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Abstract 

The development of coronary stents from poly(L-lactic acid) requires knowledge of its mechanical 

properties and the effects of manufacturing processes on those properties.  The effects of the biaxial 

stretching procedure on the mechanical and microstructural properties of poly(L-lactic acid) are 

hereby investigated.  The mechanical properties were evaluated before and after biaxial stretching, 

with a Design of Experiments methodology employed to identify processing parameters that had the 

most significant effect on the elastic modulus and yield strength of the biaxially stretched sheets.  

Microstructural characterisation was performed using differential scanning calorimetry to evaluate 

crystallinity and thermal transitions of the biaxially stretched sheets.  The results show that the 

mechanical properties of the stretched sheets are highly dependent on the extent of stretch ratio 

applied during processing; however, neither the elastic modulus nor yield strength are directly 

attributable to crystallinity, but are affected by the degree of amorphous orientation.  The results of 

this study have the potential to be applied in the design of high stiffness, thin-strut polymeric 

expandable scaffolds for the application of coronary stents. 
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1. Introduction 

Coronary heart disease (CHD) is the largest cause of death in the world (Abubakar et al., 2015) and is 

commonly caused by atherosclerosis, an inflammatory disease that hardens and narrows the artery 

(Ludman et al., 2016).  Coronary stents are small expandable scaffolds deployed at the site of an 

atherosclerotic lesion in order to dilate the artery and restore patency.  Typically, coronary stents 

are manufactured from high strength metallic alloys such as stainless steel (316L) and cobalt-

chromium L605 (Grogan et al., 2012).  However, these scaffolds remain in the body post-procedure 

and have the potential to trigger an undesirable immunological response (Bourantas et al., 2013).  

Bioresorbable polymer stents offer a potentially clinically attractive solution, providing a temporary 

scaffold that resorbs once the artery has healed. 

Poly(L-lactic acid) (PLLA) is a biodegradable, aliphatic polyester manufactured from renewable 

resources (Drumright et al., 2000; Garlotta, 2001), which has been used as a platform material of a 

bioresorbable stent with the Absorb Bioresorbable Vascular Scaffold (BVS) (Abbott Vascular, USA), 

gaining U. S. Food and Drug Administration (FDA) approval in July, 2016 (U. S. Food and Drug 

Administration, 2016).  Bioresorbable scaffolds offer a number of key advantages over their 

permanent metal counterparts, such as late lumen enlargement (after the scaffold resorbs) and 

fewer complications during repeat revascularisation procedures (Serruys et al., 2011).  There are, 

however, a number of initial issues preventing the successful implementation of bioresorbable 

scaffolds within wider treatment scenarios such as late recoil, caused by the fast absorption of the 

scaffold, and difficulties in controlling the drug release (Bourantas et al., 2013).  The primary 

disadvantage of using PLLA as the platform material for a bioresorbable coronary stent is that 

significantly thicker struts are required to provide the same level of arterial support when compared 

to a conventional metallic stent (Kawamoto et al., 2016; Kolandaivelu et al., 2011), primarily due to a 

comparatively lower modulus (Bergström and Hayman, 2015; Bobel et al., 2016).  The results of 

clinical studies suggest that the increased strut profile of the BVS may increase the risk of myocardial 
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infarction and thrombosis (Serruys et al., 2016; U. S. Food and Drug Administration, 2017a) and, as a 

result, Abbott has recently stopped global sales of the device (U. S. Food and Drug Administration, 

2017b).  One potential method to reduce the strut thickness of PLLA stents is to improve the 

mechanical properties of the polymer through tailoring the processing history. 

Stretch blow moulding (SBM) is a processing technique commonly employed in the commercial 

production of carbonated drinks bottles to improve their tensile modulus, strength-to-weight ratio, 

fracture strain and shelf-life (Brandau, 2016), and was adopted for use in the production of the BVS.    

