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Spinning nozzle for producing nanofibrous and microfibrous materials composed of

fibres having a coaxial structure

Technical field

The invention relates to a device for the production of nanofibrous or microfibrous

materials, comprising a spinning electrode connected to one of the electric potential points of

a high-voltage power supply, said electrode consisting of electrically conductive and non-

conductive components, into which two different spinning mixtures are fed by means of two

separate distribution channels, the latter being connected to two respective proportioning

devices, one of the mixtures forming the longitudinal core of the fibre and the other one

forming the longitudinal shell of the same, said nozzle being additionally passed by the air

flowing around it.

State of the art

The method of electrostatic spinning used for producing nanofibrous or microfibrous

materials is based on the utilization of two electrodes connected to reversed electric potential

points. In a basic arrangement, one of said electrodes serves for proportioning a polymeric

solution and for shaping the same into curved forms having small radiuses of curvature. Due

to the action of the forces induced by a strong electric field, a so called Taylor cone is formed

and, simultaneously, a fibre is created, the latter being attracted by the electrostatic forces to

the other, i.e. opposite electrode having reversed polarity and serving for capturing the flying

fibres. After having been captured, the fibres successively form a continuous layer on the

surface of said opposite electrode, the layer being composed of randomly arranged fibres with

a small diameter (generally ranging between tens of nanometres and several micrometres). In

order to actually enable the creation of a fibre in the strong electric field, a number of

conditions must be met with respect to the physical and chemical properties of the polymeric

solution itself as well as to the ambient influences and the geometry of the electrodes. In the

case that two different materials are supplied into a suitably adapted nozzle under adherence

of several other conditions, coaxial fibres can be formed, which means that every individual

fibre is formed by a coaxial core made of one of the two materials and by a shell made of the

other, different material. Such adapted process is referred to as coaxial electrostatic spinning

or, abbreviated, as "co-electrospinning". It can be understood from the above described

principle that in order to obtain such coaxial fibres, a Taylor cone, which originates both from

the inside drop formed by one of the mixtures and from the enclosing outer drop formed by



the other mixture, must be initiated. This can be achieved in that two different mixtures are

supplied by means of a coaxial conductive nozzle.

In connection with the development of novel nanofibrous and microfibrous materials

and their applications, the demands relating to extended morphological parameters of such

materials continue to increase. The same applies to the requirements relating to the creation of

more complex nanostructures and microstructures having extended functionalities. In the up-

to-date applications, the simplified conception of a fibre consisting in that the latter is

constituted by a thin, long formation having circular cross-section, is being replaced by fibres

having modified nanostructures or microstructures. Such structural modifications may also

include coaxial fibres formed by a core and a shell made of two different materials. A final

product made up of such coaxial fibres, known as "core-shell fibres", can be used in modern

medical application as well as in other industrial applications (controlled release of

medications, increased surface activity of fibres, enhanced mechanical properties, increased

efficiency of filtration etc.). Exemplary applications include new material used for the

controlled distribution and release of medications, wherein initially a first material is released

from the shell of the fibre and subsequently a second material is released from the core of the

same (the reaction kinetics being controlled by the structure of the material). In addition, other

particles or substances, such as viruses, bacteria, crystals or the like, can be encapsulated into

the shell, which are not separately spinnable or which could be damaged or suffer from a

rapid loss of viability, etc. during the spinning process. Furthermore, the shell may serve as a

non-degradable barrier enabling the encapsulation of toxic substances used e.g. for the

purpose of detection, diagnostics and the like. The core may conversely bind the second

material (i.e. the mixture contained in the shell) onto its surface when such material is not

spinnable in itself but has a function which is absolutely essential and substantial for the

respective application. The inner material can be then removed in a post-treatment process

with the aim to obtain fibres having hollow cross-sections. In this manner, nanochannels or

microchannels can be formed, such as those enabling the specific surface are of the respective

fibrous material to be increased, micropipettes to be prepared etc. Further advantages of such

fibres consist in that the fibres have enhanced mechanical properties, one of the material being

more significant with respect to the mechanical properties and constituting a carrying element

for the other material. The whole spectrum of the possible applications, which are outlined

above, obviously indicates that the importance of the development and use of such a

sophisticated nanofibrous and microfibrous material will increase in the future and that the

industrial production of coaxial fibres is/will be sought after.



