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Abstract
The size and morphology of nano�bers directly determine their application scope and performance, while
regular patterned �bers further demonstrate their superior performance in the �eld of sensors and
biomaterials. Melt electrospinning enables controlled deposition of �bers and is currently one of the most
important means of preparing patterned �bers. However, due to the existence of high-voltage electric �eld,
melt electrospinning has safety problems such as partial discharge and electric �eld breakdown, coupled
with the charge rejection on the �ber surface, which seriously affects the positioning deposition of �bers
and makes it di�cult to obtain regular patterned �bers, greatly limiting the application areas and
application effects of patterned �bers. Therefore, the improvement and innovation of the spinning
process is particularly urgent. Based on material-�eld model and contradiction matrix of TRIZ theory, the
problems of melt electrospinning device are systematically analyzed. The technical con�icts are solved
by the inventive principles. A three-dimensional mobile magnetic melt spinning device model is
constructed, a magnetic spinning test prototype is developed, and the prototype performance and
in�uencing factors are studied by �ber morphology. The results show the following: (1) Replacing
electrostatic �elds with permanent magnetic �elds can fundamentally avoid safety hazards such as
electric �eld breakdown. (2) The magnetic �eld force on the molten polymer �uid can generate enough
stretching force to overcome the surface tension and form �bers. (3) The �bers are deposited without a
whipping instability phase similar to the electrospinning process, allowing easy preparation of regular
patterned �bers. (4) The planar motion of the collector creates additional stretching effect on the �bers,
which can further reduce the �ber diameter. (5) In magnetic spinning, no external high-voltage power
supply is required, enabling the portability of the device. The results of this paper can provide a new
method for preparing nano�bers with patterned morphology.

1 Introduction
Nano�bers, in a broad sense, refer to ultra�ne �bers with a diameter of less than 1000 nm. They have
extremely high speci�c surface area and porosity, light weight and �exibility, etc., and can be modulated
in �ber structure on micro and nano scales, occupying an irreplaceable position in the �elds of composite
materials, catalysis and sensing [1, 2]. In recent years, a variety of methods for preparing nano�bers have
emerged, such as phase separation, self-assembly, mechanical stretching and template synthesis. Due to
the technical complexity and high manufacturing cost, as well as low production e�ciency and �berous
quality, the above fabricating processes limit their wide application in the preparation of nano�bers [3-5].

Electrospinning or electrospun, �rst proposed by Fornhals is a simple technique in structure and owns
high production e�ciency [6]. After continuous improvement and development by many researchers,
electrospinning has become the most commonly used method for the preparing nano�bers [7-11].
Electrospinning techniques mainly include far-�eld electrospinning (FFES)[12, 13], near-�eld
electrospinning (NFES)[7, 14], and melt electrospinning (MES) [15, 16] etc. However, these methods have
their own advantages and disadvantages. According to the different requirements and application
scenarios of nano�ber fabrication, they have been widely studied and applied in a certain period of time,
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and have promoted the development of nano�ber preparation technology to a certain extent, and
achieved good practical effects.

