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Abstract 

The steps toward the fabrication of directly-extruded microstructured fiber preforms made of a 

bioresorbable phosphate glass are herein presented, analyzing the features of the process from the 

glass synthesis to the manufacturing of the fiber. The realization of these fibers leverages on three 

main pillars: an optically transparent bioresorbable glass, its extrusion into a preform and the fiber 

drawing. The glass has been designed and carefully prepared in our laboratory to be dissolvable in a 

biological fluid while being optically transparent and suitable for both preform extrusion and fiber 

drawing. To support the production of an optimized die for the preform extrusion, a simplified laminar 

flow model simulation has been employed. This model is intended as a tool for a fast and reliable 

way to catch the complex behavior of glass flow during each extrusion and can be regarded as an 

effective design guide for the dies to fulfill specific needs for preform fabrication. After die 

optimization, extrusion of a capillary was realized, and a stacking of extruded tubes was drawn to 

produce a microstructured optical fiber made of bioresorbable phosphate glass. 
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Introduction 

Phosphate glasses are widely used materials in several fields ranging from optoelectronics to 

biomedicine. In optoelectronic applications, phosphate glass systems are of great interest due to their 

broad optical transmission window and high composition flexibility, in particular in terms of high 

rare-earth ions solubility for lasers.1,2 In the biomedical field, glasses with different compositions are 

employed for various applications.3 Among them, calcium-phosphate glasses have already gained a 

well-established position especially as a scaffold in both soft and hard tissue engineering.4–

12 Recently, the authors proposed a formulation of calcium-phosphate glass that was drawable in the 

form of fiber and optically transparent from the Ultraviolet (UV) to the Near-Infrared (NIR).13 This 

was achieved by carefully selecting the reagents for glass production to obtain a bioresorbable 

material (i.e. dissolvable in a biological fluid) that could be cast in a fiber preform and then drawn 

with the rod-in-tube technique in the form of an optical fiber retaining the original glass 

transparency.13 Bioresorbability is a step forward for safe and implantable optical devices that can be 

of great help in the reduction of medical costs and complexity of both the diagnosis and the therapy 

administration.14 Such a fiber can be used to produce devices employed in several biomedical 

applications, from basic gas and liquid sensing15–17 to in vivo imaging18 and deep-tissue photodynamic 

therapy19 as well as time-domain broadband diffuse optical spectroscopy.20 Moreover, these glass 

compositions have been recently tested in vivo, to determine the biological response to fiber 

implantation,21 and no clinical signs of any adverse effect were found in the tested animals. 

Mechanical behavior of these fibers has been tested both in form of core/cladding fibers and of 

capillaries.22  

While showing good mechanical properties in the form of fibers, it is very difficult to realize complex 

preforms for capillaries and microstructured fibers based on these glasses through the conventional 

hole drilling techniques. To obtain capillaries, rotational casting technique can be used, while for 

microstructured fibers stack-and-draw of capillaries can be employed. However, rotational casting 
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has the limitation of the cylindrical shape of the preform and of its inner-to-outer diameter ratio, being 

at most 0.4÷0.6 for phosphate glasses. 

The extrusion process is a well-known technique used for processing several materials. It consists of 

forcing a sufficiently soft material (i.e. a heated glass sample) through an orifice, namely a die, to 

impress a specified shape to the so-called extrudate. After passing through the die, the softened glass 

is cooled down to a temperature below its glass transition temperature, thus preserving the imposed 

shape. In all those applications where products with a fixed cross-sectional profile are required, the 

extrusion is perhaps the most suitable technique. Since the early ‘70s, studies have been published 

concerning the various applications of glass extrusion.23 However, glass extrusion was seldom used, 

given the main focus on silica glasses and the good results of hole drilling in these materials. 

