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Abstract: The efficient and accurate fabrication of Microstructured optical
fibers (MOFs) requires a practical understanding of the ‘draw process’
beyond what is achievable by trial and error, which requires the ability
to predict the experimental drawing parameters needed to produce the
desired final geometry. Our results show that the Fitt et al. fluid-mechanics
model for describing the draw process of a single axisymmetric capillary
fiber provides practical insights when applied to more complex multi-hole
symmetric and asymmetric MOF geometries. By establishing a method to
relate the multi-hole MOF geometry to a capillary and understanding how
material temperature varies with the draw tower temperature profile, it was
found that analytical equations given by the Fitt model could be used to
predict the parameters necessary for the chosen structure. We show how this
model provides a practical framework that contributes to the efficient and
accurate fabrication of the desired MOF geometries by predicting suitable
fiber draw conditions.
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1. Introduction

Microstructured optical fibers [1] (MOFs) are an important class of fiber often with longitudinal
air holes that provide a large refractive index contrast used for light confinement [2]. Unlike
conventional optical fibers, MOFs with air holes can be manufactured from a single material,
and with the appropriate cross-sectional design, the structure can provide a broad range of
highly unusual and tailorable optical properties [3]. By the suitable selection of glass or polymer
material and geometry the dispersion, nonlinearity, birefringence, polarization, evanescent field
and mode area of the propagating light can be optimized to specific applications. This has led to
innovations in supercontinuum generation [4], fiber lasers [5], terahertz wave guiding [6], fibers
with high numerical apertures [7, 8], sensors [9—12], and makes MOFs an excellent candidate
for new high-capacity transmission multicore and endlessly single mode telecommunications
fibers [13].

All optical fibers are produced by heating and drawing down a preform from an initial
diameter of the order of centimeters to the desired final diameter using a fiber drawing tower.
For MOFs with longitudinal air holes this draw process includes a mechanism by which the
pressure difference of the holes and atmosphere is maintained to ensure the holes collapse or
expand to the desired final geometry. Some common ways to produce MOF preforms include
using extrusion [14, 15], sol-gel casting [16, 17], ultrasonic drilling [18, 19] or stack and draw
methods [2,20,21], which resemble a large-scale form of the final desired fiber geometry. The
fiber drawing tower is then used to feed the preform at a fixed rate into a furnace, which heats
the material to an appropriate viscosity, so it can taper down to the final fiber diameter (usually
of the order of hundreds of micrometers) by drawing the fiber below the furnace at a faster
rate. The extensive range of possibilities means that in order to fabricate MOFs in an efficient
manner, it is essential that these draw conditions can be predicted accurately.

It is not the intention of this paper to describe the draw process of MOFs, as this has already
been done by several studies [22-25]. Instead, we describe how the analytical model provided
by Fitt et al. [26] can be used to predict suitable fiber draw conditions when applied to multi-
hole MOF geometries. This model, describing the process of a single axisymmetric hole fiber,



was shown to give excellent agreement to a range of capillary drawing experiments, providing
practical guidelines useful in the design and control of capillary fabrication [26]. The results
shown in this paper provide experimental validation of the ability for the Fitt model to predict
the parameters needed for fabrication of symmetric and asymmetric multi-hole fiber structures.
In particular, we show the predictive nature of this model when applied to fabrication of three
hole symmetric suspended-core fiber [18] and two hole asymmetric exposed-core fibers [27].
The advantages of having analytic equations for the fiber draw process are these equations allow
prediction of processing parameters such as temperature and pressure to achieve desired final
MOF geometries. This avoids the need for systematic scanning of drawing parameters such as
temperature and pressure during the fiber draw. Given that each time the drawing conditions are
changed it takes time for the draw process to stabilize, which reduces the fiber yield possible
from the preform. Such equations can also provide insight into the nature of the process.