With the development of bionics and tissue engineering, new and higher requirements have been put
forward for the �neness and regular arrangement of nano�bers [17, 18]. The FFES technique has been
widely used in preparing nano�ber e�ciently, nevertheless the occurrence of whipping instability (bending
instability) stage in spinning process and the residual charge repulsive effect between the deposited
�bers on the collector and the subsequently depositing �bers. These problems make the preparation of
regular patterned �bers extremely di�cult. In addition, the ultra-high DC voltage (10-50 kV) applied during
the spinning process increases the safety hazards such as electric �eld breakdown, partial discharge,
high energy consumption and solvent pollution of the environment are also urgent problems to be solved.
To obtain regular patterned �bers, researchers developed NFES technique, which successfully avoids the
whipping instability stage by shortening the spinning distance to millimeter level and achieves controlled
deposition of �bers more easily, but electric �eld breakdown, solvent contamination and electrical energy
consumption remain unsolved. In addition, polymer droplets are prone to dropping to destroy the �ber
morphology on collector due to the short spinning distance in NFES. The MES technique, being explored
to solve the above problems, prepares �bers by heating the polymer to a molten viscous �ow state,
avoiding the use of organic solvents, and is an environmentally friendly spinning process. The higher
viscosity and surface tension of the polymer melt further suppresses the whipping instability and allows
easier access for regularly patterned �bers. However, MES still uses a high-voltage electric �eld as power
source, and problems such as electric �eld breakdown and charge rejection remain. In addition, the MES
distance is short and the electric �eld force is not su�cient to stretch the �bers, and the prepared regular
�bers are di�cult to reach the nanometer scale. Therefore, it is of great practical importance to study
safe, effective, convenient and green methods for the preparation of regular patterned �bers. In recent
years, researchers have improved and optimized the preparation process of patterned �bers by applying
auxiliary electric and magnetic �elds, such as Yang et al [19] introduced a magnetic �eld in an
electrospinning device to assist in the regular arrangement of nano�bers. Tokarev et al [20] proposed a
spinning method using magnetic �eld force to stretch ferromagnetic �uid into �bers, but failed to prepare
regular patterned �bers. Currently, this technology is still in the technology exploration stage and has not
been made into a spinning device.

Aiming at the problems of pattern �ber preparation, poor safety, solvent pollution and high energy
consumption existing in the existing spinning process, this paper developed a magnetic melt-spinning
(MMS) device based on MES technology and combining the advantages of the above methods. During
MMS process, permanent magnetic �eld is selected as the spinning energy source instead of high-voltage
electric �eld. And the heating and propulsion device of melt spinning is improved for heating, mixing,
storing and supplying polymeric magnetic �uid. A three-dimensional mobile collecting platform is
constructed to assist in stretching and precisely depositing �bers through controlling the moving trail and
speed, and in this way, nanoscale patterned �bers are prepared. Compared with the electrospinning
process, the MMS process requires no high-voltage electric �eld, no whipping instability stage, no charge
rejection problem, and no organic solvent contamination. In addition, the MMS technology has good
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controllable deposition, high safety, and no pollution, and regular patterned �bers can be prepared
conveniently.

2 Melt Electrospinning
MES technology is based on NFES technology and generally uses resistive heating to heat the polymer
above its melting point to obtain a polymer melt. The molten polymer �uid is subjected to electric �eld
forces, gravity and surface tension in an electrostatic �eld, and when the electric �eld forces and gravity
overcome the surface tension, the molten �uid is stretched into �brous �laments that are deposited
toward the collector [21]. The MES process unit is shown in Figure 1 and consists of a polymer propulsion
unit, a heating temperature controlling device, a high voltage electric �eld, and a collector.

MES has the following advantages: (1) It is an environmental friendly �ber preparation process without
using organic solvents; (2) The micro�ber/nano�ber device with smooth and continuous surface can be
prepared; (3) In the spinning process, the viscosity of the molten polymer �uid is higher (compared to
polymer solution), which reduces the whipping instability and is bene�cial to obtain regular pattern �bers.
However, there are still some shortcomings: (1) MES still uses high voltage electric �eld as energy source,
which does not fundamentally eliminate problems such as whipping instability, charge repulsion and
electrical safety; (2) The diameter of �ber prepared by MES is coarse.

3 Device Design Of Mms

3.1 Problem Analysis of MES
TRIZ theory is an effective method for resolving con�icts and eliminating contradictions. Among them,
the material-�eld model analysis method is a method used to establish a functional model linked to the
problem of an existing system or a new technological system, and in the process of problem solving, the
corresponding general and standard solutions can be found according to the problem described by the
material-�eld model [22-24]. To address the problems of MES, a melt spinning design solution strategy
based on the material-�eld model and con�ict resolution theory is proposed to eliminate the whip
instability in electrospinning to obtain regular patterned �bers with �ne particle size. The MES system
shown in Figure 1 can be decomposed and represented by multiple material-�eld triangles modeled, and
the obtained material-�eld model is shown in Figure 2.

The process of solving this problem by the material-�eld model analysis is as follows.

(1) Specify the substances: S1-forming nano�bers, S1'-formed nano�bers, S2-molten polymer, S3-heating
temperature control device, S4-high voltage electrode.

