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Ultrathin poly(-caprolactone) (PCL) films were fabricated through biaxially drawn films made from three different
methods, namely, spin casting, 2-roll milling, and solution casting. Biaxial drawn spin cast films yield thickness
of 1.2um which is 9 and 12 times thinner that 2-roll mill and solvent cast films, respectively. The films fabricated
were found to exhibit different drawing ratios. 2-roll mill film exhibits the highest drawing ratio &f 4 while

spin cast films can only draw up to a ratio ofsx2 2. The morphology of the films, studied using a polarized
microscope and atomic force microscope, showed fine fibrillar networks of different thicknesses. Biaxially drawn
2-roll mill and solvent cast films showed thicker fibrils as compared to those for the spin cast films. Such a
difference can be attributed to larger spherulites caused by slower cooling rates during melt pressing for both
2-roll mill and solvent cast films and smaller spherulites because of fast cooling during evaporation for spin cast
films. Thermal analysis through differential scanning calorimetry revealed a slight increase in the peak-melting
temperature after biaxial drawing. A drop in percentage crystallinity was also noted. The result of the water
vapor transmission rate (WVTR) was found to be dependent on fabrication techniques that determine the spherulites
formation. It was also found that the WVTR was inversely proportional to the thickness of the films. Tensile
strength and modulus of the films showed significant improvements after biaxial stretching. By identifying the
unique strengths of each individual PCL film produced via different techniques, it is possible to apply to different
areas of membrane tissue engineering such as dermatology, ophthalmology, vascular graft engineering, and soft
tissue regeneration.

Introduction failure. Sequential or simultaneous biaxial drawfing have
o ) ) been carried out extensively as the physical properties are
Development and fabrication of thin polymer films through  jmproved in both the longitudinal and lateral directions. Such
a variety of methods has spawned wide applications from g perior quality of biaxial drawn films over uniaxial drawn films

industry to biomedical sciences. Although there are different s he reason for the extensive use of biaxial drawn films for
methods in the fabrication of thin polymeric films, each method packaging applications.

brings about different properties and characteristics to the films
in terms of strength, ductility, and permeability. Extrusion,
calendaring, and blowing are the common industrial methods
for fabricating polymer sheets and thin filk¥sof thickness
ranging from tens to hundreds of micrometers. These methods
usually produce low to moderate level of chain orientation and
are only suitable for low to moderate load-bearing applications.
There is also a limitation to which the thickness of the films
can reach at its minimum through the more readily methods as
mentioned above. However, such limitation can be overcome
by physically drawing the films to give thinner films and at the
same time improve the tensile strength and modulus becaus

With increasing interest in the use of biodegradable polymer
in the area of biomedical science, extensive research has been
carried out. Biodegradable polymers include poly(lactide), poly-
(glycolide), poly(ethylene glycolide), and poty€aprolactone).
These biodegradable materials are suitable for pharmaceutical
products such as wound dressings which require durability, stress
resistance, flexibility, and good elasticity. The surface chemistry
of the biodegradable polymers can also be modified to provide
good and uniform adherence and to conform to the wound
topography to prevent accumulation of air or liquid pockets.
Besides good adherence, it must also provide a barrier to prevent
of the induced orientation of the fibrifsUniaxial drawing can ~ Infections that can be caused by bacteria penetration. The water
improve its physical properties only along its drawing direction V&POr permeability is also an important aspect to consider, such
and the use of uniaxial drawn films have to be exercised with &S t© prevent fluid accumulation under the dressing while at

caution as wrong direction in the load applied may lead to the same time maintaining an optimum moist conditiori*
For the criteria to minimize adverse long-term host-tissue

* To whom correspondence should be addressed. F65-6874-4605; response to foreign material, th_in membr_ane structure needs to
fax: +65-67791459; e-mail address: mpetsh@nus.edu.sg. ~ be considered. For membrane tissue engineering in ophthalmol-
f Department of Mechanical Engineering, National University of Sin- ogy, dermatology and even vascular graft engineering, polymer
gapore. " ; il
¥ A*STAR Data Storage Institute. fllms are seen as favo_raple matrixes because less mat_erlal is
s Department of Electrical and Computer Engineering, National Univer- INvolved and hence will invoke minimal adverse host-tissue

sity of Singapore. response. Also, the use of such films as stromal substitutes are
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Figure 1. Schematic drawing showing the stages of initial preparation of PCL thin film using methods of solvent casting, 2-roll milling, and spin
casting.