In the SBM procedure for scaffolds, the polymer is initially melted and extruded to form a thick 

walled tube, commonly referred to as a parison (or preform).  The parison is heated above its glass 

transition temperature (Tg) and stretched at high speed circumferentially using pressurised air, and 

axially using a mechanical device such as an actuator.  The process creates a thin-walled tube, 

typically 3 to 5 times the initial parison outer diameter, with improved mechanical properties (Alexy 

and Levi, 2013; Bergström and Hayman, 2015).  The SBM process imposes a state of biaxial strain on 

the parison, and may be replicated using a biaxial tensile test machine that stretches polymer sheet 

in a planar configuration (Menary et al., 2012).  In general, the biaxial deformation behaviour of 

semi-crystalline polymers exhibits a strong dependence on temperature, deformation mode, strain 

rate and stretch ratio during processing (Løvdal et al., 2017; Løvdal et al., 2015; Menary et al., 2012; 

Ou and Cakmak, 2008). 

The temperature window for biaxial processing of PLLA is limited by its Tg and cold-crystallisation 

temperature (Tcc), both of which vary depending on its chemical composition and processing history 

(Ou and Cakmak, 2008).  However, in general, the Tg is within the range of 50–65 °C (Bergström and 

Hayman, 2015; Løvdal et al., 2015; Ou and Cakmak, 2008; Wu et al., 2012), whilst the Tcc is within the 

range 110-145 °C (Stoclet et al., 2010; Løvdal et al., 2017).  This suggests that PLLA should be 

processed above the Tg but below 85 °C in order to supress cold crystallisation and facilitate strain-
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induced crystallisation, which subsequently improves both the strength and stiffness of the 

polymeric sheet. 

The deformation mode during biaxial stretching may be defined as simultaneous or sequential, the 

latter consisting of constant width drawing in two directions (Martin et al., 2005).  The deformation 

mode has been shown to affect the structural evolution of the polymer (Løvdal et al., 2015; Ou and 

Cakmak, 2008; Ou and Cakmak, 2010).  Løvdal et al. (2015) found that the sequence by which the 

strain occurs during biaxial processing influences crystal orientation and interplanar spacing, but not 

the degree of crystallinity (Xc).  Ou and Cakmak (2008) showed that simultaneous stretching leads 

to in-plane isotropy with relatively poorly ordered crystalline regions.  In a stepwise sequential 

deformation process, the first (machine) direction stretch orients the polymer and increases 

crystallinity.  However, stretching in the second (transverse) direction leads to the destruction of 

crystallites, particularly if the crystalline structure was well established during the first stretch. 

The elastic modulus (E) and yield strength (σ) of PLLA post biaxial deformation have been shown to 

be a function of both the strain rate and stretch ratio during biaxial processing (Løvdal et al., 2015; 

Wu et al., 2012).  Low strain rates (0.1 s-1) permit chain relaxation during biaxial processing, which 

subsequently result in reduced mechanical properties of the stretched polymer.  However, increased 

strain rate (2.1 s-1) has been shown to increase crystallinity and molecular orientation, and 

subsequently improve the mechanical properties of the stretched polymer (Løvdal et al., 2017).  The 

slow crystallisation rate of PLLA is enhanced by deformation, which facilitates strain-induced 

molecular ordering (Stoclet et al., 2010; Tsai et al., 2010;  Zhang et al., 2011), with Løvdal et al. 

(2015) hypothesising that the mechanical properties of PLLA are related to strain-induced 

amorphous orientation rather than strain-induced crystallinity. 

Comprehensive mechanical characterisation has been performed for PLLA, using a polymer that is 

solvent cast (Bobel et al., 2016; Ouchi et al., 2006; Venkatraman et al., 2002) or injection moulded 

(Bigg, 1996; Ghosh et al., 2007; Harris and Lee, 2008).  However, the processing history of PLLA 
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significantly affects the mechanical properties of the polymer, with biaxially stretched samples often 

demonstrating an increased elastic modulus, yield strength and elongation to failure, when 

compared to the unstretched polymer (Wu et al., 2012).  The reviewed literature suggests that 

temperature, stretch ratio, strain rate, and deformation mode each affect biaxial deformation 

behaviour and the resultant mechanical properties of the stretched sheet.  However, to the best of 

the authors’ knowledge, the interdependencies between these aforementioned processing 

parameters and their effect on the elastic modulus and yield strength of the post biaxially stretched 

sheet have not been investigated for PLLA.  The aim of the present study is to replicate the 

processing history of a polymeric coronary stent and evaluate the improvement in short-term (pre-

degradation) mechanical properties of extruded PLLA post biaxial stretching, in order to facilitate the 

design of high stiffness, thin strut polymeric scaffolds for the application of coronary stents. 