(2) Determine the �elds: F1-thermal �eld, F2-high voltage electric �eld, F2'-force �eld between nano�bers.
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The analysis of the material-�eld model shows that: (1) the heating temperature control device S3 keeps
the molten polymer S2 always in the molten state under the action of the thermal �eld F1 (effective
effect); (2) the high-voltage electrode is connected to the melt nozzle or needle part, and the electric
heating or other direct heating methods are used, which will easily lead to the breakdown of the high-
voltage electrode S4 (harmful effect). The melt spinning distance (the distance between the collector and
the nozzle) is continuously adjustable, when the spinning distance is far: (3) the jet stream of molten
polymer S2 is continuously stretched under the action of high-voltage electric �eld F2 until it is pulled into
nano�ber S1 (effective effect); (4) the nano�ber S1 formed in the high-voltage electrostatic �eld is
homogeneously charged, and the nano�bers repel each other under the action of inter-nano�ber force
�eld F2', and the �nal formed nano�ber S1' is di�cult to have a good morphology (harmful effect). In
addition, the �bers can cure prior to deposition, which affects the positional deposition performance, and
requires higher spinning voltages, increasing the risk of partial discharge and breakdown. When the
spinning distance is shortened, the �bers have not reached the whip instability stage has been stacked on
the collector, so that the �bers have not had time to pull the �ne stacked shape, which eliminates the
harmful effects of F2', can get a regular arrangement of �bers, but at the same time lead to F2 does not
play a corresponding stretching effect, the obtained �ber particle size is coarse. That is, MES exists
between the contradiction of �ber size and alignment rules, it is di�cult to get both �ne particle size and
regular arrangement of the �ber pattern.

This system is a complete material-�eld model of harmful effects. The main problems are the poor safety
of the spinning system and the irregular shape of the collected nano�bers or the coarseness of the
collected �bers that do not reach the nanoscale.

3.2 Problem Solving of MES
The analysis of the forming process and the material �eld model of MES revealed that: (1) In order to
ensure the state of the polymer melt, the temperature of the melt must be ensured, and the high voltage
electrostatic is usually loaded to the syringe needle and other jet generating end, however, the jet
generating end in the MES device is also often the plasticizing end of the melt [25]. If electric heating or
other direct heating is used to ensure the temperature of the melt, it is easy to load the voltage too high
and lead to the breakdown of the heating circuit or the metal original with the high voltage electrode, thus
terminating the spinning process. (2) The newly formed nano�bers are homogeneously charged, and the
collected nano�bers are irregular in shape due to the repulsion of the charges; the high voltage can make
the nano�bers being formed have a greater force in the axial direction, which makes the repulsion effect
between the nano�bers less obvious, so that the nano�bers with better shape can be collected, but the
power consumed is too large and the safety risk is greater.

For the above-mentioned harmful material-�eld models, the effects of harmful effects can be eliminated
by introducing new physical �elds or by inventive principles [22, 24]. Using the TRIZ theory of technical
con�ict resolution to analyze the above problems: (1) The temperature of the melt must be guaranteed,
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and "temperature" is the parameter to be improved, which corresponds to the general technical parameter
"22-temperature"; the safety is affected by the breakdown of the circuit or high-voltage electrode, and
"safety" is the parameter to be deteriorated, which corresponds to the general technical parameter "37-
safety". "Safety" is the parameter to be deteriorated, corresponding to the general technical parameter "37-
safety". A query of the TRIZ theory con�ict matrix yielded 5 recommended inventive principles: 24 (with
the help of intermediaries), 1 (segmentation), 3 (local mass), 35 (change of physical or chemical
parameters), 28 (substitution of mechanical systems). (2) Well shaped nano�bers need to be obtained,
"well shaped nano�bers" is the characteristic to be improved, corresponding to the general technical
parameter "9 - shape"; loading higher voltage causes excessive energy consumption, "increased energy
consumption" is the characteristic to be deteriorated, corresponding to the general technical parameter
"16 - energy consumed by moving objects". A query of the TRIZ theory con�ict matrix yielded 8
recommended inventive principles: 3 (local mass), 14 (surfacing), 28 (substitution of mechanical
systems), 2 (extraction), 24 (with the help of intermediaries), 35 (change of physical or chemical
parameters), 6 (diversi�cation), 34 (discard or regeneration). The inventive principle 28 (substitution of
mechanical systems) was selected after comparative analysis. Using a strong magnet instead of high-
voltage electricity and adding ferromagnetic particles to the polymer melt to make it a magnetic �uid, the
magnetic �eld generated by the strong magnet is used to spin the magnetic �uid, which retains the
advantages of MES and solves two pairs of technical con�icts: (i) the high-voltage circuit is eliminated,
the temperature of the melt will not be affected, and the safety of the melt temperature and preparation
process can be ensured at the same time; (ii) the high-voltage electric �eld is eliminated and the magnetic
�eld is used, which ensures the morphology of the patterned nano�bers obtained and does not increase
the energy consumption.

