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Abstract—The impact of drawing pressure on the structure of solid-core structured optical fibres (SOFs) 

is investigated. A modified single-capillary model to cater for multi-capillary structural constraint in the 

radial axis within a larger single capillary draw, whilst retaining analytical simplicity, is proposed and 

shown to give improved fits with experimental data. For the cases we have experimented, an effective 

pressure is found approximately one-fifth less than that of the applied air pressure, based on the model and 

contributed from the interplay of applied pressure and the surface tension associated with the structure. 

In addition, the proposed model indicates that when birefringent SOFs with asymmetric holes having 

thinner walls were examined, the reduction in effective pressure is found to be about one-quarter of the 

pressure applied – it is larger than the uniform case and supports the explanation. Thus, the model offers 

a simple and useful relation between the structure and draw pressure in fabricating structured optical 

fibre. 

 

Index Terms—Drawing condition, Experimental investigation, Photonic crystal fibres, Simple modelling, 

Structure formation, Structured Optical Fibre (SOF). 
 

1. Introduction 

Structured optical fibres (SOF) are a special type of optical fibres first developed in the 1970s 

[1] and later expanded with a great variety of designs [2-5]. The structure of these fibres is 

often characterised by quasi-periodic, aperiodic or periodic radial arrays of microscopic air-

holes running along its entire length, in part due to restrictive fabrication methods that do not 

permit ready deviations from circular axial symmetry. The recent 3D printing of optical 

preforms may revolutionize optical fabrication by potentially removing this restriction in the 

distribution of this structure [6, 7]. Changes in the size and distribution of the air-holes can 

significantly alter the optical properties of SOFs. This provides flexibility in design and, despite 

current radial restrictions arising from the lathe-based consolidation, allows for the 

development of SOFs with important features, including endlessly single-mode [3], high-

nonlinearity [8] and temperature-independent high-birefringence [9]. The design and 

fabrication of SOFs are of wide interest covering fields as diverse as telecommunications [10, 

11], optical fibre sensing [9, 12], and fibre laser devices [13]. A number of examples exist. A 

well-designed anti-resonant SOF can provide excellent modal differential loss and low 

intermodal coupling for short haul data communications [11]. Birefringent SOF with designed 

structures can provide high birefringence along with zero temperature dependence for sensing 

applications [9, 12]. Active device functionality is possible too: a distributed feedback laser in 

SOF with doped core once inscribed the phase shifted grating has been demonstrated [13].  

In general, the structure of SOFs depends on the drawing process involving a complex 
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interplay between furnace temperature, pressurisation, drawing tension, feeding rate, and 

drawing speed. Changes in these parameters or conditions directly affect the viscosity flow, 

surface tension, and shear force and consequently alter the air-hole geometry and the properties 

of the SOFs. 

Although numerous papers describe the fabrication process of SOFs, there have been only a 

few research studies rigorously investigating the effects of drawing parameters [14-20]. Several 

models based on the Navier-Stokes and convection-diffusion equations have been developed 

to describe the fluid flow in the neck-down region at the drawing process [14, 15, 17-21]. Fitt 

et al. [14, 15] used a simplified, analytical model to describe the drawing process of a hollow 

fibre with a single hole, relating it to an idealised single capillary. They compared their solution 

with the experimental results of drawing a single capillary to verify their model at different 

drawing pressures. Later, because of its simplicity, a number of studies were conducted using 

this single capillary analogy to purportedly predict the fabrication process of SOFs [22, 23]. 

Kostecki et al. [24] studied the drawing process using the silica preform drilled with three holes 

and showed that the capillary model can be used to predict the drawing parameters for such a 

structure.  

Whilst the single capillary model offers a qualitative simple analytical expression to describe 

drawing, the mismatch with the experimental numbers provides less than satisfactory 

usefulness for fabrication with pressures grossly misrepresented. However, retaining analytical 

simplicity whilst not losing intuitive consistency is important. Therefore, from an intuitive 

expectation of an internal pressure structure, we have developed a modified single-capillary 

function that addresses limitations of this model whilst imbuing a physical meaningfulness and 

retaining analytical usefulness, particularly its potential or real time monitoring and physical 

assessment in the laboratory, something not currently straightforward with numerical 

simulations. As briefly presented in the 6th WSOF in 2019 [25], we consider adjusting the net 

effective expansion arising from such contributions in this work. 

