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A combined electrospinning and microextrusion apparatus

The present invention refers in general to the techniques of nano- and microfabrication in

the Held of tissue engineering.

Tissue engineering is a multidisciplinary science the objective of which is the creation of

functional and biocompatible biological substitutes, capable of restoring the function of a

damaged organ or tissue and possibly replacing it. The aforementioned biological tissue may

be considered as a heterogeneous structure with a topology defined by nano- and microscale

elements.

Since biological tissues are composed of micro- and nanoscale elements, a structure (or

scaffold) capable of replacing or repairing them needs to be composed of different types of

materials, processed on multiple scales, with adequate mechanical and structural properties,

capable of mimicking the physiological environment. The introduction of elements at the

nanoscale is necessary to increase the surface-volume ratio of a structure, promoting the

adhesion of cells and ensuring the proliferation thereof.

In a different way, the microscale elements define the three-dimensional space wherein the

elimination of cellular waste products and a good influx of nutrients is guaranteed.

In order to guarantee the aforementioned features within a structure, different types of

materials must be processed by means of different techniques that guarantee diversity in the

spatial resolution scale within the same structure.

Currently, the use of additive manufacturing technologies is one of the most promising

approaches for the manufacture of scaffolds with controlled architecture through the use of

a wide range of natural or synthetic materials. With technologies based on the aforesaid

approach, starting from a three-dimensional model created using CAD (Computer-Aided

Design) software, it is possible to create a structure by means of computer-aided

manufacturing (CAM), which allows the construction of the same by means of material

deposition layer-by-layer until it is completely formed. This approach is also known in the



literature as Bioprinting.

Of great interest are the hybrid structures obtained through the combination of additive

manufacturing techniques with electrospinning technology, which allows continuous

filaments of material with a diameter of less than a micrometer to be obtained through the

use of an electrostatic field, which determines the stretching, elongation and reduction of the

cross-section of the material being processed. The presence of the aforesaid electrostatic

field during the use of the electrospinning technique causes the main difficulty in creating a

device that may combine such a technique with extrusion technology. This factor makes it

necessary to use shielding on any component that may cause a disturbance in the electric

field or compromise the functionality thereof. Moreover, the use of non-conductive materials

and appropriate design distances of the various elements of the device becomes necessary to

avoid any interaction with the electrostatic field generated.

There are several known devices that use the techniques of electrospinning and extrusion

with separate processing stations, which limit the quality of the structure to be made, the

construction process of which is continuously interrupted because the aforesaid devices must

automatically move the working plane between the various stations present in order to

combine the aforementioned manufacturing techniques. The presence of separate processing

stations within the aforesaid devices increases the overall bulk of the machine, as well as the

working time, risking disturbing the structure during construction.

There is therefore a need for manufacturing devices capable of combining different

techniques in the same workspace, avoiding the use of separate devices, and the obligation

of having to move the piece under construction from the workspace of one device to that of

another device.

Therefore, the object of the invention is a combined electrospinning and microextrusion

apparatus, comprising

a robotic manipulator provided with a plurality of degrees of freedom,

an end effector supported and movable by the robotic manipulator, .

a plurality of extruders housed on the end effector, each of said extruders being



provided with an interchangeable nozzle for the extrusion of at least one material,

a working plane configured for the deposition of the extruded material,

a pneumatic circuit configured to supply a fluid flow to the extruders for controlling

the extrusion of the material, and

an electric generator selectively activatable to apply a potential difference between the

nozzles of the extruders and the working plane, whereby the extruders are capable of

operating selectively in microextrusion mode with inactive electric generator or in

electrospinning mode with active electric generator, in an independent manner from each

other.

The aforesaid invention solves the problem of the presence of separate stations in the same

device since the aforementioned multiple extruders are housed on the only end effector of

the robotic manipulator. The extruders comprise interchangeable nozzles that allow, through

a simple and fast replacement thereof, a scale variation of the spatial resolution of the

structure to be constructed, even during the processing of the same. In microextrusion mode,

it is possible to obtain structures with characteristic dimensions up to the order of the

micrometer (10-100 microns), while in electrospinning mode it is possible to obtain

nanofibrous structures with fiber diameter of about 50-100 nanometers.