A schematic diagram of the modi�ed MMS device using the con�ict matrix is shown in Figure 3, and a
model of the MMS material-�eld is shown in Figure 4.problem by the material-�eld model analysis is as
follows

The MMS process is analyzed using the material-�eld model as follows.

(1) Specify the substances: S1-nano�ber, S2-magnetic �uid, S3-heating temperature control device, S4-
strong magnet.

(2) Determine the �elds: F1- thermal �eld, F2-magnetic �eld.

The analysis of the material-�eld model shows that: (1) the magnetic �uid S2 is always in the molten
state under the action of the thermal �eld F1 through the heating temperature control device S3 (effective
effect); (2) the jet stream of the magnetic �uid S2 is continuously pulled thin under the action of the
magnetic �eld F2 until it is formed into nano�ber S1 (effective effect).

This system is an effective and complete material-�eld model, using the inventive principle, a strong
magnet is substituted for high voltage electricity, and the MES device is improved, thus solving the
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problems of poor safety and irregular shape of the collected patterned �bers in the MES device.

3.3 Device Improvement of MMS
In the problem solving session, the problems of poor safety and irregularity of the collected patterned
�ber morphology in the MES device were solved, and the melt magnetic spinning device was obtained.
However, the working platform of this device and the position of the magnetic �uid injection device are
�xed, resulting in the prepared nano�ber morphology is almost constant, limiting the versatility and
operational �exibility of the prepared nanospinning, and the prepared nano�bers are coarse and di�cult
to reach the nanometer scale. Some researchers have solved the problems of coarse nano�bers and low
spinning e�ciency by changing the �xed working platform into a rotating working platform [26], but there
is still a lack of research on how to form patterned �bers, which cannot meet the demand of neatly
arranged nano�bers. Therefore, the MMS device shown in Figure 3 is optimized to solve this problem by
the three-dimensional movement between the magnetic �uid injection device and the working platform.
Figure 5 shows a schematic diagram of the three-dimensional mobile MMS device after the optimization
of the MMS device.

The three-dimensional mobile MMS device spinning process is analyzed using the material-�eld model
(shown in Figure 6) as follows.

(1) Specify the substances: S1-coarser nano�bers, S2-�ner nano�bers, S3-magnetic �uid, S4-heating
temperature control device, S5-strong magnet.

(2) Determine the �elds: F1-thermal �eld, F2-magnetic �eld, F3-mechanical �eld.

The analysis of the material-�eld model shows that: (1) the magnetic �uid S2 is always in the molten
state under the action of the thermal �eld F1 through the heating temperature control device S4 (effective
effect); (2) the jet stream of the magnetic �uid S3 is continuously pulled thin under the action of the
magnetic �eld F2 until it is formed into the nano�ber S1 (effective effect); (3) the coarser nano�ber
continues to be pulled thin under the action of the mechanical �eld F3 until it becomes the nano�ber S2 in
a more ideal state (effective effect).

This system is an effective and complete material-�eld model. In this system, the original �xed magnetic
spinning device is changed into a three-dimensional magnetic spinning device that can be moved up and
down, left and right, and back and forth, by optimizing the melt magnetic spinning device for an effective
complete object �eld model. This device can obtain �ner nano�bers and can generate regular patterned
�bers with uniform nano�ber particle size by constantly changing the relative positions of the magnetic
�uid preparation device and the mobile table.

