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CONTROL OF POLYMER MORPHOLOGY DURING THE
SMALL-SCALE MELT SPINNING OF MONOFILAMENT FIBRES

R. Molloy, J. Siripitayananon, N. Molloy, M. Sriyai, M. Srisa-ard,
A. Charuchinda, P. Muhamed and K. Na Lampang

Biomedical Polymers Research Unit, Faculty of Science, Chiang Mai University,
Chiang Mai, Thailand

INTRODUCTION

Nowadays, the production of synthetic polymer fibres for use in specialized applications has
developed into an advanced technology all of its own. Because of their unique dimensions, fibres
tend to be especially sensitive in their properties to subtle changes in their molecular structure.
Therefore, it follows that, in order to be able to produce fibres with the required balance of
properties for a particular application, it is necessary to be able (o control the polymer's:

(a) chemical microstructure and molecular weight during the synthesis stage, and
(b)  molecular orientation and semi-crystalfine morphology during the processing slage

This paper describes some of the work currently in progress in Chiang Mai's Biomedical Polymers
Research Unit on menofilament fibres for potential usc as absorbable surgical sutures. In
particular, the ways in which the polymer's morphology can be controlled during processing are
discussed. By developing an understanding of how this can be done, it enables us to optimize the
processing conditions in order to control the morphology and, hence, impart the required properties
to the final product.

MATERIALS AND APPARATUS

An example of the type of polymer studied in this work is poly(L-lactide-co-e-caprolactone}, a
biodegradable copolyester consisting of a random sequence of L-lactide and e-caprolactone units in
an approximately 80:20 mole ratio. Number-average molecular weights were typicaliy of the order

of My =30,000 - 50,000 .
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L-lactide unit g-caprolactone unit

- poly(L-lactide-co-g-caprolactone), P(LL-co-CL)

The processing equipment used was a small-scale melt spinning apparatus which could handle batch
sizes of as small as 4-5 g. A schematic diagram of the apparatus is shown in Fig. 1 overleaf.
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Fig. 1 Schematic diagram of the smali-scale melt spinning apparatus.

PROCESSING CONDITIONS

The processing temperature used for melt spinning was carefully chosen with respect io the
copolymer’s melting range and thermal degradation temperature. The melting range was determined

by differential scanning calorimetry (DSC) as being approximately 125-1559C, while the thermal
degradation (initial weight Joss) temperature was in the region of 230°C. Consequently, a

processing temperature of 175°C was chosen, being sufficiently high 10 ensure complete melting of

the copolymer, yet low enough to avoid or, at least, minimize the possibility of thermal degradation,
in particular, transesterification. Residence times were therefore kept as short as possibie.

Using the arrangement shown in Fig. 1 above, batch sizes of typically 5 g were extruded through
single-hole spinnerettes to give monofilament fibres of the required diameter. The extruded fibre
was cooled quickly, first by contact with the cool room air and then by passing through an ice-water
bath. Finally, the fibre was wound up without drawing at a take-up speed matched with the
extrusion rate. The purpose of this was 10 obtain wndrawn and, therefore, unoriented fibres of
controlled diameter. This then enabled the required molecutar orientation and semi-crystalline
morphology 10 be gradually built into the fibre in subsequent off-line annealing and hot-drawing
steps. In this way, the spinning and conditioning steps were separated into a 2-stage process
which allowed the development of the fibre's semi-crystaliine morphology to be controlled more
easily.

FIBRE MORPHOLOGY

As shown in Fig. 2 overleaf, the P(LL-co-CL) copolymer, following its synthesis and purification,
i.e., before spinning, was a semi-crystalline material with a well-defined DSC melting peak. It is
interesting to compare this with the DSC curve of the wundrawn as-spun fibre. After spinning, the
DSC curve shows an additional exothermic erystallisation peak prior to and of similar size to the
melting peak, a clear indication that the copolymer is in its so-called guenched amorphous state .

The obvious conclusion to be drawn from this is that, during the melt spinning process, the
extruded fibre was cooled quickly at a rate which was too fast for crystallisation from the melt to
occur. Thus, the as-spun fibre was amorphous. However, when re-heated slowly in the DSC, it
could crystallise. This effect can be tumed to good use in {ibre processing since it aliows the semi-
crystalline morphology to be gradually built into the as-spun fibre in subsequent annealing and
hot drawing steps at the appropriate temperatures.
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Fig.2 DSC curves of the copolymer both before and after melt spinning,

CONCLUSIONS

1.

Since a fibre's mechanical properties (tensile strength, modulus, elongation at break) are heavily
dependent upon its merphology, it is logical to try to control this morphology as far as possible.
In this way, the fibre's properties can be tailored to meet the demands of the intended application,

In the case of a speciality polymer where the correct balance of properties is of critical
importance, it is often advantageous to be able to spin the initial fibre with as little molecular
orientation and crystallinity as possible. The ability to do this depends mainly upon the rate of
cooling of the extruded fibre being fast enough to prevent crystallisation from occurring,.

Having produced an unoriented amorphous fibre, its normal semi-crystalline morphology can be
built back into it in a more controlled way via off-line processes such as annealing and hot-
drawing. Molecular crientation, <rystallite size and distributior,, and % crystallinity are all
affected by how these processes are conducted and have an important bearing on fibre properties,

Throughout the fibre production process, the processing temperatures employed need to be
carefully chosen with respect to the polymer's glass transition (Tg), crystallisation (T,), melting

(T1n), and thermal degradation (Ty) temperatures.
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OPTIMIZATION OF THE DRAWING AND ANNEALENG CONDITIONS FOR IMPROVING
THE MECHANICAL PROPERTIES OF POLY (L-LLACTIDE-CO-e-CAPROLACTONE)
MONOFILAMENT FIBRES FOR POTENTIAL USE AS ABSORBABLE SUTURES

J. Siripitayananon, R. Malloy, N. Molloy, A. Wongarsa, M. Sriyai, M. Srisa-ard,
A, Charuchinda, P. Muhamud and K. Na Lampang
Biomedical Polymers Research Unit, Faculty of Science, Chiang Mai University, Chiang Mai,
Thailand

INTRODUCTION

Biodegradable polymers used as absorbable sutures include polyesters such as polyglycolic acid
and poly(L-lactic acid). Poly(L-lactide-co-e-caprolactone), PLLC, is one of a series of copolymers
chosen for study for the production of new absorbable monofilament surgical sutures with improved
handling properties compared with current commercial materials. Suture properties are govemed by
various factors such as molecular weight, crystallinity, and morphology®, Molecular weight and
composition are initially controlled at the stage of polymer synthesis. In this work, a random PLLC
copolymer with a mole composition ratio of 8:2 was used to spin fibres. The crystallinity and molecular
orientation of the as-spun fibres were further developed by annealing and drawing under various
conditions to give the required mechanical properties, A tensile testing machine was used to measure
fibre's mechanical properties. Characterisation was carried out by means of differential scanning
calorimetry, DSC. : ‘