2. The MOF draw process

In theory, the set of Navier-Stokes coupled differential equations can be used to describe the
neck down region viscous fluid flow of the MOF draw process to model the shape of the final
expected fiber geometry [22,23]. These equations describe how the velocity, pressure, tempera-
ture, and density of a moving fluid are related as well as how these quantities are transferred
inside the physical system due to diffusion and convection. Solving these equations for MOF
production becomes a tedious numerical problem due to the large set of parameters involved
in the fiber draw process. To overcome this, suitable approximations and generalizations have
been studied in order to develop useful draw process predictive models [24].

In 2002, starting from the Navier-Stokes and convection-diffusion equations, Fitt et al. [26]
derived and experimentally validated a general model describing the draw process of a cap-
illary (Fitt model), which is capable of including the effects of internal hole pressurization,
surface tension and all of the other effects useful for predicting the draw process. The Fitt
model assumes that viscosity alone is a function of temperature, ignoring some of the weak
dependance [28] that temperature has on physical quantities such as material density, surface
tension, thermal conductivity and specific heat, since the material viscosity typically varies by
orders of magnitude over a relatively modest temperature range. Also, although the Fitt model
accounts for physical effects such as diffusive and convective heat transfer, some simplifica-
tions are made where the terms in the equations are small, such as ignoring viscous dissipation,
and that the optically thin fiber absorbs radiation directly from the surrounding furnace and re-
radiates heat back to the furnace. With these approximations and appropriate choice of practical
boundary conditions for fiber drawing purposes, a set of analytical equations for the case of a
capillary was developed.

There have been several studies utilizing the methods described by Fitt et al. [26], such
as models to; determine the drawing domain of internal hole pressurization when applied to a
square lattice geometry [29], include the effects of preform rotation [30-32] and self pressur-
ization [33], and asymptotic analysis of surface tension and internal hole pressurization affects
on the drawing process [34]. In this paper we demonstrate how the Fitt model can be used as a
practical predictive tool to produce multi-hole symmetric and asymmetric fiber structures, and
provides the first experimental validation of these analytical equations when applied to MOFs
rather than simple capillaries.



2.1.  Fitt model

The Fitt model equation describing the internal diameter (2| [m]) of a single axisymmetric hole
fiber, is given by [26],

hi(po) = exp <—2[zZ — Pexp (—LﬁZ)> hipexp(P) — Gb/zexp <—2[zu + Pexp <—£u)> du

Y poL W,
uWy 2Buwy 7 p=mn <Wf> o

where, U [Pa.s] denotes the viscosity, pg [Pa] denotes internal hole overpressure (above atmo-
spheric pressure), Wy [ms~!] denotes the feeding speed for the preform, W, [ms~'] denotes the
drawing speed for the fiber, z [m] denotes the distance along the axis from the start of the neck
down region, ¥ [Nm~!] denotes surface tension, and the heating zone length L [m] denotes the
neck down region [35, 36]. This heating zone length is defined by Eq. (1) as the neck down
region where the changes are integrated over 0 < z < L for the drawn fiber case.

2.2.  Materials and equipment

High purity fused silica known as Suprasil F300HQ (Heraeus Quarzglas GmbH & Co.KG) was
chosen for experiments. Silica is known to be reliable under a range of processing and use en-
vironments, with relatively better mechanical and thermal stability [37]. Highly homogeneous,
high purity bulk material is commercially available, which has led to silica telecom fibers reg-
ularly being made with low loss (~0.2 dB/km at NIR wavelengths) [38]. This inherent low
loss and relatively low intrinsic nonlinearity makes silica excellent for low or high power fiber
applications, with a transmission window from UV to NIR (0.19-2.0 um) [39]. Also, silica
has a relatively low refractive index, which can improve the sensitivity of evanescent field sen-
sors, since reducing the index contrast (An) at the core-cladding boundary increases the power
fraction to the analyte or functionalized surface [40].