The method of coaxial electrostatic spinning consists in that two different solutions are

proportioned by means of a nozzle into a single miniature coaxial droplet, one of the solutions

being fed through the inner circular nozzle and the other solution being fed through the outer

circular nozzle, the outer nozzle enclosing the inner one in a close vicinity. Both the nozzles,

which have small diameters (the outer one typically less than 2 mm and the inner one

typically less than 1 mm), are connected to one of the potential points of a high-voltage power

supply. The other pole of the high-voltage power supply is connected to the opposite

collecting electrode attracting the fibres by means of the electrostatic field effect. The

structural arrangement of such coaxial nozzle is described, for example, in the documents US

20060213829, WO 2012058425 and GB 2482560. There are also other patent documents

dealing with the production of coaxial fibres. All of them, however, disclose the solutions

based on a single coaxial nozzle which is not sufficiently productive and which is, from the

practical point of view, only able to provide a nanofibrous or microfibrous material composed

of coaxial fibres for laboratory purposes. Despite all of that, there is a need to find a solution

for a large-scale production technology in order to enable production of coaxial nanofibrous

or microfibrous materials in a real industrial manner. Such more productive solution is

disclosed in the document US 20120034461 where individual coaxial nozzles having an

identical structural arrangement are described, the increased production being achieved by

multiplying the nozzles and by grouping them within a microchip. The system of miniature

nozzles, which is described in the above document, does not constitute a solution for repeated

production. In particular, it is not possible to clean the nozzles during a practical application.

Another solution for the industrial production of coaxial nozzles is described in the patent

specification CZ 302876 (B6). The above document discloses a solution which is based on the

use of two mixtures flowing over a conductive electrode without forming a two-component

droplet, necessary for obtaining a coaxial fibre, in a direct manner. When the two mixtures

flow over the electrode, they are mixed in the vicinity of the latter which leads to an

uncontrolled distribution of the components in the fibre being formed, i.e. in its core or in its

shell. Thus, it is very easy to spin different materials independently and separately. After

having flown over the electrode, the liquid mixture is not reusable and cannot be subsequently

recovered in any appropriate way. This poses the main drawback with regard to the industrial

production when considering the fact that natural raw materials or their constituents, which

are used for the production of coaxial fibres, are relatively expensive.

The main problem related to the formation of coaxial fibres consists in the

complicated and expensive manufacture of special thin coaxial nozzles. When coaxial fibres



are produced in a larger scale in comparison with the laboratory one, the respective nozzles

are multiplied and deployed in an area forming a spinning electrode. The solutions, which are

known from the documents cited above, are very demanding as far as their maintenance is

concerned and are not suitable for a long-term production of coaxial fibres. Our long-time

experience shows that mixtures frequently solidify inside the thin capillaries even when

simple, non-coaxial nozzles are used which requires repeated, time-demanding cleaning

procedures to be carried out. In some cases, such nozzles cannot be cleaned any more. If a

novel multiple spinning nozzle is devised, which enables the coaxial fibres to be produced in

an industrial scale in a way other than by multiplying thin coaxial nozzles known in the art

and which also enables to carry out the necessary maintenance in an easy and fast way, a

unique possibility to transform the preparation of coaxial fibres from a laboratory scale to a

real industrial one would be provided. Such nozzle must be able to ensure the formation of a

two-component droplet (consisting from an inner droplet and an outer, enclosing one) from

two independently proportioned mixtures leading to the creation of a Taylor cone having

predefined coaxial composition.