EXPERIMENTAL PROCEDURES
Melt spinning PLLC, ﬁw =31600, was melted at 145-155°C and extruded through a 2 mm diameter

single hole spinnerette. The monofilament fibre was passed through a water cooling bath (5-8°C) before
being wound up on a spool with a take-up speed of 4 mmin™', The diameter of the as-spun fibre was in
the range of 0.26-0.32 mm. Afier drying in a vacuum oven (60°C), the fibre was stored in a drying
cabinet to prevent premature atmospheric hydrolysis.
Annealing  The as-spun fibre was annealed in a vacuum oven at 80°C for 12 hrs.
Drawing 4 The various conditions used for drawing the as-spun fibre were as follows:

. (a) Drawing by an insiron machine at room temperature with different initial rates of 50, 100,
150, 200, 250% min™ to a draw ratio (A) of 4. The initial gauge length was 40 mm.

(b) Drawing at 60°C through a hot drawing unit 40 cm long, Drawing was performed at a
constant rate of about 150% min™ to a A of 4.

{c) Alternate annealing and drawing was studied by first drawing the as-spun fibre under the
same conditions as in (b) to a & of 4 and then annealing al a constant strain at 60°C for 24 hrs. Finally, the
fibre was drawn again under the same conditions to a further A of 2, giving a final draw ratio of 4x2.
Fibre Testing  The mechanical properties of the fibres were measured at room temperature using an
Instron tensile testing machine at a cross-head speed of 20 mm.min™', The initial length of the specimens
was 40 mm and the results taken as the average values of 3-5 tests. Thermal analysis of the fibres was
carried out using a Perkin-Eimer DSC-7 Differential Scanning Calorimeter at a scan speed of 10°C min™'.

RESULTS AND DISCUSSION

The DSC thermogram of the as-spun fibre showed Ty, T, and T,, values of about 32.0, 83.6 and
145.5°C respectively. After annealing the fibres at 80°C for 12 hrs. to build in crystallinity, heats of
crystallisation (AH,) and melting (AH,,), as obtained from DSC for the as-spun and annealed fibres were
as shown in Tablel. The annealed fibre showed no crystallisation peak (AH=0), indicating that
maximum crystallisation had been included in the fibre during the annealing process. In contrast, the as-
spun fibre was nearly completely amorphous (AH~AH,, from the DSC curve). However, the annealed
fibre was still brittle as indicated by its low stress at break from tensile testing. Table 1 also shows the
stress and strain at break for these fibres. The extensibility {expressed as percentage strain) of the
anncaled fibre was much less than that of the as-spun fibre due to its crystallinity but with no molecular
orientation to withstand high load.

Figure 1 shows the testing results for the fibres drawn with different initial rates as described in
(a). As seen in this Figure, the fibre obtained from a drawing rate of 150% min™! had the highest strength
(97 MPa) which was much higher than that of the as-spun fibre (28 MPa).
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Table 1. DSC ananlysis and tensile testing results for the fibres processed under various conditions.

Samplés AH, AH,, Stress at Strain at
/2 (Jlg) Break Break
(MPa) (%)
As-spun fibre 25.08 27.02 28 1200
Fibre annealed at 80°C for 12 hrs. - 3175 25 300
Fibre drawn at 60°C - 2545 160 200
Fibre processed by
alternate annealing and drawing - 29.47 300 110

Drawing at the optimum rate at 2 higher temperature (60°C), as described in (b), was further
studied. The fibre obtained was stronger, as indicated by its higher stress of 160 MPa, as shown in Table
1. However, the DSC thermogram showed no crystallisation peak and AH,, was not much less than that
of the annealed fibre (sce Table 1), This indicated that their crystallinities were similar. It was therefore
concluded that drawing at a higher temperature not only induced crystallisation but also brought about
molecular orientation in the direction of drawing. As a result, the fibre became stronger.

Attempts to increase fibre strength by alternate annealing and drawing were as described in (c).
Further improvements were achieved, as shown in Table 1. The testing results for the strongest fibre and
a commercial PDS I size 2-0 suture are plotted for comparison in F igure 2. The fibre strength is about
70% that of PDS II and indicates the degree of success, However, the fibre was still too stiff as seen from
its higher initial slope (initial modulus= 1.11 GPa) than that of PDS I, Thus, stiffness needs to be
controlled further at the stages of drawing and annealing in order to modify the fibre's morphology™®.

CONCLUSIONS

The as-spun fibre, spun through cooling water, was amorphous. Annealing the as-spun fibre
induced crystallinity while drawing induced both crystallinity and molecular orientation, The optimum
drawing rate at room temperature was found to be 150% min’™. increasing the drawing temperature to
GO°C enhanced the fibre tensile strength. Alternate annealing and drawing led to further improvements
with the fibre strength increasing to about 70% of that of PDS II In conclusion, a combination of both
drawing and annealing is clearly needed in order to develop the fibre morphology to achieve all of the
required mechanical properties.
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CONTROL- OF POLYMER MORPHOLOGY DURING THE SMALL-SCALE MELT SPINNING
OF MONOFILAMENT FIBRES

R. Molloy*, J. Siripitayananon, N. Molloy, M. Sriyai, M. Srisa-ard, A. Charuchinda, P. Muhamed, K. Na Lampang
Biomedical Polymers Research Unit, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
e-mail address : robert@chiangmai.ac.th
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Abstract: 'Nowadays, the production of synthetic polymer fibres for use in specialist applications has developed
into an advanced technology all of its own. Because of their unique dimensions, fibres tend to be especially
sensitive in their properties to subtle changes in their molecular structure. Therefore, it follows that, in order to be
able to produce fibres with the required balance of properties for a particular application, it is necessary to be able
to control the polymet's (a) chemical microstructure and molecular weight during the synthesis stage, and (b)
molecular orientation and semi-crystalline morphelegy during the processing stage. This paper deseribes some of
the work currently in progress in Chiang Mai’s Biomedical Polymers Research Unit on monofilament fibres for
potential use as absorbable surgical sutures . In particular, the ways in which the polymer's morphology can be
controlled during processing is discussed. By developing an understanding of how this can be done, it enables us
to optimize the processing conditions in order to control the morphology and, hence, impart the required properties
to the final product.