100 mm long fiber preforms were fabricated from @12 mm and @20 mm F300HQ silica
rod, which were drilled with three ©¥2.9 mm holes, where the centers of the holes form an
equilateral triangle with 3.2 mm sides, and cleaned using the method discussed in Ref. [27].
Drilling was chosen since it has been demonstrated to be a relatively simple method for three
hole structures [18] compared to the more widely used stacking method, and after cleaning the
surface quality is satisfactory to produce fibers with relatively low losses [41]. The only differ-
ence between symmetric suspended-core fiber and asymmetric exposed-core fiber preforms, is
that for the exposed-core fiber case a thin slot was cut into the side of the symmetric preform
in order to expose the core region [27]. To draw the preform to fiber a 6 m tower with graphite
resistance furnace, positive pressurization system and automated diameter control was used.

2.3.  Temperature dependence of viscosity and surface tension

Knowing the temperature dependence of material viscosity is a major part of practically
applying a model to the fiber drawing process. For F300 silica in the temperature range
1673 K < T < 2773 K the viscosity, experimentally measured by Urbain et al. [42] and dis-
cussed by Doremus [43] and Voyce et al. [32], is given by,

n=58x10"% exp <51;;00> [Pa.s] )

where R is the gas constant and T [K] is the glass temperature. In order to find closed form
solutions of Eq. (1) it is necessary that the temperature of the glass is assumed constant. How-
ever, a drawing tower furnace does not exhibit a constant temperature but an axial temperature




gradient/profile [32,36]. This means that the glass viscosity varies with the temperature gradi-
ent/profile within the furnace [44]. One should also consider that temperature profiles can vary
between drawing towers and furnace designs.

To determine the temperature profile inside the preform for the conditions prevailing within
our draw tower, a thermocouple was inserted in the center of a drilled F300HQ silica glass rod.
The measurements of the thermocouple temperature were taken for @12 mm and @20 mm rods
at 5 mm intervals along the central axis of the furnace, ensuring thermal equilibrium at each
measured point. For furnace temperature measurements, the draw tower was equipped with a
pyrometer located next to a furnace element and targeted at the inner sleeve of the furnace.
Figure 1(a) shows the results of the thermocouple temperatures measured at 1500 °C, 1600 °C,
and 1700 °C furnace temperatures, shown in blue, green and orange respectively, where the
small and large dots correspond to the measured points for the @12 mm and @20 mm rods
respectively. The three furnace temperatures were chosen so the results could be extrapolated
to typically higher fiber drawing temperatures.
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Fig. 1. (a) Temperature profiles measured inside (small dots) @12 mm and (large dots)
(20 mm rods at (blue) 1500 °C, (green) 1600 °C, and (orange) 1700 °C furnace tempera-
tures. (b) Surface of 2x 1 degree polynomial (Eq. (3)) fitted to the @12 mm results shown
by green dots. The distance inside furnace was measured from the top of the furnace outer
casing.

These temperature profile results show that the temperature measured inside the silica glass
rod is lower for smaller diameters. Larger diameter preforms are closer to the surrounding heat-
ing element, placing the outside of the glass in a hotter part of the furnace [44], which results
in a hotter temperature inside the preform and shows the role that glass thermal conductivity
has in the heat transfer process. For the three @12 mm silica rod temperature profiles, the 2x 1
degree polynomial given by,

T = —3634+43.71E +1.073T; —0.1416E2 —2.404 x 10 7 E Ty (3)

fits the curves with R? of 0.9899, where T}, is the measured temperature, 7; is the furnace
temperature, and & is the distance inside the furnace from top of the outer casing. The surface
given by Eq. (3) is shown in Fig. 1(b) together with the three sets of measured points. Similarly,
for the three @20 mm silica rod temperature profiles, the 2x 1 degree polynomial given by,

T = —4704+51.79E +1.537T; — 0.1551E2 —2.201 x 103 E T} 4)
fits the curves with R? of 0.9957.