 

2. Material and methods 

Pellets of PLLA (Tradename: Plurapol LX175) were donated by Corbion Purac (Amsterdam, The 

Netherlands).  The pellets were dried for 12 h at 70 °C to remove the moisture prior to melt 

processing.  Melt extrusion was performed using an E 25 M Dr Collin single screw extruder (Dr. Collin 

GmbH, Germany).  During the extrusion process, the barrel temperature was set at 200 °C with a 

screw speed of 50 rpm and a CR 136/350 chill roll stack (Dr. Collin GmbH, Germany) temperature of 

50 °C.  Gel permeation chromatography (GPC) was performed on both pellets and extruded sheet in 

order to ensure that molecular weight did not significantly decrease during melt processing.  An 

Agilent Technologies 1260 Infinity GPC system (Agilent Technologies, USA) with an eluent of 

tetrahydrofuran (THF) containing 2.0% v/ v triethylamine and 0.05% w/ v butylated hydroxytoluene 

(BHT) inhibitor was used.  Post-processing of the results was performed using Cirrus GPC software 

(Agilent Technologies, USA). 
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Poly(L-lactic acid) samples, each with dimensions of 76 mm x 76 mm x 1 mm were prepared for 

biaxial stretching, which was performed using a custom-built machine (Martin et al., 2005) that was 

designed to replicate the deformation behaviour of polymeric materials during SBM under 

controllable conditions (i.e. deformation mode, deformation temperature, and deformation rate).  

The biaxial stretching machine is capable of supplying a maximum stretch speed of 2400 mm/s, 

equivalent to an average nominal strain rate ( ̇) of 32 s-1, and a maximum stretch ratio (λ) of 4.5 in 

both the machine direction (MD) and transverse direction (TD).  A constant temperature (T) of up to 

200 °C is attainable and the deformation mode may be varied from simultaneous (SIM) biaxial 

deformation to sequential (SEQ) biaxial deformation (Fig. 1) (Martin et al., 2005).  Details of user-

defined test conditions may be found in subsequent sections. 

Uniaxial tensile testing was performed using an Instron 5564 Universal Material Testing machine 

(Instron, UK) to determine the elastic modulus and yield strength of both unstretched and biaxially 

stretched sheet.  Uniaxial testing was conducted in accordance with the test protocol as outlined in 

ISO 527-2 Type 1BA (ISO, 1996).  The samples (n = 3) tested were dumb-bell in shape; samples were 

punched from unstretched sheet in the extrusion direction (ED) and TD, whilst samples were 

punched from biaxially stretched sheet in MD and TD.  All samples were tested at room 

temperature (20 °C ± 3 °C) at an extension rate similar to that recommended for bioresorbable 

scaffold deployment (5 mm/min), according to published guidelines from Abbott (Abbott Vascular, 

2012). 
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Fig. 1.  Biaxial deformation parameters used to replicate SBM processing history for (a) simultaneous 

(SIM) biaxial deformation and (b) sequential (SEQ) biaxial deformation. 

A Design of Experiments (DOE) approach was employed to identify the biaxial stretching processing 

parameters that most significantly affect the elastic modulus and yield strength of the stretched 

sheet.  A one-half fraction of a six factor, two-level factorial (26-1) randomised design was used with 

the following factors: stretch ratio in MD (λMD), stretch ratio in TD (λTD), deformation speed in MD 

( ̇MD), deformation speed in TD ( ̇TD), temperature, and deformation mode.  A 26-1 fractional factorial 

is an example of a resolution VI design and, hence, main factors are aliased with five-way 

interactions (and above), whilst two-way interactions are aliased with three-way interactions (and 

above).  Design of Experiments screening permits the significant factors to be isolated from those 

that have minimal effect on the response variable(s).  Preliminary testing was performed to identify 

upper and lower limits for the processing parameters evaluated under the DOE (Table 1).  Samples 

were heated for 3 min prior to biaxial stretching in order to achieve uniform temperature 

distribution through the thickness.  The temperature was held within the range 80–90 °C; below 80 