3.4 Device Details Optimization
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In-depth analysis of the three-dimensional mobile MMS device shown in Figure 5 found that the device
also has some details of the problem. For example, when the magnetic �uid is extruded out of the
capillary syringe little by little through the piston, it is di�cult to control the extrusion force and the speed
of the magnetic �uid out�ow due to the manual extrusion operation, which makes the extruded magnetic
�uid not uniform, thus leading to the inconsistent diameter of the prepared nano�bers. To address this
problem, a stepper motor magnetic �uid extrusion device is designed in this paper, as shown in Figure 7.

The stepper motor is connected to the screw nut mechanism, and the screw nut mechanism is connected
to the pushing member so as to control the piston movement, and the piston movement is used to
regulate the pressure acting on the magnetic �uid inside the chamber, thus making the magnetic �uid
extruded more stably and uniformly, so as to prepare the �ber with uniform particle size, which solves the
problems of the traditional feeding device that the feeding is not uniform and stable enough and the
spinning effect is poor.

3.5 Three-Dimensional Mobile MMS Principle
After further optimization of the magnetic �uid spinning device, a three-dimensional mobile MMS device
was �nally developed, the structure of which is shown in Figure 8. The MMS device consists of four main
parts: the magnetic �uid preparation device for producing magnetic �uid, the three-dimensional console
for �xing the magnetic �uid preparation device, the collector located below the magnetic �uid preparation
device, and the strong magnet located below the collector.

The spinning material is put into the sealed chamber 4, and then the magnetic �uid preparation device is
�xed on the support of the three-dimensional console, and the relative position of the nozzle 6 of the
magnetic �uid preparation device and the strong magnet 7 of the three-dimensional console is adjusted
to the set initial position. By controlling the stepping motor 1, the propulsion device 3 is moved downward
to the sealing chamber 4 under the action of the �lament nut mechanism 2, and the pre-prepared
magnetic �uid in the molten state is added inside the sealing chamber, which is always in the molten
state under the control of the heating temperature control device 5. Under the further action of the
propulsion device, the magnetic �uid inside the chamber is extruded from the nozzle under pressure to
form a liquid droplet. The synchronous motor 11 is connected to the screw, which is connected to the
guide rail to control the front and back relative position of the working platform and the nozzle, the
stepping motor 14 controls the left and right relative position of the working platform and the nozzle, and
the synchronous motor 16 controls the up and down relative position of the working platform and the
nozzle. The relative position of the nozzle of the magnetic �uid preparation device and the strong magnet
of the three-dimensional console can be freely controlled, and the droplet-shaped magnetic �uid formed
according to the designed trajectory forms a liquid bridge under the action of the magnetic �eld of the
strong magnet, and the liquid bridge is cured to form nano�ber �laments.

4 Experiment
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4.1 Experimental Materials and Equipment
Polystyrene (PS, MW = 300 kDa) was chosen as the raw material for polymer spinning, the average
particle size of Fe3O4 magnetic nanoparticles was 50 nm, and the doping ratio of Fe3O4 in the polymer
was 5%. The experimental equipment was a homemade three-dimensional mobile MMS test prototype
shown in Figure 9. The experimental instruments include a optical microscope (Zeiss Axio Lab, Germany),
a scanning electron microscope (FEI Quanta 200, The Netherlands), an atomic force microscope (Bruke
Multimode 8, Germany), and an X-ray diffractometer (X'Pert PRO, The Netherlands).

4.2 Experimental Method
PS and Fe3O4 nanoparticles were loaded into the magnetic �uid melt chamber separately, and the PS-
Fe3O4 mixture in the molten state was obtained by heating to 210°C. The propulsion device extruded the
�uid from the nozzle at a speed of 0.4 ml/h to form droplets. The spinning distance is set to 5 mm, which
is the distance between the nozzle and the collector. The collector is controlled by the moving platform
and moves according to the set trajectory line in the range of 0 - 10 cm, with a moving speed range of 0 -
100 mm/s and a positioning accuracy of 0.01 mm.

