental set up 

The experimental set up of motionless melt electrospinning is illustrated in Fig. 3.1. 

HTPLA is used in the experiments due to its low viscosity of 614 Pa.s at 220℃. The 
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polymer is melted at 220 ℃ and the flow of the melt polymer is due to gravity since 

external pumps are not used. High voltage of 5kV and -5kV is supplied at the nozzle 

and the collector respectively with a distance of 4 cm between them.  The metal syringe 

is encased in a ceramic cylinder to prevent short circuiting of the syringe with the heater. 

Also, the collector consists of an array of conducting points which are switched on and 

off in a sequence to motionlessly print patterns as shown in Chapter 1.  

 

Fig. 3. 1 Schematic of a motionless melt electrospinning set up. 

 

3.3 Results and discussion 

3.3.1 Effect of voltage ratio  

Discretized Non isothermal bead-spring model described in chapter 1 is used to obtain 
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the electric field at the nozzle and the electric field at the collector. Experimentally, for 

voltage ratio starting from 0kV at the nozzle and -10kV at the collector and upto 6kV at 

the nozzle and -4kV at the collector, the fibers coming out of the nozzle could be 

directed onto the conducting point at the collector. But for nozzle voltage ratios beyond 

7kV at the nozzle to -3kV at the collector, the fiber jet coming out of the collector could 

not be deposited in a controlled manner. Due to this difference in jet behavior, two 

different electric field equations were used to predict the print pattern formed and to 

decide the optimal voltage to be used. A summary of experimental observations and 

modelling equations used based on the observation is tabulated in  

 

Table 3. 1 Summary of experimental observation and electric field description in 

modelling for different voltage ratios 

Technique  Nozzle 

voltage 

Collector 

voltage 

Driving 

force 

Controlled 

deposition 

(Yes/No) 

Electric field 

description in 

modelling 

Motionless 

3D Printing 

 0kV -10kV Gravity Yes 

Uniform 

Electric Field 

1kV -9kV Gravity Yes 

2kV -8kV Gravity Yes 

3kV -7kV Electrically 

driven 

Yes 
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Motionless 

Melt 

Electrowriting 

4kV -6kV Electrically 

driven 

Yes 

Diverging 

Electric Field 

 

5kV -5kV Electrically 

driven 

Yes 

6kV -4kV Electrically 

driven 

Yes 

7kV -3kV Electrically 

driven 

No 

8kV -2kV Electrically 

driven  

No 

9kV -1kV - - 

10kV 0kV - - 

 

 

 For nozzle voltages upto 6kV, uniform electric field between the nozzle and 

collector is assumed and the electric field equations are given by Eq. (3.1) where 𝑉[ is 

the voltage at the nozzle and h is the distance between them. For nozzle voltages beyond 

6kV, diverging electric field was assumed at the needle tip to predict print pattern 

formed, given by Eq. (3.2), where 𝑎[  is the radius of the jet, at a distance 𝑧!  from the 

nozzle [11]. Both the electric field equations have 2 components: i) Due to the voltage 
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at the nozzle, 𝑉[ and ii) due to the coulombic interactions of bead ‘i’ with the rest of the 

beads j with charge 𝑞c at a distance 𝑧!c. Electric field due to high voltage at the collector 

is assumed to be uniform electric field at all voltages. So, the total electric field 

experienced at bead ‘i’ is a sum of electric fields experienced due to high voltage at the 

nozzle and the collector.  

 𝑬𝒆,𝒊 = − :_4

j)49:k!R
6!"

74
l%BmG987(4

n
𝒆𝒛 +

G
Y$a4

∑ b5
k!5
1 𝒛𝒊𝒋cd!  (3.1) 

 𝑬𝒆,𝒊 = − _4
Q
𝒆𝒛 +

G
Y$a4

∑ b5
k!5
1 𝒛𝒊𝒋cd!  (3.2) 

 At very low voltages at the nozzle (< 3kV), the diameter of jet printed is of the 

order of needle diameter in millimeter range and the flow rate is due to gravity. At higher 

nozzle voltages of 4kV or above, fibers of micrometer range are formed very rapidly 

indicating that the fibers are being electrospun, which is different from motionless 3D 

printing. From the modelling results, it can be seen that the ratio of 5kV: -5kV works 

best to get accurate patterns via motionless melt electrospinning (Fig. 3.2a-i).  
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Fig. 3. 2 HTPLA square pattern formed when (a) collector voltage is -10kV and nozzle 

voltage is 0kV, (b) collector voltage is -9kV and nozzle voltage is 1kV, (c) collector 
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voltage is -8kV and nozzle voltage is 2kV, (d) collector voltage is -7kV and nozzle 

voltage is 3kV, (e) collector voltage is -6kV and nozzle voltage is 4kV, (f) collector 

voltage is -5kV and nozzle voltage is 5kV, (g) collector voltage is -4kV and nozzle 

voltage is 6kV and (h) collector voltage ranges from 7kV to 10kV and nozzle voltage 

ranges from -3kV to 0kV. 