2. Design and Fabrication of Structured Optical Fibres 

There are several methods to fabricate SOFs including stacking of capillaries [16], extrusion 

[26], sol-gel casting [27], drilling [24, 28] and potentially the most disruptive and flexible of 

all, 3D printing [6]. The latter is especially challenging because non-radial distribution of holes 

will complicate analysis tremendously leading to asymmetric distribution of radial pressure. 

The capillary stacking technique, the most widely adopted method so far, is therefore the focus 

of this study. Stacking allows relatively fast, low-cost, clean, and flexible fabrication although 

it has significant limitations on design flexibility beyond periodic arrays. 

In this work, SOFs are made from high purity fused silica glass (Heraeus F300). Two types 

of SOFs, normal and birefringent solid-core structured optical fibres, drawn for this work are 

made up of capillaries stacked to form a hexagonal pattern, inserted into the jacketing tube 

(19×25 mm) as shown in Fig. 1(a) and (b), respectively.  



  

 
(a) (b) (c) 

 

Fig.1 Schematic illustration of (a) a normal solid-core preform structure with the inner capillary diameter 

(two times the radius, ϕc) 2ϕc and the pitch Λc, (b) a birefringent preform structure with the inner 

capillary size 2ϕc and 2ϕc′ and (c) a single capillary with the inner diameter 2ϕsc at the neck-down 

region. 

For the former, the solid-core is surrounded by four air-hole rings with the outer capillary 

diameter of 2ϕo = 2.05 mm, the inner capillary diameter of 2ϕc = 1.56 mm, the pitch Λc = 2.05 

mm and the outer to inner diameter ratio of ϕo / ϕc = 1.3, while for the latter, by a twofold 

symmetric pattern with the outer capillary diameter of 2ϕo = 2.05 mm, the same pitch Λc = 2.05 

mm, the inner capillary diameters of 2ϕc = 1.56 and 2ϕc′ = 1.80 mm, and two different outer to 

inner diameter ratios of ϕo / ϕc′ = 1.1 and ϕo / ϕc = 1.3, respectively. The interstitial spaces 

situated between the capillaries were removed with selective collapsing and fusing on a 

modified chemical vapor deposition (MCVD) lathe. Note that the diameter of the fused preform 

is slightly smaller than the diameter of the stacked preform as the interstitial regions are 

removed.  

The fused preform was drawn into SOFs using an optical fibre drawing tower (furnace 

heating zone length L = 4 cm). Feeding rate, vf, drawing speed, vd, furnace temperature, Td, and 

drawing pressure, Pd, were adjusted to control the shape and structure of SOFs. Drawing 

pressure was the key parameter to control air-holes’ dimensions by adjusting collapse or 

expansion.  

3. Experimental Results and Discussion  

The feeding rate and drawing speed were adjusted to produce a fibre cross-section with a 

hexagonal pattern of air-holes. Thereafter, both were kept constant. These speeds were set to 

vf = 0.5 mm/min and vd = 15 m/min for drawing normal SOFs and to vf = 0.5 mm/min and vd = 

16.5 m/min for drawing birefringent SOFs. 

The air-hole size in a SOF can be tuned by adjusting the pressure applied in the draw tower 

within the SOF Pd and/or Td. Pd can also be changed indirectly through vd which changes 

drawing tension and therefore internal pressure via Poisson’s ratio. The response of control by 

Td is slow, but that by Pd is fast. Therefore, Pd is explored as a suitable parameter for controlling 

the eventual air-hole structure of SOFs. Note that when the feeding rate and drawing speed are 

kept constant, the diameter of the optical fibre is slightly changed by changing the applied 

pressure and/or the drawing temperature. To maintain a desirable level of surface tension, 



whilst not making the fibre brittle at too low Td, the furnace temperature had to lie within the 

range (1855 < T < 1880) °C. Here, Td = (1860 – 1870) °C and Pd = (0.1 – 18.5) mbar were 

considered. The drawing temperature used in this study is monitored by a pyrometer installed 

inside the graphite furnace, which is a very mature technology.  

