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Abstract:  7 

Melt electrowriting (MEW) is an electrohydrodynamics (EHD)-based additive 8 

manufacturing paradigm for printing microscale fibers. Although models for charge 9 

transport during EHD printing have been described, significant challenges arise from the in-10 

process charge dynamics in MEW process, which limits the achievable print resolution. 11 

This paper advances a methodology to analyze the effects of charge dynamics on the MEW-12 

printed structure resolution. First, fibers printed with an oscillating toolpath exhibit two 13 

distinct alignment patterns with constituent fibers either successively overlapping along the 14 

toolpath or diverging into individual fibers without apparent overlap on conductive and non-15 

conductive substrates, respectively, pointing to the existence of inter-fiber charge 16 

phenomena. Next, a set of straight fibers are printed on two types of substrates to investigate 17 

the relationship between the prescribed inter-fiber distance (set Sf) and measured Sf. Both 18 

repulsion (measured Sf > set Sf) and attraction (measured Sf < set Sf) are observed. Moreover, 19 

a mathematical model based on line-point charge interactions is advanced to explain the 20 

fiber attraction-repulsion phenomenon. Finally, residual charge measurements with a 21 

customized Faraday Cup reveal that printed scaffolds on conductive and non-conductive 22 

substrates are negatively and positively charged for residual charge, respectively. 23 
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1. Introduction 25 

Additive manufacturing (AM) processes enable the fabrication of complex structures for 26 

engineered tissue applications [1–4]. Among the established AM techniques, melt 27 

electrowriting (MEW) based on the electrohydrodynamical (EHD) phenomenon [5–7], is a 28 

prevailing technique to fabricate fibers at the micron to sub-micron scale. MEW has shown 29 

biological applications due to its solvent-free processing characteristics compared to its 30 

solution counterpart [8–10]. The 3D biomaterial-based porous constructs produced in this 31 

way, termed scaffolds, are mainly used as engineered tissue models, typified by ordered 32 

porous microarchitecture [11–13]. The two key measurement outcomes of the fabricated 33 

MEW structures are tailored fiber diameter and alignment of fibers. Recently, significant 34 

efforts have been made in terms of the process optimization to achieve a uniform fiber 35 

diameter by altering the key parameters such as applied voltage, polymer temperature, 36 

volumetric flow rate, and the tip-to-collector distance [6,14–16]. Traditionally, the second 37 

feature relating to the tight control over the orderly alignment of fibers and layers, is a 38 

comparatively neglected research direction, which is commonly believed to be dependent 39 

more on electro-mechanical process control. However, as in other EHD produced outcomes, 40 

the residual charge acquired by MEW fibers has been shown to cause intra-process jet 41 

instabilities, directly affecting the deposition accuracy. Therefore, the achievable inter-fiber 42 

distance is limited. The observed repulsion between adjacent printed fibers has been reported, 43 

whereby the residual charge is presumed to affect the electric field when the structural print 44 

reaches a prescribed number of layered fibers [17]. However, fundamental mechanism of 45 

how the charge can affect the printed fiber is still challenging in MEW process although the 46 

charge transport mechanism is well-established for a solution electrospinning process [18–47 

20]. During the solution electrospinning process, the positive charges are transferred from 48 

the nozzle to the solution. Before the jet impacts the collector plates, charges can be 49 
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dissipated through coronal discharge, solution vaporization and charge removal by humidity 50 

[18]. Upon deposition, partial charges, termed residual charges, are retained in the deposited 51 

fibers since the electrospun fibers are essentially electrets, a dielectric material capable of 52 

retaining charges at steady state [21]. Other charges are transferred to the collector substrate 53 

and flow to the negative electrode of the high voltage source. The residual charges have been 54 

shown to cause the instability of printing fibers, resulting in a conical accumulation shape on 55 

a stationary collector. Specifically, when a lateral perturbation grows in response to the 56 

repulsive forces between adjacent elements of charge carried by the fiber, the motion of the 57 

jet segments rapidly evolves into an electrically-driven bending instability [20,22,23]. 58 

However, the mechanism of how charge affects the jet instability explains more of the 59 

underlying physics when the fiber are “in-flight” rather than deposited well-aligned fibers. 60 

Such explanations are not applicable to the current MEW process under study. Specifically, 61 

the fundamental issue that occurs in MEW is stated as follows: When printing at a close inter-62 

fiber distance, a minimum ratio of inter-fiber distance to fiber diameter (Sf/df) is determined 63 

to be 12, below which the adjacent fibers will either fuse into a single fiber or undergo 64 

repulsion [6]. Evidence points to the fact that the residual charge is one of the critical barriers 65 

to achieve precise fiber placement towards a highly ordered 3D mesh structure. However, 66 

there exists limited literature that quantitatively describes the charge transport phenomena 67 

between the deposited fiber and collector substrate, along with the effect of residual charge 68 

on the ratio of the inter-fiber distance to the fiber diameter. Furthermore, there have been few 69 

reported measurements of the residual charge due to its nanoscale magnitude [19,24]. 70 

