
 

 

Citation for this paper: 

Ko, J., Mohtaram, N.K., Lee, P.C., Willerth, S.M. & Jun, M.B.G. (2015). 
Mathematical model for predicting topographical properties of poly (ε-caprolactone) 
melt electrospun scaffolds including the effects of temperature and linear 
transitional speed. Journal of Micromechanics and Microengineering, 25(4), 1-11. 

 

UVicSPACE: Research & Learning Repository 

 
_____________________________________________________________ 

Faculty of Engineering 

Faculty Publications 

_____________________________________________________________ 

 

 

 

This is a post-review version of the following article: 

Mathematical model for predicting topographical properties of poly (ε-caprolactone) 
melt electrospun scaffolds including the effects of temperature and linear 
transitional speed 

Junghyuk Ko, Nima Khadem Mohtaram, Patrick C. Lee, Stephanie M. Willerth, and 
Martin B.G. Jun 

2015 

 

 
 
 
 
 
 

The final published version of this article can be found at:  

http://dx.doi.org/10.1088/0960-1317/25/4/045018          

 

http://dx.doi.org/10.1088/0960-1317/25/4/045018


Mathematical model for predicting topographical properties of poly 
(ε-caprolactone) melt electrospun scaffolds including the effects of 

temperature and linear transitional speed 

Junghyuk Ko1, Nima Khadem Mohtaram1, Patrick C. Lee2, Stephanie M. Willerth1,3,4, and 
Martin B.G.  Jun1,* 

1Department of Mechanical Engineering, University of Victoria, Victoria, BC, V8W 2Y2, Canada 
2School of Engineering, University of Vermont, VT, 05405, USA 

3Division of Medical Science, University of Victoria, BC, V8W 3P6, Canada 
4Department of Biomedical Engineering, University of Victoria, BC, V8W 3P6, Canada 

 
Abstract 
 
Melt electrospinning can be used to fabricate various fibrous biomaterial scaffolds with a range of 
mechanical properties and varying topographical properties for different applications such as tissue 
scaffold and filtration and etc., making it a powerful technique. Engineering the topography of such 
electrospun microfibers can be easily done by tuning the operational parameters of this process. Recent 
experimental studies have shown promising results for fabricating various topographies, but there is not 
that body of work that focuses on using mathematical models of this technique to further understand the 
effect of operational parameters on these properties of microfiber scaffolds. In this study, we developed a 
novel mathematical model using numerical simulations to demonstrate the effect of temperature, feed rate 
and flow rate on controlling topographical properties such as fiber diameter of these spun fibrous 
scaffolds. These promising modelling results are also compared to our previous and current experimental 
results. Overall, we show that our novel mathematical model can predict the topographical properties 
affected by key operational parameters such as change in temperature, flow rate and feed rate and this 
model could serve as a promising strategy for the controlling of topographical properties of such 
structures for different applications.  
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1. Introduction  

Electrospinning has gained increasing popularity in recent years due to a surge in research investigating 
micro and nanoscale fabrication technologies [1-6]. Electrospinning is a manufacturing technique that can 
produce both nano- and microfiber structures. These techniques can involve both solution and melt 
electrospinning. Solution electrospinning produces fibers on the nanoscale due to a whipping instability 
when fibers are stretched out from the spinning solution. The process of melt electrospinning involves 
melting the polymer of choice before being extruded into fibers. Electrospun scaffolds can be fabricated 
with similar properties to the extracellular matrix and can thereby support cells adhesion, making it 
attractive for tissue engineering applications [1, 2, 5, 7-11].. However, control over scaffold topography 
and porosity is limited because of randomness of the whipping instability. Melt electrospinning gives 
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precise control over scaffold topography and porosity, but the fibers are on the micro scale [4, 9, 12-17] . 
This is because the whipping instability stage is absent due to the lower conductivity and higher viscosity 
of the polymer melt. 

Using melt electrospining, a variety of electrospun scaffolds with varied topographies can be produced 
with a high degree of controllability and reproducibility [3, 4, 9, 10, 18, 19]. Electrospun microfibers 
present an excellent ability of controlling the topography of scaffolds for several tissue engineering 
applications in which the effect of physical cues would play a key role in studying cell-scaffold 
interactions [7, 9]. The fabrication of such scaffolds requires an excellent degree of topographical 
controllability. Melt electrospining has been used as a powerful technique to achieve the controllability 
and also the reproducibility of topographical properties including fiber diameter, scaffold architecture, 
porosity and eventually mechanical properties such as elastic modulus [10, 11, 15, 20-24].  

Melt electrospinning is also preferred for biomaterials as there is no use of toxic solvents, unlike solution 
electrospinning [3, 5, 7, 8, 10]. Melt electrospinning  can control  the fiber diameter, which can be altered 
by adjusting parameters such as computer numerical control (CNC) feed speed, extrusion die nozzle  
diameter, melt temperature, flow rate, and electric field strength [9, 12, 17, 18, 20-22, 24-26]. Also, melt 
electrospinning allows for higher viscous forces than solution electrospinning, which means that the 
viscous forces can balance with electric field forces[13]. As a result, the fibers can be drawn out to be 
thicker than in solution electrospinning. Therefore, melt electrospinning is a sound method for the 
creation of specific topographies using microfibers [9, 14].  