3.3.2 Experimental and Simulation Results 

Lines were attempted to be printed using motionless melt electrospinning by applying 

5kV: -5kV as the voltage ratio between nozzle and collector, 0.2ms as switching time 

between conducting points and 3 cm between conducting points. Since the fibers formed 

are much smaller compared to the conducting points used, a unidirectional HTPLA fiber 

mat with fibers weaving back and forth between the two conducting points were formed 

instead as a result (Fig. 3.3).  

 

Fig. 3. 3 Unidirectional HTPLA fiber deposition between two conducting points 

 

 The electric field is experienced earlier by the jet, and it electrifies the melt 

polymer resulting in high resolution fibers in micron range with print times 10 times 

faster than motionless 3D printing. A comparison of driving forces and results obtained 

by motionless melt electrospinning and motionless 3D printing is given in Table 3.2. 
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Table 3. 2 Comparison between motionless 3D printing and motionless melt 

electrowriting 

 

Simulation of motionless melt electrowriting system with the same initial conditions as 

the experiments leads to fiber patterns as shown in Fig. 3.4. Due to the use of 

conducting points that are much larger than the fiber diameter formed, the deposition 

of fibers on the conducting points is spread out to form a two-dimensional fiber mat 

instead of 3D structures. As seen from the simulation results, different patterns such as 

squares can be formed experimentally by using more conducting points and by the use 

of a more precise circuit to control the voltage supplied.   

Parameter Motionless 3D printing Motionless melt electrowriting 

Driving force Pressure Driven Electrically driven 

Typical fiber 

diameter 

0.3 mm 2-50 micrometer 

Print Speed (per cm) 0.5s 0.05s 

Flow rate 0.2mL/min (75%-125%) pL/min to mL/min 

Voltage Collector Nozzle and collector 
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Fig. 3. 4 (a) Simulation of line pattern formed due to 2 conducting points and (b) square 

pattern formed due to 4 conducting points.  

3.4 Conclusion 

 In the current work, a melt electrospinning set up was modified to motionlessly 

electro write patterns using HTPLA polymer melt. This was achieved by encasing the 

heated syringe in an electrically insulating ceramic case to supply positive voltage to 

it. On the other hand, the collector had an array of high voltage electrodes that were 

programmed to switched on and off periodically to print desired patterns. Discretized 

non isothermal bead-spring model was used to predict the optimal voltage required for 

printing accurate patterns. Using the optimized parameters from modeling as initial 

conditions for experiments, high resolution fibers were obtained with print times ten 

times faster than motionless 3D printing. In the future, more complex fiber patterns 

can be printed using a more sophisticated circuit to control the fast, high resolution 

patterns.  
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CHAPTER 4 

FUTURE WORK 

4.1 Chapter 1 

 Motionless 3D printing could be improved in several ways to get more 

accurate and repeatable patterns. To get accurate 3D patterns motionlessly printed 

layer by layer, a more sophisticated circuit is required which consists of a combination 

of uniform array of conducting points and jet deflecting electrodes on the collector 

(Fig. 4.1). The conducting points on the collector are useful for the first few layers and 

the jet deflecting electrodes could then be used to build upon the foundation to 

motionlessly stack layers one above another [1].  

 

Fig. 4. 1 Schematic of FDM 3D printer modified to motionlessly 3D print patterns 
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 But by using multiple high voltage sources in the environment, static charge 

tends to accumulate over time to short circuit and cause problems to the Rambo of the 

3D printer. Rivera and Hudson have modified a 3D printer to work in both 3D printing 

mode and electrospinning mode by isolating the high voltage components from 3D 

printer electronics using optocouplers, which prevents damage to the Rambo of the 3D 

printer [2]. This would allow for the usage of deflecting electrodes and high voltage 

conducting for longer periods and at higher voltages.  
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