Experimental Procedure: An example of the type of polymer studied is poly(L-lactide-co-g-caprolactone), a
biodegradable copolyester consisting of a random sequence of L-lactide and s-caprolactone units in an
approximately 80:20 mole ratio. The processing equipment used was a small-scale melt spinning apparatus which

could handle batch sizes of as small as 4-5 g. The processing temperature of 1759C was carefully chosen with
respect to the copolymer's melting range and thermal degradation temperature, being sufficiently high to ensure
complete melting of the copolymer, yet low enough to avoid or, at least, minimize the possibility of thermal
degradation. Batch sizes of typically 5 g were extruded through single-hole spinnerettes to give monofilament
fibres of the required diameter. The extruded fibre was cooled quickly, first by contact with the cool room air and
then by passing through an ice-water bath. Finally, the fibre was wound up without drawing at a take-up speed
matched with the extrusion rate. The purpose of this was to obtain undrawn and, therefore, unoriented fibres of
consrotled diameter. This then enabled the required molecular orientation and semi-crystalline morphology to be
gradually built into the fibre in subsequent off-line annealing and hot-drawing steps.

Results, Discussion and Conclusions: Before spinning, the copolymer was a semi-crystalline material with a
well-defined DSC melting peak. However, after spinning, the DSC curve showed an additional exothermic
crystailisation peak prior to and of similar size to the melting peak, a clear indication that the spun fibre was in its
so-calted guenched amorphous state . The obvious conclusion to be drawn from this is that, during the melt
spinning process, the extruded fibre was cooled quickly at a rate which was too fast for erystallisation from the
melt to occur. Thus, the as-spun fibre was amorphous. This can be advantageous since, having produced an
unoriented amorphous fibre, its normal semi-crystalline morphology could be built back into it in a more
controlled way via off-line processes such as annealing and hot-drawing. Molecular orientation, crystallite size
and distribution, and % crystallinity are all affected by how these processes are conducted and have an important
bearing on fibre properties. Throughout the fibre production process, the processing temperatures employed
needed to be carefully chosen with respect to the polymer's glass transition (Tg), crystallisation {T;), melting {Ty,),

and thermal degradation (T4) temperatures.
References: (1) Nakajima, T., ed., Addvanced Fiber Spinning Technology, Woodhead Publishing Ltd.,

Cambridge, England (1994).
(2) Ziabicki, A.., Fundamentals of Fibre Formation, Wiley, London, England (1976).

Keywords: poly(L-lactide-co-¢-caprolactone), absorbable sutures, monofilament fibres, melt spinning
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SYNTHESIS AND CHARACTERISATION OF SOME NOVEL BIODEGRADABLE POLYESTERS
FOR USE AS ABSORBABLE SURGICAL SUTURES
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Abstract: In this study, a range of poly(I.-lactide) homopolymers (PLL), poly(L-lactide-co-e-caprolactone) copolymers
(PLLC) and poly(L-lactide-co-g-caprolactone-co-glycolide) terpolymers (PLLCG) have been synthesized and
characterised. This is part of a wider study to develop new absorbable monofilament surgical suture materials as posssible
alternatives to the cuirent commercial materials. The syntheses were carried out via ring-opening polymerisation in bulk
at 140°C for 72 hours using stannous octoate (SnOct;) as the coordination-insertion initiator. The polymerisation products
were characterised by a combination of analytical techniques: spectroscopic methods (HI-NMR and C13-NMR), thermal
analysis methods (DSC and TG) and a molecular weight method {(dilute-solution viscometry).

Methodology: The ring-opening polymerisations of L-lactide alone, L-lactide and e-caprolactone, and L-lactide, -
caprolactone and glycolide were conducted in bulk using $SnOct; as the initiator at a constant temperature of 140°C for 72
hours. At the end of the polymerisation period, the polymerisate was allowed to cool to room temperaiure before being
purified by granulation followed by drying in a vacuum oven at 110°C for 48 hours.

Results, Discussion and Conclusions: The results of this study are shown in Table 1 below.
Table 1; Comparison of the homo-, co-and terpolymerisation products of L-lactide, e-caprolactone and glycolide using
SnQcty as initiator.

Polymer Composition Ty T AH, Tarange mr
{mol %) °C) C) (g Q) (dlig)
Homopolymers )
PLL#1 - 57 174 51 240-400 0.94
PLL#2 - 49 156 68 280-410 0.78
Copolymers :
PLLC 80/20# 1 79:21 29 144 30 210-470
PLI.C 80/20#2 79:21 k]| 148 30 250-480
Terpolymers
PLLCG 65/25/10 64:24:12 19 amorphous - 210-440 1.26
PLLCG 70/15/15 70:14:16 34 amorphous - 210-460 £.32
PLLCG 70/20/10 70:21:9 28 118 8 230-460 .65

" measured in chloroform as solvent at 30°C

From the results obtained, it can be concluded that poly(L-lactide) homopolymer is unsuitable for use since its glass
transition temperature, Ty, is too high (= 50-60°C) which gives rise to a monofilament fibre that is too stiff and springy.
Also, its rate of biodegradation in the human body is considered to be slow for suture applications. Consequently, poly
(L-lactide) needs to be modified in order to improve both its handling and healing characteristics 2s a potential suture
material. In this work, the e-caprolactone comonomer was used to decrease T, and increase chain flexibility while
glycolide increased hydrophilicity and rate of absorption. However, such co- or terpolymerisation has wide-ranging
effects on all aspects of the polymer microstructure including the matrix morphology. This is vitally important for a fibre
since it derives its tensile strength from its oriented semi-crystalline morphology. Introduction of e-caprolactone and
ghycolide units into the PLL chain increased structural irregularity and therefore decreased crystallisability until, at some
compositions, the terpolymer became amorphous. The results have served to emphasized that, when designing the
molecular structure of these materials, all of these factors need to be taken into account in order to strike a balance
between the required physical, chemical, mechanical and biological properties of the final fibre product.

References: (1) A. Funae, K. Uchiki, H. Akieda and Y. Ono, US Patent 6,068,920 {2000).
(2) M. Srisa-ard, R. Molloy, N. Molloy, J. Siripitayananon and M. Sriyai, Polym. fnt., 50, 8, 891-896 (2001).