To achieve a scaffold that provides specific mechanical and topographical properties, mathematical 
models have been developed to predict the effect of key operational parameters such as nozzle size, 
temperature, collecting distance and applied voltage on controlling the fiber size and porosity [17, 25-27]. 
Although melt electrospining has shown its promising potential in tissue engineering applications, 
controlling scaffold topography, however, still remains challenging [9, 14, 20, 21]. Experimentally, many 
research papers have shown the effects of the fiber diameter, nozzle size and temperature on controlling 
topographical properties such as fiber diameter and porosity, and there are few mathematical models to 
promote the understanding of these effects[6, 9, 15, 17, 23-28]. Following our previous work on 
mathematical modelling of melt electrospining [9, 25], we believe that the understanding of the effects of 
these parameters on topography is possible and the results would be very helpful for engineers in the field 
to create microfibers with different morphologies by varying the parameters. In our previous work, the 
electrospun fiber’s properties were fully explained by the geometrical models but scaffold models 
partially required experimental data to predict microfibers’ morphology on counter electrode. Moreover, 
effects of temperature, flow rate and transitional speed on microfiber’s properties were not reflected in 
our previous models [25]. 

In this study we will present a validation of our novel geometrical model to predict topographical features 
of electrospun melt fibers altered by nozzle diameter, applied voltage, collecting distance, and various 
heating temperatures on radius of helix and microfiber topology. Moreover the effect of various linear 
transition speeds and flow rates on the microfiber topology will be investigated as well. In addition, 
overlapped force model is added to demonstrate pulling force each other molten condition’s fibers in 
neighbouring distance. To further understand the effect of operational parameters on the properties of 
microfiber scaffolds, helix movement and three dimensional scaffold modeling are added in our previous 



models in this study. For each set of controlling parameters, numerical results are discussed in detail and 
compared to the experimental data.  

2. Modeling procedure 
2.1 Geometrical modeling 

At the beginning, the extruded polymer melt at the tip of the nozzle is like a truncated spherical droplet 
which changes its shape after the formation of the electric field. The geometrical models for melt 
electrospinning process such as Taylor cone and straight jet were established in [25]. Furthermore, the 
microfiber extruded from droplet was geometrically defined as a funnel as shown in Figure 1. The 
relation between nozzle radius 𝑟𝑟1 and straight jet radius 𝑟𝑟2 are calculated by [25]: 

𝑟𝑟2(𝑡𝑡) =
−ℎ1(𝑡𝑡)𝜋𝜋𝑟𝑟1±√3𝜋𝜋�−4(ℎ1(𝑡𝑡)−3ℎ2(𝑡𝑡))𝑄𝑄𝑡𝑡−ℎ1(𝑡𝑡)(ℎ1(𝑡𝑡)−4ℎ2(𝑡𝑡))𝜋𝜋𝑟𝑟12

2(ℎ1(𝑡𝑡)−3ℎ2(𝑡𝑡)𝜋𝜋)
                          (1) 

where, Q is flow rate. In the beginning the height of droplet ℎ0 = 𝑟𝑟1, the radius of the nozzle which is 
constant. After the introduction of electrical force polymer melt move toward counter electrode the height 
of the jet changes with time. Therefore height of Taylor cone ℎ1 and straight jet ℎ2 can be can be defined 
as [25]:  

ℎ𝑛𝑛(𝑡𝑡) = ℎn−1 + ∫ 𝑢𝑢𝑛𝑛(𝑡𝑡)𝑑𝑑𝑡𝑡𝑡𝑡
0              (2) 

where,  𝑛𝑛 = 1,2, and 𝑢𝑢(𝑡𝑡), the electrospinning velocity at any time 𝑡𝑡 is calculated by [25]: 

𝑢𝑢𝑛𝑛(𝑡𝑡) = 𝑢𝑢𝑛𝑛−1 + ∫ ∑𝐹𝐹
𝑚𝑚
𝑑𝑑𝑡𝑡𝑡𝑡

0                                                      (3) 
where,  𝑛𝑛 = 1,2 represent Taylor cone and straight jet respectively, ∑𝐹𝐹  is the sum of forces; surface 
tension 𝐹𝐹𝑠𝑠 , viscoelastic 𝐹𝐹𝑣𝑣 , gravity 𝐹𝐹𝑔𝑔 , microfiber tension 𝐹𝐹𝑇𝑇  and electrostatic 𝐹𝐹𝑒𝑒 , and 𝑚𝑚  the mass of 
polymer melt which are discussed in next sections. 
 
