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Role of Material Properties and Drawing Conditions
in the Fabrication of Microstructured Optical Fibers

S. C. Xue, M. C. J. Large, G. W. Barton, R. I. Tanner, L. Poladian, and R. Lwin

Abstract—In drawing microstructured optical fibers (MOFs),
the cross-sectional hole structure, including holes’ relative size
and shape, in a finished fiber drawn down from a preform can
be different from that designed in the preform due to combined
effects of draw tension and surface tension. As a result, the fiber’s
optical properties relative to the initial design can be significantly
altered. In order to find means of minimizing or exploiting hole
deformation so that MOFs with desirable optical functionality
can be fabricated, the underlying mechanism of hole deformation
is analyzed by numerically investigating the continuous draw
process of MOFs of different materials under different drawing
conditions. It is found that three dimensionless numbers, i.e.,
1) the capillary number (related to material properties), 2) the
draw ratio, and 3) the aspect ratio (both related to the drawing
conditions), can be used to predict the type of hole deformation.
Silica and polymer materials are considered in particular, but
the use of these dimensionless numbers allows the analysis to be
applied to any other material.

Index Terms—Fiber fabrication, holey fibers, microstructured
optical fibers (MOFs), numerical modeling.

I. INTRODUCTION

M ICROSTRUCTURED optical fibers (MOFs; also known
as photonic crystal fibers [1] or holey fibers) made from

a single material (either silica [2] or polymer [3]) have been
referred to as a new generation of fibers. Their optical effects
can be tailored by simply changing the hole pattern in the
preform (see Fig. 1, where a silica MOF having a typical
hexagonal arrangement of holes is shown) from which the
MOFs are drawn down. This attractive feature lends these novel
fibers’ enormous potential in a diversity of applications.

However, from a manufacturing point of view, it can be
difficult to maintain the initial cross-sectional hole structure
(both the relative size and shape of holes) in a finished MOF
(typically, 100–250 µm in diameter) drawn down from a mi-
crostructured preform (typically, 10–25 mm in diameter) after
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Fig. 1. Silica MOF having a typical hexagonal arrangement of holes (photo-
graph courtesy of the Optical Fibre Technology Centre).

experiencing substantial extensional deformation under draw
tension applied at the draw end. Indeed, it has been experimen-
tally observed [3] and numerically predicted [4], [5] that during
drawdown of MOFs, a range of hole deformation patterns can
occur, including the following:

1) hole collapse, i.e., the hole is partially or totally closed;
2) hole expansion, i.e., relative to fiber outer diameter, the

hole diameter is increased;
3) hole enlargement, i.e., relative to the its original size, the

hole diameter is absolutely increased;
4) hole shape changes, i.e., originally, the circular hole may

become noncircular.
Such deformations may lead to a significant alteration of the
fiber’s optical properties. Changes in the relative size and
spacing of the holes will affect the fiber’s confinement loss [6]
and may determine whether or not the fiber is single moded
[7]. The operation of bandgap fibers, for example, depends
critically on the geometry and separation of high index regions,
and is sensitive to deformations near the core. On the other
hand, changes in hole shape may be exploited to produce
important optical effects, such as birefringence [8] or high
numerical aperture [9]. Therefore, it is necessary to understand
the underlying mechanisms of hole deformation. Ultimately, we
hope that this understanding will allow us to improve preform
design and to control hole deformation by adjusting the drawing
conditions.

Theoretical solutions [10], [11] based on quasi-one-
dimensional approximate analysis methods [12], [13] give valu-
able predictions of the likely impact of surface tension forces
and internal pressurization on hole size changes for a centric
hole, but they give no insight for eccentrically located holes, or
deformation caused by interactions between nearby holes. Fur-
thermore, no information can be obtained from these theoretical
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Fig. 2. Schematic diagram of a continuous draw process.

solutions if the extending preform cannot be characterized as a
slender body. To understand the drawing processes of MOFs
containing arbitrary hole structures, one requires simulations
based on computational fluid dynamics.

To our knowledge, only two reported numerical studies are
relevant to hole deformation in drawing MOFs. Deflandre [14]
investigated thermal effects on periodicity and hole shape in the
continuous drawing process, but neither surface tension effects
nor draw tension effects were investigated. Xue et al. [4], [5]
investigated both transient and continuous draw processes of
MOFs with some illustrative hole arrangements and included
all influential factors with a scaling analysis of the fiber drawing
process. They demonstrated that dramatic hole shape changes
are expected in drawn MOFs, particularly in the continuous
draw process. One of their valuable findings [5] are the condi-
tions for hole size change. They pointed out that surface tension
is certainly important in some cases but is not the dominant
deformation mechanism for the operating parameters usually
used for drawing polymethylmethacrylate (PMMA) MOFs.