Keywords: L-lactidefe-caprolactone/glycolide polymers, absorbable monofilament surgical sutures
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SYNTHESIS AND MICROSTRUCTURAL ANALYSIS OF RANDOM TERPOLYESTERS OF L-LACTIDE, &-
CAPROLACTONE AND GLYCOLIDE USING STANNOUS OCTOATE AS CATALYST AND DIETHYLENE
GLYCOL AS INITIATOR
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Winita Punyodom®*, Robert Molloy, Nipapan Molloy, Jintana Siripitayananon, Montira Sriyai and Anodar Charuchinda

Biomedical Polymers Research Unit, Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai
50200, Thailand; e-mail address: winita_punyodom@hotmail.com
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Abstract: Random terpolymers of L-lactide (LL), e-caprolactone {CL} and glycolide (G), designated as poly(L-lactide-
co-g-caprolactone-co-glycolide), were synthesized by ring-opening polymerisation in bulk with a monomer feed
composition of 70:20:10 mole % at 140°C for 72 hours. The effects of stannous octoate {SO) and diethylene glycol
(DEG), in their respective of roles as catalyst and initiator, were studied. In the absence of DEG, SO by itself is
understood to act as the initiator via a coordination-insertion mechanism. However, when SO is used in conjunction with
DEG, the DEG becomes the preferred initiator with the SO acting as a catalyst. The monomer sequencing in the
terpolymiers, from their *C-NMR spectra, were consistent with a random microstructure, while GPC and dilute-solution
viscometry showed that higher molecular weights could be obtained using SO alone as the initiator. However, the
molecular weights did not exactly parallel the SO:DEG ratio, indicating a complex polymerisation mechanism which
requires more detailed investigation. ‘

Methodology: L-lactide (LL), s-caprolactone (CL)} and glycolide (G} were terpolymerised in bulk at a monomer feed
composition of 70:20:10 mole % using SO as the initiator at a concentration of 0.02 % by mole. In subsequent
experiments, DEG was added to give SO:DEG ratios of 1:1 and 1:2 by mole. The reagents were weighed into 25 ml,
round-bottomed flasks under dry nitrogen in a controlled atmosphere glove box at room temperature. The flasks were then
removed from the glove box and immersed in an oil bath with magnetic stirring at 140°C for 72 hours. At the end of the
polymerisation period, the polymers were allowed to coo! to room temperature, The crude polymer products were dried in
a vacuum oven at 90°C for 48 hours prior to being characterised according to their chemical composition ("H-NMRY),
chemical microstructure (“C-NMR), thermal properties (DSC and TG} and molecular weight (GPC and dilute-solution
viscometry in chloroform at 30°C).

Results, Discussion and Conclusions:

Terpolymer "TH.NMR _ Viscometry GPC DSC TG
synthesized Terpolymer ml T, T AH Ty
using Composition (d¥g) M, M, MJ/M, (°C) (°C) (/g) §(®)]
{mole %)
SO 69:20:11 1.65 86,613 192,563 222 28 109.8  11.6  270-500
SO:DEG (1:1) 69:22:9 1.15 43,335 92,249 2.13 27 - - 260-450
SO:DEG (1:2) 70:21:9 1.03 38,498 91,565 2.16 27 - - 270-450

This study has demonstrated that poly(L-lactide-co-e-caprolactone-co-glycolide), P(LL-c0-CL-co-G), can be prepared by
ring-opening polymerisation in bulk. The chemical compositions of the terpolymer products were determined from the
peak area integrations in the ‘H-NMR spectra. The results in the above table clearly show that the initial termonomer feed
ratios and final terpolymer compositions are very similar, as would be expected from near-quantitative conversion, Chain
microstructure can be readily determined by “C-NMR. The appearance of multiple carbonyl {C=0) peaks indicalted that
various mixed triad sequences are present, consistent with a random terpolymer structure, The terpolymers were either
completely amorphous or contained only a small amount of crystallinity, as deduced from either the absence of or only a
small-sized melting peak. Since terpolymerisation introduced structural irregularity into the polymer chain, the
terpolymers will be slower to crystallize than poly(L-lactide) homopolymer. High molecular weight terpolymers could be
synthesized using SO alone. Addition of DEG as initiator decreased the molecular weight, as can be seen from the GPC
and diluted-solution viscometry results.

References: (1) Zhang, X.C., Macdonald, D.A., Goosen, M.F.A. and Mcauley, K.B. J. Polym. Sci., Part A: Polym.Chem.,
32 (15), 2965-2970 (1994).
(2) Kricheldorf, H.R., Kreiser-Saunders, L, and Stricker, A. Macromolecules, 33 (3}, 702-709 (2000).

Keywords: poly(L-Lactide-co-¢-caprolactone-co-glycolide), biodepradable polyester, coordination-insertion polymerisation
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IN VITRO HYDROLYTIC DEGRADATION STUDIES OF ABSORBABLE MONOFILAMENT
SURGICAL SUTURES
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Abstract: A random terpolymer of L-lactide, e-caprolactone and glycolide (PLCG) was synthesized by ring-opening
polymerisation in bulk at 140°C using stannous octoate as the initiator. The terpolymer was melt spun into a
monofilament fibre of approximate diameter 0.3 mm using a small-scale fibre extrusion apparatus. The in vitre hydrolytic
degradation of this terpolymer fibre was studied and compared with 3 commercial synthetic absorbable monofilament
surgical sutures. These 3 commercial sutures are marketed under the trade names of MONOCRYL, MAXON and FDS II.
The samples were immersed in 2 phosphate buffer saline (PBS) solution at an initial physiological pH of 7.40 £ 0.01 and
maintained at a temperature of 37.0 + 1.0°C. Their hydrolytic degradations were followed via the changes in tensile
properties, weight and surface appearance. From the results obtained, both the PLCG and MONOCRYL samples showed
similar rates of tensile strength and weight reduction, faster than MAXON and PDS II. The differences between the
property lfoss-time profiles of the PLCG, MONOCRYL, MAXON and PDS II could be interpreted in terms of their
differences in chemical structure and matrix morphology [1].

Methodology: The in vitro hydrolysis experiments were performed at 37.0 & 1.0°C by immersing the 4 different fibre
samples in a phosphate buffer saline (PBS, pH 7.40) solution for various periods of time. At each sampling time, one set

. of samples was removed, filtered, washed with deionized water, dried to constant weight, and then analysed. Based on
the initial and final weights, the % weight retentions of the samples were calculated after each degradation time interval.
The mechanical (tensile) properties of the samples were measured at rcom temperature using a Lloyds LRX+ Universal
Mechanical Testing Machine. All tests were carried out with the fibre sample wound once around two bollard grips. The
gauge length was 40 mm and the crosshead speed was 20 mm min”. To follow the comesponding topology changes, a
Jeol 5410 Scanning Electron Microscope was used. The various property changes were correlated as far as possible in the
light of current theories.