found to be able to support cell growth and this is especially micrometer thickness through a two-step process. The polymer
an important development as this would mean that the use of solution was first spin cast to achieve films with approximate
allogenic biological material as substrates can be completely thickness of 6.3+ 1.4 um. The spin cast films were then
phased out, hence overcoming problems of disease transmissiosubjected to biaxial drawing to obtain ultrathin PCL films of
or allograft rejectiort>-16 1.24 0.5um thick. PCL films fabricated through 2-roll milling
Microthin films of 10.um thick through biaxial drawing of  and standard solution casting followed by biaxially drawn were
poly(e-caprolactone) (PCL) films have been developed suc- also compared. The physical, mechanical, water moisture
cessfully by Teoh's groudpand subsequent tests have proven permeability, and thermal characteristics of the biaxial drawn
that PCL thin films are suitable for membrane tissue engineer- and undrawn films were investigated and discussed.
ing.1~1° The excellent mechanical properties of PCL thin films
also allow easy handling for in-vitro and in-vivo research work.
Further treatment of the PCL films were also carried out to

_bi ial i i86,18,20
enlhan?lf gell blo?:altle”al m.terarftlé’ﬂ' f b . Materials. The PCL pellets used were purchased from Sigma-
t.W' . e .a cha e_nge in the area 0 mem. rane tissue Aldrich. They have a density of 1.145 g/énof number-average

engineering if the thickness of thin polymer films can be gecular weight ¥, of 80000. The polydispersity of PCL as
achieved at sub-micrometer thickness with reasonable mechanyeatermined by gel permeation chromatography was 1.51. The glass-

ical properties. Thin films in the scale of nanometer thickness tansition temperature and melting temperature of PCL-886 °C

have been successfully achieved using spin cast tech#idéie.  and 60°C, respectively. Since PCL has a low-glass-transition temper-
However, such method produce films which are very strongly ature, it exists in rubbery state at room temperature, which explains its
adhered to a substrate surface such as glass or silicon. It iSexcellent tensile-drawing ability.

virtually not possible to remove the thin films from the substrate  Film Preparation. PCL ultrathin films were fabricated using three
surface at such nanometer scale thickness. This paper reportsechniques, namely, solvent casting, 2-roll milling, and spin casting.
on the ways of achieving ultrathin PCL films in region of sub- The use of 2-roll mill does not require solvent whereas the otherévb(\/

Experimental Section
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Figure 2. Stages of heat treatment and biaxial drawing.

d Table 1. Thickness of Nonbiaxially and Biaxially Drawn Films

methods require the solvent for the polymer solution to flow an Produced by Different Methods

evaporate into thin sheets. The initial steps of the film preparation are

represented in Figure 1 and described as follows. mean film thickness (um)
Sobent CastingPolymer solution was prepared by dissolving PCL method nonbiaxiallly drawn biaxially drawn

pellets in methylene chloride at a concentration of 3 wt % and casting spin cast 6.3 12

over glass molds. A metal foil was placed on top of the molds to allow 2-roll mill 95.0 93

slow evaporation of the solvent. The solvent-casted films obtained were
further dried in a vacuum oven at 4C to remove any remaining
solvent. Solvent-casted films of thickness 12® can be uniformly
achieved. The thermal properties (peak temperature and enthalpy of fusion)

2-Roll Milling. PCL pellets were gradually fed in between the rolls, of PCL films were studied using a Perkin-Elmer Pyris-6 Different
which were heated up to 8@ with a rolling speed of 1 rom. The  Scanning Calorimeter (DSC). The instrument was calibrated with In
pellets melted completely and formed a highly viscous liquid layer that and zn standards. The PCL film samples were scanned frofC20
adhered on the surface of the rolls. The layer of PCL was collected by 8o °C at a heating rate of 5C/min under nitrogen atmosphere. The
using a blade to scrap off the viscous liquid from the rolls” surface percentage crystallinity of the samples was estimated by comparing
and by allowing it to solidify into a uniform piece. The solid was next 1009 crystalline PCL with enthalpy of fusion of 139.5 3g.