The possibility of processing by means of the microextrusion and electrospinning technique

using a single station allows the manufacturing speed to be increased and these techniques

to be combined in a simple and fast way without having to move the structure during the

construction stage.

Moreover, the high mobility of the manipulator in the space provides the possibility for

making different structures at the same time on the same working plane.

Further features and advantages of the invention will become more apparent in the following

detailed description of an embodiment of the invention, made with reference to the

accompanying drawings, provided to be purely illustrative and non-limiting, wherein

Figure 1 is a perspective view of a robotic manipulator of an apparatus according to

the invention;



Figure 2 is a side elevation view of the manipulator of Figure 1;

Figure is a perspective view of the manipulator within an insulation structure;

Figures 4 and 5 are perspective views, respectively from the bottom and top of an end

effector of the manipulator of Figure 1;

Figure 6 is a block diagram of an apparatus according to the invention; and

Figure 7 is a cross-sectional view of the effector of Figures 4 and 5.

With reference initially to Figures 1 and 2, a microextrusion and electrospinning apparatus

comprises a robotic manipulator 10, which in the embodiment illustrated is based on a

robotic system with a parallel-type architecture, able to ensure precision and speed in the

movements of its end effector 20, indicated hereinafter in the text also as a movable platform.

The end effector 20 may accommodate a number of pneumatic extruders 30 for the

deposition of material, visible for example in Figure 2.

The embodiment with parallel-type robotic architecture comprises several kinematic

linkages that connect a fixed upper platform 11 to the movable platform 20 that constitutes

the end effector of the apparatus. This upper platform 1 is attached and anchored to the

upper wall 13a (see Figure 3) of a structure 13 in which the manipulator 0 is housed. The

attachment of the aforementioned upper platform 11 is made possible by means of a support

12 made of non-conductive material. On the sides of the same upper platform 11are arranged

the housings 1l a for actuators l ib, one per kinematic linkage, which allow the actuation of

the movements of the articulated system.

Each kinematic linkage comprises two structural elements made of non-conductive material:

the upper arm l l c and the articulated parallelogram l ld. The upper arm l i e allows the

connection of the kinematic linkage to the respective actuator 11b. The arm 11c is connected

to the subsequent articulated parallelogram l id by means of two ball joints l ie. The

articulated parallelograms 1Id are also made of non-conductive material. Each articulated

parallelogram 1Id is connected to the end effector 20 by ball joints 1If. The ball joints 1le

and 1If are made of non-conductive material. These joints make the structure simpler by

facilitating the fluidity of the movements according to the multiple degrees of freedom of

the machine. More generally, all the components are attached with connections made of non-



conductive material, in order to avoid metal components close to the working plane of the

device, which could create variations in the electrical field produced during the

electrospinning stage.

A working plane, or deposition platform 40, shown for example in Figure 2, is composed of

conductive material. The working plane 40 is configured to be easily interchangeable; for

example, this plane may provide for a support on which a sheet of conductive material guided

by rollers is positioned. The aforesaid working plane 40 allows the controlled deposition

during the microextrusion stage and nanofiber deposition during the electrospinning stage,

during which a potential difference between the nozzles associated with the extruders 30

and the aforesaid working plane 40 is applied to create an electrostatic field capable of

electrospinning the material contained in the reservoirs 32 of the extruders 30. In order to

apply this potential difference, it is envisaged that nozzles 3 1 provided with a needle made

of conductive material are fitted with respective terminals 33 connected to a voltage

generator 50. The voltage generator 50 provides the constant potential required for the use

of the electrospinning technology.

The structure 1 where the manipulator 10 and the working plane 40 are housed may assume

a cylindrical shape and has side walls 13b made of non-conductive material that prevent the

dispersion of electric field to the outside during the electrospinning stage. The structure 3

is provided with an access system 13c. such as a door or porthole, which is also made of

non-conductive material. Such structure 13 has a visualization system from the outside that

allows one to observe the stage of work of the device contained therein. This visualization

system may simply consist of the side walls 13b of the structure 13 being made of optically

transparent material.