In this work, we characterize the drawing process and per-
form comprehensive numerical investigations for operating pa-
rameters covering those used in drawing both silica and PMMA
MOFs. We show that different material properties and drawing
conditions can produce totally different hole shape changes for
the same preform hole pattern. We relate shape changes to hole
size variations and show that both can be well characterized by
three dimensionless numbers.

II. PROCESS MODELING

A. Process Description

Currently, both silica and polymer MOFs are drawn down
from preforms using a standard fiber drawing tower [15]. A
schematic representation of the continuous draw process is
shown in Fig. 2. The original preform of initial radius Ri

is continuously fed into the preheating section of the draw
tower at a feed speed Vi, then passed through the drawing
section where it is heated above the glass transition temperature
Tg (for polymer) or the softening point Ts (for silica) in a
cylindrical furnace with the heating wall temperature Tw. Fiber
(with radius Rf ) is continuously drawn down over a neck-down
length L (i.e., the preform starts contracting at z = 0 and stops
contracting at z = L) at a draw speed Vf (> Vi) from the end

Fig. 3. Cross section of the preform having an eccentric hole.

of the softened preform by applying an appropriate amount of
draw tension.

The deformation process from preform to fiber is modeled
as a laminar and nonisothermal flow of an incompressible
material. The process may be transient (the primary draw for
polymer fiber [4] and fiber tapering) or steady state (for the
continuous draw process). The basic equations governing such
a flow consist of mass, momentum, and energy conservation,
and a constitutive relationship for the material rheology. For
a Newtonian fluid, all of the equations as well as the proper
boundary conditions have been addressed previously [4], [5].
We use a commercial software package (POLYFLOW) [16]
based on finite element methods. We have evaluated the accu-
racy of the package previously [4]. The mesh independence of
the numerical solutions has also been assessed.

B. Process Characterization and Key Parameters

In addition to the draw stability problem existing in tradi-
tional fiber draw [17], [18], a new and important issue for
fibers containing holes is the question: Can the cross-sectional
structure in the drawn fiber be a scaled-down version of that
of the preform? Obviously, this is true if and only if there is
no variation of the relative size, shape, and position of every
hole. Thus, to guide our later numerical analysis, we begin with
a qualitative understanding of the important parameters for a
fiber containing eccentric holes.

Obviously, hole size is an important parameter and is char-
acterized by the dimensionless ratio χ of the initial hole radius
Rh to the outer radius Ri of the preform.

Size variation of an individual hole is characterized by a
collapse ratio [5] expressed as

Co ≡
RI(ξ)
Ro(ξ)

χ
. (1)

Here, RI(ξ) and Ro(ξ) are the hole radius and the outer
radius of the extending preform at any axial position z = ξ (0 <
ξ ≤ L), respectively. Thus, collapse occurs if Co < 1, the status
quo is preserved when Co = 1, and hole expansion occurs if
Co > 1. Hole enlargement can be identified by the condition of
Co > Ri/Ro(ξ).

Position variation is characterized by a shift factor Sf , which
is defined as

Sf ≡ ef

e
. (2)

Here, as shown in Fig. 3, e and ef are the dimensionless
position (normalized against Ri) of the eccentric hole in the
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preform and the final fiber, respectively. Thus, the shift is
toward the fiber center if Sf < 1 or toward the fiber boundary
if Sf > 1.

Shape variation is not easily characterized: Depending on
the nature of size variations of the individual hole as well as
the holes around it, the hole may distort to any shape, such
as from a circular one to an ovoid or even a polygon. There
is no universal way to characterize the final deformed hole.
However, the extent of the shape changes of a hole can still
be characterized by using (1) in the two directions where the
maximum and minimum expansion or collapse occurs. The
greater the difference of Co in the two directions, the more
dramatic the hole shape change.

We now determine the key parameters that may control these
deformations. The overall deformation of an extended preform
can be well characterized by two dimensionless parameters,
namely 1) the draw ratio defined by the ratio of the draw speeds

Dr ≡ Vf

Vi
(3)

and 2) the aspect ratio defined by

ε ≡ Ri

L
. (4)

The former characterizes the overall contraction in size and the
latter characterizes the overall rate of deformation (contraction
amount per unit length) of the extending preform.