Results, Discussion and Cenclusions: As expected, it was found that the weight and tensile properties of the PLCG and
the 3 commercial sutures decreased with hydrolysis time. Amongst the commercial sutures, PDS II showed the slowest
rate of decrease in tensile strength while MONOCRYL showed the fastest. Whereas PDS I and MAXON still retained
50% of their original tensile strengths afier 8 and 6 weeks respectively, MONOCRYL lost most of its strength after only 4
weeks. The tensile strength reduction rate of the PLCG fibre was comparable with MONOCRYL. Similarly, the PLCG
and MONQCRYL samples showed faster weight losses than MAXON and PDS II. In all cases, the onset of weight loss
occurred some time after the onset of tensile strength loss. Mechanistically, the results could be interpreted in terms of
surface erosion leading to the formation of micro-defects which facilitated the diffusion of water into the bulk interior of
the polymer matrix. Ester hydrolysis then took place inside the matrix, leading to a reduction in molecular weight and
tensile properties, until the degradation products were small enough in size to diffuse out of the matrix resulting in mass
foss. Surface analysis using SEM showed that at 4 weeks no surface changes had occurred in the MAXON and PDS II
samples while MONOCRYL and PLCG both exhibited surface cracks. For MONOCRYL, the cracks were longitudinal
and started after 3 weeks, while for PLCG the cracks were transverse to the fibre axis and started after 4 weeks. Weight
losses in MONOCRYL and PLCG coincided with surface changes observed by SEM. The differences in the property
loss-time profiles of the PLCG and commercial sutures could be ascribed to their differences in chemical microstructure
and semi-crystalline morphology.

References: [1] Tomihata, K., Suzuki, M., Oka, T. and Ikada Y. (1998) Polym. Deg, Stab., 59, 13-18.

Keywords: in vitro hydrolytic degradation, monofilament absorbable surgical sutures, bicdegradable polyesters
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DEVELOPMENT OF BIODEGRADABLE POLYESTERS FOR POTENTIAL
USE AS ABSORBABLE SURGICAL SUTURES

R. Molloy, J. Siripitayananon, M. Srisa-ard, A.Charuchinda and Y. Baimark

Biomedical Polymers Research Unit, Department of Chemistry, Faculty of Science,
Chiang Mai University, Chiang Mai, Thailand, 50200

Introduction

This paper describes some of the work which is currently being carried out in the Biomedical Polymers
Research Unit in Chiang Mat on the development of biodegradable polyesters for potential use as absorbable
surgical sutures. Particular attention is focussed on monofilament rather than multifilament sutures. This is an
especially demanding area of application in which both the chemical microstructure of the polymer chain and its
solid-state morphology need to be precisely controlled. Reaction control during synthesis and processing control
during melt spinning are of critical importance. Some of the more important aspects of molecular design,
synthesis, characterisation and processing will be briefly described.

Results and Discussion

Both random and segmented block terpolymers of the 3 cyclic ester monomers: L-lactide, glycolide and
g-caprolactone (shown below) have been synthesized with L-lactide as the main component. The synthesis and
characterisation of one of the random terpolymers was recently reported [1]. Poiymerisations were carried out in
bulk using tin(II) bis-2-ethy] hexanoate (stannous octoate) as a catalyst either alone or in conjunction with
diethylene glycot as an initiator. The ring-opening polymerisation reaction proceeded via the so-called
coordination-insertion type mechanism [2]. Microstructural characterisation was carried out via a combination
of analytical techniques which included 1H- and 13C-NMR, DSC, TG, and GPC.

CH,
o O o/\]40 o]
o © oJ\/o °
CH,
L-lactide glycolide g-caprolactone

Monofilament fibres were produced using a small-scale melt spinning apparatus. In order to obtain
fibres with the appropriate balance of properties, it is essential to be able to control not only the chemical
microstructure during synthesis but also the molecular orientation and semi-crystalline morphology during
processing. The extent to which this can be achieved to give fibres of the required morphology is an essential
part of tailoring the fibre’s properties to meet the specific demands of the absorbable suture application. This
involves developing an understanding at the molecular level of how the polymer responds to the various
conditions which are imposed upon it during the processing operations of extrusion, annealing and hot drawing.
Some of the interdependencies of the underlying science and technology will be descibed in this paper.
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Abstract: Some of the main factors affecting the small-scale melt spinning of poly(s-
caprolactone), PCL, monofilament fibres have been studied. These factors included spinning
temperature, extrusion rate, take-up rate, and draw ratio. The underlying influence of the
polymer's own characteristic properties, in particular its chemical structure, transition

temperatures (T, , Tp,) and crystallizability, were also interpreted within the context of the melt

spinning process. Physically, the as-spun fibres obtained were uniform in diameter and
smooth in surface appearance. They were also serni-crystalline (> 50%) in morphology.
Mechanically, however, they were still very weak and highly extensible. Subsequent off-line
cold-drawing at room temperature introduced the required degree of molecular orientation to
reinforce the fibres, yielding tensile strengths of approaching 300 MPa. PCL fibres of precisely
controlled physical dimensions and matrix morphology are attracting increasing interest for
use in biomedical applications. This paper describes how this control can be achieved

through the processing operation.
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INTRODUCTION -

Poly(e-caprolactone), PCL, or simply polycaprolactone as it usually referred to, is a synthetic
biodegradable aliphatic polyester which has attracted considerable research attention in
recent years, notably in the specialist biomedical areas of controlled-release drug delivery
systems, absorbable surgical sutures and nerve guides, and 3-dimensional (3-D) scaffolds
for use in tissue engine'.=:ring.1'3 PCL is manufactured commercially via the ring-opening
polymerization in bulk of e-caprolactone, CL, using tin(Il) bis(2-ethylhexanoate), commonly

known as stannous octoate, Sn{Oct),, as a coordination-insertion catalyst at a temperature

of, typically, 140-150 °C.

O
P (0ct) %
Sn{Oct y)
' g —
140_150 OC {&CHZCHZCHZCHZCHZ C 0
g-caprolactone poly( e-caprolactone)
L PCL

As a commercial material, the main attractions of PCL are (1) its biodegradability, (2)
its rather unique combination of polyolefin-like mechanical properties and polyester-like
hydrolysability, (3} its compatibility with a wide range of other polymers, (4) its ease of melt
processing due to its high thermal stability, and (5) its relatively low cost. On the other hand,
its low melting point of around 60 °C and its very slow rate of biodegradation in the human
body (2-3 years) have tended to restrict its usage as a homopolymer. Consequently, PCL
has been used more as a component in polymer blends or in the form of a copolymer. For
example, in its biomedical applications, PCL has been blended with polymers such as

cellulose propionate, cellulose acetate-butyrate, poly(lactic acid) and poly(factic acid - co -

glycolic acid) for use in long-term drug delivery systems.""’5 As a copolymer for suture
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applications, e-caprolactone monomer has been copolymerized with L-lactide”'8 and, most
successfully, with glycolideeg’10 to yield a segmented triblock copolymer which is marketed
under the trade name of MONOCRYL® (Ethicon, Inc.). Similarly, for use in absorbable

nerve guides, g-caprolactone has been copolymerized with Di-lactide’! and trimethylene

carbonate. 12

However, it is on PCL as a homopolymer that this paper focusses its attention and, in
particular, on its melt spinning as a monofilament fibre. As mentioned previously, PCL by

itself is most suited biomedically to the design of long-term implantable systems, the most

well-known commercial example of which is CAPRONOR® (Research Triangle Institute,