°C the polymer behaved as a glassy solid whilst above 90 °C the polymer began to undergo cold-

crystallisation.  The strain rate was held within the range 1–16 s-1, with faster rates leading to grip 

slippage during stretching.  The maximum total area of deformation (Adef), defined as the product 
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of the stretch ratios in MD and TD, which could be consistently achieved was 9, which was 

attainable through a 3 x 3 equibiaxial deformation—hence, the stretch ratio was held within the 

range 2–3.  Response surface methodology (RSM) was employed to refine the design space of the 

significant factors, with multiple regression analysis performed on the results using R (version 3.4.0) 

(R Core Team, 2017) in order to provide an empirical correlation between biaxial stretching 

processing parameters and the mechanical properties of the stretched sheet. 

Table 1.  High and low levels for stretch ratio in MD (λMD), stretch ratio in TD (λTD), deformation 

speed in MD ( ̇MD), deformation speed in TD ( ̇TD), temperature (T) and deformation mode evaluated 

under the DOE. 

T  ̇MD  ̇TD λMD λTD Mode 

(°C) (s-1) (-) 

80 1 1 2 2 SEQ 

90 16 16 3 3 SIM 

 

Differential scanning calorimetry (DSC) was conducted on both unstretched and biaxially stretched 

sheet to evaluate both the crystallinity and the thermal characteristics of the polymer.  Test samples 

(n = 3) were taken from randomly selected sections over the PLLA sheet, weighing approximately 8 

mg, and placed individually into an aluminium pan, sealed and subjected to a heating cycle of  

10 °C/min between the limits of 30 °C and 180 °C, using a PerkinElmer DSC6 (PerkinElmer, USA).  

Post-processing of the results was performed using Pyris™ software (Version 9.0, Perkin-Elmer, USA) 

to identify crystallinity (Xc), Tg, Tcc, and the melting temperature (Tm) of the polymer.  The crystallinity 

was calculated using Eq. 1 (Løvdal, 2017), taking the enthalpy of fusion, ΔHo, as 93 J/g based on the 

value for a 100% crystalline sample (Wunderlich, 1990). 

   ( )  
(       )

   
        (1) 
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3. Results 

3.1 Unstretched sheet 

The mechanical and thermal properties for unstretched PLLA (Table 2) demonstrated that the 

polymer is relatively amorphous (approximately 4% crystallinity).  A two-sample t-test showed no 

significant statistical difference (p > 0.05) between the moduli in the extrusion direction (ED) and 

TD.  Whilst yield strength showed a 14% difference between ED and TD, the polymer was assumed 

to have limited preferential orientation post-extrusion.  The results of GPC indicated that there was 

no significant reduction in molecular weight during melt processing, with both the pellets and 

extruded sheet having a weight-average molecular weight and polydispersity index of 230 kg mol-1 

and 2.0, respectively.  The properties outlined in Table 2 were used as comparative measures to 

evaluate the effect of the biaxial stretching process on the mechanical and thermal properties of the 

polymer at a macro- and microstructural level. 

Table 2.  Elastic modulus (E) and yield strength (σ) for samples taken from the extrusion direction 

(ED) and transverse direction (TD), crystallinity (Xc) and thermal transitions (Tg, Tcc, Tm) for 

unstretched PLLA sheet.  

EED ETD  σMD  σTD  Xc Tg  Tcc Tm 

(MPa) (%) (°C) 

2315 ± 137 2181 ± 129 55 ± 1 48 ± 2 4 ± 1 62 ± 0.8 120 ± 0.3 149 ± 0.1 

 

3.2 Stretched sheet 

The main effect plots from the DOE (Fig. 2(a) and Fig. 2(b)) describe the effect of each factor on the 

elastic modulus and yield strength, independent from all other factors.  The steeper the slope of the 

line, the greater the magnitude of that main factor’s effect; the dotted line for each response 
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variable represents the mean value across all runs.  The elastic modulus and yield strength of the 

stretched sheet are, in general, most significantly affected by stretch ratio, with strain rate, 

temperature, and deformation mode each having a relatively lesser effect.  The absolute effects of 

all main factors and two-way interactions on the elastic modulus and yield strength are annotated 

on half-normal probability plots (Fig. 3(a)–3(d)), with effects that are statistically significant (p < 