cut |n.to sm;ller r;:asseshredad?/ff%r .me!t prehssmg. il ved f Permeability to water moisture of the films was determined by the
Spin CastingThis method of fabricating the PCL film evolved from 0 yapor transmission rate across the films. This experiment was

:Ee idea_of adspitn-cpa(;ingi ma:\hipe flor costinfgf; p?otores_ist polty(rjner. in carried out in accordance to ASTM E96-00 E. The films were wrapped
€ semiconductor industry. A Simpie and etieclive spin cast device g {he opening of centrifuge tubes which were filled with 15 mL

‘éva;ezeézgfr\éleﬁﬂfgr bgoT]%uenrt?o% ét‘i;zt\?vt;;gthp;tfol;n;e?c::ethrgtol;t?;rar‘n of deionized water and were almost 95% full and were left with about
P - PO u p p 5 mm of air gap. The opening of the tube has an area of 113 ram

and was covered with & be_II jar befo_rg _the platform was set t.o spin at environment chamber (Contherm 5200 RHS, New Zealand) was used
the desired rate of revolution. The initial preparation was similar to : -
. ) . . and the temperature and relative humidity of the chamber were set at
solvent casting where PCL pellets were dissolved in methylene chloride _ ", . . .
32 °C and 50%, respectively. Five samples for each specimen group

to give a polymer solution at a concentration of 3 wt %. An amount of ) .
5 cn? of the solution was spread over an area of approximately 20 were used to conduct the experiment. The experiment was conducted
over a period of 21 days during which the mass of water loss was

cn¥ on a metal sheet which was attached to a rotating platform. The
platform was then rotated at a revolution of 500 rpm for 5 min. recorded.
Uniformly spin cast PCL films of thickness approximately 6:31.4 The water vapor transmission rate (WVTR) was determined by the
um were produced and the spin cast films were next placed in a vacuumfollowing equatior?*
oven for similar reason.

Upon the completion of the initial preparation stages of the three (GIt)  flux
methods, heat treatment and simultaneous biaxial drawing of the film WVTR = A area
followed, as shown in Figure 2. The solvent cast film, roll-mill mass,
or spin-cast film was sandwiched between two aluminum foils and was
melt-pressed at 80C and at a pressure of 30 MPa. After 10 min, the occurred (h), and the opening area of centrifuge tuti, f@spectively.

sandwiched film was allowed to slowly cool under pressure for 12 h. (Glt) is also known as the flux of the water vapor across the film
The melt-pressed film obtained was then preheated before bemgthickness

biaxially drawn in a temperature-controlled chamber at a temperature ] . . ) .
of 58 °C, which was just 2C below the melting point of PCL. After Tensile properties of the PCL films were determined using an Instron

drawing, the film was annealed at the same temperature for a furtherUni\{ersaI tgnsile te;ter at standgrd room conditions. The samples were
6 h. The thickness of the films produced by the three methods before Cut into strips of width measuring 10 mm and were mounted onto
and after being biaxial drawn is shown in Table 1. pneumatic grips. The grip separation was set at 30 mm and a testing
Characterizations. The morphology of the PCL films was examined ~ SPeed of 5 mm/min was used. The thickness of the films was measured
using a Nikon Optiphot-Pol Polarizing microscope. The optical images USiNg an electronic length measuring equipment with an accuracy of
were captured using a Nikon Coolpix 4500 digital camera attached to 0-1 #m (Carycompar B Vertical comparator, V150) from TESA
the microscope with a Nikon Coolpix MDC lens mounted on the TECHNOLOGY.
phototube. Fine details of the microstructures of the PCL film were ~ The samples were subjected to tensile stress till break and-stress
examined using atomic force microscopy (Digital Instrument Nanoscope strain curves were plotted from the data generated. The modg)us (
111a AFM) over an area of 20m x 20 um and 5um x 5 um via ultimate tensile strengthyrs, and elongationX) were then subsequently
tapping mode. extracted. CDV

solvent cast 15.0

whereG, t, andA represent weight change (g), time during whigh
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Figure 3. Morphology from polarizing microscope showing the different orientation of the fibrillar network of the biaxially drawn films of different
fabrication methods (A: spin cast; B: 2-roll mill; C: solvent cast) at regions of center (1) and side (2).