USA), a biodegradable capsular delivery system for contraceptive control developed by Pitt

and Schindler.>'3 In fibre form, PCL has also been investigated for use in drug delivery

14 1

systems, ' as well as for “long-lasting” absorbable sutures, 5 and, most recently, 3-D

scaffolds for tissue engineering app]ications.16

Yet, despite these applications, PCL fibres have received relatively scant attention in
the literature, mainly because of their prohibitively low melting point. However, the exciting
new developments which are taking place in tissue engineering may change this. Due to its
ease of melt processing and its proven biocompatibility, PCL has been found to be well

suited to rapid prototyping technologies such as fused deposition modeling (FDM) used in

fabricating 3-D scaffolds for tissue growth.’® Since the FDM method is essentially a meit
spinning process, an increasing interest can be expected in the production of PCL
monofilament fibres. Some of the factors which influence their melt spinning and the ways in
which the polymer's chemical structure and molecular behaviour influence its processing

characteristics are described in this paper.



A Charuchinda et al Poly{s-caprolactone) melt-spun monofilament fibres 4

EXPERIMENTAL
Polymer Material

The PCL used in this work was a commercial product (Aldrich Chemical Co., Product No.

44 074-4) with a stated number-average molecular weight, Mn , of approximately 80,000
(GPC). It was supplied in the form of white beads which were dried in a vacuum oven at 40
°C for 24 hours before use in melt spinning. The polymer was not purified further by
dissolution and reprecipitation since contact with organic solvents often leads to void

formation in melt-spun fibres.

Polymer Characterization
The PCL beads, as supplied, were characterized according fo those properties which were
most relevant to their melt spinnability and solid-state morphology, namely: molecular
weight, melting range, % crystallinity, crystallizability on cooling from the melt, thermal
stability, and melt rheclogy.

Molecular weight determination was carried out by means of gel permeation

chromatography (GPC) so that the Mn value could be compared directly with the supplier's

own GPC Mn value of 80,000. The instrument used was a Waters 150-CV Gel Permeation
Chromatograph employing both differential refractometer and viscometer detectors with
universal calibration. Tetrahydrofuran (THF) was used as the solvent at a temperature of 30
°C and flow-rate of 1 mi min-1.

However, when it was found that there was considerable variance between the
experimental and supplier's GPC Mn values, two additional molecular weight methods were
also used, namely: (1) light scattering and (2) dilute-solution viscometry. Light scattering, an
absolute method for the determination of the weight-average molecular weight, Mw , was
performed using a Malvern Instruments 4700 Light Scattering Photometer equipped with an
argon ion laser (wavelength = 488 nm). Again, THF was used as the solvent but, in this

case, at 35 °C. Finally, dilute-solution viscometry was carried out using a Schott-Gerate
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AVS300 Automatic Viscosity Measuring System with benzene as the solvent at either 25 °C
or 30 °C.

The polymer's melting range, % crystallinity, and crystallizability on cooling from the
melt were characterized using a Perkin-Elmer DSC7 Differential Scanniné Calorimeter, while
its thermal stability was determined using a Perkin-Elmer TGA7 Thermogravimetric
Analyzer. |

Melt rheology and, in particular, the dependence of melt flow index on temperature

was measured using a Davenport Melt Flow Indexer, Model 10.

Meit Spinning Apparatus

The melt spinning apparatus used was a modular-design, small-scale fibre extruder
manufactured by Ventures & Consultancy Bradford Ltd. (formerly Bradford University
Research Ltd.), Bradford, UK. lts schematic arrangement is shown in Fig 1 with a more
detailed diagram of the compression, melting and metering zones, comprising the cylinder,
heating block, filter mesh and spinnerette, shown in Fig 2. The minimal dead volume within
the system enabled sample sizes of as small as 10 g to be processed satisfactorily. The ice-
water cooling bath was maintained at a temperature of 5-10 °C, while the vertical distance
(air gap) between the spinnerette and the surface of the bath liquid was kept constant at 4

cm.

Fibre Testing

Following their melt spinning, the PCL monofilament fibres were characterized in terms of
their uniformity of diameter and tested according to their solid-state morphology and
mechanical properties. Mechanical (tensile) testing was performed using a Lloyds LRX+

Universal Testing Machine equipped with bollard-type grips and a 100 N load cell.
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RESULTS AND DISCUSSION

Molecular Weight

The experimentally determined molecular weight averages, Mn and My, are compared in
Table 1 alongside the supplier's own Mn (GPC) value. In the case of dilute-solution

viscometry, various Mark-Houwink Equations have appeared in the literature for PcL? Of

these, two of the most commonly reported are those shown in equations (1) and (2)

1.25 x 1074 My 0-82 (in benzene at 25 °C) !’ (1)

1

[n]

0.94 x 107 My 282 (in benzene at 30 °C) 18 2)

il

where [n] is the intrinsic viscosity in units of di g'1. These are the two equations that were
used to calculate the viscometric Mn and Mw values in Table 1.

As the results in Table 1 show, the experimentally obtained values of Mn and Mw
from the 3 different methods used are consistent with one anocther but the Mn values are

significantly different from the supplier's Mn (GPC) value of 80,000. The reason for this is
unclear but it may possibly be due to some hydrolytic degradation having occurred in the
PCL beads since their manufacture. Whatever the reason may be, it illustrates the
importance of not relying solely on the manufacturer's molecular weight data, especially
where the polymer is moisture-sensitive and may unavoidably come into contact with air

during storage.

Thermal Properties

The thermal properties of the PCL beads as supplied were characterized by a combination
of differential scanning calorimetry (DSC) and thermogravimetry (TG). Their DSC heating
and cooling curves are shown in Figs 3(a) and 4 respectively. As the heating curve shows in

Fig 3(a), PCL is a semi-crystalline polymer of low melting range with a T, (peak) of
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approximately 60 -°C. The polymer's % crystallinity can be determined from ‘its heat of

melting, 4H,, , via the equation:

% crystallinity = (4Hp, x 100) / AH* (3)

where AHy* is the heat of melting of a 100% crystalline sample. For PCL, 4H,,* has been

reported in the literature as having a value of 139.5 J g'1.19 Thus, the experimental value of
AHy, = 90.0 J g™t from Fig 3(a) yields a % crystallinity for the beads of 64%.