To fill these knowledge gaps in printing uniform and highly ordered microstructures, a 71 

systematic, mechanistic study is advanced herein to explore the effects of charge on printed 72 

fiber outcomes by way of quantitative measurements and a preliminary mathematical model. 73 

Based on the experiments conducted on different conductive coverslips as substrates 74 
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investigation of the charge effect on fiber alignment, this paper aims to provide needed 75 

insights into how residual charge compromises tight control over the orderly alignment of 76 

fibers under the emerging MEW paradigm to produce engineered scaffolds with precise 77 

control over structural properties. 78 

2. Materials and Methods  79 

2.1. Material and system configuration 80 

Poly(ε-Caprolactone) (PCL) polymer in pellet form is selected for the MEW process 81 

with an average molecular weight of 45,600 g/mol and polydispersity of 1.219 (Capa6500, 82 

Perstop Ltd. of UK). The MEW system applied in this paper is schematized in Figure 1. PCL 83 

melt is loaded in a glass Luer-lock 5 mL syringe (Hamilton, USA),which is extruded by a 84 

programmable syringe pump (Harvard Apparatus, USA) at a volumetric flow rate (Qv) of 25 85 

μL/h for all the experiments. The syringe barrel is heated by the industrial heat gun (Steinel, 86 

HG 2510 ESD, DE) set at 170 °C along the heat tunnel and the underside of the heat tunnel 87 

is penetrated by the nozzle, surrounded by thermal insulation tape. The length of the exposed 88 

nozzle is around 2 mm. An approximate voltage of 10 kV is applied between the nozzle tip 89 

 

Figure 1. The MEW system configuration and details of the collector design 
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and a grounded copper collector plate by a high voltage source (Gamma, USA). An X-Y 90 

stage (ASI Inc., USA) and the collector plate are sequentially mounted on a lab jack (Newport 91 

281, USA). The distance between the nozzle tip and the collector plate (Dtc) is 12 mm. The 92 

temperature at the base of the syringe barrel is monitored with a FLIR thermometer (Cole-93 

Parmer, USA) and kept at 59.5±1 °C. The ambient temperature and relative humidity is 94 

monitored with a multimeter (Extech Instruments, USA). Two types of fiber collecting 95 

surfaces are used in the experiments, namely an indium tin oxide (ITO) coated conductive 96 

substrates (SPI supplies, USA) with a resistivity range of 70-100 ohms and dimensions of 97 

70×50 mm and a non-conductive polystyrene (PS) substrates (Fisherbrand, USA) with 98 

dimensions of 70×50 mm. PS refers to the non-conductive substrate all experiments unless 99 

stated otherwise. Table 1 lists the typical parameters and their range of values for the MEW 100 

process. In this paper, the conductivity of collection substrates and the user input Sf (set Sf), 101 

along with the process voltage and temperature are key parameters investigated.   102 

2.3. Imaging and data analysis 103 

An inverted motorized microscope (IX83, Olympus, USA) along with its imaging 104 

processing software (CellSens 2.11) is used to image and characterize all samples. A 20× 105 

objective lens with a magnification set at 12.6 is adopted for all samples. A 1080P,60 fps, 106 

industry microscope camera with 0.5× to 4.5× objective (Lapsun, CN) is used to take high 107 

resolution images and video of the printing process. 108 

Table 1. The MEW process parameters and experimental values. 

Parameters Values 

Polymer temperature (Tp) 59.5±1 °C (measured) 

Applied Voltage (V) 10 kV 

Stage translational speed (vs) 1~50 mm/s 

Volumetric flow rate (Qv) 25 µL/h 

Tip to collector distance (Dtc) 12 mm 

Inter-fiber distance (Sf) 0-1500 µm 

Set temperature range (Ts) 170 °C 
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3. Results 109 

3.1. Effect of substrate conductivity on fiber alignment 110 

 During the MEW process, key parameters including voltage V, temperature Tp, 111 

volumetric flow rate Qv, and tip-to-collector distance Dtc have been previously identified 112 

 

Figure 2. The printed fiber alignment patterns observed on two substrates with variable electric 

conductivities that are mounted in series on a moveable collecting stage: (a) Fibers precisely 

overlap on the conductive substrate and diverge into individual fibers on the non-conductive 

substrate; Lower left inset: color image of two groups of printed fibers (100 fibers each) (b) 

Schematic of printing configuration depicting the stage oscillating along a single toolpath; (c) 