2.2 The forces associated with the straight jet 

The forces associated with the straight jet are surface tension (𝐹𝐹𝑠𝑠), viscoelastic (𝐹𝐹𝑣𝑣), gravity (𝐹𝐹𝑔𝑔), and 
electrostatic (𝐹𝐹𝑒𝑒). The surface tension force (𝐹𝐹𝑠𝑠) is given in [25] as: 

𝐹𝐹𝑠𝑠 =
−γ �a𝑠𝑠𝑛𝑛+1(𝑡𝑡)−a𝑠𝑠𝑛𝑛�

ℎ𝑛𝑛(𝑡𝑡)           (4) 

where, surface tension 𝛾𝛾 , which is by definition  work per change in surface area  is given as 𝛾𝛾 =

∫ 2 𝐹𝐹𝑠𝑠𝑟𝑟 ℎ𝑛𝑛(𝑡𝑡)
a𝑠𝑠𝑛𝑛

  and a𝑠𝑠1(𝑡𝑡) = 𝜋𝜋�𝑟𝑟1 + 𝑟𝑟(𝑡𝑡)���𝑟𝑟1 − 𝑟𝑟(𝑡𝑡)�2 + (ℎ(𝑡𝑡))2 ,  𝑎𝑎𝑠𝑠2(𝑡𝑡) = 2𝜋𝜋𝑟𝑟(𝑡𝑡)(𝑟𝑟(𝑡𝑡) + ℎ(𝑡𝑡))  are 

surface area of Taylor cone and straight jet respectively at   𝑛𝑛 = 1,2.   
The molten PCL polymer exhibited both viscous and elastic characteristics during electrospinning process. 
The viscoelastic force 𝐹𝐹𝑣𝑣 is calculated by: 

𝐹𝐹𝑣𝑣 = −𝜎𝜎(𝑡𝑡)𝐴𝐴             (5) 
where,  𝐴𝐴  is the area of the jet top and the corresponding stress 𝜎𝜎(𝑡𝑡) can be demonstrated through the 
relationship, 𝜎𝜎 = 𝑌𝑌𝑌𝑌 + 𝜂𝜂𝑑𝑑𝑌𝑌̇. Strain  𝑌𝑌and strain rate 𝑌𝑌̇, fiber deformation from Taylor cone, can be defined 

with 𝑌𝑌 =
ℎ+∫ 𝑢𝑢𝑛𝑛𝑑𝑑𝑡𝑡−

𝑡𝑡
0 2𝜋𝜋(13𝑟𝑟+

2
3𝑟𝑟1)

4𝑡𝑡𝑡𝑡
2𝜋𝜋(13𝑟𝑟+

2
3𝑟𝑟1)

 and 𝑌𝑌̇ = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

, where Young’s modulus 𝑌𝑌 and dynamic viscosity  𝜂𝜂𝑑𝑑 = 𝑒𝑒−
𝐸𝐸𝑛𝑛
𝑅𝑅𝑅𝑅 

(𝐸𝐸𝑛𝑛:activation energy, R: gas constants) [25].  
The gravity force and electrical force that act in the same direction of the flow the jet are calculated by: 



𝐹𝐹𝑔𝑔(𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑚𝑚                               (6) 

𝐹𝐹𝑒𝑒(𝑡𝑡) = 𝑒𝑒(𝑡𝑡)𝜓𝜓
𝑧𝑧

                             (7) 
where, the density D of the material(PCL)[9],   the jet mass 𝑚𝑚 at time 𝑡𝑡 , and the charge on the jet 𝑒𝑒(𝑡𝑡) 
[29] are given as : 

𝑚𝑚 = 0∙9049 𝑒𝑒0.0006392𝑅𝑅

0.99868+0.0081076𝑇𝑇+0.000070243𝑇𝑇2
   80 ˚C ≤ T ≤ 150 ˚C (8) 

𝑒𝑒(𝑡𝑡) = 8𝜋𝜋�𝑟𝑟22(𝑡𝑡) 𝛾𝛾𝑌𝑌𝑜𝑜𝐶𝐶        (9) 
where, 𝑌𝑌𝑜𝑜, 𝐶𝐶, 𝜓𝜓 , 𝑧𝑧 are respectively permittivity of vacuum, feasibility factor of material, applied voltage 
and the counter electrode distance from the tip of nozzle [25]. 
Energy Equation is defined by Eq. (10) 

𝑑𝑑𝑇𝑇
𝑑𝑑𝑧𝑧

= −2𝜋𝜋𝑟𝑟2ℎ𝑡𝑡(𝑇𝑇−𝑇𝑇𝑎𝑎)
𝑄𝑄𝐶𝐶𝑝𝑝

                                                           (10) 

where, 𝐶𝐶𝑝𝑝 is specific heat for polymer which is given in Table 1,  ℎ𝑡𝑡 heat transfer coefficient, 𝑇𝑇 and 𝑇𝑇𝑎𝑎 the 
polymer fiber temperature and ambient temperature (˚C).   
Further, we have derived the expression for the correlation of temperature and fiber diameter using Eq. 
(11) as [29]:  

ℎ𝑡𝑡 = 𝑘𝑘
2𝑟𝑟2

�0.42 �2𝑟𝑟2𝑢𝑢
𝑣𝑣
�
0.334

�1 + 8𝑣𝑣
𝑢𝑢
�
0.167

�                                           (11) 

𝑣𝑣 =  4𝑄𝑄
𝜋𝜋𝑟𝑟22𝐷𝐷𝐶𝐶𝑝𝑝  

       (12) 

where, k, Q, 𝑣𝑣 and u are respectively conductivity, flow rate, cooling air velocity and fiber velocity.   
 