In addition to its crystallizability, the polymer's rate of crystallization on cooling from
the melt is also an impoftant consideration in melt spinning. As the DSC cooling curves in
Fig 4 show, PCL is able to crystallize quite easily on cooling from above its melting range
down to ambient temperature (70 — 20 °C) at cooling rates of up to 10 °C min-1. This
indicates that PCL is a relatively fast-crystallizing polymer, a property which can be ascribed
to a high degree of chain flexibility and, because of its very low glass transition temperature

(Tg = -60 °C), a high degree of chain segmental mobility at ambient temperature.

On comparing the curves in Fig 4, it appears that the crystailization exotherm (e«
peak area) increases with increasing cooling rate, confrary to expectation. In fact, this is
misleading since the peak areas cannot be compared visually because the curves are not

normalized according to scanning rate. When the individual heats of crystallization, 4H, ,

are computed for each curve and then compared, it is found that each cooling rate gives a

very similar value of 4H, in the range of 55-60 J g-!. This demonstrates that, over the

cooling rate range of 1-10 °C min-1, the extent to which PCL can crystallize does not vary
significantly. The only difference is in the temperature range over which crystallization
occurs which, as would be expected, decreases with faster cooling.

It is also relevant to mention here that PCL is a polymer that can crystaliize by itself

on storage at room temperature. This is made possible by the fact that, at room
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- temperature, PCL is almost 100 °C above its 7, and only 30-40 °C below its F;,. Thus, room

temperature is, in effect, an ‘annealing’ temperature for PCL at which the polymer's chain
mobility enables further crystallization to occur. Hence, it is not uncommon for the %
crystallinity of PCL, after cooling from the melt, to increase during storage.

Other important considerations in melt spinning, indeed in melt processing in general,
are the polymer's thermal stability in the melt state and the width of its processing range.
This is particularly relevant in the case of aliphatic polyesters which are susceptible to
transesterification reactions in the melt. These are degradative reactions which lead to a
reduction in the average molecular weight (by intramolecular transesterification) and/or a
broadening of the molecular weight distribution (by intermolecular transesterification). Both
have an effect on the properties of the final product. The extent to which these reactions
occur depends mainly on the chemical environment of the ester group, the reaction
temperature, and time. Generally, transest'e.riﬁcation precedes the onset of actual weight
loss by volatilization and so the TG curve for the PCL beads in Fig 5 needs to be interpreted
with caution. Whilst it may appear from the initial weight loss temperature of >250 °C that

PCL has a very wide melt processing range (cf., T, = 60 °C), in fact the processing range

will be somewhat narrower than this suggests. Transesterification reactions may begin to
occur at temperatures well below 200 °C and so the melt spinning temperature should be

kept as low as the melt viscosity and filament line stability allow.

Melt Flow Index

The melt rheology and, more specifically, the melt viscosity of a fibre-forming polymer is of
critical importance in its melt spinning since it has profound effects on filament line stability
and dimensional control. The temperature-dependence of the melt viscosity of the PCL
used in this work is shown in Fig 6 as a graph of melt flow index (MFI) against temperature
at constant load (pressure). Measurements were made in accordance with ASTM Method D
1238 - 90b. It was found that the PCL could not be extruded smoothly at temperatures

below 80 °C (i.e., at temperatures less than 20 °C above its meiting range) due to too high a
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melt viscosity. Above 80 °C, the polymer's MFI increases (i.e., melt viscosity decreases)
with temperature, as would be expected.

Indeed, this  melt viscosity-temperature  dependence can be described
mathematically. It has been found that, for polymers of relatively low molecular weight, fow

melt viscosity, and at melt temperatures which are more than 100 °C above the polymer’s

Ty, as in the case of the PCL (T, = -60 °C) used here, the melt viscosity-temperature (1, -

T) dependence shows close adherence to the Arrhenius-type equation:

Mmet = Aexp(E/RT) 4

where A is a constant (pre-exponential coefficient), E is the activation energy for viscous flow

and R is the universal gas constant. Thus, a graph of In ng,; against 1/T vields a
reasonable straight fine of slope E/R which, for most polymers that satisfy the above criteria,

usually extends over about a 50-150 °C wide temperature range.20

Melt Spinning
One of the prime considerations in any melt spinning process is the melt spinning
temperature. This is because the spinning temperature determines the melt viscosity which,
together with the extrusion and take-up rates, determines the filament line stability. For the
PCL used here, it was found that a spinning temperature of 85-90 °C yielded fibres of
optimum quality in terms of their smooth surface appearance and uniformity of diameter. At
higher spinning temperatures of up to 120 °C, the fibres obtained were still uniform in
diameter but, as the melt viscosity decreased, the filament line started to show some initial
signs of capillary instability.

As mentioned previously, PCL has a wide melt processing range due to its fow
melting point and high thermal stability. In such a case, it is preferable to choose a spinning

temperature near the lower end of the range, usually around 20-40 °C above the melting
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range.. The.higher the temperature, the more heat that needs to be-dissipated from the
extruded fibre as it cools. Hence, increasing the spinning temperature above the required
minimum should only be considered if it is really necessary to lower the melt viscosity. In
addition to the spinning temperature, the other main processing variables are the extrusion
rate (ram speed), take-up rate, spinnerette diameter, and the vertical distance from the
spinnerette to the cooling bath. Together, these variables control the as-spun fibre diameter
at the macroscopic level and the molecular orientation and semi-crystalline morphology at
the microscopic level.

Prior to melt spinning, the PCL beads were first compressed into cylindrical rods.
This was done by warming the beads (15-20 g) in the cylinder end-capped with a plain
blanking plate under pressure from the ram. A temperature of 40-50 °C was found to be
suitable for this purpose, just enough for the beads to soften and stick together without
appreciable melting. Melt spinning from rods gave fibres of more consistent quality than
from beads and also reduced the tendency for void formation.

A summary of the as-spun fibre diameters obtained under the various processing
conditions used is given in Table 2. The effects of the individual processing variables are as
would be expected, namely that the fibre diameter decreases with increasing spinning
temperature (initially) and take-up rate but increases with increasing extrusion rate. By
manipulation of these variables, together with the appropriate choice of spinnerette size,
uniform PCL fibres of any required diameter could be reproducibly obtained.