Number of upper fibers and lower fibers are symmetric relative to the centerline prescribed by 

toolpath; (d) Symmetric plot of the distance from the upper and lower fibers to the central line 

along with their frequency. (e)-(g) Schematic illustrating the disposition for two groups of fibers 

printed for a theoretical case where no fiber repulsion compared to the actual result observed 

showing that the successively deposited fibers on non-conductive fibers are repulsed downwards. 
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[15,25–27]. However, the residual charge on fibers are demonstrated to have a significant 113 

effect on the inter-fiber spacing between aligned fiber prints. In this section, a set of 114 

qualitative experiments are designed to reveal the effect of substrate conductivities on the 115 

fiber alignment geometry. First, the key parameters required for stable jet formation are 116 

prescribed at: V=10kV, Qv=25µL/h, Tp=58.5°C, Dtc=12mm. Two coverslip substrates with 117 

different conductivities are mounted in series on a translating stage to collect the printed 118 

fibers. The stage oscillates along the prescribed toolpath at a speed of 35mm/s. As a 119 

demonstration, 50 cycles of fibers are printed along a lateral center line distance of 35 mm 120 

that is coincident with the prescribed toolpath. According to Figure 2(a), distinct fiber 121 

alignment patterns are observed for the fiber deposition onto the left conductive substrate 122 

compared to the right non-conductive substrate. Specifically, 100 printed fibers are shown to 123 

precisely overlap on the conductive substrate and diverge into distinct individual fibers on 124 

the non-conductive substrate. In Figure 2(b), a schematic of the printing configuration is 125 

shown, in which the translating stage oscillates back and forth between the aligned substrates. 126 

As a result, the upper image in Figure 2(c) shows the color image of two groups of printed 127 

fibers, where the upper and bottom fibers are symmetrically distributed. To confirm that the 128 

newly deposited fibers are repulsed by previous fibers, a measurement of distance from upper 129 

and lower fibers to the center line coinciding with the prescribed toolpath, along with their 130 

frequency are plotted in Figure 2(d). Based on an individual fiber count, an approximately 131 

equal number of diverging fibers are deposited on each side of the centerline (i.e. 49 and 51 132 

for upper and lower fibers, respectively). Each fiber is numbered (indexed from 1 to 49 for 133 

upper fibers and 1 to 51 for lower fibers) based on increasing distance from the center line. 134 

The distance of the upper fiber and lower fiber with the same index establishes the x and y 135 

coordinate values of the corresponding point in Figure 2(d), respectively. The obtained points 136 

are observed to be closely distributed along the line y = x. Additionally, considering the 137 
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frequency distribution, it is clearly shown that upper fibers and lower fibers are not only 138 

symmetrical but also evenly distributed with respect to the center line. To further validate the 139 

fiber repulsion phenomenon, Figure 2 (e)-(g) show the schematic of two groups of fibers 140 

printed with a 35mm centerline distance. The dtop and dbottom represent the distance between 141 

uppermost and bottommost fibers to the center line, respectively. Actual measurement result 142 

shows the later deposited fibers (bottom group) on non-conductive fibers are repulsed 143 

downwards overall, which results in dbottom>dtop. 144 

3.2. Effect of substrate conductivity on inter-fiber distance (Sf) 145 

According to the results shown in section 3.1, fiber spacing or alignment mechanism are 146 

affected greatly by substrate conductivity. This section aims to investigate quantitative 147 

relationship between user set Sf and measured Sf. Experimentally, the deposition of two fibers 148 

cannot be positionally controlled when the set Sf is smaller than 8df  [6]. Empirically, the 149 

fiber entrapped charges are considered as the contributing factor to this fiber positional 150 

constraint. In this section, a set of parallel fibers are printed on two types of substrates with 151 

different conductivities. It is assumed that the conductive coverslip serves as a fiber substrate 152 

to promote the release of fiber entrapped charge after the fiber is deposited. In Figure 3 (a) 153 

and (c), an identical square wave patterned toolpath is designed for both experimental 154 

substrate samples (PS substrate as non-conductive, ITO coated glass substrate as conductive). 155 

Two aligned fibers are assigned to a group with set Sf = 200 µm within each group and set Sf 156 

= 2000 µm between groups. Figure 3 (b) displays measured Sf of grouped fibers on each 157 

substrate. The fibers on the non-conductive substrate yields a larger measured Sf compared 158 

with set Sf, as indicated by the solid red line. In contrast, the measured Sf on the conductive 159 

substrate is slightly smaller than the set Sf. The df is also plotted to show repeatability for the 160 

printed fiber diameter parameter. The Figure 3 (f) schematic demonstrates groups of paired 161 

fibers printed with their relative positions varying a function of the substrate conductivity. 162 
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The newly printed fiber tends to be attracted by the pre-existing fiber if the substrate is 163 

conductive, and repelled on a non-conductive substrate. This phenomenon is further verified 164 

by the captured images along the print direction in Figure 3 (d) and (e). For the two fibers 165 

shown in Figure 3 (f), the first fiber is vertically deposited at a designated position, the second 166 

fiber is deposited to the left of the first fiber at a set Sf = 50 µm. It is observed that the newly 167 

printed fiber is attracted and adheres to the preexisting fiber, where the fiber jet is deflected 168 

sideways in the direction perpendicular to the print direction. On the other hand, when the 169 

two fibers are deposited onto a non-conductive substrate, repulsion exerted on the newly 170 

printed fiber is observed, deflecting the jet away from the preexisting fiber. This phenomenon 171 

demonstrates the differential effects of substrate conductivity on the measured Sf compared 172 

to the set Sf at smaller set Sf regimes.  173 

3.3. Relationship between set Sf and measured Sf on variable substrate conductivities 174 

 