2.3 Helix movement modeling 

The extruded microfibers from nozzle are passed through electromagnetic field when high voltage is 
applied between nozzle and counter electrode. The combination of electric and magnetic forces is Lorentz 
force on a point charge. Thereby the fibers have helix movements until reaching counter electrode. Figure 
2 shows schematic of Lorentz force (𝐹𝐹𝐿𝐿) in melt electrospinning. The Lorentz force (𝐹𝐹𝐿𝐿) calculated by: 

𝐹𝐹𝐿𝐿����⃗ = 𝑞𝑞 × �𝐸𝐸�⃗ + 𝑉𝑉�⃗ × 𝐵𝐵�⃗ �      (13) 

𝐸𝐸�⃗ = 𝑘𝑘𝑒𝑒𝑞𝑞
𝑧𝑧2
𝑢𝑢𝑟𝑟����⃗ ,𝑉𝑉�⃗ = 𝑃𝑃

𝑀𝑀𝑒𝑒
,𝐵𝐵�⃗ = 𝜇𝜇0𝐼𝐼

4𝜋𝜋 ∫
𝑑𝑑𝑙𝑙×�̂�𝑟
𝑟𝑟2

𝑙𝑙
0     (14)  

where, E, q, 𝑢𝑢𝑟𝑟����⃗ , P, Me, 𝜇𝜇0, I, l, 𝑘𝑘𝑒𝑒, r are respectively electric field intense, charge, the unitary vector 
in the direction of the electric field, momentum of electron, mass of electron, magnetic constant, 
current, length of wire, electric field coefficient, and distance from wire, which are given in Table 1.  

2.4 Three dimensional (3D) scaffold modeling 

The topology of scaffold is determined by radius of helix movement (R), linear transitional speed (𝑣𝑣𝐿𝐿), 
and overlapped force (𝐹𝐹𝑜𝑜) including fiber radius (r2) and fiber velocity (v) calculated from the previous 
sections. Figure 3A shows a schematic of helix movement on flat surface as a substrate. The acceleration 
of the electrospun fibers on the substrate is equal to the sum of the forces on the fibers divided by mass of 
the microfibers according to Newton’s second law and we assume the initial displacement is close to zero. 
Therefore, the radius of helix movement (R) is defined by: 

 𝑅𝑅(𝑡𝑡) =  ∫ ∫ 𝐹𝐹𝐿𝐿𝑐𝑐𝑜𝑜𝑠𝑠𝜃𝜃1−(𝐹𝐹𝑅𝑅+𝐹𝐹𝑜𝑜)
𝑚𝑚(𝑡𝑡)

𝑡𝑡𝑒𝑒
0 𝑑𝑑𝑡𝑡𝑡𝑡𝑒𝑒

0 𝑑𝑑𝑡𝑡    (15) 



𝐹𝐹𝑇𝑇 = 𝐹𝐹𝑇𝑇1𝑠𝑠𝑠𝑠𝑛𝑛𝜃𝜃2 + 𝐹𝐹𝑇𝑇2, 𝐹𝐹𝑇𝑇1 = 𝐹𝐹𝑠𝑠 + 𝐹𝐹𝑣𝑣 + 𝐹𝐹𝑔𝑔 + 𝐹𝐹𝑒𝑒, 𝐹𝐹𝑇𝑇2 =  𝜇𝜇1𝑚𝑚(𝑡𝑡𝑒𝑒)𝑚𝑚 + 𝑚𝑚𝑣𝑣𝐿𝐿
𝑑𝑑𝑡𝑡

  (16)  

𝑚𝑚(𝑡𝑡) =  𝜋𝜋𝑟𝑟22(𝑡𝑡)𝑙𝑙𝐿𝐿𝑚𝑚(𝑡𝑡)      (17) 
𝑡𝑡𝑒𝑒 = 𝑧𝑧

𝑢𝑢(𝑡𝑡)
       (18)  

 
where, m(t) is mass of microfiber, tension force (𝐹𝐹𝑇𝑇) on flat surface has two components which are 𝐹𝐹𝑇𝑇1 
and 𝐹𝐹𝑇𝑇2, 𝑡𝑡𝑒𝑒 is microfiber’s reaching time to counter electrode after straight jet, 𝑙𝑙𝐿𝐿 is fiber length applied 
Lorentz force, and 𝜇𝜇1 is friction constant of aluminum foil which is given in Table 1. 