Results and Discussion as compared to the thinner fibrils of the biaxial drawn solvent

) - ) ) ) cast films. Films produced by spin casting before drawing were
~ Drawing Ability of Films. The films were drawn to their 15 times thinner than that for solvent cast and 2-roll mill films.
limit at near melting temperature of PCL. It has long been Although these films had a relatively low drawing ratio as

established that the limiting degree of drawing is dependent on compared to the rest, very thin films of thickness approximately
the temperature at which the polymer was dr&itnwas found 1.2 um were successfully achieved.

here _that fllms produced by dlﬁerept techniques exhibit dlfferenF The drawing ratio of the films could also be affected by their
drawing ratios at the same drawing temperature, as shown in : . S
. . . ___molecular weightM,. It is known that polymer chain with a
Table 1. Before drawing, the thicknesses of heat-pressed mmshigherM has a higher tensile strength and elongation than one
- 1 H n
produced by 2-roll mill and solvent cast were approximately with a lowerM,. It was reported that for thermal degradation

95.0 um while that of spin cast films were approximately 6.3
um. Films produced using 2-roll mill had the largest drawing of PCL to take place, temperatures of 28and 353°C would

ratio of 4 x 4, followed by solvent cast of & 3 and spin cast  2€ "équired for PCL wittM, of 1800 and 42 450, respectives).
of 2 x 2 For higherM, of 80 000, thermal degradation takes place at
One of the reasons for the difference in the drawing ratio €Ven higher temperatures of up to 4302672 Hence, melt
between 2-roll mill and solvent cast films despite similar film Pressing at 80C should not trigger degradation to cause chain
thickness could be because the solvent used in solvent cast filmréduction to PCL. Therefore, the PCL films reported here that
may not be totally removed during evaporation. The remains Nad previously undergone melt pressing way below the degrada-
of the solvent residing within the solvent cast film introduced tion temperature would not have resulted in any significant
defects such as small pores and thus could be the reason for jt§legradation.
lower drawing ratio than 2-roll mill film. The three methods Morphology. The polarized optical micrographs of the PCL
produce different microstructures (especially in fibrils thickness) films processed using different techniques are shown in Figure
of these PCL films, as shown in Figure 3. The thick fibrils of 3. This figure shows images of biaxially drawn films by methods
the biaxial drawn 2-roll mill film allowed a better drawing ratio  of spin cast (A), 2-roll mill (B), and solvent cast (C) at regioef)v
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Figure 4. Morphology from polarizing microscope showing fibrils extending outward radially from the undrawn material of biaxially stretched
spin cast PCL films at center region.
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Figure 5. AFM images of the biaxially drawn films of different fabrication methods (A: spin cast; B: 2-roll mill; C: solvent cast) at side region.

of center (1) and side (2). A very dense network of fibrillar films had smaller spherulites and the fibrils formed from drawing
structures was observed in all optical images. The orientation would thus be significantly thinner.

of the fibrils at the center regions for all films did not follow a Uniform biaxially drawn films were achieved with good
particular orientation. Generally, it was quite isotropic. This was repeatability using methods of 2-roll mill and solvent casting.
expected as the center region of the film was subjected to nearUndrawn material was not observed under the microscope,
biaxial straining of the fibrils. As compared to the side regions, showing that the drawing ratio of both film types were sufficient
the fibrils were strongly aligned in a unidirectional manner, as in transforming the lamellae structures into fibrils. However,
shown in the arrows at the top right corner. This was becausefor the spin cast films, regions of undrawn materials were found.
the side of the film was subjected to a more unidirectional Figure 4 shows the center region of the biaxially drawn spin
drawing process. This was also observed in the study of biaxial cast PCL film with fibrils extending radially outward from the
elongation of semicrystalline poly(ethylene terephthalate) (PET) undrawn material. The existence of the undrawn materials could
by Marco et aP® A distinct difference in diameters of the fibrils  be due to inefficient transfer of the drawing forces to the fibrils
of different fabrication methods was observed. Drawn spin cast as stress transfer over very thin structures is always difficult
film showed a very fine network of fibrils while that of 2-roll  because of thickness variations.