Summary of the invention

The objective of the present invention is to present a novel design solution of a highly

productive nozzle which is able to produce nanofibrous or microfibrous materials composed

of individual coaxial fibres which means that every fibre will be formed by a coaxial core

made of one of the two types of material and by a shell made of the other, different type of

material.

The objective is largely achieved by a spinning nozzle for production of nanofibrous

and microfibrous materials, wherein according to the invention it comprises

- a first plate provided with at least one continuous groove for directing a first material to an

outlet mouth portion of the continuous groove in a face of the first plate;

a second plate provided with at least one continuous groove for directing a second

material to an outlet mouth portion of the continuous groove of the second plate, the outlet

mouth portion being arranged adjacent to the outlet mouth portion of the first plate, and

- a separating plate arranged between the first plate and the second plate for separating the

continuous grooves of the first plate from the continuous grooves of the second plate,

while the face of the separating plate forms with the face of the first plate and/or the face

of the second plate a continuous surface in the region of the outlet mouth portions of the

continuous grooves.



According to a preferred embodiment the first plate is made of a non-conductive

material while the second plate and the separating plate are made of a conductive material.

According to another preferred embodiment the continuous grooves of the first plate

are wider than the continuous grooves of the second plate and extend beyond the continuous

grooves of the second plate on either side, the longitudinal axes of the continuous grooves

overlapping each other at least in the region of the outlet mouth portions of the continuous

grooves when viewed in a direction which is perpendicular to the separating plate.

According to yet another preferred embodiment the spinning nozzle comprises a third

plate which is provided with continuous grooves mouthing at a face of the third plate and

which adjoins the second plate, the outlet mouth portions of the continuous grooves of the

third plate being arranged adjacent to the corresponding outlet mouth portions of the

continuous grooves of the second plate.

According to a further embodiment the spinning nozzle comprises a fourth plate

arranged spaced apart from the second plate and serving for supplying the shaping and/or

heating air to the faces of the first plate, separating plate and second plate, respectively.

According to yet another preferred embodiment the spinning nozzle comprises a fifth

plate, which is spaced from the third plate, and a sixth plate, which is spaced from the first

plate, the fifth and sixth plates serving for supplying the shaping and/or heating air to the

faces of the first plate, separating plate, second plate and third plate, respectively, from either

side.

Preferably, the faces of the first plate, separating plate, second plate and third plate,

respectively, form a channel in the outlet face of the spinning nozzle, the longitudinal axis of

the channel being parallel to that of the face of the separating plate.

Brief description of the drawings

For more detail, the invention will be further described by means of the

accompanying drawings wherein Fig. 1 schematically shows a top view of a portion of a

spinning nozzle according to the invention, Fig. 2 schematically shows a longitudinal section

of the spinning nozzle according to the invention shown in Fig. 1, Fig. 3 schematically shows

a longitudinal section of a second exemplary embodiment of the spinning nozzle according to

the invention, Fig. 4 schematically shows a longitudinal section of a third exemplary

embodiment of the spinning nozzle according to the invention, Fig. 5 schematically shows a

longitudinal section of a fourth exemplary embodiment of the spinning nozzle according to



the invention and Fig. 6 schematically shows the process of formation of a coaxial fibre using

the exemplary embodiment of the nozzle according to the invention as shown in Fig. 1.

Exemplifying embodiments of the invention

Fig. 1 schematically shows the top view of a distal end of a spinning nozzle according

to the invention. The first plate 1 is provided with a continuous groove 2 and adjoins the

separating plate 8 such that the separating plate 8 laterally encloses the continuous groove 2.