Figure 4 shows topology of microfibers using 300μm nozzle, 20kV voltage, and 5cm distance in melt 
electrospinning. The microfibers in Figure 4(A) have loop patterns in melt electrospinning because of 
Lorentz force. In the meantime, overlapped force (𝐹𝐹𝑜𝑜) is happened among fibers, which is a pulling force 
each other molten condition’s fibers in adjacent distance. The overlapped force (𝐹𝐹𝑜𝑜) is calculated by [17]: 

𝐹𝐹𝑜𝑜 = 1
4𝜋𝜋𝑑𝑑0

𝑞𝑞
𝑎𝑎(𝑡𝑡)2

,  𝑇𝑇 ≥ 𝑇𝑇𝑚𝑚                  (19) 

where, a(t), T, 𝑇𝑇𝑚𝑚 ,𝑌𝑌0  are respectively the adjacent distance of electrospun microfibers, polymer fiber 
temperature calculated by Eq. (10), melt temperature, and permittivity of vacuum. Figure 4(B) 
demonstrates the results of the overlapped force applied (solid line) and non-applied (dash line).  

Figure 3B demonstrates a schematic of helix movement on round surface as a substrate. Tension force (𝐹𝐹𝑇𝑇) 
on round surface is calculated by sum of three components: 

𝐹𝐹𝑇𝑇 = 𝐹𝐹𝑇𝑇1𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃2 + 𝐹𝐹𝑇𝑇2 + 𝐹𝐹𝑇𝑇3      (20) 
𝑇𝑇1 = 𝐹𝐹𝑠𝑠 + 𝐹𝐹𝑣𝑣 + 𝐹𝐹𝑔𝑔 + 𝐹𝐹𝑒𝑒, 𝑇𝑇2 =  𝜇𝜇1𝑚𝑚(𝑡𝑡𝑒𝑒)𝑚𝑚 + 𝑚𝑚𝑣𝑣𝐿𝐿

𝑑𝑑𝑡𝑡
, 𝑇𝑇3 =  𝜇𝜇1𝑚𝑚(𝑡𝑡𝑒𝑒)𝑚𝑚 + 𝑚𝑚2𝜋𝜋𝑅𝑅𝐷𝐷𝛼𝛼

𝑑𝑑𝑡𝑡
   (21) 

where, 𝛼𝛼, and 𝑅𝑅𝐷𝐷 are respectively drum angular velocity and drum radius. The radius of helix movement 
in case of round surface can be acquired as substituting the tension force to Eq. (15). 
The porosity of fabricated scaffold (∅𝑚𝑚𝑒𝑒𝑠𝑠ℎ) is defined by[25]: 

∅𝑚𝑚𝑒𝑒𝑠𝑠ℎ = �1 − 𝜋𝜋𝑟𝑟22 ∫𝑢𝑢𝑑𝑑𝑡𝑡
𝑉𝑉𝑠𝑠

�× 100 %     (22) 

where, 𝑉𝑉𝑠𝑠 is volume of whole scaffold.     

3. Experimental procedure 
3.1 Fabrication of microfibers 

Poly (ε-caprolactone) (PCL,Mn ~45,000) was acquired from (Sigma Aldrich, USA) with a melting point 
of approximately 60°C. The details of our custom-made melt electrospinning setup have been already 
published [9, 25]. In summary, we have applied  10kV to 20kV to the molten PCL at 80˚C using a high 
voltage power supply (Gamma High Voltage Research Inc., USA) with the working distance between the 
nozzle and counter electrode ranging from 5cm to 20cm. The PCL granules were heated to the desired 
temperature after the granules were dispensed into melting chamber with the nozzle attached. To our 
knowledge, parameters such as nozzle diameter, processing temperature, collection distance, applied 
voltage, flow rate of syringe pump and linear velocity of x and y axis in CNC machine are related to fiber 
diameter and morphology of scaffold in melt electrospinning. The influence of electrical force (𝐹𝐹𝑒𝑒 ), 
nozzle diameter (𝑟𝑟1), counter electrode distance (z), porosity of scaffold (∅𝑚𝑚𝑒𝑒𝑠𝑠ℎ) and linear velocity (𝑣𝑣𝐿𝐿) 
in morphology of scaffold were investigated in numerical simulation and experiment [25].      
3.2 Analysis of microfiber topography 



To image these scaffolds using scanning electron microscopy (SEM), all electrospun microfibers were 
coated using Cressington 208 carbon coater two times for 6 seconds at 10-4 mbar and accordingly samples 
were transported to loading stubs for Hitachi S-4800 field emission scanning electron microscope. Low 
magnification images were captured at 1 kV with approximately 8 mm working distance. Fiber diameters 
and radius of helix were characterized by Quartz-PCI Image Management Systems® [25].    