For calculations shown in this paper, the surface tension of silica is assumed constant at
0.31 Nm~! [45-47], since it varies weakly with temperature within the fiber drawing range.

2.4. Defining the geometry

The Fitt model describes a capillary draw process for which we define the geometry change
during drawing as the ratio [48],
C— hiha
hahio
where /1o and hyg are the preform inner and outer diameters. This ratio provides a comparison
of the final fiber geometry ratio (/1; /hy) to the initial preform geometry ratio (h10/h20) of the
inner and outer diameters. When C = 1 then the hole geometry is preserved. If C > 1 then the
hole expands from the original geometry, and the hole experiences collapse when C < 1. With
Eq. (1) and the external fiber diameter (4, [m]) given by [26],

®)

h2 = h20 exXp (_Zﬁ> , (6)

Eq. (5) becomes,

Clpy) = PP R | o (P) G/Zexp <2ﬁL” + Pexp <f”)> du| D)
0

hio

for the z = L drawn fiber case. To obtain a closed form Eq. (7), Eq. (6) assumes that the
draw down ratio (f) is independent of inner diameters, which can only be valid for small hole
changes.

Since the geometry change ratio (C) describes a capillary draw process, a method to relate
the geometry of a multi hole MOF to a capillary needed to be established. To measure the
fabricated structures and calculate C according to Eq. (5), we chose to define the ‘hole region
diameter’ of i; and hg as being the diameter of a circle that has the same circumference as the
total of all the inner hole perimeters. The outside diameters, 4, and /g were measured directly.
This definition for the inner diameter was found to have a better correlation between Eq. (7) and
experimental, compared to other definitions tried such as hydraulic diameter, or the diameter of
a circle that fits tightly around the inner holes, or the diameter of a circle that has the same area
as the total area of the inner holes.

3. Draw process experimental

3.1. Comparing the model with experiment

Two preforms were fabricated as discussed in Sec. 2.2 and shown in Fig. 4(a), and directly
drawn down to fiber at @160 um outside diameter. One of the preforms was used for a series
of pressures and the other for a series of furnace temperatures, allowing enough time for the
fiber structure to stabilize between each change which typically took approximately 5 minutes.
In each case, a preform feed rate of 1.5 mm/min was used, and the draw tower was set to
automatically maintain an appropriate draw speed to maintain the target outside diameter. Inner
and outer diameters of each fiber structure from the series and the preforms were measured
using images from a microscope and applying the definition discussed in Sec. 2.4. The neck
down region length (L) was measured from the preforms after fiber drawing as being 0.039 m.
Equation (5) was then used to calculate the value for the geometry change ratio (C), which are
shown as the dots in Fig. 2. The temperature shown in Fig. 2(b) are the furnace temperatures,
and the furnace temperature used for the pressure series (Fig. 2(a)) was 2000 °C.



As discussed in Sec. 2.3, although furnace temperature is known, it is not the actual glass
temperature. We expected that the actual temperature of the glass in the neck down region to
be less than the furnace temperature, due to axial and radial temperature gradients. Also, as
discussed in Sec. 2 several assumptions were made in order to arrive at Eq. (1). It was therefore
expected that not all of the contracting effects due to surface tension are completely accounted
for in the Fitt model described in Sec. 2.1, which would lead to the actual internal hole over-
pressure (pg) being different to the pressure measured by the draw tower control system (ps).
Because of these uncertainties, pressure (pe) and temperature (7) offsets were included such
that pg = pr+ pe and T = Ty +273.15 + T¢, and fitted to the experimental data.
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Fig. 2. Experimental (red dots) and model (blue line) for a series of pressures (a) and a
series of furnace temperatures (b). For the pressure series (a) the furnace temperature used
was 2000 °C at pressures of 200, 400, 800, 1200, 1600, and 2000 Pa. For the temperature
series (b), furnace temperatures of 1920, 1960, 2000, 2040, and 2080 °C were used with a
fixed pressure of 1200 Pa. The temperature series (b) also includes the 1200 Pa result from
the pressure series.