Nonetheless, glass extrusion has experienced a rebirth in recent years for the realization of either 

silicate or soft glass products especially employed in optical fiber fabrication. Several types of glasses 

(i.e. lead-silicate, tellurite, bismuth, fluoride, and phosphate) have been used within different 

extrusion systems, either for rod, core/cladding fibers, or for microstructured optical fibers.24–35 

Several studies have been published29,34 on the application of the extrusion technique in the direct 

production of microstructured preforms, particularly with soft tellurite glasses36 and either lead 

silicate glass, bismuth glass, or methacrylic polymer.31 However, despite some great improvements 

both in the design of the preforms’ shape and in the simplification of the whole process have been 

achieved, there are still several aspects to be addressed, mostly related to preform distortions. Models, 

as well as experimental tests, have been developed and the calculations seemed to be in good 

agreement with the actual results of performed extrusion, even in the presence of a high complexity 

die.37–44 Despite the great advances highlighted in these works, there is still a lack of a fast and simple 

method capable of easily finding the main design parameters that would allow a smart die design and 

would minimize the undesired extrudate deviation from the ideal shape. Indeed, in several practical 

cases, a fast optimization cycle for die design is preferable to a more complex and rigorous 

mathematical model.  
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In the past 20 years, the fabrication of microstructured optical fibers has also gained increasing 

importance. These types of fibers can also be used for the production of photonic crystal fibers,45–47 

large mode area fibers,48,49 high-resolution imaging50 or supercontinuum generation,51 and, in the 

form of hollow structures, are often employed as either gas or liquid sensors, due to the high surface 

area of interaction with the fluid medium.52–54 Most of the listed applications could be applied inside 

the body, thus exploiting the possibility of realizing a microstructured fiber that is also bioresorbable. 

Nevertheless, the fabrication of a bioresorbable microstructured fiber has not been feasible so far due 

to the lack of a bioresorbable transparent glass and of more flexible fiber preform fabrication 

techniques.  

In the present study, the behavior of bioresorbable phosphate glasses for the billet extrusion process, 

in view of obtaining complex preforms for optical fiber production, is reported. A fast and effective 

methodology for die optimization is presented employing basic fluid simulation.55 Finally, 

microstructured fibers are realized by direct extrusion of the preform and by stack-and-draw of 

extruded capillaries. 

Materials and methods 

Phosphate glass fabrication and characterization 

Bioresorbable phosphate glass samples were prepared by conventional melt-quenching technique, 

using chemicals with high purity level (>99%). Both weighing and mixing of the reagents were 

carried out within a dry box to minimize the hydroxyl ions (OH-) content in the glass. The chosen 

glass composition (in mol%), derived from previous studies,13 was 50% P2O5 – 23% MgO – 11.5% 

Na2O – 10% CaO – 3% SiO2 – 2.5% B2O3. The high amount of MgO, as already demonstrated, is 

able to lower the refractive index of the glass, providing at the same time a higher elastic modulus 

with respect to glasses with a lower MgO content.22 Furthermore, even in the absence of special needs 

regarding the optical or mechanical properties of the glass, the choice of this composition has led to 

a worst-case scenario in terms of workability (i.e. difference between onset crystallization 

temperature Tx and glass transition temperature Tg of the material). 
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The prepared powder mixture was melted inside a furnace at a temperature of 1200 °C and then was 

cast into a preheated stainless-steel mold. The cast glass was subsequently annealed at a temperature 

close to the glass transition temperature, Tg, for a few hours, and finally slowly cooled to room 

temperature. The obtained glass billet showed a weight close to 45 g, a diameter of 25 mm, and a 

height ranging from 30 to 35 mm. 

Glass fibers of the above-mentioned composition were tested for dissolution in a Phosphate Buffered 

Saline solution following the protocol detailed by Ceci-Ginistrelli et al.13 to check their 

bioresorbability. 