4.3 Analysis of Experimental Results
As shown in Figure 10, the permanent magnet in the experiment generates a permanent magnetic �eld to
the surrounding environment. As shown in Comsol simulation, the magnet generates a magnetic �eld of
about 0.8 - 1.6 T (Tesla) in a region of about 5 mm outside the tip. Without magnetic �eld, the polymer
droplet is mainly subjected to gravity (G) and surface tension (Ft), when G ≤ Ft, the droplet maintains its
own shape and does not drip. When the magnetic �eld force is applied, the droplet is subjected to G, Ft

and the magnetic �eld force (Fm) at the same time. When G + Fm ≥ Ft, i.e., gravity and magnetic �eld
force overcome the droplet surface tension, the droplet is stretched to form a taylorcone (Figure 11a) and
then gradually forms a �bril (Figure 11b), which is deposited onto the collector. At the same time, the
collector makes a planar motion under the control of the set program, and the motion generates
additional mechanical stretching force on the �bers, which further shrinking the �ber.

Regular �ber from MMS were �rst characterized by scanning electron microscopy (SEM), as shown in
Figure 12a, when the collector moves in-plane with a linear trajectory at a speed of 10 mm/s, linear �bers
with a particle size of approximately 10 μm are obtained. When the collector moves in a plane with a
sinusoidal trajectory (speed of 20 mm/s), corresponding 2D sinusoidal pattern �bers are obtained. In
addition, the morphology of the patterned �bers, including the frequency and amplitude of the waveform,
can be changed by adjusting the frequency of the sinusoidal trajectory motion of the collector. As shown
in Figure 12b, the average particle size of the prepared sinusoidal �bers is about 900 nm. From the
experimental results, it can be seen that patterned �bers with good morphology and uniform particle size
can be prepared by this magnetic spinning process.
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Figure 13 shows the XRD patterns of Fe3O4 and PS- Fe3O4 composites. As can be seen from the �gure,
distinctive characteristic peaks appear at 2θ of 30.2°, 35.6°, 43.2°, 57° and 62.6°, corresponding to the �ve
crystal planes (200), (311), (400), (511) and (440) in the Fe3O4 crystal structure, which proves that the
Fe3O4 nanoparticles are successfully encapsulated in the PS nano�bers.

Atomic force microscopy (AFM) shows that the �bers prepared by magnetic spinning have uniform
particle size, uniform distribution of Fe3O4 in the �bers, and good morphology (Figure 14). Therefore,
magnetic nano�bers with good morphology can be obtained by using the MMS process, which provides a
new preparation process for the application expansion of functional patterned �bers.

5 Conclusions
Using the TRIZ theory of the material �eld model and con�ict matrix, the design method of magnetic
spinning device was proposed, a three-dimensional mobile MMS device model was established, a
magnetic spinning test prototype was developed, and its performance and in�uencing factors were
experimentally studied, and the following conclusions were drawn.

(1) MMS does not require an external high-voltage power supply and no organic solvent. The magnetic
�eld force can produce su�cient stretching force on the molten polymer �uid to form �bers after
overcoming the surface tension, which fundamentally avoids the safety hazards such as electric �eld
breakdown and solvent contamination problems.

(2) The �ber deposition process will not produce a whipping instability phase similar to the
electrospinning process, and stable patterned �bers can be obtained. When the collector moves in the
plane for linear trajectory (speed 10 mm/s), the oriented �ber with particle size about 10 μm can be
obtained, and when the collector moves in the plane for sinusoidal trajectory (speed 20 mm/s), the
corresponding sinusoidal pattern �ber with particle size about 900 nm can be obtained.

(3) The morphology of the case �bers is regulated by the trajectory, speed and precision of the moving
platform. The additional stretching force generated by the motion of the collector can be used to regulate
the �ber particle size.

In summary, the design scheme of the MMS device proposed in this paper is feasible, and the research
results provide a new process pathway for the preparation of nanoscale patterned �bers.

6 Declaration
Acknowledgements

Not applicable.