0.05) highlighted on each graph.  The effects of statistically insignificant factors (and interactions) 

describe a straight line on the plots, whilst the effects of statistically significant factors (and 

interactions) are displaced from this line.  The further the distance a factor or interaction is from the 

line, the more significant its effect.  In general, two-way interactions are statistically insignificant, 

with stretch ratio in both MD and TD having the most dominant effect.  An increased elastic modulus 

and yield strength in a given direction was obtained by increasing the stretch ratio in that direction, 

with a further increase attainable if the stretch ratio in TD was reduced.  Setting all factors to their 

optimum level increased the EMD and ETD by 49% and 62%, respectively when compared to all factors 

set at their pessimal level, and the σMD and σTD increased by 47% and 52%, respectively. 

 

 

 

(a) 
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Fig. 2.  Main effect plots highlighting the dominance of stretch ratio in the machine direction (MD) 

and transverse direction (TD) for (a) Elastic modulus (E) of PLLA sampled from MD and TD, EMD and 

ETD, respectively; and (b) Yield strength (σ) in MD and TD, σMD and σTD, respectively. 

 

(a) EMD (MPa) 

 

(b) ETD (MPa) 

  
 

 

 

 

 

(c) σMD (MPa) (d) σTD (MPa) 

(b) 
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Fig. 3.  Half-normal probability plots for main factors and two-way interactions highlighting the 

dominance of stretch ratio in the machine direction (MD) and transverse direction (TD) for (a) Elastic 

modulus (E) in MD, EMD; (b) Elastic modulus (E) in TD, ETD; (c) Yield strength (σ) in MD, σMD and (d) 

Yield strength (σ) in TD, σTD. 

Although the 26-1 fractional factorial design matrix permitted the evaluation of asymmetrical biaxial 

deformations such as 2 x 3 and 3 x 2, it was incapable of capturing the response of highly 

asymmetrical deformations, approaching that of a constant width deformation (where one axis is 

fully constrained).  Response surface methodology was employed to refine the design space and 

provide an empirical correlation between stretch ratio and the mechanical properties of the 

polymer.  The range of stretch ratios evaluated was modified from the DOE to include a low level of 

1.5 and a high level of 3.5.  Temperature was held constant at 80 °C, stretch speed in MD and TD was 

also held constant at 16 s-1 and a sequential deformation mode was used, with the aforementioned 

conditions providing the most repeatable deformation during biaxial tensile testing. 

Multiple regression analysis of the RSM results (Table 3) was performed to generate 2D contour 

plots that relate both elastic modulus and yield strength to the stretch ratio (Fig. 4(a)–4(d)).  The 

stepwise routine identifies a model containing the intercept, main factors, interaction and both 

squared terms.  Empirical relations were generated from the regression analysis for both modulus 
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and yield strength, including effects that were statistically significant (p < 0.05) with Eq. 2–5 

achieving adjusted R-squared (R2
adj) values of 0.97, 0.93, 0.98 and 0.87, respectively. 

 

Table 3.  Elastic modulus (E) and yield strength (σ) of specimens selected for response surface 

methodology (RSM) sampled from the machine direction (MD) and transverse direction (TD). 

λMD λTD  EMD  σMD ETD σTD 

(-) (MPa) 

2 2 2456 ± 122 61 ± 4 2499 ± 41 61 ± 1 

3 2 3274 ± 51 74 ± 2 2083 ± 83 53 ± 1 

2 3 2236 ± 194 57 ± 4 3291 ± 185 73 ± 4 

3 3 2774 ± 181 66 ± 4 2583 ± 114 62 ± 1 

1.5 2.5 2244 ± 35 56 ± 3 3387 ± 141 74 ± 1 

3.5 2.5 3162 ± 158 73 ± 3 2535 ± 241 64 ± 5 

2.5 1.5 3274 ± 135 72 ± 4 2240 ± 14 59 ± 1 

2.5 3.5 2304 ± 144 57 ± 2 3011 ± 97 73 ± 2 

1.5 3.5 1898 ± 99 52 ± 1 4093 ± 159 84 ± 1 

3.5 1.5 3860 ± 242 83 ± 2 1987 ± 155 50 ± 1 

3.5 3.5 2632 ± 109 64 ± 2 2649 ± 90 66 ± 2 

2.5 2.5 2572 ± 123 62 ± 2 2369 ± 161 62 ± 2 

 