The housing structure 13 may provide for a safety system to ensure safe handling, a stop in

the event of either automatic or manual malfunctions and an audible and visual alarm system

(indicated at 13d in Figure 3). The possible presence of an air recirculation system (indicated

at 13e in Figure 3) avoids the leakage from the structure of any residues caused by the

evaporation of solvents during the electrospinning process, and the installation of possible

shielded lights would ensure excellent visibility even in the case of poor external lighting.



In addition, an electrical discharge control system allows safe operation during the

electrospinning stage. The aforesaid system stops the stage of work in progress if anomalous

electrical currents caused by such discharges are detected inside the workspace.

The possible presence of an environmental control system (indicated at 60 in Figure 6)

allows the monitoring of temperature and humidity parameters. Such control allows one to

set desired conditions within the working environment of the device based on the materials

chosen and techniques used to achieve optimum success in the structure to be constructed.

The control of the movements of the device (reference 70 in Figure 6) is made possible by

firmware implemented on a microcontroller 80 that allows one to take advantage of the

features of the device by controlling the actuators present. An external control system may

be composed of a joystick and a push button panel for the movements and rotations of the

movable platform of the robotic manipulator. An interface present in the controller 80 further

allows the optimal pressure to be set for the use of the pneumatic extrusion system (reference

90 in Figure 6 by means of the automatic regulation of a solenoid valve system (reference

100). Moreover, such a system allows the parameters that are useful for the correct operation

of the electrospinning mode (reference 110) to be set.

The aforementioned movable platform 20, or end effector, is shown in Figures 4 and 5 and

houses several pneumatic extruders 30 that allow the deposition of the material through the

use of reservoirs 32 provided with nozzles 31. The structure of each extruder 30 comprises

a seat for the installation of the respective reservoir 32. In the example shown, this seat

comprises a central hollow pin 30a and two opposing side protrusions 30b, which allow the

interlocking and locking by rotation of the reservoir 32 and ensure easy removal of the

reservoir for fast replenishment of material.

On the upper part of the aforesaid movable platform 20 (shown in Figure 5) there are

connectors 30c in fluid communication with the respective hollow pins 30a, which allow the

connection of tubes of a pneumatic circuit 120 for controlling the pneumatic extrusion by

modulating an air flow.



The absence of air leaks from the reservoir during the extrusion operation is guaranteed by

a circular gasket 30c positioned around the central pin 30a in a respective groove and by a

gasket 30d placed at the base of the seats of the aforementioned reservoirs 32. The

aforementioned gasket 30d guarantees air-tightness due to the opposing protrusions 30b that

push the base of the reservoir 32 (equipped in turn with opposing fins 32a; see Figure 7)

against it after having performed the interlocking and rotation of the reservoir.

The pneumatic circuit 120 for controlling the pneumatic extrusion comprises the pressure

system 90 able to create a suitable pressure gradient and the air flow modulation system 100.

By setting a precise pressure, through the use of the controller 80, it is possible to supply an

air flow (arrows A in Figure 7), controlled by the aforesaid modulation system 100, which

enters in the extruders 30 inside the reservoirs 32 by means of the tubes l20a, 120b of the

pneumatic circuit 120 fixed to the movable platform 20 of the system, and promotes the

deposition of material. The kinematic control of the device by means of the special actuation

system, allows the deposition of the extruded material to be directed, using a manual control

or through the communication of an entire work cycle that is interpreted by the

microcontroller 80 due to the firmware saved in memory.

The apparatus described above is able to work using the electrospinning technique by means

of the instruments present inside the structure 13 that houses the manipulator. These

instruments comprise the constant voltage generator 50 and the terminals 33 necessary to be

able to apply the electrical potential difference between the nozzles 31and the working plane

40.

Since the apparatus is designed to accommodate the actuators 1l b at a distance sufficiently

far from the nozzles 3 1 of the extruders 30 present on the movable platform 20, the electric

field produced by the application of the potential to the aforesaid nozzles 31 does not disturb

the operation of the actuators. The electric field lines close on the working plane 40 which

acts as an electrode connecting it to a known potential and ensures the absence of any

disturbance to the electric field. Moreover, the pneumatic extrusion system described above

does not comprise any metallic parts in order to avoid the aforementioned electric field

disturbances.