The viscosity measurement of the bioresorbable glass was carried out using a Thermo-mechanical 

analyzer (TMA, model SETARAM – SETSYS Evolution). The glass sample showed a cylindrical 

shape with a diameter of 4.22 mm and an initial height h of 5.38 mm. The sample was placed inside 

a stainless-steel container to avoid leakage during the test and a heating ramp of 5 °C/min under air 

flux was used. A weight M of 5 g was applied to the top of the sample and the piston displacement 

dh/dt was recorded during the whole instrument measurement range of 2 mm. The glass viscosity η 

has been calculated through the formula present in the ASTM Standard C1351M-96, that reads: 

𝜂 = 2𝜋
𝑀𝑔ℎ5

30𝑉(𝑑ℎ/𝑑𝑡)(2𝜋ℎ3+𝑉)(1+𝛼𝑇)
  ,                                                         (1) 

where V is the volume of the glass sample, α its coefficient of thermal expansion, and T the 

temperature. Due to the low α exhibited by the glass, namely 12.2∙10-6 K-1,13 and after the ASTM 

Standard aforementioned, the term (1+αT) was neglected. 

Simulation-aided die design 

To model the flow behavior of the softened phosphate glass inside the extrusion die, a laminar 

incompressible fluid flow simulation has been carried out using the OpenFOAM® Computational 

Fluid Dynamics (CFD) toolbox provided by the SimScale open-source web platform.55 The die 

design, realized with common Computer-Aided-Design (CAD) software, was used to calculate the 

shape of the fluid volume inside the die itself. By means of a Tet-dominant meshing algorithm, 
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integrated into the employed platform, a mesh of the fluid was constructed and refined along the 

solid-fluid boundaries. The applied model considered the laminar flow of a fluid with a kinematic 

viscosity of 4000 m2/s, corresponding to the estimated viscosity of the glass during extrusion. The 

density of the fluid at the extrusion temperature was not available but the solid glass density was 

measured at room temperature according to Archimede’s principle using distilled water as an 

immersion fluid. Considering several studies56–58 where the density of different glass compositions 

was measured with respect to a huge range of temperature variation, the expected phosphate glass 

density reduction is less than 10% from room temperature to the softening temperature, which is an 

acceptable uncertainty given the complexity of the simulation where other factors could be of more 

influence than this variation. The glass temperature was assumed to be nearly constant inside the die, 

i.e. in the hot part of the extruder, thus a constant viscosity was employed for the calculations.  

The calculations were computed with a no-slip condition over the die walls, i.e. the velocity of the 

fluid at the glass/wall boundary was set to zero and a velocity boundary condition was set up on the 

inlet (upper surface of the die), where the selected velocity is a mean value corresponding to an 

applied ram speed of 120 µm/min, characteristic of our extrusion process. Finally, a zero-gradient 

pressure surface was imposed on the outlet boundary (die exit) to account for free flow after extrusion. 

The Newtonian behavior of the viscous glass flow is assumed in the presence of constant pressure, 

i.e. almost negligible strain-rate. In fact, a constant strain is the desired condition during extrusion to 

avoid differences in the stress-strain curves which are responsible for a non-Newtonian behavior.59 

However, this approximation is only possible in the central part of the extrusion process, i.e. in the 

region of constant force, which, indeed, is the one providing the useful portion of the extrudate.40  

Extrusion  

The home-built extruder used in this work and depicted in Fig. S1 is made of the following 

components: (i) an electrically heated furnace; (ii) a holding Inconel (Nickel-based alloy) cylinder, 

which is used to support (iii) the die (made of AISI 304 stainless steel); (iv) the glass billet, which is 

the last fixed element of the extruder; furthermore, (v) the stainless steel ram connected to (vi) the 
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driving motor (MAXON brushless DC motor), which are the moving parts of the system; those latter 

elements allow the softened glass to be forced to pass through the die; the furnace temperature is 

constantly measured using (vii) a thermocouple placed in contact with the die base; also the applied 

force is controlled by means of (viii) a load cell placed between the ram and the motor. The extrusion 

force can vary up to 5000 N and is determined based on the die shape and the glass characteristic 

temperatures, with typical values of 1000 N.  

Microstructured fiber drawing 

Several extrusion dies were employed to produce preforms with different diameters and shapes. 