On the opposite side, the separating plate 8 is adjoined by a second plate 5 that is provided by

a continuous groove 6 and adjoins the separating plate 8 such that the separating plate 8

laterally encloses the continuous groove 6. On its opposite side, the second plate 5 is adjoined

by a third plate 11 that is provided by a continuous groove 12 such that the second plate 5

laterally encloses the continuous groove 12. The continuous grooves 2 and 12 of the first plate

1 and third plate 11, respectively, extend beyond the continuous groove 6 of the second plate

5 on either side, the centres of the continuous grooves 2, 6, 12 of the first, second and third

plates 1, 5, 11, respectively, are aligned in a common line, which would be apparent in a top

view of the distal end of the hidden portion of the spinning nozzle, the common line being

perpendicular to the face of the separating plate 8 that adjoins the first plate 1. The continuous

groove 6 is intended for guiding the core material of the coaxial fibre while the continuous

grooves 2 and 12 are intended for guiding the material of the shell encasing the core of the

coaxial fibre. The second plate 5 and the separating plate 8 are made of a conductive material

while the first plate 1 and third plate 11 are made of an insulating material. The first, second

and third plates 1,5,1 1 may be provided with multiple continuous grooves 2, 6, 12,

respectively, the outlet mouth portions 3, 7, 14 of the individual grooves, as shown in Fig. 2,

being formed at the distal end of the spinning nozzle and having mutual arrangement which is

identical to that of the corresponding mouth portions shown in Fig 1. The first, second and

third plates 1, 5, 1 as well as the separating plate 8 are mutually rigidly but detachably

connected, e.g. by means of screw joints. Spaced apart from the distal end of the combined

spinning nozzle, a collecting electrode (not shown) is arranged. A high-voltage supply (also

not shown) is wired between the collecting electrode and the second plate 5 which is

connected with the separating plate 8.

Fig. 2 schematically shows the longitudinal section of the spinning nozzle according to

the first exemplary embodiment of invention as shown in Fig. 1, the section being led through

the plane A - A indicated in Fig. 1. It is apparent from the above view of the spinning nozzle

that the face 4 of the first plate 1 along with the outlet mouth portion 3 of the continuous



groove 2 of the first plate 1 and the face 13 of the third plate 11 along with the outlet mouth

portion 14 of the continuous groove 12 of the third plate 11 form elevated walls of a channel,

the bottom of the latter being formed by the face 9 of the separating plate 8 and the face 10 of

the second plate 5 along with the outlet mouth portion 7 of the continuous groove 6 of the

second plate 5.

Fig. 3 schematically shows an analogous longitudinal section of the second exemplary

embodiment of the spinning nozzle. This embodiment of the spinning nozzle is different from

the preceding one in that the third plate 11 is omitted.

Fig. 4 schematically shows an analogous longitudinal section of a third exemplary

embodiment of the spinning nozzle. The latter nozzle is based on the second exemplary

embodiment. However, it is additionally provided with a fourth plate 14 which is arranged in

parallel to the second plate 5 and spaced from the same. The fourth plate 14 is typically made

of a non-conductive material. The gap between the second plate 5 and the fourth plate 14 is

intended for supplying an air stream, typically a warm one, for influencing the creation of the

coaxial Taylor cone 19 (see Fig. 6) in the vicinity of the face of the nozzle. In an exemplary

embodiment, the air blasted into such intermediate gap is heated up to reach the temperature

between 20 and 100°C, the fiowrate ranging from 0 do 1000 L/min.

Fig. 5 schematically shows an analogous longitudinal section of a fourth exemplary

embodiment of the spinning nozzle. The latter spinning nozzle is based on the first exemplary

embodiment. However, it is additionally provided with a fifth plate 16, which is arranged in

parallel to the third plate 11 and spaced from the same, and with a sixth plate 17 which is

arranged in parallel to the first plate 1 and spaced from the same. The gaps between the first

plate 1 and the sixth plate 17 as well as between the third plate 11 and the fifth plate 16 are

intended for supplying an air stream, typically a warm one, for influencing the creation of the

coaxial Taylor cone 19 (see Fig. 6) in the vicinity of the face of the nozzle. Both the fifth plate

16 and the sixth plate 17 are typical made of a non-conductive material.