The electrospinning of nanofibers and the subsequent deposition of the same on the working

plane 40 takes place through the application of a potential difference between the nozzles 3 1

and the working plane 40, generating an electrostatic attraction between the needles of the

nozzles and the aforesaid plane. The potential applied to the nozzles is set by means of the

controller 80, which allows the actuation of the electrospinning system present in the

apparatus. Due to the possibility of modifying the position of the end effector 20 along the

vertical axis (axis z in Figure 2), fibers with different thicknesses may be produced based on

the needle-working plane distance; in particular, increasing this distance increases the

thickness of the electrospun fibers, thus obtaining structures with variable nanoarchitecture.

The microextrusion process and that of electrospirming are carried out using the pneumatic

extruders present, and, being able to choose nozzles of an established size based the process

used, it is possible to obtain a precise resolution of the structure, which may vary from

millimeter to micrometer in the microextrusion process. In this process, the movable

platform 20 is brought closer to the deposition surface 40 in order to obtain an optimal

distance between the nozzle and the working plane, allowing structures to be made through

the layer-by-layer deposition of the extruded material. During the electrospinning stage, it is

possible to deposit electrospun nanofibers at a distance between the needle and working

plane set by the user by means of manual control or through the communication of an entire

working cycle which is interpreted by the microcontroller 80 using the firmware saved in

memory.

With the apparatus described above, it is possible to use separately the microextrusion and

electrospinning technique or combine them to obtain multi-scale and multi-material

structures with useful applications in tissue engineering, using different materials and

alternating layer-by-layer the two manufacturing techniques present.



CLAIMS

1. A combined electrospinning and microextrusion apparatus, comprising

a robotic manipulator (10) provided with a plurality of degrees of freedom,

an end effector (20) supported and movable by the robotic manipulator ( 10),

a plurality of extruders (30) housed on the end effector (20), each of said extruders

being provided with an interchangeable nozzle (3 1) for the extrusion of at least one material,

a working plane (40) configured for the deposition of the extruded material,

a pneumatic circuit (120) configured to supply a fluid flow to the extruders (30) for

controlling the extrusion of the material, and

an electric generator (50) selectively activatable to apply a potential difference

between the nozzles (31) of the extruders (30) and the working plane (40), whereby the

extruders (30) are capable of operating selectively in microextrusion mode with inactive

electric generator or in electrospinning mode with active electric generator, in an

independent manner from each other.

2 . Apparatus according to claim 1, wherein each of the extruders (30) comprises a

reservoir (32) for the material, said reservoir being removably mountable on the end effector

(20) and carrying the respective nozzle (3 1) .

3. Apparatus according to claim 2, wherein each reservoir is mountable on a lower side

of the end effector (20), a respective connector (30c) being provided on an upper side of the

end effector (20) to put the reservoir (32) in fluid communication with the pneumatic circuit

( 120).

4 . Apparatus according to any of the preceding claims, comprising an insulation

structure (13) made of non-conducting material configured to receive the manipulator (10)

and the working plane (40), a controller (80) for controlling the robotic manipulator (10),

the pneumatic circuit (120) and the electric generator (50), and a visualization system ( 13b)

for enabling the manipulator (10) and the working plane (40) to be made visible from outside

of the outer insulation structure (13).



5 . Apparatus according to claim 4, wherein the controller (80) is configured to adjust

the potential difference applied by the generator (50) between the nozzles (32) and the

working plane (40).

6 . Apparatus according to claim 4 or 5, wherein the controller (80) is configured to

modulate the fluid pressure applied on the extruders (30).

7. Apparatus according to any of claims 4 to 6, wherein the controller (80) is further

configured to adjust humidity and temperature parameters within the insulation structure

( 13).

8. Apparatus according to any of claims 4 to 7, further comprising a recirculation

system (13e) for removing vapors due to solvents employed in the use of the apparatus from

the insulation structure (13).

9 . Apparatus according to any of claims 4 to 8, wherein the controller (80) is further

configured to stop the apparatus in case of operational anomalies.
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