Funding



Page 11/25

Supported by Science & Technology Ministry Innovation Method Program, China (No. 2020IM020400),
Sichuan Major Science and Technology Project, China (No. 2020ZDZX0024), and Sichuan Province
Science Technology Support Program, China (No. 2021YFG0056).

Availability of data and materials

The datasets supporting the conclusions of this article are included within the article.

Authors’ contributions

The author’ contributions are as follows: QL conceived and designed the study; KZ performed the
experiments and wrote the initial manuscript; WZ and MY reviewed and edited the manuscript. All authors
read and approved the fnal manuscript.

Competing interests

The authors declare no competing �nancial interests.

Consent for publication

Not applicable

Ethics approval and consent to participate

Not applicable

References
1. Kenry, Chwee Teck Lim. Nano�ber technology: current status and emerging developments. Progress

in Polymer Science, 2017 (70) :1–17.

2. Shaohua Jiang , Yiming Chen,Gaigai Duan, et al.
Electrospun nano�ber reinforced composites: a review. Polymer Chemistry, 2018, 9(20): 2685-2720.

3. Xianrui Xie, Yujie Chen, Xiaoyu Wang, et al. Electrospinning nano�ber scaffolds for soft and hard
tissue regeneration. Journal of Materials Science & Technology, 2020 (59): 243–261.

4. Xiaofeng Lu, Ce Wang, Yen Wei. One-dimensional composite nanomaterials: synthesis by
electrospinning and their applications. Small, 2009, 5(21):2349-2370  .

5. ZM Huang, YZ Zhang, M Kotaki, et al. A review on polymer nano�bers by electrospinning and their
applications in nanocomposites. Composites Science and Technology, 2003, 63(15): 2223-2253  .

�. Formhals A. Process and apparatus for preparing arti�cial threads: US50028330A. 1934-10-02.

7. Xiaoxiao He, Jie Zheng, Guifeng Yu, et al. Near-�eld electrospinning: progress and applications.
Journal of Physical Chemistry C, 2017, 121(16): 8663-8678  .



Page 12/25

�. Linlin Zhang, HongjinYuan, Xiaoyang Li. Numerical research on ten-needle inline nozzle structure.
Journal of Mechanical Engineering, 2016, 52(22): 205-212. (in Chinese)

9. Yunze Long, Miao Yu, Bin Sun, et al. Recent advances in large-scale assembly of semiconducting
inorganic nanowires and nano�bers for electronics, sensors and photovoltaics. Chemical Society
Reviews, 2012,41(12) :  .4560-4580  

10. Wee Eong Teo, Ryuji Inai, Seeram Ramakrishna. Technological advances in electrospinning of
nano�bers. Science and Technology of Advanced Materials, 2011(12): 1-19.

11. TD Brown, PD Dalton, DW Hutmacher. Melt electrospinning today: an opportune time for an emerging
polymer process. Progress in Polymer Science, 2016(56): 116-166.

12. B Sun, YZ Long, HD Zhang, et al. Advances in three-dimensional nano�brous macrostructures via
electrospinning. Progress in Polymer Science, 2014, 39(5): 862-890.

13. Nowak James F., Clippinger Aaron, Samuel Johnson. Freeform fabrication of �ber-reinforced
hydrogels using direct-write far �eld electrospinning. Journal of Manufacturing Processes, 2020(58): 
955-963.

14. DH Sun, C Chang, S Li, et al. Near-�eld electrospinning. Nano Letters, 2006, 6(4):839-842  .

15. Suk Hee Park, Taek Gyoung Kim, Hyo Chan Kim, et al. Development of dual scale scaffolds via direct
polymer melt deposition and electrospinning for applications in tissue regeneration. Acta
Biomaterialia, 2008, 4(5): 1198-1207.

1�. Xueqin Li, Yuansheng Zheng, Xiaoqi Mu, et al. The eEffects of electric �eld on jet behavior and �ber
properties in melt electrospinning. Fibers and Polymers, 2020, 21(5):984-992  .

17. Jianxun Ding, Jin Zhang, Jiannan Li, et al. Electrospun polymer biomaterials. Progress in Polymer
Science, 2019(90):1–34.