Fig. 6 schematically shows the process of formation of a coaxial fibre using the

exemplary embodiment of the spinning nozzle according to the invention as shown in Fig. 1

and 2. During the phase A, the continuous grooves 2, 6, 12 of the first, second and third plates

1, 5, 11, respectively, are apparent in the sectional view of the spinning nozzle. During the

phase B, the extrusion of the first material for forming the outer shell of the microfibre or

nanofibre through the continuous grooves 2 and 12 of the first and third plate 1 and 11,

respectively, is apparent in the sectional view of the spinning nozzle, the extruded first

material forming a droplet 18 in the channel at the face of the nozzle. During the phase C, the



second material is extruded from the continuous groove 6 of the second plate 5 for forming

the core of the microfibre or nanofibre, as may be seen in the sectional view of the spinning

nozzle, the outlet mouth portion 7 (see Fig. 2) of the continuous groove 6 being situated

between the outlet mouth portions 3 and 14 of the continuous groves 2 and 12 of the first and

third plates 1 and 11, respectively. The second material is pressed into the droplet formed

from the first material. After applying voltage to the spinning nozzle the coaxial Taylor cone

19 is formed, which is apparent with reference to the phase D.

In all the above embodiments, each of the first, second and third plates 1, 5, 11 may be

provided with an array of continuous grooves 2, 6, 12, the respective proximal ends of said

grooves being connected to the feeders of the first and second materials so that a series of

parallel coaxial fibres can be produced in a single nozzle. The only prerequisite consists in

that all the continuous grooves 6 of the second plate 5 have their proximal ends connected to

the feeder of the core material for the future coaxial fibre, all the continuous grooves 2 and 12

of the first and third plates 1 and 11, respectively, have their proximal ends connected to the

feeder of the shell material for the future coaxial fibre and the concurring triplets of the outlet

mouth portions 3, 7, 14 of the continuous grooves 2, 6, 12 assume the configuration shown in

Fig. 1.

It can be understood from the above described design solution of the multiple spinning

nozzle that after dismantling the spinning nozzle and separating the first, second and third

plates 1, 5, 11 along with the separating plate 8 the walls of the plates and particularly all the

continuous grooves 2, 6, 12 become accessible, easy to clean and also sterilizable.

During the spinning process itself, the solution of the spinning nozzle disclosed herein

enables various modes of application to be set up. Thus, various morphologies of the

produced coaxial fibres can be obtained. The inner conductive continuous grooves 6, which

form the electrode connected to one of the potential points of a high-voltage power supply

(not shown), are intended for proportioning the mixture representing the first material, while

the outer continuous grooves 2 and 12 formed in the first and third non-conductive plates 1

and 11 respectively, which closely adjoin the conductive second plate 5, are intended for

proportioning the mixture representing the second material. Then, the spinning modes are as

follows:

- If a mixture consists of two materials when the first material is different from the

second one, the spinning process will lead to the formation of coaxial fibres, each fibre

comprising a core made up of the first material and a shell made up of the second material.



- If the first material of the mixture is replaced by gaseous state, the spinning process

will lead to the formation of hollow fibres made up merely of the second material.

- If the first material of the mixture is composed of a dispersion of particles in a

gaseous or liquid medium, the spinning process will lead to the encapsulation of the dispersed

particles into the fibrous structure made up of the second material. Such particles may be

crystals, bacteria, viruses, medicinal substances, growth factors, DNA, polypeptides etc.

- If the first material of the mixture is composed of a dissolved substance forming a

solution and the second material of the mixture is composed of a dispersion of particles in a

gaseous or liquid medium, the spinning process will lead to the formation of fibres having

their cores made up of the first, dissolved material and their shells made up of the second,

particulate material. The particles do not need to be separately spinnable. Again, such

particles may be crystals, bacteria, viruses, medicinal substances, growth factors, DNA,

polypeptides etc.