                                (2) 

                              
    (3) 

                                   (4) 

                         (5) 
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The thermal and microstructural properties of the RSM specimens are of particular interest when 

plotted against the total area of deformation, calculated as the product of the stretch in MD and the 

stretch in TD (Fig. 5(a)–5(d)).  Results show that there was no statistical correlation between either 

crystallinity or Tm and total area of deformation, with R2 values of 0.06 and 0.03, respectively.  The 

Tg and Tcc both show correlation with total area of deformation, with R2 values of 0.53 and 0.71, 

respectively. 

 

(a) EMD (MPa) 

 

(b) ETD (MPa) 

  
  

(c) σMD (MPa) (d) σTD (MPa) 
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Fig. 4.  Isoline contour plots for (a) Elastic modulus (E) in the machine direction (MD), EMD; (b) Elastic 

modulus (E) in the transverse direction (TD), ETD; (c) Yield strength (σ) in MD, σMD; and (d) Yield 

strength (σ) in TD, σTD. 

 

  

(a) (b) 
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Fig. 5.  Total area of deformation (Adef) plotted against (a) Crystallinity, Xc; (b) Glass transition 

temperature, Tg; (c) Cold-crystallisation temperature, Tcc; and (d) Melting temperature, Tm for 

response surface methodology (RSM) specimens. 

4. Discussion 

In this study, the processing history of a polymeric coronary stent was replicated using a custom-

built biaxial tensile test machine, in order to evaluate the improvement in short-term (pre-

degradation) mechanical properties of extruded PLLA post biaxial stretching.  Given that the elastic 

modulus of the platform material is considered to be the most important parameter in 

bioresorbable scaffold design (Bobel et al., 2015; Pauck and Reddy, 2015), optimising processing 

conditions has the potential to facilitate the design of high stiffness, thin-strut polymeric scaffolds 

for the application of coronary stents. 

Results of this study show that biaxial deformation has the potential to enhance the elastic modulus 

and yield strength of extruded PLLA sheet by approximately 80% and 70%, respectively, with the 

aforementioned mechanical properties most significantly affected by stretch ratio during processing.  

(c) (d) 
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An increased elastic modulus and yield strength in a given direction were obtained through 

increasing the stretch ratio, with a further increase attainable if the stretch ratio in TD was reduced.  

Conversely, equibiaxially deformed sheets exhibited in-plane isotropy suggesting that the 

orientation developed during the first stretch was destroyed as a result of the second transverse 

stretch, supporting the hypothesis of Ou and Cakmak (2008).  Intuitively, this is to be expected, as a 

highly asymmetrical biaxial deformation tending towards constant width deformation has been 

shown to enhance the mechanical properties in the direction of stretching for other semi-crystalline 

polymers (Marco et al., 2002).  Strain rate, temperature, and deformation mode each had a lesser 

effect on the mechanical properties of the stretched sheet, when compared to that of stretch ratio.  

The deformation mode (SIM or SEQ) did not significantly affect the elastic modulus or yield strength 

in either MD or TD, suggesting that whilst the sequence in which the strain occurs during biaxial 

processing influenced crystal orientation (Løvdal et al., 2015; Ou and Cakmak, 2008), it has a limited 

effect on the resulting mechanical properties of the stretched PLLA sheet. 

The results of DSC analysis showed there is no statistically significant relationship between 

crystallinity and total area of deformation, suggesting that molecular orientation may be more 

important than crystallinity to enhance elastic modulus and yield strength of biaxially stretched 

sheets.  There exists an inverse relationship between Tcc and the degree of amorphous orientation in 

semi-crystalline polymers (Gowd et al., 2004; Vasanthan et al., 2013).  Results of this study showed 

that a similar relationship exists between Tcc and total area of deformation.  Furthermore, results 

showed an increase in glass transition temperature with total area of deformation, which may be 

due to limited chain motion as a result of increased molecular orientation (Tsai et al., 2010).  Such 

findings support the hypothesis of Løvdal et al. (2015), who suggested that mechanical properties of 

PLLA are related to strain-induced amorphous orientation rather than strain-induced crystallinity.  