During the drawing process, the internal gas pressure, Pd, is applied to the preform to expand 

the air-holes in the fibre structure, opposing the surface tension which tends to shrink the holes. 

Fig. 2 (a) shows the effect of Pd on the average dimension of the first air-hole ring of the SOF 

samples at three different drawing temperatures, Td = 1860 °C, 1865 °C and 1870 °C. As seen 

in the figure, by increasing Pd the size of the air-holes increases. Also, Pd results in larger air-

holes in the SOF structure at the lower drawing temperature. 

To achieve single-mode operation over a wide range of wavelengths, the air-fraction ratio 

must be 2ϕh /Λ < 0.4 (See Fig. 2(b)) [29, 30]. In such cases, the higher-order modes will leak 

out along the silica bridges between the holes [31]. 
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Fig.2 Effect of the applied pressure, Pd on: (a) the dimension of the first air-hole ring of the SOF under 

there different drawing temperature, Td = 1860 °C, 1865 °C and 1870 °C, vf = 0.5 mm/min, and vd = 

15 m/min; (b) cross-section of fabricated fibre at the marked point in Fig. 2(c) with the air-hole ring, 

2ϕh and pitch, Λ at Td = 1870 °C and Pd = 9 mbar. The effect of sideways pressure is clear on the 

first ring, an early indication that the counter pressure to compression will be reduced; (c) the size 

of the first air-hole ring, 2ϕh and pitch, Λ of the SOF at Td = 1870 °C; (d) the light pattern of the far-

field test. 



 

Fig. 2 (c) shows the effect of the argon pressure, Pd on the average dimensions of the air-

holes 2ϕh and the pitch Λ in the first ring of the SOF sample at drawing temperature, Td = 1870 

°C under a constant drawing velocities of vf = 0.5 mm/min and vd = 15 m/min. A set of drawing 

parameters (Td = 1870 °C, Pd = 9 mbar), marked in the figure, provides a suitable air-fraction 

ratio 2ϕh /Λ < 0.4 for endlessly single-mode SOFs. For telecommunications and networking 

applications in the future, this fibre sample with a fibre diameter of 125 μm and a length of 6 

m has been characterized. A He-Ne laser source is launched into the fabricated SOF after 

passing through a ×10 objective lens [2]. The light intensity at the end of the samples is captured 

by a digital camera (see Fig. 2 (d)). Only a fundamental mode is observed, and no higher order 

modes were able to be excited, consistent with single mode operation as shown in [2, 32]. 

4. Single Capillary Draw Analogy 

Fitt et al. [14, 15] used a simplified closed-form Navier Stokes expression and convection-

diffusion equations that govern the viscous fluid flow in the neck down region of a furnace 

drawing capillary (Fig. 1(c)), though the structure is not deformed monotonously along the hot 

zone of the furnace [20]. The model takes into account the interplay between furnace 

temperature, pressurisation, drawing tension, feeding rate, and drawing speed. According to 

this single capillary model, the inner radius of the drawn capillary ϕh is defined as a function 

of drawing parameters by [15]: 
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where 

 

𝐺 = 𝛾 (2𝜇𝑣𝑓)⁄ , 𝛽 = 𝑙𝑜𝑔(𝑣𝑑 𝑣𝑓⁄ ), 𝑃 = 𝐿𝑃𝑑 (2𝛽𝜇𝑣𝑓),⁄  (2) 

 

where viscosity is μ (N·s·m-2), surface tension is γ (N·m−1) and preform feeding speed is vf 