- The electrode may be also employed in an electrostatic spraying process enabling

nanodroplets and microdloplets having the "core-shell" structure to be formed.

- The first material of the mixture may be replaced by gaseous state, the latter being

proportioned in a manner enabling the formation of a bubble inside the second material of the

mixture. Then, the spinning process is based on Taylor cones formed on a thin layer of the

underlying bubble inside the second material of the mixture.

Industrial applicability

The invention is particularly useful for laboratory preparation and industrial

production of fibrous materials, such as materials composed of nanofibres or microfibres

having coaxial structure, by means of the electrostatic spinning method.



CLAIMS

1. Spinning nozzle for production of nanofibrous and microfibrous materials, characterized

in that it comprises

- a first plate (1) provided with at least one continuous groove (2) for directing a first

material to an outlet mouth portion (3) of the continuous groove (2) in a face (4) of the

first plate (1);

- a second plate (5) provided with at least one continuous groove (6) for directing a second

material to an outlet mouth portion (7) of the continuous groove (6) of the second plate

(5), the outlet mouth portion (7) being arranged adjacent to the outlet mouth portion (3) of

the first plate (1), and

a separating plate (8) arranged between the first plate (1) and the second plate (5) for

separating the continuous grooves (2) of the first plate (1) from the continuous grooves (6)

of the second plate (5), while the face (9) of the separating plate (8) forms with the face

(4) of the first plate (1) and/or the face (10) of the second plate (5) a continuous surface in

the region of the outlet mouth portions (3; 7) of the continuous grooves (2; 6).

2. Spinning nozzle according to claim 1, characterized in that the first plate (1) is made of a

non-conductive material while the second plate (5) and the separating plate (8) are made of a

conductive material.

3. Spinning nozzle according to claim 1, characterized in that it comprises a third plate ( 11)

which is provided with continuous grooves (12) mouthing at a face (13) of the third plate ( 11)

and which adjoins the second plate (5), the outlet mouth portions (14) of the continuous

grooves (12) of the third plate ( 11) being arranged adjacent to the corresponding outlet mouth

portions (7) of the continuous grooves (6) of the second plate (5).

4. Spinning nozzle according to claim 1, characterized in that the continuous grooves (2) of

the first plate (1) are wider than the continuous grooves (6) of the second plate (5) and extend



beyond the continuous grooves (6) of the second plate (5) on either side, the longitudinal axes

of the continuous grooves (2, 6, 12) overlapping each other at least in the region of the outlet

mouth portions (3, 7, 14) of the continuous grooves (2, 6, 12) when viewed in a projection

which is perpendicular to the separating plate (8).

5. Spinning nozzle according to any of the claims 1 to 3, characterized in that it comprises a

fourth plate (15) spaced from the second plate (5) and serving for supplying the shaping

and/or heating air to the faces (4, 9, 10) of the first plate (1), separating plate (8) and second

plate (5), respectively.

6. Spinning nozzle according to claim 4, characterized in that it comprises a fifth plate (16),

which is spaced from the third plate ( 1), and a sixth plate (17), which is spaced from the first

plate (1), the fifth and sixth plates serving for supplying the shaping and/or heating air to the

faces (4, 9, 10, 13) of the first plate (1), separating plate (8), second plate (5) and third plate

( 11), respectively, from either side.

7. Spinning nozzle according to claim 1, characterized in that the faces (4, 9, 10) of the first

plate (1), separating plate (8) and second plate (5), respectively, form a channel in the outlet

face of the spinning nozzle, the longitudinal axis of the channel being parallel to that of the

face (9) of the separating plate (8).

8. Spinning nozzle according to claim 4, characterized in that the faces (4, 9, 10, 13) of the

first plate (1), separating plate (8) second plate (5) and third plate ( 11), respectively, form a

channel in the outlet face of the spinning nozzle, the longitudinal axis of the channel being

parallel to that of the face (9) of the separating plate (8).
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