4. Parameter analysis in numerical simulation 
4.1 Parameters study depended on various temperatures 

The influence of temperature on the other melt electrospinning parameters (density of PCL, viscoelastic 
force, electrospinning speed, fiber diameter) was examined by simulation. The applied voltage, distance 
between nozzle and counter electrode, flow rate, linear transitional speed, and nozzle diameter are fixed 
all respectively at 20kV, 5cm, 2ml/h, 8.5mm/s, and 300μm in order to restrict the parameters effects. 
Viscosity and density of PCL polymer strongly depends on temperature and it eventually influences to 
viscoelastic force, electrospinning speed, and fiber diameter as shown in Figure. 5. The density of PCL is 
changed from 0.7957 (g/𝑐𝑐𝑚𝑚3)  to 0.3440 (g/𝑐𝑐𝑚𝑚3) when the temperature is changed from 80 ˚C to 150 
˚C in Figure 5(A). Figure 5(B) shows increases of viscoelastic force in higher temperature. 
Electrospinning velocity (u) is increased from approximately 100mm/s to 180 mm/s because of low 
viscosity resulted from temperature as shown in Figure 5(C). As the results, the fiber diameter is 
decreased by approximately 0.020mm when temperature is varied from 80 ˚C to 150 ˚C as shown in 
Figure 5(D).  

4.2 Parameters study depended on various linear transitional speed 

Figure 6 shows the effects of various linear transitional speeds on the resulting tension force and radius of 
helix. To limit the other parameters effects, the applied voltage, distance between nozzle and counter 
electrode, flow rate, temperature and nozzle diameter are fixed all respectively at 20kV, 5cm, 2ml/h, 80 
˚C, and 300μm.  Figure 6(A) demonstrates tension force in various transitional speeds on flat surface 
counter electrode. The tension force influenced on electrospun microfibers is changed from 
approximately 0.04N to 0.09N when the speed is varied from 8mm/s to 20mm/s. According to Eq. (15), 
the radius of helix is inversely proportional to the linear transitional speed as shown in Figure 6(B) so it is 
changed from 0.55mm to 0.31mm when the linear transitional speed is varied from 8mm/s to 20mm/s. 

4.3 Parameters study depended on various flow rates 

The flow rate of melt PCL affects the volume of the system at any time so the parameter makes changes 
in electrical force, tension force, gravity force, Lorentz force, electrospinning speed, and radius of helix as 
shown in Figure 7. The other parameters (the applied voltage, distance between nozzle and counter 
electrode, temperature, linear transitional speed and nozzle diameter) are respectively fixed at 20kV, 5cm, 
80 ˚C, 8.5mm/s and 300μm in order to study effect of the flow rate. Electrical force shows decrement of 
2.7% since surface tension is increased, tension force presents decrement of 3.7% because the electrical 
force is decreased, gravity force demonstrates increment of 11% since the amount of PCL is increased, 
and Lorentz force displays decrement of 2.9% because the gravity force is increased when flow rate is 
increased from 2ml/h to 10ml/h as shown in Figure 7(A-D) and initial volume increased by higher flow 
rate is increasing electrospinning velocity as presented in Figure 7(E) and thereby the radius of helix is 



decreased by approximately 0.030mm since Lorentz force is decreased when the flow rate is changed 
from 2ml/h to 10ml/h as shown in Figure 7(F).      

4.4 Effects of nozzle diameter, applied voltage, distance, and linear transition speed in various 
temperatures 

In our previous paper [25], we compared numerical and experimental results and confirmed our modeling 
to be reliable at 80 ˚C. The predictions of fiber diameter and porosity under ambiguous parameters 
including various temperatures are shown in Figure 8, with conditions (20kV applied voltage, 5cm 
distance, and 2ml/h flow rate). The fiber diameter replied on the diameter of the nozzle and it shows 
linear proportional to the nozzle diameters and proportional to the diameters in various temperatures as 
well. However, the proportional ratio is slightly decreased when the temperature is increased from 80 ˚C 
to 150 ˚C as shown in Figure 8 (A). We can expect that distance and applied voltage have an inverse 
relationship according to Coulomb’s law and influence fiber diameter inversely as well. Moreover, the 
curves of 100 ˚C to 150 ˚C in temperature have similarity with the curves of 80 ˚C but they are overall 
shifted down as shown in Figure 8 (B) and (C). Figure 8 (D) shows porosity of scaffolds depended on 
various temperatures. The porosity of microfibers in 80 ˚C shows 83% when the transitional speed is 
8.5mm/s while the porosity in 150 ˚C demonstrates 91% when the speed is 8.5mm/s. The faster 
convergence to approximately 90 % porosity is at higher temperature. In addition, Figure 9 (A: 80˚C) and 
(B: 120˚C) presents effects of temperature and linear transitional speed in porosity prediction at 200μm 
nozzle diameter, 20kV applied voltage and 5cm distance. The current model is able to predict porosity 
within average 5.5% difference from experimental results while the previous model[25] was able to 
predict porosity within average 10.2% difference.   

5. Numerical simulation and experimental results 
5.1 Effect of Temperature influenced on fiber diameter and radius of helix 

The effect of temperature on the fiber diameter and radius of helix is studied by simulation and 
experiment. The simulation and experiment are conducted under the same conditions which are 300μm 
nozzle, 5cm distance, 20kV voltage, 2ml/h flow rate, and 8.5mm/s transitional speed. Figure 10 (A) and 
(B) present a comparison of numerical and experimental fiber diameter and radius of helix for various 
temperatures. The increase in temperature would eventually affect viscoelastic force and density to stretch 
out fibers according to Eq. (5) and (8). Experimentally, that eventually would lead to the fiber diameter 
decreasing from 0.041 ± 0.008 to 0.028 ± 0.005 mm (n=5) as the temperature increases from 80˚C to 150 
˚C. In simulation, the fiber diameter decreased from 0.034 to 0.030 mm as the temperature increased from 
80˚C to 150 ˚C. Moreover, radius of helix decreases from 0.52 to 0.43mm in the simulation. Experimental 
radius of helix in Figure 10 (B) is varied from 0.64 ± 0.17to 0.42±0.11mm (n=5) when temperature is 
increased from 80˚C to 150 ˚C. 