In drawing a fiber, inertial, gravitational, and air drag forces
are negligible. Thus, in the absence of inner hole pressuriza-
tion, only two external forces are involved—the draw tension
and surface tension forces. The former causes the extensional
deformation of a preform, and the latter potentially contributes
to the radial contraction. The localized hole deformation is
also related to both forces. The draw tension force leads a
hole to contract together with the surrounding preform (but not
necessarily at the same rate). Meanwhile, curvature-dependent
surface tension leads the hole to contract further. The relative
importance of these forces is characterized by the localized
capillary number defined as

Ca ≡ ηVi

σ
(5)

where η and σ are the viscosity and the surface tension coeffi-
cient of the material, respectively.

The effect of the temperature is implicitly included via the
localized temperature-dependent viscosity. For silica, we have
Fulcher’s law [19], which is written as

η = 10−7.24+ 2.69×104

T Pa · s (6)

and for PMMA, the measured data for the grade of the PMMA
used in our experimental temperature range of 393–483 K give
the approximate relation

η = 0.2661e
2687.8

(T−273) Pa · s. (7)

TABLE I
TYPICAL MATERIAL AND DRAWING PARAMETERS

Fig. 4. Capillary number (Ca) as a function of the temperature experienced
in drawing silica and PMMA fibers.

With the typical operating conditions as listed in Table I, the
viscosity (and, thus, capillary number Ca) of the material may
vary by orders of magnitude due to the range in temperature
profiles (from Tg or Ts to close to Tw). In Fig. 4, we show
typical values of Ca for silica and PMMA for temperatures
experienced by an extending preform inside a furnace at a
typical feeding speed (i.e., Vi = 2.4 mm/min). For PMMA,
Ca varies from 106 to 102; but, for silica, it varies from 103

to values as low as 100. Therefore, even without considering
viscoelastic effects [20], the hole deformation behavior can be
extremely different for different materials and different heating
and drawing conditions. Experimental confirmation of our nu-
merical predictions [4], [5] for simple fibers has demonstrated
that viscoelastic effects are less important than surface tension
effects. Thus, in this work, we concentrate on the role of Ca and
ignore viscoelastic effects.

We expect the deformation behavior, and, in particular, the
collapse ratio is determined by the above three dimensionless
parameters and the initial hole size. Thus

Co = f(ε,Dr, χ, Ca). (8)
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Indeed, we have previously derived a specific analytical result
for an annular hollow fiber with ε � 1 (slender body) to
leading order [11]

Co = 1 −
(

1
χ

) (
1

ln Dr

) (
1
ε

)(
1

Ca

)
. (9)

However, in practical fiber drawing, an extending preform may
not be annular or qualify as a slender body; in such cases,
numerical analysis is required. For nonslender annular fibers,
Xue et al. [5] have quantitatively demonstrated that hole size
variation is well described by a relation such as (8) even for
aspect ratios of 0.25 over a wide range of parameters. In this
paper, we confirm and determine relation (8) by numerical
analysis for MOFs with multiple or off-center holes.

C. Nonisothermal Effects

Localized variations of the temperature (and, thus, Ca) can
affect hole contraction, even when surface tension effects are
only included to leading order [4]. In the heating and draw-
ing process, both axial and radial temperature gradients are
expected [5], [21]. These gradients are determined by the size
of the preform, the air fraction of the hole structure, the feeding
speed, and the heat transfer efficiency. Once the temperature at
any radial position on a cross-section of the preform reaches
Tg or Ts, localized hole deformation may occur due to the
high sensitivity of the viscosity of the fiber material to the
temperature. Hence, it is very important for the preform to be
heated up efficiently and symmetrically to avoid any nonuni-
form hole deformation on the cross-section before the preform
starts extending. Similarly, over the deformable section (i.e.,
neck-down region where substantial contraction occurs), axial
temperature gradients lead to variations in Ca. Meanwhile, the
hole size in the extending preform is contracting. Therefore, the
relative importance of the viscous forces and the surface tension
forces changes along the neck-down region as analyzed by
Xue et al. [5]. To accurately predict the combined impact of the
neck-down shape and variations in Ca, it is necessary to carry
out nonisothermal simulations with accurate data about the
thermal properties of the material. However, due to the lack of
measured thermodynamic properties and to avoid introducing
extra uncertainties, we concentrate on isothermal simulations.
Given that surface tension effects reach a maximum at the high-
est temperature in the preform, we will assume this constant
temperature to be 468 K for PMMA and 2073–2173 K for
silica, which is well above the deformable temperature of the
corresponding material and represents that at a typical feeding
speed 2.4 mm/min, orders of magnitude of Ca are 25–50 and
200 for silica and PMMA, respectively.