It was found that by using fixed pressure and temperature offsets (£ 95% confidence inter-
val) of pe = —375.84+80.4 Paand T, = —141.1 £7.6 K, Eq. (7) fits well with experiment with
R? = 0.9905, as shown by the blue lines in Fig. 2. The peak temperature offset calculated from
Eq. (3) at a furnace temperature of 2000 °C gives an offset of —123 °C, which is remarkably
close to the value obtained for T considering that only a step temperature profile is assumed in
the model.

In Sec. 2.4, Eq. (6) assumes that the outside diameter (/;) is independent of pressure, which
leads to the geometry change ratio (Eq. (7)) being independent of outside diameter. It is inter-
esting to compare this with the experimental results to verify if the assumptions are valid in
this respect. The draw tower pressure and draw speed data obtained during the pressure series
discussed above are shown in Fig. 3, where the blue line shows the pressure applied to the holes
of the preform and the red line shows the draw speed. At the start of the experiment, where the
automatic diameter control was switched off, a constant draw speed of 4 m/min was used while
the pressure was switched on and allowed to stabilize to 200 Pa. The automatic diameter control
was then switched on with a target outside diameter of 160 yum and the draw increased in speed
until the target diameter was reached, at 8 m/min. As the pressure was increased to 400, 800
and 1200 Pa the draw speed did not increase, showing that within this range of hole expansion
the outside diameter (h;) of the final fiber is indeed independent of pressure. When the pressure
was increased to 1.6 kPa the draw speed started to increase, as the automatic diameter con-



trol measured an increase in fiber diameter and increased the draw speed to compensate. After
this initial increase, the draw speed reduced back towards the 8 m/min draw speed, showing
that although the system experienced some instability there was tendency for the draw speed
to remain constant. At the end of the fiber draw experiment the draw speed started to increase
quickly, where the fiber draw is no longer in a steady state regime at the end of the preform.
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Fig. 3. Draw tower data, showing (blue) the pressure applied to the holes of the preform,
and (red) the draw speed which was set to automatically maintain a constant outside fiber
diameter.

These experimental results provide evidence that the assumptions made to arrive at Eq. (1)
and Eq. (6) are within the range of pressures we used and for moderate geometry change ratios
(up to C ~ 2), giving greater confidence in the Fitt model to predict the parameters which
need to be considered for practical fiber drawing. The validation that the geometry change ratio
(Eq. (7)) is independent of the MOFs outside diameter for moderate geometry change ratios
leads to the proposition that it should be possible to create asymmetric structures where the
cross sectional wall thickness surrounding the holes could be made non-axisymmetric.

3.2.  Predicting fiber draw parameters

3.2.1. Suspended-core fibers: symmetric structures

The predictive nature of Eq. (7) is most useful for fabrication of MOFs. Equipped with the
temperature and pressure offsets, our aim was to produce a fiber with a similar structure but
smaller scale and core size, for which the cane and sleeve method [49] was required. The
process is to first cane the preform to the order of millimeters, insert this cane into a rod (sleeve),
and then draw down the cane and sleeve to fiber, which requires the successful application of
the right combination of parameters in order to achieve the desired final fiber structure. Another
preform was fabricated, as discussed in Sec. 2.2 and shown by Fig. 4(a), and drawn down to
fiber using the cane and sleeve method.

For the cane, the feed rate needs to be greatly increased and the draw speed greatly reduced
to achieve the lower draw down ratio. For this we chose a feed rate of 6.4 mm/min with the tar-
geted outside diameter for the cane being #0.95 mm maximum. The aim was to pre-expand the
holes during the caning process, for which we chose a geometry change ratio of C = 1.55. Using
Eq. (7) the predicted pressure (pr) needed to achieve this was 3.5 kPa at a furnace temperature
of 1980 °C. A microscope image of the resulting cane structure is shown in Fig. 4(b), from
which the outer diameter was measured as 0.91 mm with the hole region diameter #0.87 mm.