Cylindrical preforms were realized with different dies showing outer diameters of 10 and 12 mm and 

inner diameters of 6 and 8 mm. The preform with the highest internal diameter was employed to 

produce the outer cladding of the fiber, while the one with a smaller hole was subsequently stretched 

to form the inner tubes of the microstructured fiber.  

The microstructured fiber was drawn from a preform made of a stack of the extruded samples. The 

preform assembly was carried out in a controlled atmosphere, to minimize the contamination. The 

stretched tubes were all selected to show nearly the same diameter (corresponding to 850 ± 5 m); in 

fact, even small differences in the diameter of the tubes would lead to the misalignment of the 

stacking. A full bundle of the selected tubes, with a solid core at its center, was inserted into the bigger 

extruded tube. The obtained preform was finally mounted into an in-house developed drawing tower, 

where an induction heating ring (SAET, Torino, Italy), operating at 248 kHz and delivering 170 W, 

was used to reach the drawing temperature. The drawing tower parameters were set to obtain a 

microstructured fiber having an outer diameter of 125 μm, to match one of the most common 

standards related to fiber dimensions for optics and telecom applications.  

With the perspective to realize more complex multifunctional optical fibers and to further investigate 

the flow behavior of the glass in the presence of different diameters holes, a double-core die was 

designed and manufactured, with two different pins with a diameter of 1.5 and 3 mm, respectively. 
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Results and discussion 

The path toward the direct preform extrusion and microstructured fiber drawing of bioresorbable 

calcium-phosphate glass is based on three main processes: glass billet fabrication, extrusion through 

a suited die, and fiber drawing. In this work, all three phases have been investigated to demonstrate: 

optimal glass properties, a method for die optimization with the support of numerical modeling, and 

the fabrication of a microstructured optical fiber. The bioresorbable glass used in the present work 

contains 50 mol% of P2O5, which favors the presence of a polymeric-like network that helps the glass 

to be drawable.12,60 Detailed study of the composition, together with its dissolution properties, was 

performed by Ceci-Ginistrelli et al.13 In terms of optical properties, the glass displayed a wide optical 

window, i.e. an UV-edge of 240 nm, and optical transparency extended toward NIR wavelengths (> 

2500 nm) with no absorption peaks. The most relevant properties of the fabricated glass are reported 

in Table 1 for the sake of completeness.  

Table 1. Manufactured phosphate glass properties: glass transition temperature Tg, onset 

crystallization temperature Tx, working temperature range ΔT (i.e. the difference between onset 

crystallization and glass transition temperatures), glass density ρ, elastic modulus E, transparency 

window TW, and refractive index n measured at a wavelength of 633 nm. 

 Tg [°C] Tx [°C] ΔT [°C]  ρ [g/cm3] E [GPa]**  TW [nm]* n* 

Glass 477 ± 3 625 ± 3 148 ± 6 2.589 ± 0.005 51.1 ± 0.9 240 ÷ 2500 1.52 ± 0.001 

 

* data from Ceci-Ginistrelli et al.13  

** data from Sglavo et al.22 

 

The chosen composition showed good workability which originates from the distance between the 

glass transition temperature Tg and the onset crystallization temperature Tx. The viscosity curve of the 

glass fabricated by melt-quenching was measured to obtain reference temperatures and viscosities to 

be used during the extrusion process and the results are shown in Fig. 1. Such glass presents a working 

temperature range of 517-552 ºC, corresponding to viscosities of 108-106.5 Pa·s.  
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The glass was then cast into billets of cylindrical shape with heights of about 35 mm and diameters 

of 25 mm, which were used for the extrusion of the tubes and complex preforms. Extrusions of tubes 

showing different inner (ID) and outer (OD) diameters were used to test the process conditions and 

as a benchmark of the modeling tools. Indeed, the tubes showing an ID/OD equal to 8/10 allow to 

overcome the limitation of preform fabrication technology for the bioresorbable glass introduced by 

rotational casting technique. 