Figure 3. The effect of substrate conductivity on inter-fiber distance (Sf): (a), (c) The fibers 

deposited on non-conductive substrate and conductive substrate; (b) Measured Sf of the samples 

printed in (a), (c); (d)-(e) Attraction and repulsion phenomenon observed perpendicular to the 

print direction; (f) Schematic shows how two fibers are printed and possible relative positions. 
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In this section, the aim is to understand the relationship between measured Sf and set Sf 175 

on substrates with divergent conductive properties. For visualization, Figure 4(a) shows 176 

 

Figure 4. Relationship between set Sf and measured Sf on substrate with different conductivities; 

(a) The printed fibers on two aligned substrates where the left is non-conductive, and the right is 

conductive; (b) Measurement of df as a function of set Sf on two substrates; (c) The ratio of 

measured Sf over measured df ; (d) Measured Sf as a function of set Sf on two substrates, where 

measured Sf is larger than set Sf on the non-conductive substrate, and measured Sf is smaller than 

set Sf on the conductive substrate. When the set Sf is lower than 60 µm, the two fibers on the 

conductive substrate exhibit overlap; (e) Scale bar shows charge interaction between two fibers. 
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printed fibers on two aligned substrates, where the measured Sf on a non-conductive substrate 177 

is larger than that on a conductive substrate. For quantitative analysis, several groups of fibers  178 

with set Sf from 0-1500 µm are printed on the two substrate types. Specifically, the interval 179 

is 10 µm when set Sf is prescribed for the 0-100 µm range while the interval is 100 µm for 180 

the 100-1500 µm range. Furthermore, Figure 4(b) shows the plot of the fiber diameter df for 181 

all samples ranging from 10.7 µm to 16.38 µm with an average df = 13.39±1.38 µm, thereby 182 

indicating stability of the measured fiber diameter parameter during printing. The measured 183 

Sf/df as a function of set Sf is plotted in Figure 4(c). This ratio is considered as a critical 184 

indicator to evaluate how closely the adjacent fibers can approach each other. It is noted that 185 

the smallest Sf/df achieved is 3.30 on the conductive substrate. Since the df parameter is stable, 186 

the measured Sf is plotted in Figure 4(d) as a decoupled parameter to evaluate the fiber-fiber 187 

interaction caused by residual charge. The trend of measured Sf as a function of set Sf on the 188 

two substrates reveal an imbalance of forces exerted on the deposited fibers attributable to 189 

the substrate conductivity. In Figure 4(d), the measured Sf on the non-conductive substrate is 190 

consistently observed to be larger than the set Sf until set Sf > 1300µm. A decrement in the 191 

parametric difference (i.e. measured Sf  – set Sf) is observed as the set Sf increases since the 192 

square trend line denoting the measured Sf approaches the red dashed line denoting the set Sf. 193 

On the other hand, the measured Sf on the conductive substrate approximates set Sf when the 194 

set Sf is above 500 µm, smaller when the set Sf is between 60-500 µm, and equals to 0 (i.e 195 

fiber overlap) when the set Sf is smaller than 60 µm, (circled in Figure 4 (d)). This indicates 196 

that an attractive resultant force on a second fiber becomes stronger as set Sf decreases. It is 197 

worth noting that, when the two fibers overlap, the fibers are aligned vertically in the layering 198 

direction (see image aside from the Figure 4 (d)).  199 

3.4. Qualitative anaylsis of fiber attraction and repulsion phenomenon. 200 
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Although an observable attraction and repulsion phenomenon is studied in the previous 201 

sections, the reported mechanism of electric charges effects on aligned straight fibers is still 202 

rudimentary. Therefore, a mathematical model of electrostatic interaction between two fibers 203 

is proposed herein based on measured Sf data and a plot of the degree of offset (Do) metric, 204 

which is defined as: 205 

𝐷𝑜 =
𝑆𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

− 𝑆𝑓𝑠𝑒𝑡
𝑆𝑓𝑠𝑒𝑡

     (1) 206 

The parameter Do shown in Figure 5 (a) is indicated to correlate with the resultant force 207 

exerted on the second ‘in-flight’ fiber during deposition. Figure 5(b) shows the schematic 208 

illustrating the disposition for two printed adjacent fibers. To investigate the inter-fiber 209 

interaction in the lateral extent, an isometric view along the print direction (enlarged in Figure 210 

5 (b)) provides the relative positions of two fibers. The second ‘in-flight’ fiber undergoes 211 

bending while approaching the substrate, where the angle (α in Figure 5(b)) formed between 212 

the tangent line at any position on the second fiber and a line parallel to the print direction 213 

ranges from 0° to 90°. It is assumed that there exists a segment of the second fiber that is 214 

strongly affected by inter-fiber interaction (red region labeled as ROI (region of interest) in 215 