mill showed a coarser network. Drawn solvent cast film also ~ AFM images of drawn PCL films at the side region are shown
showed a network of fibrils intermediate in size. The difference in Figure 5 and those in the center region in Figure 6. In Figure
in the size of the fibrils could be due to the different sizes of 5, all three types of PCL films show a unidirectional alignment
the spherulites formed at different cooling rates. The spin castof fibrils and are similar to the microstructures as shown
films, which were allowed to evaporate and dry at room previously in Figure 3. The thick rodlike structures shown in
conditions, experienced a higher cooling rate than the 2-roll mill Figure 5 A1 and B1 could be the macrofibrils; when scanned
and solvent cast films. As a result of fast cooling, the spin cast at a higher resolution of bm x 5 um as shown in A2 and BZCDV
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Figure 6. AFM images of the biaxially drawn films of different fabrication methods (A: spin cast; B: 2-roll mill; C: solvent cast) at center region.

the macrofibrils could be seen thinning and slipping away to L o eimeoem | pe2as
form microfibrils in a unidirectional orientation. [| o2 et . Untinun ]
Figure 6 shows the AFM images in the center regions of the 1 [t syt JL:
drawn PCL films. Fibrillar networks were observed and the [| ===tein Cast- Undrawm 52,8
fibrils were also no longer aligned unidirectionally and were -8 [ — — A ]
seen to be oriented nonpreferentially. These results were in .ﬁ ~ 621
agreement with the images shown by the polarized optical = T ! ]
microscopy in Figure 3. However, biaxial or radial alignment £ i 6330 1
of the fibrils was not as obvious as the image shown in Figure ‘."'L.. - - ]
4 where the fibrils were seen extending radially from the b [ — 61 )
undrawn material. This can be explained by the fact that while L = ﬂ'_’___/;.
the biaxial force at the four corners of the film was released " 6336 ]
after the drawing process, the fibrils experienced a stress 1
relaxation that caused the fibrils to coil back from its biaxially 4 " " A A ]
drawn direction. Such relaxation, which can result in shrinkage, 20 30 40 50 60 70 80
;v;ist?r%%r:.ad by Zhang and Ajjiin biaxial drawing of Temperature (°C)

Thermal Properties of PCL films (DSC). Biaxial drawing Figure 7. DSC profiles of drawn and undrawn PCL films.

produced a significant effect on the melting behavior of the tapje 2. Peak Temperatures, Melting Enthalpies, and Percentage
films. This was expected because of structural changes by biaxialCrystallinity of the Drawn and Undrawn PCL Films

drawing, and these were indicated in the melting endotherms
in Figure 7 and the melting temperature, enthalpies, and
percentage crystallinities in Tab!e 2 Figure 7 shows aseries of spin cast 62.0 73.8 52.9
DSC traces of drawn and nonbiaxially drawn PCL films. The " " 62.9 69.6 499
traces showed very well defined profiles of a material with a | ot cast 62.2 68.0 48.7
typical semicrystalline characteristic. The nonbiaxially drawn
PCL films melted at temperature of 62Q for spin cast film,

film types peak temp. (°C) enthalpy (J/g) % cryst.

Nonbiaxially Drawn Films

Biaxially Drawn Films

62.2°C for solvent cast film, and 62.9C for 2-roll mill film. spin Cast 63.6 65.2 46.7
All these three types of undrawn films showed similar meltin 2-roll mil 62.5 65.5 41.0
yp 9 solvent cast 63.3 62.8 45.0

temperature. After biaxial drawing, the melting temperatures
of the films were 63.6C for spin cast film, 63.3C for solvent
cast film, and 62.5C for 2-roll mill film. No notable change  drawing of polymers was also reported elsewHer® Since