1�. Kai Zhang, Xuefen Wang, Dazheng Jing, et al. Bionic electrospun ultra�ne �brous poly(L-lactic acid)
scaffolds with a multi-scale structure. Biomedical Materials, 2009, 4(3):1-6.

19. Dayong Yang, Bo Lu, Yong Zhao, et al. Fabrication of aligned �birous arrays by magnetic
electrospinning. Advanced Materials, 2007, 19(21): 3702-3706.

20. Alexander Tokarev, Oleksandr Trotsenko, Ian M.Gri�ths , et al. Magnetospinning of nano- and
micro�bers. Advanced Materials, 2015, 27(23): 3560-3565.

21. Juliane C Kade, Paul D Dalton. Polymers for melt electrowriting. Advanced Healthcare Materials,
2021,10(1): 2001232.

22. Yousheng Yang, Shunjun Tang, Xiaodong Wang, et al. Deep-sea water hydraulic solenoid valves
based on TRIZ theory. Journal of Mechanical Engineering, 2019,55(16): 205-212. (in Chinese)

23. Wenhan Xia, Kai Wang, Yan Li, et al. Innovative design for adaptive detection module of in-pipe robot
based on TRIZ. Journal of Mechanical Engineering, 2016,52(5): 58-67. (in Chinese)

24. Yan Li, Wenqiang Li. Method to creative design. Beijing: Science Press, 2013. (in Chinese)

25. Weimin Yang, Haoyi Li, Weifeng Wu, et al. Research progress of melt electrospinning technology.
Journal of Beijing University of Chemical Technology (Natural Science), 2014. 41(4): 1-13. (in



Page 13/25

Chinese)

2�. Lulu Gao, Lan Xu. Research progress on batch preparation of electrospun aligned nano�bers.
Advanced Textile Technology, 2020:1-20. (in Chinese)

Biographical Notes
Kai Zhang, born in 1984, is currently a post doctorate at Innovation Method and Creative Design Key
Laboratory of Sichuan Province, Sichuan University, China. He received his PhD degree from Sichuan
University, China, in 2018. His research interests include innovative design methods, knowledge services
and intelligent manufacturing.

Tel: +86-028-85405307; E-mail: zhangkai@scu.edu.cn

Wu Zhao, born in 1968, is currently a professor at Sichuan University, China. He received his PhD degree
from Sichuan University, China, in 2007. His research interests include innovative design and intelligent
design, intelligent equipment, cutting technology and cutting tools.

E-mail: zhaowu@scu.edu.cn

Qing-Jie Liu, born in 1982, is currently an associate professor at Southwest Jiaotong University, China.
His research interests include the preparation and application of nanomaterials.

E-mail: liuqj@my.swjtu.edu.cn

Miao Yu, born in 1989, is currently a post doctorate at Innovation Method and Creative Design Key
Laboratory of Sichuan Province, Sichuan University, China. He received his PhD degree from Southwest
Jiaotong University, China, in 2018. Her research interests include mechanical behavior of single polymer
chains, surface and interface mechanics at nanoscale.

E-mail: miaoyu@scu.edu.cn

Appendix
Appendix and supplement both mean material added at the end of a book. An appendix gives useful
additional information, but even without it the rest of the book is complete: In the appendix are forty
detailed charts. A supplement, bound in the book or published separately, is given for comparison, as an
enhancement, to provide corrections, to present later information, and the like: A yearly supplement is
issue.
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Figure 1

Schematic diagram of MES device
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Figure 2

Material-�eld model of MES
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Figure 3

Schematic diagram of MMS device
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Figure 4

Material-�eld model of MMS
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Figure 5

Schematic diagram of three-dimensional mobile MMS device
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Figure 6

Material-�eld model of three-dimensional moving MMS

Figure 7

Magnetic �uid injection device
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Figure 8

Three-dimensional mobile MMS device
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Figure 9

MMS test prototype
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Figure 10

Magnetic spinning simulation diagram
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Figure 11

Magnetic droplets stretched by magnetic force to form �bers

Figure 12

2D patterned �ber prepared by magnetic spinning and SEM image
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Figure 13

XRD patterns of PS and PS- Fe3O4 composites
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Figure 14

AFM diagram of patterned �bers