(m·s−1). The drawing speed is vd (m·s−1), and the drawing pressure applied to the air-holes 

within the preform is Pd (N·m-2). In Fitt’s model [14, 15], the pressure (Pd) is assumed to be 

unconstrained by any other effect, whether it be surface tension, Poisson’s compression from 

the outside and so on. It is related to the net material expansion of a single, solid capillary that 

has been re-interpreted into an effective expansion pressure to simulate the air/gas pressure in 

a SOF. L is the furnace heating zone length whilst ϕsc is the inner radius of the capillary and x 

is the distance along the axis of a capillary from the start point of the neck-down region. The 

surface tension of the silica γ = 0.3 N/m. The viscosity of the silica is given empirically by 𝜇 =

0.1 ⨯  10−6.24+26900 (𝑇+273)⁄ , where T is the drawing temperature (°C) [33]. In this model, the 

length of the hot zone is assumed to be much larger than the radius of the outer capillary.  

Theoretically, there exist two pressure thresholds, collapse Pd,coll and expansion Pd,exp, that 

determine capillary collapse (Pd < Pd,coll) and expansion (Pd > Pd,exp), (respectively, satisfying 

[15]: 
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(4) 

An obvious difference between the SOF and single capillary is the role of the multi-capillary 

internal structure inside the main outer capillary of the fibre – this difference exists because 

each capillary expands in its own right against each other creating a cylindrical web with an 

effective counteracting axial pressure that should lead to an overall pressure differing from that 

of the single capillary analogy. That is the expansion, which is not simply radial in nature – we 

see from Fig. 2(b) that holes deform laterally, a property that would be even more complex for 

non-radial geometric distributions and shapes. Such expansion counteracts not only any 

compression force arising from drawing tension but also the assumption that the net pressure 

applied in the holes, Pd, is the actual pressure leading to expansion of the fibre. Here, we 

quantify the difference between the single capillary and the actual SOF without making 

assumptions on parameters to obtain an improved fit. An assumption is made that provided 

asymmetry is low, as in the case for the majority of current SOF designs, the effective resistance 

pressure is radially uniform. More importantly, this difference should be a direct measure of 

the degree of constraint in the structure since it is what causes the deviation from a single 

capillary of similar dimensions. 

5. Predicted Results and Comparison with the Experimental Results 

To measure the dimensions and calculate the standard deviation for the SOF samples, the 

microscopic images are taken from different cross-sections along the length of SOFs; i.e. the 

start and end points of the drawn fibre and three random points along the length of the fibre 

were used. Scanning electron microscopy (SEM) and optical microscopy were used to image 

the cross-section of the SOFs. Image analysis characterized the fibre geometry and determined 

the air-hole and pitch size. The average size of the air-holes in the first ring from the core 

determined for each drawing condition for comparison. The dimension used in this study 

mainly comes from optical microscope unless otherwise stated and account for the error bars 

displayed in this work – this is because the routine daily measurements are taken by microscope 

during drawing. Higher resolution SEM measurements have to be done at a separate facility 

and with uncertain waiting times. The optical microscope resolution error is ∆x,y = ± 0.5 μm in 

1μm reading increments, providing sufficient resolution for this work. The standard deviations 

calculated were used as error bars when they were greater than the optical resolution error. For 

the samples with the smaller standard deviation values than the optical resolution error, the 

optical resolution value was adopted as the error bar.  

Fig. 3 shows the experimental results from the SOF drawn and also the results for a single 

capillary model (CM) under different applied pressures at Td = 1860 °C. The expansion 

pressure threshold of a single drawn capillary was calculated from Eq. (4). Within experimental 

error, there is good agreement between experimental and predicted results prior to rapid 

expansion (when the effective ring of holes starts to expand quickly as the silica softens and 

viscosity is overcome). This agreement is consistent with the expectation of an internal 

structure and shows that the capillary model alone is up to 30 ~ 40% too high (at Pd = 12 mbar) 

when expanding.  

 



 
Fig.3 Experimental vs predicted results of the single capillary model (CM) and the modified single 

capillary model (MCM) at Td = 1860 °C, applied pressure Pd = (0.1-16) mbar for a uniform SOF 

fibre: Ignoring Pext and with Pext ≈ 0.2Pd. 