III. NUMERICAL ANALYSIS

A. Hole Size Variation of an Eccentric Hole

We begin by simulating the drawing of fibers from a preform
of Ri = 5 mm containing one single eccentric hole with χ =
0.05 and e = 0.2 (see Fig. 3). The results for an eccentric
hole are similar to those predicted theoretically [10], [11] and

Fig. 5. Collapse ratio as a function of draw ratio for fibers containing
an eccentric hole (χ = 0.05) drawn down over a short neck-down length
(ε = 0.25). Results are for different capillary numbers (Ca) and radial hole
positions (e).

Fig. 6. Similar to Fig. 5 but for a long neck-down length (ε = 0.125).

numerically [5] for a central hole (i.e., an annular fiber). Figs. 5
and 6 show the numerically predicted collapse ratio Co as a
function of the draw ratio Dr for two different neck-down
lengths and various capillary numbers. Silica is represented
by Ca = 25−50, PMMA is represented by Ca = 200, and the
ignoring surface tension corresponds to Ca infinite.

As seen in Fig. 5, with a short neck-down length (ε = 0.25)
hole expansion (Co > 1) occurs for Ca = 200 (PMMA) and
is enhanced by increasing Dr, while for Ca = 25 (silica), hole
collapse (Co < 1) occurs and is reduced by increasing Dr. On
the other hand, as seen in Fig. 6, with a long neck-down length
(ε = 0.125), hole collapse dominates, and hole expansion only
occurs when Ca or Dr is high enough. Both Figs. 5 and 6
demonstrate hole expansion is enhanced and hole collapse is
reduced by increasing the draw ratio Dr.
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Fig. 7. Profiles of the collapse ratios of an eccentric hole (χ = 0.05, e = 0.2)
along the draw direction over a long neck-down length (ε = 0.125) for the
cases of Ca = 25 at two different draw ratios (i.e., Dr = 20 and 500).

A particular practical outcome is that it is possible to turn
hole collapse to hole expansion by increasing Dr or using a
short neck-down length. As shown in Fig. 5, for Ca = 25 and
e = 0.2, dramatic hole collapse (Co = 0.39) for Dr = 20 can
be virtually eliminated (Co = 0.98) by increasing Dr to 500.
Further increases to Dr = 6000 (not shown in Fig. 5) produce
hole expansion (Co = 1.24).

The underlying mechanism in controlling hole size is that
for a given neck-down length, increasing Dr leads to a
steeper neck-down region, i.e., a greater value of |dRo/dz|.
Xue et al. [5] performed a localized force balance to show that
the ratio between the viscous force Fvis induced inside the fiber
body and the surface tension force Fs around a centric hole is

Fvis

Fs
≈ 2

∣∣∣∣dRo

dz

∣∣∣∣ Ca. (10)

This indicates that increasing |dRo/dz| has the same function
as increasing Ca. When Ca = ∞, viscous force is the only
force involved and no force acting inward the hole surface
(leading to hole collapse). Note that |dRo/dz| varies along
the draw direction, and much greater |dRo/dz| is expected in
the upstream portion of the extending preform. Thus, surface
tension is less important there, which leads to hole expansion
in the upstream portion of the preform. This feature is clearly
demonstrated in Fig. 7, which shows the collapse ratios for two
different draw ratios (i.e., Dr = 20 and 500). It confirms that
final hole collapse is greatly reduced by increasing Dr, and the
reduction is attributed to hole expansion in the upstream portion
(near z = 0.25) of the extending preform.

Relation (10) has taken the curvature change along the draw
direction into account in evaluating the relative importance of
the two forces. Now, for a given draw ratio Dr, a smaller
value of ε means more dramatic contraction over a shorter
(thus, steeper) neck-down region (|dRo/dz| 	 1); likewise, for
a fixed ε, a larger draw ratio also means a greater localized
deformation rate in a given neck-down length. Thus, increasing

Fig. 8. Collapse ratio as a function of draw ratio at different capillary numbers
(Ca) for drawing a fiber containing an eccentric hole for two different initial
hole sizes (i.e., χ = 0.05 and 0.2 with e = 0.2).