5.2 3D tubular scaffold topology controlled by linear transitional speed 

The transitional speed (𝑣𝑣𝐿𝐿) in scaffold modeling is a significant parameter to define the topology of 
controlled tubular scaffolds. Figure 11 shows that (8 mm × 100mm) (inner diameter × length) numerical 
and experimental topology depended on various transitional speeds at 300μm (nozzle diameter), 20kV 
(applied voltage), 5cm (distance), 80˚C (temperature), 1.04 rad/s (angular velocity), and 2ml/h (flow rate). 
(A), (B), and (C) in Figure 11 respectively represent 4.25mm/s, 8.50mm/s, and 17.00mm/s transitional 



speed. The rolling angle of microfibers on round substrate shows respectively 56˚, 42˚, and 23˚ at 
4.25mm/s, 8.50mm/s, and 17.00mm/s in experimental data. In numerical simulation, the angle shows 
respectively 55˚, 42˚, and 22˚ at the same transitional speed. If 𝑣𝑣𝐿𝐿 is increased, the radius of helix (R(t)) is 
decreased since tension force (𝐹𝐹𝑇𝑇) on microfibers is increased. The intervals between tori thereby become 
sparser when transitional speed is increased.     

 

6. Discussion  

Using numerical simulations, the effect of temperature on controlling topographical properties was also 
studied by investigating the effect of temperature on density, viscoelastic force, electrospinning speed and 
also fiber diameter. Mathematical modelling approaches can be used to predict the topographical 
dependency of microfiber scaffolds on various operational parameters for better understanding of melt 
electrospinning technique through the use of numerical studies and comparing the results with 
experimental data [17, 22, 25, 26]. We have previously shown that the topographical properties of melt 
eletcrsopun scaffolds had directed stem cell differentiation into neural phenotypes [9]. Thus, a trustworthy 
approach such as mathematical modelling must be used to control topographical properties [24, 25]. The 
topographical properties have been previously shown to be drastically affected by several operational 
parameters [6, 13, 15, 17, 22, 24, 25, 27, 28]. However, here we reported the dependency of helix 
movement on electric and magnetic forces. In addition, 3D modelling was done to study the behaviour of 
helix movement and linear transitional speed.  

In order to produce an effective model to further predict the key topographical properties such fiber 
diameter and porosity [17, 22, 24, 26], it was necessary to study the effect of nozzle diameter and voltage 
on fiber diameter. We also studied the impression of distance on fiber diameter. Moreover, the porosity of 
such scaffolds was shown to be strongly affected by linear transitional speed.  We could successfully 
study these effects while varying temperature from 80˚C to 150˚C as well. Among many studies, we 
believe that our previous and current models could be introduced as one of the most commonly applicable 
models for controlling topographical properties which are needed in neural tissue engineering applications. 
However, our numerical models need to have boundary conditions in nozzle diameter, applied voltage, 
distance, transitional speed and temperature since our models may not be applied in cases of extreme 
operational parameters. For example, fiber diameter doesn’t be influenced by extremely large nozzle 
diameter in practical experiment but it is slightly changed in numerical simulation. It may result in 
extremely high viscoelastic and surface tension force. The fiber diameter was also reported to be 
drastically changed by altering the applied voltage and distance. However, it is difficult to predict fiber 
diameter due to short circuit when voltage is extremely high or distance is extremely low. Moreover, 
porosity of fibrous scaffolds showed a strong dependency transition speed but it is challengeable to 
calculate the porosity because our models exclude PCL tensile property model. Finally, temperature could 
significantly change the micro scale topography properties such as fiber diameter and helix radius. 
However, it is very tough to expect the topography properties in extremely high temperature because of 
characterization of the ignition behavior of PCL.  

In this study, we successfully established comprehensive models to enhance its feature to control the 
topographical properties of melt electrospun fibrous scaffolds. Our mathematical model can be used to 
investigate the effects of different key parameters such as temperature, feed rate, flow rate, fiber diameter 



and porosity. Such flexibility makes this model attractive for tissue engineers and their desired 
applications. We have chosen  PCL, a commonly used biodegradable polymer which is tailorable in its 
mechanical properties, rate of surface and bulk biodegradation, solubility and crystallinity, and structure 
topography[9]. We have also evaluated the performance of such model to investigate the topographical 
properties of tubular scaffolds which can be used for nerve tissue engineering approaches especially for 
peripheral nerve injures. On-going work is investigating the effects of viscoelastic properties of polymer 
melt and also its molecular weight on controlling the topographical properties of melt electrospun fibrous 
scaffolds to further our current mathematical model.  