 

Figure 1. Viscosity curve of the bioresorbable glass as obtained through the TMA measurement. The 

blue line indicates the experimental data, while the dashed line is the log fitting of the viscosity curve. 

 

The extrusion of such tubes was realized at a temperature of 540 °C (nominal viscosity of 107 Pa·s) 

with a force of 800 N. The ram speed was controlled during extrusion and was set mostly at 120 

µm/min. A typical extruded tube is shown in Fig. 2a, where three regions can be identified: (i) the 

initial bending region, (ii) one region usable for preform making, and (iii) the neck-down region.  

The first region is typical of the extrusion process and can be related to e.g. slight asymmetries in the 

applied ram pressure (see SI for further considerations on preform bending). After the first initial 

region, the extrusion transitions to a straighter and more usable region that is the one that is cut and 

employed as a preform. The final neck-down region is induced by an increase in temperature (up to 

575 °C) to stop the extrusion and let the tube be removed from the extruder by the operator. The 
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roughness of the produced tubes was also measured in the inner surface of the tube and the results are 

reported in Fig. S2 giving an overall roughness of Ra = 0.37 nm, which is comparable to the one 

obtained with commercially available glasses. Moreover, as reported in Fig. 2b-c, the usable section 

of a tube was stretched in the form of capillaries and stacked in another extruded tube to make the 

preform of a microstructured fiber. 

To develop a model that could be used as a tool for die optimization, extrusion of tubes through the 

used dies was computed. 

 

Figure 2. (a) Pictures of a complete extruded tube with highlighted the three main regions of the 

extrudate (i.e. the initial bending, the useful region, and the final neck-down). (b) Outer (top) and 

inner (bottom) samples employed for the manufacturing of the microstructured fiber. (c) An 

intermediate step during the stacking of capillaries. All the scale bars are equal to 10 mm.  

 

The simulation focuses on the viscous flow of the bioresorbable glass inside the die and predicts the 

shape and velocity at the die exit. To keep the model simple and useful as a die design support tool, 

some approximations have been used. Indeed, no deformation due to gravity, i.e slenderness, was 

considered since it could be sufficiently controlled if the temperature inside the die is kept around the 

softening point of the specific glass, thus by extruding at high viscosities. The complex phenomenon 

of die swelling, i.e. the enlargement of the extrudate’s shape after the passage through the die, 

carefully modeled by Mayer et al.61 and subsequently by Trabelssi et al.,41 was also neglected in the 
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present work. Although the swelling effect cannot be removed at all but simply limited by reducing 

the friction at the glass/die interface, it does not significantly influence the flow inside the die but 

causes a dimensional growth of the features of the glass preform. If precise tube dimensions are 

required, the amount of these distortions can be taken into account as detailed by Kalnins et al.62 In 

our case, both the temperature control, which influences the glass viscosity, and the weight of the 

extrudate due to the relatively low glass density (compared to other glass systems)63 as well as the 

preform dimensions, led to homogenous and controllable distortions in the extruded products.  

An example result of the simulation of the flow through a die for tube extrusion is reported in Fig. S3 

and can be compared with the portion of the tube in Fig. 2b, which is the usable region of the extrudate 

reported in Fig. 2a. The numerical results show flow velocities that are in good agreement with the 

ones of the glass outside the extruder measured during the experiment, which were about 1.1 mm/min. 

To demonstrate the use of such numerical tool in the design of a preform, different die shapes were 

also designed to produce double-core preforms, having a couple of different blocking elements (with 

a diameter of 3 and 1.5 mm, respectively), thus breaking the circular symmetry of the die with the 

aim of producing a multi-core preform. 
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Figure 3. Detailed sections of the manufactured dies and results of the flow simulation. Sketch of the 

section of the first die (a) and of the optimized die (b); the dark-grey areas represent the blocking 

elements or the holes of the preform, while the remaining light-grey area represents the glass portion 

of the preform. Result of the simulation of the softened glass flow velocity at the die exit for (c) 

configuration a) and (d) for configuration b) designs. 