The uniformity of the fibre diameters given in Table 2 is also notable in view of the
fact that such slow spinning speeds were used. While slow speeds facilitate heat removal,
they sometimes give rise to an oscillatory instability known as ‘draw resonance’, the cause of
which can be traced back to the tensile stress to which the extruded fibre is subjected.
However, draw resonance was not encountered in this work within the range of conditions
studied, neither were cohesive or capillary fracture. The spinning dynamics were therefore

deemed to be conducive to the establishment of a stable filament line.
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- Another important parameter in any fibre spinning process-is the on-line ‘draw ratio’,

also referred to as the ‘spin stretch ratio’. Usually, in the case of a high melting point (7, >

200 °C) fibre such as poly{ethylene terephthalate), which cools rapidly towards its glassy

state, on-line drawing can impart substantial molecular orientation and, in doing so, can

induce crystallization in the as-spun fibre.21 However, in the case of PCL, on-line drawing

merely stretches what is a highly extensible filament only just below its 7., range. The draw

ratios reported in Table 2 therefore serve only to maintain filament line stability and control
the fibre diameter. It is unlikely that they would have any significant effect on molecular
orientation. In order to achieve this, separate off-line drawing at room temperature is
required.

A final comment on the as-spun fibres, not apparent from Table 2, is that they were
all semi-crystalline. The DSC curve shown in Fig 3(b) is typical. The combination of PCL's
very low T, and facile crystallization makes it extremely difficult, if not impossible, to produce
amorphous fibres. Indeed, the as-spun fibres obtained here were all over 50% crystalline,
even without the added inducement of chain orientation. Moreover, when chain orientation
was introduced through off-line drawing, the % crystallinity of the fibre did increase slightty

but not very much, as seen from the similar AH,,, vaiues in Figs 3(b) and 3(c). This evidence

suggests that the kinetic and thermodynamic parameters associated with PCL’s
crystallizability from the melt are such that its % crystallization is determined more by the
polymer's own characteristic properties, such as its temperature transitions and molecular

weight, rather than the processing conditions. In support of this view, a marked (inverse)

dependence of % crystallinity on molecular weight has already been established for PCL. 2

Mechanical Testing
Finally, the mechanical properties of the as-spun fibres were examined by tensile testing. A
typical stress-strain curve is shown in Fig 7(a). Even though the sample in Fig 7(a) was over

50% crystalline (from its DSC curve), it was still a very weak fibre which could be stretched
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easily to over 20 times its original length without breaking. - This is indicative that the
spinning process introduced very little if any molecular orientation along the fibre axis.
However, when the same as-spun fibre was drawn at room temperature to off-line
draw ratios -(OLDR) of 5, 10, 15, 20 and 25 and then re-tested, the stress-strain curves in
Figs 7(b)-7(f) show quite clearly the reinforcing effects of orienting the fibre's semi-crystalline
morphology. This demonstrates that the combination of on-line and off-line processing
variables controls not only the fibre diameter but also the chain orientation and mechanical
properties. More detailed studies of the effects of off-line drawing temperature and rate on

fibre morphology and properties are continuing and will form the subject of a future paper.

CONCLUSIONS

The melt spinning process which has been described here is a simple batch-type
discontinuous process for the production of monofilament fibres. It is suitable for small-scale
experimental work, and even small-scale production, but not for the large-scale, high-speed
production of commercial textile fibres. Since PCL is a speciality polymer which finds use in
high-value but low-volume biomedical applications, this type of small-scale operation is well-
suited to its melt spinning into fibres. In such highly specialized applications, the polymer's
semi-crystalline morphology often needs to be precisely controlled in order to meet specific
property requirements. This is especially true in the case of fibres which need to have the
appropriate balance of physical, mechanical and biological properties, all of which depend
on filament size and morphology. In order to achieve this balance, the various factors which
affect the polymer's spinnability and crystallizability need to be clearly understood. This has
been the main focus of this work.

Another advantage of the small-scale batch-type process is that it allows the process
as a whole to be divided up into separate stages, thereby increasing the degree of control
over structure formation. For example, in the first stage, the emphasis is placed on
producing high-quality as-spun fibres of uniform diameter and smooth surface topography.

Their % crystallinity and/or degree of molecular orientation are kept to a minimum during this
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initial stage. Then, in subsequent stages, the required matrix morphology can be gradually
built into the fibres via a series of controlied off-line drawing and annealing steps.

For PCL, it has been shown here that the polymer's physico-chemical characteristics
(chemical structure, transition temperatures) are such that they effectively pre-determine that
the as-spun fibres will be semi-crystalline but largely unoriented. For certain fibre
applications where tensile strength and modulus are not of critical importance, such as drug
delivery systems and 3-D scaffolds for tissue growth, this type of morphology may be
acceptable as it is. However, where strength and modulus are important, as in Iong-lasting
absorbable sutures, an appropriate amount of chain orientation needs to be built in under
controlled conditions.

The overriding conclusion from this work is that tailoring PCL fibres to meet the
demands of a specific application requires precise processing control. This, in turn, requires
an insight into what the molecules are doing at each stage of the operation. Melt spinning is
a complex multi-variate process. Some of the most obvious variables have been discussed
here, others have not. For example, sample parameters such as molecular weight and
batch size may also have significant effects. Further studies of these factors and also of the
various stages of structure formation through techniques such as X-ray diffraction and

birefringence measurements are continuing.
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Table 1. Comparison of the various molecular weight values obtained for the PCL

beads used in this work.

Mol. Wt. Method Maq My Mw Mn
GPC
Supplier's product data 80,000
Experimentally found 26,500 52,800 1.99
Light scattering 45,1002
Dilute-solution viscometry 32,700 ° 46,300 ° 1.42

a  ag determined from a Zimm plot

b 55 calculated from equation (1)

¢ as calculated from equation (2)

A Charuchinda et al Poly(e-caprolactone) melt-spun monofilament fibres Table 1
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Figure 1. Schematic arrangement of the melt spinning apparatus.

A Charuchinda et al

Poly(e-caprolactone) melt-spun monofifament fibres

Figure 1



Figure 2. Schematic diagram of the compression, melting and metering zones
showing the (a) ram, (b) cylinder, (¢) band heater, (d) heating block,
(e) stainless steel filter mesh, (f) thermocouple, (g) spinnerette, and
(h) extruded monofilament fibre.

A Charuchinda et al Poly(e-caprolactone) melt-spun monofilament fibres Figure 2
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Figure 6. Graph showing the variation in melt flow index (MFI)
with temperature under constant load for the PCL beads.

(Load = 2.16 kg, pressure ~ 300 kPa)

A Charuchinda et al Poly(e-caprolactone) melt-spun monofifament fibres Figure 6
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Figure7.  Stress-strain curves of the PCL fibres showing the effects of
increasing the off-line draw ratio (OLDR) on tensile properties.
(a) as-spunfibre (b) OLDR=5 (c) OLDR=10 (d) OLDR =15
(e) OLDR =20 (f) OLDR =25

(Initial gauge length = 40 mm, drawing rate = 20 mm min™)

A Charuchinda et al Poly(e-caprofactone) melt-spun monofilament fibres Figure 7