Dr or decreasing ε is equivalent to increasing |dRo/dz| and
has the same function as increasing Ca. Thus, (10) incorporates
the effects of all three dimensionless numbers. In practical fiber
draw, Dr is fixed by the target final fiber size, thus, it is usually
easier to manipulate Ca or ε.

Results without surface tension effects (Ca = ∞) show that
hole expansion always occurs whenever an extending preform
cannot be characterized as a slender body. However, with
increasing neck-down length, the extending preform is closer
to a slender body (small ε), and the analytical result from (9)
is applicable and shows that for Ca = ∞, Co approaches 1.
Previous work [5] and the results here show that surface tension
effects can practically be ignored when Ca exceeds 200.

Now, we check how deformations depend on the initial
position (e) and the initial hole size (χ). Fig. 5 shows collapse
ratios for two different radial positions: e = 0.2 and 0.8. The
results show that the collapse ratio is smaller for the hole with
a larger e (further from the center).

Fig. 8 shows the predicted collapse ratio for two different
hole sizes located at the same radial location. As seen, regard-
less of whether hole expansion or hole collapse occurs, the
effect is more severe for a smaller hole; in other words, Co is
further from 1 when χ is smaller.

Finally, we consider variation in the position Sf of an eccen-
tric hole. Our numerical predictions for two different initial hole
sizes (χ = 0.05 and 0.2) and positions (i.e., e = 0.2 and 0.8)
reveal that the dimensionless displacement of the hole center
is less than 1% and is inward (Sf < 1), as expected for a
contracting preform. Thus, shifts in position are negligible for
isolated holes. For MOFs containing multiple holes, interaction
between nearby holes may lead to larger shifts. In this paper,
we concentrate on shape changes produced by nearby holes
and leave the analysis of the more subtle shift in position to
future work together with determining the critical edge-to-edge
distance between holes at which the interactions between holes
can be avoided in drawing MOFs.
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Fig. 9. Initial cross-sectional hole structures in (a) five-hole and (b) Panda
preforms.

B. Hole Shape Changes Due to Interactions Between Holes

The predictions above for a single eccentric hole reveal
that the different forms (expansion or collapse) of hole size
variations are well characterized by the three dimensionless
numbers Ca, ε, and Dr. In this section, we will show that
deformations caused by the interactions between neighboring
holes are also characterized by these same three numbers.
Simulations will be carried out for the two illustrative cross-
sectional hole structures shown in Fig. 9.

In the five-hole structure [Fig. 9(a)], four small “satellite”
holes are symmetrically located around a large central circular
hole with the dimensionless pitch Λ (normalized against Ri)
between hole centers being 0.4. The dimensionless radii χ
(normalized against Ri) for the small and large holes are 0.05
and 0.3, respectively. In the “Panda” structure [Fig. 9(b)],
two large holes (χ = 0.3) are symmetrically located around
a small central hole (χ = 0.05), again with Λ = 0.4. These
structures have been chosen, not only because they (having
holes of different size in close proximity) can be expected to
display quite large deformations, but also, they are intrinsically
interesting. The five-hole structure has the essential features of
a photonic bandgap structure, i.e., a large hollow core closely
surrounded by much smaller holes. The “Panda” fiber is again
a highly simplified version of a meaningful structure. Large
holes surrounding a core region have been used for including
electrodes so that the fiber can be poled [22] and can also be
used to introduce birefringence, either by the stress-optic effect,
or in MOFs, by producing ellipticity in the holes [8].

In our numerical modeling, the two preforms are drawn down
with fixed Dr = 100 and feed speed Vi = 2.4 mm/min but
for two different neck-down lengths (ε = 0.25 and 0.125) and
two different Ca values (25 and 200). Fig. 10 shows the final
hole structures in the fibers drawn down using a short neck-
down region (ε = 0.25) for a material with a greater value of
Ca = 200 (representing PMMA). The left-hand figure of each
pair is scaled to match the initial preform so that we can easily
see the relative size and shape changes of the holes. The right-
hand figure of each pair is an enlarged view of a smaller hole
to reveal the dramatic shape changes. Although some shape
change occurs for all holes, it is more remarkable for holes
with larger curvature (small holes) and “curvature-matching”
features in hole shape changes [5]. A comparison of Fig. 10
with Fig. 9 confirms the predicted dramatic hole expansion.