in melting temperatures was observed after 2-roll mill films were melting temperature is dependent on crystallite sizes, the
drawn. An increase of 1.1C was observed in drawn solvent increase in melting temperature suggests the presence of larger,
cast film while an increase of 1.8C was observed in drawn thicker lamellae that were formed during the biaxial drawing
spin cast film. Increase in melting temperature after biaxial at near melting temperature of the PCL. cDV
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The melting profiles of the films fabricated by method of
solvent casting and 2-roll milling showed a reduction and
broadening in the peaks after biaxial drawing, as compared with
pointed and narrow peaks before biaxial drawing. The biaxial

drawing process broke up the lamellae and widened the lamellae

size distribution, which was evident by the broadening of the

melting trace since crystallite sizes affect glass-transition

temperatures. For spin cast films, the peak remained relatively
unchanged after biaxial drawing but a slight shift of the melting

peak at higher temperatures was observed.

Table 2 shows the peak temperature, melting enthalpy, and
percentage crystallinity of the PCL films. The percentage
crystallinity of the film was calculated against the melting
enthalpy of 100% crystalline PCL at 139.5 3?gl he degree of
crystallinity was observed to be—%6% lower after biaxial
drawing for all three types of films. This indicated the
destruction of crystalline material as the large lamellae (folded
chain structures) were subjected to drawing to form microfibrils
(extended chain structures).

These results appear to be different from the findings by Ng
et al# that biaxially drawn film saw an increase in the melting
enthalpy. This difference in results could be due to different
cooling techniques being adopted. Slow cooling after melt
pressing was carried out in this experiment while Ng et al.
adopted quenching of melt-pressed films in ice water.

The lamina thicknesk is related to cooling ratA T30 by

B 206TmO
T AHAT

L + oL

whereoe, AHs, T°, anddL is the fold surface energy, heat of
fusion, equilibrium melting temperature, and a quantity arising
from the kinetic theory (which varies slowly with cooling rate),
respectively. From the equation, slow cooling produces larger
and thicker lamellae while fast cooling like quenching produces
smaller and thinner lamellae and lower crystallinity. Smaller
lamellae may suggest a more ordered fibrillar structure after
biaxial drawing while larger lamellae from slow cooling may
produce a less ordered fibrillar structure.

Water Vapor Transmission Rate (WVTR). One of the
critical concerns in the search for good tissue engineering
scaffolds is the mass transport issue. Cells need supplies o
nutrients and other vital substances, such as oxygen, to survive
This transport is accomplished through blood vessels and
capillaries in vivo; under in-vitro conditions where the tissue
grown is avascular, physical diffusion and permeation are the
only possible routes to provide for delivery of these substances.
Thus, it is believed that permeable scaffolds are more suitable
for healthy tissue growth. As a result, the testing for transport
of small molecules, such as water vapor, through the films

becomes indispensable in our assessment of the membranes vi

the water vapor permeability test.
There are possible sources of errors in water vapor perme-

Biomacromolecules, Vol. 8, No. 3, 2007 813

Table 3. Values of Thicknesses and WVTR of Different PCL
Films

mean film WVTR
film type thickness (um) (g/(h m?))
free water surface 171.9
biaxially drawn spin cast 1.15 74.96
nonbiaxially drawn spin cast 1.58 67.77
before heat treatment
nonbiaxially drawn spin cast 2.68 46.88
after heat treatment
biaxially drawn 2-roll mill 10.7 43.10
biaxially drawn solvent cast 14.0 38.24
biaxially drawn 2-roll mill 23.67 33.43
(double layer)
biaxially drawn solvent cast 104 30.50

film reported by Htay®

The WVTR test was first performed for four types of PCL
films, namely, biaxially drawn 2-roll mill film, solvent cast film,
spin cast film, and nonbiaxially drawn spin cast film. The values
of the WVTRs obtained are tabulated in Table 3.