Applying the definition discussed in Sec. 2.4, the geometry change ratio (Eq. (5)) obtained for

this cane was C = 1.50, which agrees well with the target C = 1.55.
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Fig. 4. (a) Cross section of the preform fabricated from @12 mm F300HQ silica rod; and,
microscope image of (b) the cane; and, scanning electron microscope images of (c) the
silica suspended-core fiber cross section measured to be ?¥270 pum with (d) and enlarged
image of the holes and core having effective diameters of 40.5 um and 1.7 um respectively.

A sleeve was made by drilling a @1 mm hole centrally located in @12 mm F300HQ silica
rod into which the cane was placed. The setup of the cane and sleeve arrangement was made
to ensure pressure was only applied to the three holes of the cane. The aim was to draw down
the cane and sleeve to a suspended-core fiber with core size of @31.5-2.0 um and target outside
diameter of #3270 um. We chose a geometry change ratio of C = 1.8 to further expand the
cane holes, for which Eq. (7) predicted the pressure (ps) needed to achieve this was 2.7 kPa at
a furnace temperature of 2000 °C and feed rate of 1.5 mm/min. A single 80 m long length of
suspended-core fiber was fabricated using those parameters, as shown by the scanning electron
microscope (SEM) images in Figs. 4(c)-4(d) from which the outer diameter was measured as
being @270 pum with the hole region diameter #40.5 um. Applying the definition discussed
in Sec. 2.4, the geometry change ratio (Eq. (5)) obtained for this fiber was C = 1.97, which is
~10% deviation from what was calculated by the model. The core, shown by the green box in
Fig. 4(d), was measured as having a effective diameter of @1.7 yum, defined as the diameter of
a circle whose area is equal to a triangle that fits wholly within the core area [49].

3.2.2. Exposed-core fibers: asymmetric structures

A preform was fabricated, as discussed in Sec. 2.2, with a 1.8 mm wide slot cut along the
length of one hole in order to fabricate a fiber with the core exposed along the length. These
types of exposed-core fibers are useful in sensing applications where real time measurements
and/or emptying and re-filling is required, or long lengths are needed for distributed sensing
applications [27]. The aim was to produce this type of asymmetric structure to a final maxi-
mum outside diameter of 200 um, by directly drawing down the preform to fiber. Looking at
the series of fibers discussed in Sec. 3.1, we chose to use a furnace temperature of 2000 °C
and aimed to expand the holes in order to achieve a geometry change ratio of C = 1.4. Using
Eq. (7) the predicted pressure (ps) needed to achieve this was 1.40 kPa, at a preform feed rate of
1.5 mm/min. A single 127 m long uncoated exposed-core fiber (Fig. 5(a)) was fabricated using
a pressure of 1.40 kPa and the outside was measured from SEM images as being @202 pum
(measured at the maximum) with the hole region diameter of the two holes being @143.1 pum.

As shown in Fig. 5(a), the outside of this asymmetric structure no longer resembles the
preform from which it was made (Fig. 4(a) with 1.8 mm slot). This is caused by surface tension
increasing the initial gap provided by the 1.8 mm slot in the preform and significantly chang-
ing the geometry, adding a degree of complexity not accounted for in the Fitt model or in the
way the geometry is defined (Sec. 2.4). Therefore, C was not calculated from measurements
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Fig. 5. Scanning electron microscope (SEM) image of (a) a asymmetric silica exposed-core
fiber; and a microscope image of (b) the cross section of a cane which was used in a two
step (cane and sleeve) process to produce a asymmetric silica exposed-core fiber shown by
SEM images (c); and, (d) an enlarged image of the core having an effective diameter of
1.7 um.