Figure 5(b), which is a short fiber segment). Specifically, the red ROI of the second fiber is 216 

considered to interact with the first fiber. Furthermore, the upstream segment of the second 217 

fiber is deposited on the substrate and no longer assumed to be displaced by electrostatic 218 

forces (green region labeled as ‘on substrate’). Figure5 (c) shows the simplified model, where 219 

the first fiber is considered as two line charges and the second fiber ROI as a two point 220 

charges, both of which carry a polarized charge distribution in the cross-sectional plane as 221 

shown in Figure 5(d-e). Here, the first fiber is polarized due to redistribution of charge 222 

carriers, yielding a negatively charged top section and a positively charged bottom section. 223 

The second ‘in-flight’ fiber carries a positively charged bottom section and a negatively 224 

charged upper section (or virtually so) while approaching the substrate. The charge 225 
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distribution on both substrates is indicated in Figure 5(d) and (e). Therefore, electrostatic 226 

forces exerted on the second fiber ROI is denoted in blue vectors. The resultant force Fcom is 227 

also represented where the repulsion and attraction effects occur on the non-conductive 228 

conductive substrates, respectively.  229 

 

Figure 5. Model of electrostatic interaction between two fibers (a) The plot of degree of offset 

(Do), proportional to the resultant force; (b) Schematic of fiber deposition shows the different 

segments of the second fiber where the red region is analyzed as an effective fiber segment which 

subjected to inter-fiber interaction; (c) Schematic shows the second fiber is simplified as two 

point charges and first fiber as two line charges;(d)-(e) The charge distribution of cross-sectional 

plane shows how substrate conductivity alters the repulsion and attraction phenomenon between 

two aligned fibers.  
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Based on the simplifications of the ROI and charge distribution within fibers, the 230 

proposed simplified model is a system of two point charges (representing red ROI) and two 231 

infinitely long and uniform line charges (first fiber), where the charge densities for the cross-232 

sectional plane are denoted by λ1, λ2, λ3 and λ4 (unit: C/m, shown in Figure 5(c)) that do not 233 

necessarily have the same magnitude. The electric field strength generated by an infinitely 234 

long and uniform line charge at a certain point A is expressed as: 235 

𝑬⃗⃗ = 2𝑘𝑒𝜆𝑖𝒓⃗           (2) 236 

where the ke is the Coulomb constant (𝑘𝑒 = 1 (4𝜋𝜖0)⁄ ), and 𝑟  is the vector starting at the 237 

point on the line charge nearest to A and terminating at A. Then the forces exerted on red 238 

ROI fiber segment (as two point charges) by the two line charges (deposited fiber with 239 

polarized charge distribution) with differential length δl can be written as: 240 

𝑭⃗⃗ 𝑖𝑗 = 2𝑘𝑒
𝜆𝑖𝜆𝑗𝛿𝑙

𝑟𝑖𝑗
𝒓̂𝑖𝑗 , 𝑖 = 1,2, 𝑗 = 3,4 (3) 241 

where and 𝒓̂𝑖𝑗 denotes the unit vector in the direction of the vector starting at the point on 242 

line charge i nearest to the point charges j terminating at point charge λj δl, , i = 1,2, j = 3,4. 243 

Also, the force exerted on the red ROI by external electric field notwithstanding the inter-244 

fiber interaction is given as: 245 

𝑭⃗⃗ 𝑒 = (𝜆3 − 𝜆4)𝑬𝒍 (4) 246 

where 𝑬𝒍 represents the local electrostatic field strength as a result of the interaction between 247 

the high voltage nozzle tip, collector, and the substrate. Thus, the resultant force exerted on 248 

ROI can be represented as: 249 

𝑭⃗⃗ 𝑐𝑜𝑚 =∑∑𝑭⃗⃗ 𝑖𝑗

4

𝑗=3

2

𝑖=1

+ 𝑭⃗⃗ 𝑒 + 𝑮⃗⃗     (5) 250 

where 𝑮⃗⃗  is the gravity. The direction of resultant force is affected by the relative values of 251 

λ1, λ2, λ3, and λ4 as well as 𝑬𝒍. In this model, the conductivity of the substrate plays a critical 252 
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role in altering the magnitude and direction of 𝑬𝒍, along with the charge distribution of the 253 

two point charges and the charge density of the two line charges. Thus, the final effect can 254 

be either attractive or repulsive as a function of the substrate properties. The mechanism that 255 

supports this hypothesis is that the extent to which the excess positive charges entrapped 256 

within the fiber is transferred to the ground collector is determined by substrate conductivity, 257 

and in turn affecting the fiber interaction.  258 

The substrate conductivities (or resistivity) and set Sf are two variables in this model, 259 

whose effect on inter-fiber attraction/repulsion can be further discussed for two specific 260 

cases.  261 

Case 1: Fiber repulsion/interaction as a function of substrate conductivity.  262 