Within the present study, a significantly lower value of crystallinity was recorded for specimens 

subjected to an equibiaxial stretch ratio of 2.  Wu et al. (2012) observed a similar trend, suggesting 

that this may potentially be the critical level of elongation beyond which strain-induced 
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crystallisation occurs.  Such a hypothesis has already been proven for poly(ethylene 

terephthalate), with Marco et al. (2002) noting that crystallinity was increased beyond a stretch 

ratio of 2. 

The empirical relations (Eq. 2–5) and contour plots (Fig. 4(a)–4(d)) relate the mechanical properties 

of the stretched sheets to the stretch ratio during biaxial processing, with the intention that they 

may be used to aid in the design and process optimisation of coronary stents.  However, defining a 

set of stretch ratios to provide optimum mechanical properties in both MD and TD is not possible, 

given that both factors directly counteract each other; increasing stretch ratio in MD will increase 

the elastic modulus in MD, however will reduce the elastic modulus in TD.  The optimal solution will 

primarily be governed by the loading requirements experienced by a vascular scaffold in vivo.  One 

concern for polymeric scaffolds is that they do not possess the same degree of radial stiffness as that 

of a metallic scaffold.  A scaffold must possess significant radial stiffness to provide support to the 

displaced arterial wall, which would suggest that it may be beneficial to process the polymer such 

that it has a preferential circumferential orientation.  Furthermore, increasing circumferential 

modulus (to increase radial stiffness of the stent) should result in reduced axial modulus (and thus 

flexural stiffness of the stent), enabling the design of flexible stents (for tortuous arterial 

morphologies) that possess sufficient radial stiffness.  Correct matching of material processing to 

scaffold design, through the use of the empirical relations presented herein, may aid in the design of 

high stiffness, thin-strut polymeric scaffolds that contend with the performance of a conventional 

metallic stent, suggesting an area for future investigation. 

Although the processing-property relationships presented in this work provide an understanding of 

the effect of processing parameters on the mechanical response of PLLA, there are limitations 

associated with the present study.  The modulus and yield strength of the post biaxially stretched 

sheets were measured at room temperature (20 °C), at an extension rate of 5 mm/min.  Literature 

has shown the mechanical response of PLLA to be dependent on both strain-rate and temperature 
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(Løvdal et al. 2015).  The testing framework presented herein may be adapted to include these 

additional response variables if required.  In addition, elongation to failure was not considered as a 

performance metric during uniaxial tensile testing.  In reality, elongation to failure must be 

considered when designing a stent, given that strains of up to 50% may be experienced during 

deployment (Bobel et al., 2016).  However, elongation to failure is heavily dependent on both 

extension rate and temperature for polymers (Arruda et al., 1995), and correct matching of 

deployment parameters to material processing must be investigated in order to facilitate the 

design of high stiffness, thin strut, polymeric stents, suggesting an area for future work. 

 

5. Conclusion 

The processing history of a polymeric coronary stent was replicated using a custom-built biaxial 

tensile test machine in order to assess the improvement in short-term (pre-degradation) mechanical 

properties of extruded PLLA.  Results indicated that biaxial deformation has the potential to enhance 

the elastic modulus and yield strength of extruded PLLA sheet by approximately 80% and 70%, 

through selection of optimal processing conditions.  The elastic modulus and yield strength of the 

biaxially stretched sheets were highly dependent on the stretch ratio during processing, with 

temperature, strain rate and deformation mode each having a comparatively less significant 

influence on these mechanical properties.  The highest values of elastic modulus and yield strength 

were obtained through highly asymmetrical biaxial deformation, tending towards pure constant 

width.  The results of DSC suggest that this increase in mechanical properties is not directly 

attributable to crystallinity content, but instead due to amorphous orientation (based on the inverse 

relationship observed between the Tcc and the total area of deformation of biaxially stretched 

sheet).  Constitutive equations that relate the elastic modulus and yield strength of biaxially 

stretched sheet to the stretch ratio during processing have been proposed, with the intention that 

they may potentially be used to aid in the design of high stiffness, thin-strut polymeric scaffolds. 
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