Shape changes in adjacent holes caused by hole expansion
can be explained by a force balance argument. During hole

Fig. 10. Pairs of images showing the final hole structures in fibers drawn down
from the preform of (a) five-hole and (b) Panda hole structures with ε = 0.25
at Ca = 200.

expansion, the hole is contracting relatively slower than the
surrounding preform. The difference in the contracting rates
leads to compressive forces being formed in the zones between
the hole boundary (if a hole is centrally located) and the
preform boundary. The compressive forces tend to push the
material around the hole away. As a result, any expansion
of the holes in these zones and the central hole itself will
be partially suppressed in the direction of any nearby hole,
while, along boundaries away from nearby holes, the expansion
is unaffected. Thus, suppressed expansion in some directions
along with the maintained expansion in other directions leads
to holes in close proximity becoming noncircular. Because size
change is more dramatic for smaller holes, shape changes will
likewise be more dramatic for the smaller of two adjacent holes.

For example, for the five-hole structure [see Fig. 10(a)], hole
expansion of both the larger central hole and the four “satellite”
holes is partially suppressed in directions joining the holes
or close to the outer preform boundary, while in directions
where there are no nearby holes, such as the azimuthal direction
for the four small holes, the hole is expanding freely. The
result of this nonuniform expansion is that the four small
satellite holes become ovoid with their major axes along the
azimuthal direction. Similarly, for the “Panda” hole structure
[see Fig. 10(b)], dramatic hole expansion of the central small
hole is suppressed in the direction of the two larger expanding
holes. As a result, the small hole becomes ovoid with the major
axis at right angles to the line joining the two larger holes.
In both structures, as expected, the shape change of the larger
holes is not as remarkable, showing only slightly suppressed
expansion in the directions toward the smaller holes.

Fig. 10 shows results typical for PMMA. However, if these
preforms are drawn using a longer neck-down region for a
material with a smaller value of Ca, such as is typical for silica,
then, at the same draw ratio, a much smaller draw tension is
required, so surface tension effects become more pronounced.
Then, as shown in Fig. 11, hole collapse occurs in all holes
for both structures. Here, the collapsed smaller holes are too
small to resolve with the scale of the figures. However, the
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Fig. 11. Pairs of images showing the final hole structures in fibers drawn down
from the preform of (a) five-hole and (b) Panda hole structures with ε = 0.125
at Ca = 25.

Fig. 12. Pairs of images showing the final hole structures in fibers drawn down
form the preform of (a) five-hole and (b) Panda hole structures with ε = 0.125
at Ca = 200.

deformation of the smaller holes can be seen in the enlarged
right-hand figures of each pair. Comparing Fig. 11 to Fig. 10
clearly shows the dramatic effect of changing material or draw
conditions. In this case, the deformed small holes are still ovoid
but with major axis toward a neighboring hole.

Again, these deformations can be explained by force balance
arguments analogous to those used when hole expansion takes
place. During hole collapse, the hole is contracting relatively
faster than the surrounding preform. The difference in the
contracting rates leads to stretching forces around the holes.
These forces tend to pull the surrounding material in. Therefore,
the extent of collapse will be partially reduced in the direction
of any nearby hole. The reduced collapse in the direction of
the neighboring hole along with the maintained collapse in the
other directions produces an ovoid shape as shown in Fig. 11.

As mentioned earlier, hole size changes can be reduced by
adjusting the neck-down length or the capillary number. The
same is true for hole shape changes. For example, deformation
caused during hole expansion is reduced by using a longer

neck-down length as seen by comparing Fig. 12 with Fig. 10.
Similarly, deformation caused during hole collapse can be
reduced by using a shorter neck-down length.

IV. CONCLUSION

We have demonstrated that three dimensionless parameters
(i.e., capillary number, draw ratio, and aspect ratio) can be
used to predict or control hole deformation during the MOF
drawing process. In particular, for the two most commonly
used materials for MOFs, silica and PMMA, we have shown
that quite different deformations can be observed for the same
structure under equivalent draw conditions: The silica case is
dominated by hole collapse, while for PMMA, hole expansion
is more important. For a fixed draw ratio, the capillary number
and aspect ratio can be used to compensate for the material
properties.

This work is currently purely computational, although previ-
ous work [4], [5] has shown that this style of analysis yields
conclusions consistent with experimental results. We intend
to explicitly test the predictions of this work in the future.
Similarly, this paper does not consider the use of pressure (both
positive and negative)—another parameter that has been widely
used to control structures in MOFs. This will also be considered
in future work.
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