Empirically, the fiber deposited retains a certain amount of negative charge which cannot be 263 

transferred to the ground or substrates. Based on this, the charge density of second fiber ROI 264 

and first fiber are: 265 

𝜆1 = −𝜆, 𝜆2 = 𝑘𝜌𝜆, 𝑞3 = 𝑒𝑐𝜆, 𝑞4 = −𝜆, (𝑘𝜌, 𝑒𝑐 ∈ 𝑅
+) 266 

where λ represents absolute value of negative charge density in the upper part of both fibers. 267 

The denoted 𝑘𝜌 is the charge transport coefficient representing the capability of positive 268 

charge transport between fiber and substrate by way of contact, and ec (≥1) is the charge 269 

emission coefficient representing the capability of two mechanisms that inject charge carriers 270 

into a viscous polymer, namely electrical-field induced emission and the induced charge 271 

dissociation [7]. The forces exerted on the second fiber from the pre-existing first fiber along 272 

the line direction (i.e. formed by the two centers of the fiber cross-sectional planes) can be 273 

written as: 274 

𝑭⃗⃗ 𝑓 =∑∑𝑭⃗⃗ 𝑖𝑗

4

𝑗=3

2

𝑖=1

= 2𝑘𝑒𝛿𝑙 (
𝜆2

𝑟14
𝒓̂14 +

𝑘𝜌𝑒𝑐𝜆
2

𝑟23
𝒓̂23 −

𝑘𝜌𝜆
2

𝑟24
𝒓̂24 −

𝑒𝑐𝜆
2

𝑟13
𝒓̂13) (6) 275 
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Since the distance between λ1, λ2 (as well as λ3, λ4) is negligible compared to the distance 276 

between λ1, λ4 (as well as λ2, λ3), therefore 𝑟𝑖𝑗 ≅ 𝑟, i = 1,2, j = 3,4. The magnitude of 𝑭⃗⃗ 𝑓 can 277 

be denoted as: 278 

𝐹𝑓 = 𝑘′(1 + 𝑘𝜌𝑒𝑐 − 𝑘𝜌 − 𝑒𝑐)  (7) 279 

where 𝑘′ = 2𝑘𝑒𝛿𝑙𝜆
2 𝑟2⁄ . Based on Equation (7), the force along the line (formed by the two 280 

centers of the fiber cross-sectional planes) is correlated to 𝑘𝜌 and ec. The relative force plane 281 

(𝐹𝑓 𝑘′⁄ ) as a function of the two parameters is plotted in Figure 6(b). When printing on the 282 

conductive substrate, 0 < 𝑘𝜌 < 1, 𝐹𝑓 𝑘′⁄ < 0, representing attraction. When printing on the 283 

non-conductive substrate, 𝑘𝜌 > 1, 𝐹𝑓 𝑘′⁄ > 0, representing repulsion.  284 

Case 2:  Fiber repulsion/interaction as a function of set Sf.  285 

As set Sf changes, Ff varies. Do is positively related to Ff based on the model. By letting Fge 286 

represent the magnitude of 𝑭⃗⃗ 𝑒 + 𝑮⃗⃗ , the fiber segment is assumed to be stationary in the cross- 287 

 

Figure 6. (a) Schematic of electrostatic interactions between line-point charge in a static electric 

field; (b) The 3D force plane exerted on the second fiber as a function of 𝑒𝑐 and 𝑘𝜌; (c)-(d) 

Model of force Do and Sf on the non-conductive and conductive substrates; (e) The plot of fitted 

model (Equation (11)) and experimental data of Do as a function of Sf. 
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sectional plane. As Sf changes, the distance between the fibers changes. According to Figure 288 

6 (c), Equation (7) can be re-written as: 289 

𝐹𝑓 =
𝑘𝑒𝑐𝜌 

𝑟
 (8) 290 

where 291 

𝑘𝑒𝑐𝜌 = 2𝑘𝑒𝛿𝑙(1 + 𝑘𝜌𝑒𝑐 − 𝑘𝜌 − 𝑒𝑐)𝜆
2   (9) 292 

Two assumptions are made to determine the relationship between Do and Sf: 293 

(1) The first fiber is stretched by the translational stage and becomes parallel to the 294 

previously deposited fiber at an initial height of h0, with a velocity of vh (0<vh<vc), (vc 295 

represents the critical translational stage speed, measured to be ~0.02m/s in the 296 

experiments) where the fiber interaction starts.  297 

(2) After the fiber segment (ROI) is falls below h0, the charge within the fiber redistribute 298 

and the ROI is subjected to electrostatic forces from the first fiber, where the 299 

following non-linear ordinary differential equation system can be derived: 300 

{
 

 𝛿𝑚
𝑑2𝑆

𝑑𝑡2
= 𝐹ℎ = 𝐹𝑓𝑐𝑜𝑠𝜃

𝛿𝑚
𝑑2𝐻

𝑑𝑡2
= 𝐹𝑣 = −𝐹𝑔𝑒 + 𝐹𝑓𝑠𝑖𝑛𝜃

 (10) 301 

where δm is the mass of the prescribed ROI fiber segment. Substitution of equation (8) into 302 