7. Conclusion 

Here we aimed to predict the effect of linear transitional speed on most important forced involved in the 
melt electrospun process. These forces include tension forces, electrical forces, Lorentz force and also 
gravity forces.  The dependency of such forces on linear transitional speed was studied. The effect of flow 
rate was also considered to further investigate the effect of these forces along the change in radius of helix 
as one of the most important topographical properties of such scaffolds. The aim of this research is to add 
helix movement modeling and three dimensional scaffold modeling to our previous models to predict 
radius of helix and topography of scaffold incorporating nozzle size, counter electrode distance, applied 
voltage, temperature, linear transitional speed, and flow rate. Experimentally elusive variable effects are 
demonstrated through numerical simulations at the fixed conditions.  

• Density of PCL shows decrease of 57%, viscoelastic force presents increase of 250%, electrospinning 
velocity demonstrates increase of 80% and fiber diameter displays decrease of 8% when temperature 
is increased from 80˚C to 150˚C while fixing all other variables.  

• Tension force presents increase of 125% and radius of helix shows decrease of 36% when linear 
transitional speed is varied from 8mm/s to 20mm/s.  

• Electrical force shows decrease of 2.7%, tension force presents decrease of 3.7%, gravity force 
demonstrates increase of 11%, and Lorentz force displays decrease of 2.9% when flow rate is 
increased from 2ml/h to 10ml/h.  

• The effect of temperature on the fiber diameter was evaluated and the simulation results are compared 
with experimental data. The fiber diameter presents decrease of 32% when the temperature increases 
from 80˚C to 150 ˚C. In simulation, the fiber diameter demonstrates decrease of 12% as the 
temperature increased from 80˚C to 150˚C. Moreover, radius of helix shows decrease of 17% in the 
simulation. Experimental radius of helix presents decrease of 34% when temperature is increased 
from 80˚C to 150 ˚C.  

• Morphology of tubular scaffold is controlled by linear transitional speed. The rolling angle of 
microfiber on the round substrate presents respectively decrease of 60% and 59% and in simulation 
and experiment when the linear transitional speed is changed from 8.5mm/s to 17mm/s. In addition, 
the fabricated tubular scaffold becomes sparser in the faster transitional speed in both simulation and 
experiment.  

The reliable mathematical modeling enabled to predict and design morphology under various parameters 
holds great promise for specific scaffold fabrication.  
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Table1. Parameters used for numerical simulations 

Parameters Literature and Standard data 
Conductivity (k) 0.132 

Electric field coefficient (𝒌𝒌𝒆𝒆) [28] 9.0 × 109𝑁𝑁𝑚𝑚2/𝑐𝑐2 
Momentum of Electron (P) 1.03434 × 10−11kgm/s 

Mass of electron (Me) 9.10938291 × 10−31 
Magnetic constant (𝝁𝝁𝟎𝟎) [28] 4𝜋𝜋 × 10−7 𝑁𝑁/𝐴𝐴2 

Specific heat for PCL polymer (𝑪𝑪𝒑𝒑) [25] (0.3 + 6 × 10−4𝑇𝑇) × 4 × 182 × 107 
Flow rate (Q) 2ml/h 

Activation energy, (𝑬𝑬𝒏𝒏) 10.1 kcal/mol 
Gas constant, (R) 1.9872 cal/K·mol 

Friction constant (𝝁𝝁𝟏𝟏) of aluminum foil 0.61 
Permittivity of vacuum (𝜺𝜺𝟎𝟎) [29] 8.854187817 × 10−12𝐹𝐹/𝑚𝑚 

Melt temperature (𝑻𝑻𝒎𝒎) 60˚C 
Ambient temperature (𝑻𝑻𝒂𝒂) 20˚C 

 



 

Figure 1. Geometry of different stages of electrospun fiber and the straight jet surmounted by a truncated 

cone [25] 



 

Figure 2. Schematic of Lorentz force in melt electrospinning (E: electric field, V: velocity of 

electron, B: magnetic field) 



 

Figure 3 Schematic of helix movement on (A) flat surface and (B) round surface 



 

Figure 4. Topology of microfibers using 300 μm nozzle, 20kV voltage, and 5cm distance; (A) 

Experiment, (B) Simulation. 



 

Figure 5. Parameters variation in various temperatures.  

 

Figure 6. Parameters variation in various feed rate.  



 

Figure 7. Parameters variation in various flow rate. 



 

Figure 8. Predictions of fiber diameter and porosity under ambiguous conditions including 

various temperatures. 



 

Figure 9. Comparison of porosity prediction between current model and previous model.  

(A: 80˚C, B: 120 ˚C)  



 

Figure 10. Results of fiber diameter (A) and radius of helix (B) controlled by temperature in 

simulation and experimental results. (n=5)  



 
Figure 11. 3D tubular scaffold topology depended on transitional speed. (A) 4.25mm/s, (B) 

8.50mm/s, (C) 17.00mm/s 

 