It can be seen that the single-layer biaxially drawn solvent
cast films had the lowest WVTR at 38.24 g/I? while the
biaxially drawn spin cast PCL films had the highest WVTR at
74.96 g/h M. The WVTR was 43.10 g/h #for biaxially drawn
2-roll mill films. However, Htay et af. had reported a WVTR
of 30.5 g/h nd at 10.4um for solvent cast microthin PCL films.
Judging from the results in Table 3, one would have expected
Htay et al.’s films to have a WVTR that was higher than the
biaxially drawn solvent cast PCL films or close to the value
registered by biaxially drawn 2-roll mill PCL films. One of the
reasons for the lower WVTR recorded by Htay et al. could be
due to the larger resistance to water vapor transmission caused
by the depth of the air gap below the film. In this experiment,
the air gap was kept at a minimum to 5 mm as compared to
Htay et al.’s 45 mm. This big difference thus played a significant
role in the difference recorded. Another reason for such
discrepancy would be due to the size of spherulites. In Htay et
al.’s experiment, his PCL membranes were subjected to ice

pwater guenching immediately after they were heat-pressed, since

his PCL membranes were fabricated in the same manner as
described by Ng et al. However, the PCL films tested here were
slow-cooled after being melt-pressed. As mentioned previously,
slow cooling produces larger and thicker lamellae, and a less
ordered fibrillar structure after biaxial drawing while quenching
produces smaller and thinner lamellae and a more ordered
fibrillar structure after biaxial drawing. As a result, a much more
compact and dense structure would be expected in the quenched
BCL films, and hence it provided a larger resistance for water
molecules to diffuse through, thereby having a WVTR that was
significantly lower than the PCL films that were allowed to

ability tests such as local defects, leakage, resistance toS/OW-c0Ol.

transmission from the still air layer between water surface and
film, and resistance of the two surfaces of the fiimFor
permeable thin films, these sources of errors may cause
significant differences to the vapor transmission rates measured
In the experiments conducted, leakage was minimized by
carefully sealing the opening circumference of the tube using
parafilm to prevent vapor from escaping, still air gap between
water surface to the film surface was kept at a minimum, and
the surfaces of the films were carefully cleaned with ethanol to
minimize contamination which could potentially increase surface
resistance.

An ideal correlation between thickness and WVTR for
homogeneous film types is governed by Fick's Law of steady-
state transport. Strictly speaking, the wet cup test in accordance

to ASTM E96-00 E requires a steady state of water vapor

transport to be established across the barrier membrane. For
this condition to be achieved, it is required that the relative
humidity (RH) levels on both surfaces of the film be maintained
constant such that the outside surface facing the air is kept at
50% RH by the humidity chamber and the inner surface facing
distilled water is maintained at 100%RH by the evaporation of
waters?

Cbv
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Figure 9. Stress—strain curves of all different PCL films being
investigated.
Under this steady-state condition, the transport of water vapor
through the film governed by Fick's law of steady-state to allow the direct flow of water vapor through the membrane
diffusior?3 can be concisely expressed by the following relation: instead of diffusion and sorption. Thus, these microvoids had
enhanced the transmission rate of water vapor.

daP_G Tensile Properties.The stressstrain curves of the PCL films

dx t are shown in Figure 9. Distinct differences in the tensile strength

) . o . and elongation could be seen from the graph upon biaxial

where p is the permeability coefficient of the material that grawing of the films. Biaxially drawn films exhibited higher

depends on material characteristics, afddd is the gradient  tensile strength while that of nonbiaxially drawn films exhibited
of the driving force of transport. Under steady state, this gradient greater elongation.

would be equal ta\P/l, whereAP is the pressure or concentra-
tion or potential difference across the film alnd the thickness.
Since WVTR is flux divided by the cross-sectional area, it can
be deduced that WVTR is proportional &P/l under steady-
state conditions, which leads to the conclusion that WVTR
should be inversely proportional to film thickndggfabrication
methods have no influence on the material permeabhility