(Eq. (5)) and compared to the model, since a consistent method for such a measurement could
not be found and further work is needed to understood, account for, and predict such geome-
try changes in the draw process. Nevertheless, since the outside diameter does not contribute
in the calculation of C given by the Fitt model (Eq. (7)), it was still possible to predict the
pressure needed, fabricate this asymmetric structure, and create a fiber useful for the intend
application [50].

The above experiment used a one step drawing process from preform to fiber. It is also
common to use two steps in the drawing of fibers, in order to achieve small core sizes [49,51],
which requires the successful application of the right combination of parameters in order to
achieve the desired final fiber structure. For this another preform was fabricated, as discussed
above for the exposed-core fiber, and drawn down to fiber using the cane and sleeve method
discussed in Sec. 3.2.1.

For the cane, we chose a feed rate of 7.5 mm/min with the targeted outside diameter for the
cane being 2.9 mm maximum. The aim was to expand the holes slightly during the caning
process, for which we chose a geometry change ratio of C = 1.25. Using Eq. (7) the predicted
pressure (pr) needed to achieve this was 1.64 kPa at a furnace temperature of 2000 °C. A
microscope image of the resulting cane structure is shown in Fig. 5(b), which was measured as
being ¥2.8 mm (measured at the maximum) with the hole region diameter @#1.48 mm.

A sleeve was made by drilling a 2.9 mm hole centrally located in a @12 mm F300HQ
silica rod and cutting a 1.8 mm wide slot along the length of the hole, into which the cane was
placed ensuring that the sleeve slot lined up with the cane slot. The setup of the cane and sleeve
arrangement was made to ensure that the cane would remain orientated correctly with the slot
of the sleeve during drawing, as well as ensuring that pressure was only applied to the two holes
of the cane. The aim was to draw down the cane and sleeve to a exposed-core fiber with a core
size of @1.5-2.0 um and target outside diameter of @150 um. We chose a geometry change
ratio of C = 1.3, since the holes of the cane were already expanded, for which Eq. (7) predicted
the pressure (py) needed to achieve this was 1.80 kPa at a furnace temperature of 2000 °C and
feed rate of 1.5 mm/min. A single 80 m long length of exposed-core fiber was fabricated using
those parameters, as shown by the SEM images in Figs. 5(c)-5(d). This fiber outer diameter
was measured using SEM images as being @152 yum (measured at the maximum) with the hole
region diameter $#19.1 um. The core of this fiber, shown by the green box in Fig. 5(d), was
measured as having a effective diameter of @1.7 um. As discussed above, C was not calculated
from measurements (Eq. (5)) and compared to the model, since this asymmetric structure no
longer resembles the preform due to surface tension effects on the outside geometry.

These fabricated asymmetric exposed-core fiber structures have extremely non-



axisymmetric cross sectional wall thicknesses about the hole structure for which we use Eq. (7)
to calculate the parameters. Since the Fitt model is independent of the outside diameter the pa-
rameters needed to make these structures could be predicted, within the geometry change ratio
(O) limits of the types of asymmetric and symmetric multi-hole fiber structures we have shown.

4. Conclusion

The ability to predict the experimental drawing parameters needed to produce desired final
MOF geometries requires a practical understanding of the draw process beyond what is achiev-
able by trial and error. For the first time, we have described using the analytical model provided
by Fitt ef al. [26] to determine the draw conditions needed to produce multi-hole MOFs. Our
results have shown that although the Fitt model describes a capillary draw process, it pro-
vides powerful and practical insights when applied to more complex multi-hole symmetric and
asymmetric structures. By understanding the draw process, both in terms of the draw tower
temperature profile and establishing a method to relate the geometry of a multi hole MOF to
a capillary, it was found that analytical equations given by the Fitt model could predict the
drawing conditions needed to produce the chosen structures.

For asymmetric structures it was found that the outside no longer resembles the preform
from which it was made, due to surface tension effects. These effects add a degree of complexity
not accounted for in the Fitt model or in the way the geometry is defined and further work is
needed to understand and account for such geometry changes in the draw process.
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