(10) yields: 303 

{
  
 

  
 𝛿𝑚

𝑑2𝑆

𝑑𝑡2
= 

𝑘𝑒𝑐𝜌 (𝑆 + 𝑆𝑓)

√((𝑆 + 𝑆𝑓)
2
+ ℎ2) 

𝛿𝑚
𝑑2ℎ

𝑑𝑡2
= 𝐹𝑔𝑒 −

𝑘𝑒𝑐𝜌 ℎ

√((𝑆 + 𝑆𝑓)
2
+ ℎ2) 

 (11) 304 

where h denotes the vertical distance between ROI and substrate. Letting S denote the 305 

horizontal distance that the ROI travels, the initial conditions can be obtained as: 306 

{
ℎ(0) = ℎ0, ℎ

′(0) = 𝑣0
𝑆(0) = 0, 𝑆′(0) = 0

(12) 307 
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In addition to the independent variable time (t), and dependent variables (S, h), the unknown 308 

parameters are [h0,v0, kmew, ge], where the h0 is the height that inter-fiber interaction occurs, 309 

at when the fiber has a vertical speed of v0. Based on the experimental configuration, 0 < v0 310 

< 0.02 m/s, 0 < h0 < 0.012 m. The generalized coefficient called MEW coefficient is denoted 311 

by 𝑘𝑚𝑒𝑤 = 𝑘𝑒𝑐𝜌 /𝛿𝑚 and ge = Fge/ δm, represents the acceleration caused by gravity and 312 

electric field. Sf and Do are experimental data applied to fit the S(t) and h(t). By using Matlab 313 

(ode45 solver) to solve the ordinary differential equation system with properly tuning the 314 

unknown parameters by grid search method, a parameter set of the line-point charge model 315 

fit of the experimental data in Figure 5(a) is derived, which is shown in Table 2. The fitted 316 

results provide an approximate range of unknown parameters, which is not necessarily the 317 

actual data due to small sample size of experimental data. 318 

3.5 Model verification by measuring residual charge using Faraday cup 319 

 Based on the model proposed in the previous section, the residual net charge entrapped 320 

within the aligned fibers is negative and positive on the conductive and non-conductive 321 

substrates, respectively. Therefore, within a range of prescribed layer thickness, the 322 

fabricated layered structures, termed scaffolds herein, should assume a negative charged on 323 

the conductive substrate, and a net positive charge on the non-conductive substrate. To verify 324 

this model, two 15-layer scaffolds with dimensions of 10×50 mm are printed on two different 325 

Table 2. The fitted parameters in Equations (11) and (12). 

Fitted parameters Vertical height: h0 (µm)  
Vertical speed v0 

(m/s)  

MEW coefficient: 

kmew(N) 

Gravitational and 

electric field 

acceleration: 
ge (𝑁/𝑚2) 

non−conductive ~110 ~0.0008  10-5 0.1 

conductive ~90 ~0.00014 -10-6 0.01 
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substrates as shown in Figure 7(a). The scaffolds are then gently removed from the substrate 326 

with insulating tweezers, which is verified in advance to be neutral by a customized Faraday 327 

cup design as shown in Figure 7(e). First, when the two scaffolds approach one another, an 328 

attraction phenomenon is observed (in Figure 7(b)-(d)), where both angles (α and β) 329 

measured between the one end of the scaffolds and a vertical mount increase. To further 330 

quantify the amount of net charge for the two scaffolds, the Faraday cup measurement is 331 

 

Figure 7. Verification of the line-point charge fiber interaction model: (a) Two printed scaffolds, 

the left is on conductive substrate, right on non-conductive substrate; (b)-(d) The three images 

show that when the two scaffolds approach one another, attraction is observed; (e) Schematic of 

a Faraday cup for a residual charge measurement; (f) Charge measurement of two scaffolds in 

(a); (g) 15 layers of scaffolds in both substrates. 
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carried out. Upon insertion of the two scaffolds into the Faraday cup, the net charge on the 332 

scaffold for the conductive and non-conductive substrates is determined to be negative and 333 

positive, respectively. In addition, microscopic images of 15-layered scaffolds on the two 334 

substrates are shown in Figure 7(g), indicating that the fibers align vertically with precise 335 

overlap on the conductive substrate but randomly deposit on the non-conductive substrate. 336 

These results are consistent with the model proposed in the preceding section.  337 