The WVTR of free water surface was determined at 171.90
g/(h ), and this result matches closely to the value of 167.75
g/(h n?) established, hence verifying the matching accuracy
of this test setup. A wide range of film types have been
fabricated and used in the test. Stacking of 2-roll mill films
was also carried out to explore WVTR at higher thickness. As
mentioned earlier, Fick’s law states that the WVTR is inversely
proportional to the film thickness provided the films are
homogeneous. Since the films were fabricated by different !
techniques, these films could not be considered to be homoge_structurg as compared to the rest of the fllms and the smaller
neous. However, judging from the difference between biaxially SPherulites formed caused by fast evaporation of solvent.
drawn 2-roll mill film and biaxially drawn solvent cast film by Upon biaxial drawing, the elongation was reduced to 59.6%,
Htay et al., we could allow the values of the WVTR to be plotted 183.0%, and 229.5% for spin cast, roll mill, and solvent cast
against film thickness because error margin caused by thefilms, respectively. The elongation became much smaller as
inhomogenity by different film processing techniques accounted compared to their nonbiaxially drawn counterparts because after
for less than 50%. Figure 8 showed the WVTR versus thickness.biaxial drawing, the microfibrils were almost fully stretched to

It can be seen clearly observed from Figure 8 that an their limit. At this point when all spherulites had strain-hardened
exponential decay between WVTR and film thicknesses can beto form microfibrils, elongation became substantially reduced
established. This predicted accurately that WVTR is inversely and any force applied was utilized to deform and fracture the
proportional to its thickness. The relative magnitudes of WVTR microfibrils. Hence, this explained the reduction in the elonga-
values of the available films could be concluded such that tion at break. At the same time, the modulus of the films
biaxially drawn spin cast films always give the highest level of increased because of the strain-hardening stage. The modulus
transmission rate compared to all other films, possibly becauseof spin cast films increased by approximately 58% from 223.2
of their lowest thickness or structural differences. It was also to 352.8 MPa while that of roll mill films increased by about
believed that spin cast films have undergone a rather limited 25% from 273.3 to 339.3 MPa. However, the solvent cast films
amount of drawing such that the fibrillar structure is not fully registered a reduction in modulus from 262.3 to 214.5 MPa. In
formed as undrawn materials were observed under the micro-biaxially drawn films, greater force was required to stretch and
scope. Drawing defects might have also caused the presence ofleform the strain-hardened microfibrils as compared to nonbi-
many microvoids in the structure such that micropores existed axially drawn films where less force was required to drawgBV

Film Thickness {um}
Figure 8. WVTR plotted against film thickness for various film types.

flux = —4

For nonbiaxially drawn films, all three fabrication methods
yielded similar tensile characteristics. Yielding took place at a
stress of about 5 MPa which was followed by cold drawing till
it reached strain of 500%. At this stage of cold drawing, the
spherulites were drawn to form macrofibrils, similar to what
happened to the PCL structures during biaxial drawing. At strain
of 500% and beyond, strain hardening took place. A higher
tensile force was required to stretch further the fully extended
macrofibrils into microfibrils, and the films finally fractured
beyond its tensile strength of 8.2, 11.4, and 10.9 MPa for spin
cast, roll mill, and solvent cast films, respectively. Roll mill
and solvent cast films had almost the same elongation at break
of about 1000% while spin cast films had a lower elongation at
break of 720%. The lower tensile strength and elongation for
spin cast film were expected because of nonuniform micro-
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Table 4. Values of Modulus (E), Ultimate Tensile Strength ours,
and Elongation (4) of All Types of PCL Films

drawn spin cast films could also prove important in the area of
membrane tissue engineering applications where film thickness

films types E (MPa) outs (MPa) 2 (%) is a concern. Transport of water vapor was also much faster,
Nonbiaxially Drawn Films and hence it can be deduced that efficient mass transport of

spin cast 223.2 8.2 720.6 ions necessary for cell proliferation and nutrient/waste tranfer

roll mill 273.3 11.4 978.7 can be carried out. Thus, this fabrication method via spin cast

solvent cast 262.3 10.9 1000.6 coupled with biaxial drawing seemed to offer potential benefits

Biaxially Drawn Films for membrane tissue engineering applications as well.

spin cast 352.8 20.7 59.6 .
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the modulus and tensile strength of the biaxially drawn PCL

films could be attributed to the effect of annealing after biaxial References and Notes

drawing whereby the stress imposed on the microfibrils becomes
relaxed. As mentioned earlier, the increase in melting temper-
ature after biaxial drawing at near melting temperature and
annealing resulted in the growth of thicker lamellae, and this

aspect further substantiated the results for the increase in tensile

strength and modulus of the films.
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