 

The first design of such a die is sketched in Fig. 3a. The simulated flow at the exit of the die is reported 

in Fig. 3c and shows a serious flow reduction between the blocking elements and the walls of the die. 

This behavior is confirmed by the experimental results shown in Fig. 4a, where the double-core 

preform is compared with the cross-section of the die sketched in Fig. 3a. The reduced flow in the 

simulations experimentally corresponds to a lack of material (particularly visible in the upper part of 

Fig. 4a, thus explaining the deformation of the extrudate. To solve this issue, the die shape has been 

redesigned reducing the gap between the two blocking elements, both in terms of the distance between 

the elements and of their relative dimensions. The new die design, depicted in Fig. 3b, shows two 
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blocking elements with diameters of 3 and 2 mm and a distance between the pins and the die wall of 

2.5 mm (i.e. 1 mm higher than the original one). For the sake of completeness, the preform obtained 

with the optimized die is reported in Fig. 4b, highlighting the better homogeneity of the glass 

distribution all over the section of the preform. However, also the swelling phenomenon is slightly 

more evident in this latter configuration and leads to a nearly uniform variation of the preform 

dimensions with respect to the die geometry.43,44 A further optimization of the die design can take the 

swelling into account and compensate for it. 

 

 

Figure 4. Section of the produced preforms made with (a) the first die and (b) the optimized die. The 

dashed line corresponds to the geometry of the dies reported in Figs. 3a and b. 

 

The section of the computed glass flow is shown in Fig. 3d. With this configuration, a more 

homogeneous flow distribution could be obtained over the whole section of the die. The model does 

not take into account holes distortion, which indeed could be derived by the gradient of the actual 

glass distribution over the whole section. Although possible, this complicates the whole approach and 

the calculations could be developed in a future optimization step. 

To demonstrate the fabrication of a microstructured fiber with the extruded bioresorbable glass, some 

of the tubes were stretched to form small capillaries which were subsequently stacked together in a 

bundle (see Fig. 2c). The capillaries were stretched to have an outer diameter of 850 µm. The 
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manufactured bundle was composed of 42 hollow elements with the addition of a central all-solid 

core. The bundle was then inserted into another extruded tube and the capillaries were sealed on both 

sides by quickly heating their extremity with a flame. The assembled preform was thus drawn into 

the microstructured fiber, whose section is shown in Fig. 5. The fiber cross-section was checked at 

regular intervals of about 10 m over the span of the drawn fiber and the geometry was found to be 

conserved along all this length. Several tens of meters of microstructured optical fibers were 

produced, demonstrating the viability of the process and paving the way for bioresorbable photonic 

crystal fiber production. Further studies regarding the characterization of the optical properties of the 

fiber as well as the thorough optimization of the process are ongoing and will be reported soon. 

 

Figure 5. Cross-section of the bioresorbable phosphate glass-based microstructured fiber.  

 

Conclusions 

In the present work, the whole process employed to fabricate a microstructured optical fiber via 

extrusion of a bioresorbable phosphate glass has been carefully analyzed. Starting from glass 

manufacturing and characterization, it was demonstrated the applicability of extrusion of custom-

made bioresorbable glasses in the manufacturing of tubes for fiber preforms. A simple computational 

tool to support die design has been developed and tested against the extrusion of single tubes and of 
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more complex double-core geometries. To overcome the limitations exhibited by common preform 

fabrication techniques usable with the bioresorbable glass presented, extrusion is a crucial step, in 

particular for the production of complex-shaped fibers. To support the complex task of die design a 

simulation-aided approach was introduced. This approach could encourage a true step forward 

leading in the near future to the fabrication of a directly extruded microstructured bioresorbable 

phosphate glass fiber preform. In addition, extruded tubes have been successfully used to produce a 

microstructured bioresorbable phosphate glass fiber obtained via the stack-and-draw technique, thus 

opening new possibilities for this glass in terms of fabrication and potential applications. 
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