4. Discussion 338 

As a current state-of-art AM technique, MEW enables the fabrication of micron or sub-339 

micron scale engineered biological cell substrates. Although the essential role of fiber 340 

diameter is well-recognized [17,27], tight control over the inter-fiber distance parameter Sf 341 

and the underlying mechanism is still under development. In the context of observed fiber 342 

repulsion and attraction phenomena during the MEW process, systematic experiments and 343 

mathematical models are necessary to understand the charge mechanisms that dictate the 344 

printed fiber-based structural outcomes. By printing a series of aligned fibers on substrates 345 

with different conductivities and measuring current during the fiber printing process, insights 346 

into this phenomenon are reported herein. 347 

First, fibers printed with an oscillating toolpath assume two distinct types of alignment 348 

patterns on substrates with different conductivities. When the substrate is conductive, fibers 349 

are strongly polarized by the local electric field whose positive charges will be largely 350 

transported to the substrate due to direct physical contact or inverse corona discharge. This 351 

results in the fiber’s weak electric negativity but strong polarization accompanied by fiber 352 

overlap at small set Sf and attraction at large set Sf. When the substrate is non-conductive, 353 

fiber polarization is weakened due to the relatively weak local electric field and abundant 354 

positive charges retained in the fibers, both of which result in the inter-fiber repulsion and 355 

random deposition of the printed fibers. From the symmetric plot of the measured divergent 356 
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fibers, it is noteworthy that the weakened electrical field on a non-conductive substrate 357 

confers a random and unbiased effect on the fiber positioning whereby the inter-fiber spacing 358 

between fibers can be primarily attributed to preexisting fibers.  359 

Therefore, during the printing process on substrates with various conductivities, the 360 

repulsive and attractive forces are observable between (1) the second “in-flight” fiber and 361 

substrate (repulsion on non-conductive substrate, attraction on conductive substrate), (2) the 362 

second “in-flight” fiber and deposited fiber (repulsion on non-conductive substrate, attraction 363 

on conductive substrate), which compromise the accuracy of Sf. The type (1) instability is 364 

primarily caused by weak local electrical field near substrate, which can be compensated by 365 

selecting an appropriate critical translational stage speed. However, type (2) instability is 366 

primarily attributed to the fiber-fiber and fiber-substrate interaction. Systematically, by 367 

setting different Sf (0-1500 µm) on both substrates, the repulsion between fibers is strong 368 

enough to prevent fibers from overlapping on non-conductive substrate even with set Sf = 0 369 

µm. However, the fiber overlaps the previous one once the set S f < 60 µm (approximately, 370 

not exactly the same every time) when printing on conductive substrate. The trend line for 371 

Do suggests that a line-point charge model can explain the repulsion and attraction 372 

phenomenon on two substrates. According to the line-point charge model, the substrate 373 

conductivity alters the local electrical field strength and charge amount on the substrate 374 

surface, and in turn the net charge amount and distribution in the fibers once in contact with 375 

the substrate. Therefore, the final resultant force can be either repulsive or attractive. The 376 

model explains why the fibers only overlap in vertical direction as well, where negative 377 

charge carriers are forced to distribute at the topmost region of the fiber, the final resultant 378 

force becomes vertical as the two fibers come into close apposition. Also, based on the model, 379 

the function between Do and set Sf can be derived and fitted, where the ROI of newly 380 

deposited fiber is forced to move laterally at some height due to the existence of electrostatic 381 
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forces. Furthermore, post-measurement of charge amount by using a Faraday cup verifies the 382 

model effectively.  383 

5. Conclusions 384 

In this paper, experimental studies are conducted to investigate the charge effect on fiber 385 

alignment accuracy. The relationship between electrostatic forces and the repulsive-attractive 386 

phenomenon has been revealed and modeled. The advanced mathematical model explains 387 

the repulsion and attraction interaction, as well as the fiber-overlapping phenomenon. In the 388 

two cases of analyses of the model, as set Sf or substrate conductivity changes, the resultant 389 

force exerted on the second newly deposited fibers is altered. Based on the experimental 390 

results, the charge transport path during the fiber printing process can be revealed: (1) 391 

Pathway. The positively charged fiber (or material droplets) transfers charge carriers to the 392 

substrates. A conductive substrate has superior conductivity to allow charge transport to the 393 

ground/substrate surface compared to a non-conductive substrate. (3) Residual. More 394 

positive charges remain in the deposited fibers on the non-conductive substrate than those on 395 

the conductive substrate, as evidenced by the repulsion phenomenon between fibers on a non-396 

conductive substrate and attraction on a conductive substrate.  397 

 Once the underlying mechanism is well-understood, charge removal strategies can be 398 

proposed to exert precision control over the fiber print structural outcomes. For example, a 399 

heat-based charge removal method may be applied, where the entrapped charge within the 400 

fiber may be radially transported to the fiber surface as the process temperature increases. 401 

Another potential method is to use an electrolytic substrate, such as a hydrogel material to 402 

allow the charge carriers to be neutralized upon deposition. However, the specific scope of 403 

this paper is to investigate charge effects during the MEW process. Additional quantitative 404 

variations in the substrate conductivities would need to be tested to confirm the overall trend 405 

of the resultant force exerted on the newly deposited fibers. The relationship between the 406 
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charge amount and the scaffold layer-height is another key consideration for large-scale 407 

fabrication of ordered three-dimensional scaffolds. Finally, a refined mathematical model is 408 

essential to identify the fundamental physics of charge transport inherent to the MEW 409 

process. 410 
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