When Pd > Pd,exp, the size of the air-hole predicted by the single capillary model deviates 

significantly from the experimental values. At this point, the expected expansion is much lower 

producing a strong deviation, which is explained by sideways expansion and therefore 

deformation of air holes, notably around the resistant core in particular. Accounting for this by 

a net reduction in effective pressure outwards is consistent with the holes expanding inwards 

and sideways (non-radially) as well as outwards as the silica viscosity, determined in part by 

wall thickness, is overcome. This is the reason why the holes are compressed into oval-like 

shapes near the core (Fig. 2 (b)), reducing the net effective pressure outwards. It appears there 

may even be a slight threshold for this, related to the viscosity through a circumferential shear 

force that will be shape and wall thickness dependent. 

To model the system in its entirety using a multi-capillary model would be extremely 

complicated and numerical, meaning significant intuitive value and near real-time feedback in 

the laboratory (offered by the simple capillary model) will be lost. Instead, considering that the 

net effect of the structure is to oppose the expansion from the beginning, an effective external 

pressure, Pext can be used to describe and quantify the net counter-pressure from the lattice 

holes in the SOF structure (see Fig. 4). In this situation the relevant pressure during drawing is 

best described as an effective drawing pressure, Pd,eff that combines all the various 

contributions. It is a matter of determining these contributions in reasonable form to better 

match with the experiment results. 

This approximation should remain valid provided radial deviations are small, the case for 

most current SOF designs. It also addresses the shortcomings in accuracy and meaningfulness 

of the solid capillary model whilst retaining simplicity. The value of Pext depends on the 

position of the air-holes in the SOF, the size of the holes, and the internal drawing pressure. 

Hence in a multiple air-hole SOF, the effective drawing pressure, Pd,eff determines a hole’s size, 

corresponding to Pd in a single capillary structure.  

 



 
 

Fig. 4. An external pressure, Pext due to the interaction between the air-holes in the SOF structure 

 

In the majority of SOFs the lattice structure is almost axisymmetric meaning that there is no 

axial variations to consider. This model can be extended to be able to describe simple axially 

asymmetric fibres such as geometry based birefringent structured optical fibres [12] and/or new 

generation of exotic 3D printed fibres that retain overall radial properties to first approximation.  

In the first instance, the effective drawing pressure within the SOF structure can be described 

as Pd,eff = Pd - Pext. We introduce the modified single capillary model (MCM) for SOF, 

providing a simple, intuitive and direct measure of multiple capillary structure contributions, 

which defines a so-called structural constraint parameter, SC, that can be used to optimise 

designs. In terms of the normalized pressure parameter PSC: 

 
𝑃𝑆𝐶 = 𝐿(𝑃𝑑 − 𝑃𝑒𝑥𝑡) (2𝛽𝜇𝑣𝑓)⁄  (5) 

Based on this modified single capillary model, the expansion limit:  

 𝑃𝑑,𝑒𝑓𝑓 >  
𝛾

𝜙𝑠𝑐

+
𝛽𝜇𝑣𝑓

𝐿
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in which Pd,eff is the effective drawing pressure leading to expansion of the entire structure.  

From the experimental results, this external pressure, can be defined as a function of the 

internal drawing pressure and predicted to be Pext ≈ 0.2Pd, as shown in Fig. 3. This equates to 

about 20% reduction of the effective drawing pressure. 

To explore the impact of non-uniform distribution of holes and deviation from the MCM 

model, a birefringent SOF with asymmetric holes was also examined. Fig. 5 shows the cross-

section of a birefringent SOF fabricated at Pd = 12 mbar and Td =1870 C.  

The comparison of the experimental and predicted results for the birefringent SOF drawn 

under Td = 1865 °C and 1870 °C are shown in Fig. 6 and 7. From Eq. (4), there is an inverse 

relationship between the expansion pressure threshold of a single drawn capillary and the 

capillary inner radius.  

 



 

 

Fig. 5. Cross-section of a birefringent SOF drawn at Pd = 12 mbar and Td = 1870 °C. 

 

This leads to thin wall capillaries (inner diameter 2ϕc′ = 1.81) that expand well before thicker 

wall capillaries (inner diameter 2ϕc = 1.56 mm) during the drawing process. Therefore, the 

effective drawing pressure expected for a hole with thick walls is less than that of a hole with 

thin walls. Together with few such holes, the approximation overall remains similar to the 

uniform case with a small change in the effective pressure. From the experimental results, the 

external pressure is calculated to be Pext ≈ 0.25Pd for the thick wall capillaries, as shown in Fig. 

7. Figs. 6 and 7 demonstrate good agreement between the experimental and predicted results 

when using Pext ≈ 0.2 Pd and Pext ≈ 0.25 Pd, respectively. 
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Fig.6 Experimental vs predicted results of the single capillary model (CM) and the modified single 

capillary model (MCM) for the thin wall capillaries (inner diameter ϕc′ = 1.81 mm) of a birefringent 

SOF at Pd = (0.1-16) mbar: (a) Td = 1865 °C and (b) Td = 1870 °C.  

 



  
(a) (b) 

 

Fig.7 Experimental vs predicted results of the single capillary model (CM) and the modified single 

capillary model (MCM) for the thick wall capillaries (inner diameter ϕc = 1.56 mm) of a birefringent 

SOF at Pd = (0.1-16) mbar: (a) Td = 1865 °C and (b) Td = 1870 °C. 

6. Discussion and Conclusions 

Motivated by concern of the widely used analogy between solid single capillary and 

structured optical fibres used in analytical models that ignore the internal structure and 

pressures expected, an experimental study was conducted to investigate the impact of the 

applied pressure during drawing, along with the effect of drawing temperature on the geometry 

of air-holes and pitches. The single capillary model has been modified to include a structural 

constraint parameter arising from the internal capillary. This retains the expected dominant 

force on the fibre giving rise to expansion of the entire system but with the equally expected 

restraint in expansion arising from internal structure expansion. An effective external pressure 

was defined and added to the single capillary model leading to good agreement between the 

experimental and predicted results here. Through this experiment and analysis, this pressure is 

found to be about ¼ or less of that of the drawing pressure, consistent with observations. Such 

effects will play an important role in optimizing live drawing of specialty fibres, foregoing 

detailed numerical simulations in return for rapid insight.  

The proposed model retains simplicity without losing useful physical meaning. Structural 

constraint is a direct measure of interest with physical relevance. More detailed SEM analysis 

has confirmed that this internal structure has a turning point where once the silica viscosity is 

overcome, hole net pressure also deviates from outward expansion so that holes also expand 

sideways. This generates a reduction in effective outward pressure of ~ 20% of the applied 

pressure in the normal SOFs. Sideways expansion was confirmed by SEM analysis and 

explored further by studying birefringent SOFs, where the lowered threshold for sideway 

expansion leads to a reduction in effective outward pressure by as much as 25 % for holes with 

thick wall capillaries, an average increase of 5% over holes with thin wall capillaries.  

Overall, the implications for SOF fabrication are significant – such contributions have not 

been considered with the previous work overestimating the role of the internal pressure leading 

to underestimates of other important parameters. Providing legitimate and rapid feedback 

during fabrication, offers another dimension in novel fibre design, tunability and fabrication in 

the field. Here, we have identified silica viscosity as a key component to dampening radial 

processes and therefore raising intriguing questions about the presence and role of, for example, 



other dopants. In addition, this understanding of the role of pressure in SOF drawing suggests 

a novel utilization of pressure to control and tune the properties with the unprecedented finesse 

of any structured waveguide. Whilst analytical expressions have demonstrably generated novel 

and intuitive understanding of this sort, they can be used to guide numerical investigations to 

further enhance greater refinement and control of structures and hole distributions that can 

benefit more complex, non-axisymmetric waveguides. The advent of 3D printing of optical 

fibres [6, 34], means we can actually take advantage of these new insights in unprecedented 

ways.  
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