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Abstract 10 

A poly(L-lactic acid) stent is exposed to a variety of processing techniques, temperatures and 11 

environmental conditions during its lifecycle, from the manufacturing process, to crimping through 12 

to deployment within the body. The effect of the biaxial stretching procedure and the effects of 13 

temperature and extension rate (post-processing) on the mechanical response of poly(L-lactic acid) 14 

are hereby investigated, and a constitutive model calibrated against experimental data is proposed. 15 

Dumb-bell specimens were punched from biaxially stretched sheets subjected to different 16 

processing histories, and tested under uniaxial tension at various temperatures (20, 37 and 55 °C) 17 

and extension rates (1, 5 and 10 mm/min). A Design of Experiments methodology was employed to 18 

identify the parameters that had the most significant effect on the mechanical response of the 19 

polymer. Results show that the elastic modulus and yield strength of the stretched sheets are 20 

strongly dependent on the aspect ratio of the biaxial deformation, along with the temperature 21 

during uniaxial deformation (post-processing). In contrast, these mechanical properties were not 22 

heavily dependent on extension rate (post-processing). A transversely isotropic, elastic-plastic 23 

constitutive model for finite element implementation is proposed, with the intention that it may be 24 

used as a design tool for developing high stiffness, thin-strut polymeric stents that contend with the 25 

performance of their metallic counterparts. 26 

*Corresponding address: School of Mechanical and Aerospace Engineering, Queen’s University, Ashby Building, Stranmillis Rd, Belfast BT9 27 
5AG, UK. Tel.: +44 (0)28 9097 5523. E-mail address: r.blair522@qub.ac.uk (R. Blair) 28 
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1. Introduction 29 

Coronary heart disease (CHD) is the largest cause of death in the world, with an estimated 9.4 30 

million people dying from this disease in 2016 (World Health Organization, 2017). It is commonly 31 

caused by atherosclerosis, in which fatty deposits (atheroma) develop on the arterial wall causing 32 

the artery to harden and narrow (Ross, 1999). Percutaneous coronary intervention (PCI) is the most 33 

commonly employed revascularisation technique used in the treatment of narrowed arteries (Ui et 34 

al., 2005), in which a small expandable scaffold (stent) is deployed at the site of an atherosclerotic 35 

lesion in order to dilate the artery and restore patency. The total number of annual PCIs has 36 

increased each year since 1991 (Ludman and Gavalova, 2016) and with the ageing of the world 37 

population (World Health Organization, 2012), the incidence and economic burden of heart disease 38 

is likely to continue increasing. 39 

Whilst PCI is considered as the most successful non-invasive surgical interventions for the treatment 40 

of CHD, with survival rates in excess of 95% at 10 years (Ludman and Gavalova, 2016), late stent 41 

thrombosis (> 1 year) (LST) remains a serious issue for both drug-eluting stents (DES) and bare-metal 42 

stents (BMS) (Tada et al., 2013). More recently, there has been a shift in focus to the development of 43 

bioresorbable polymer stents, which offer a clinically attractive solution by providing a temporary 44 

scaffold that resorbs once the artery has healed, potentially mitigating the risk of LST. Bioresorbable 45 

stents offer considerable advantages over both BMS and DES, such as late luminal gain after the 46 

stent resorbs, fewer complications during revascularisation procedures and potential paediatric 47 

applications (Alexy and Levi, 2013; Brie et al., 2016; Serruys et al., 2011). Poly(L-lactic acid) (PLLA) 48 

has shown particular success as the platform material of bioresorbable stents with the Absorb GT1 49 

bioresorbable vascular scaffold (BVS) (Abbott Vascular, Santa Clara, California) and the DESolve® 50 

stent (Elixir Medical Corporation, Sunnyvale, California) holding the Conformité Européenne (CE) 51 

mark for use in coronary applications (Wiebe et al., 2014).  52 
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Computational modelling is commonly used as a preclinical testing tool to refine and optimise stent 53 

geometry, in order to improve the safety and efficacy of these devices (Lally et al., 2005). The U S 54 

Food and Drug Administration recommends that computational modelling studies should be 55 

presented to support medical device submissions (U S Food and Drug Administration, 2016) and 56 

specifically recommends that mechanical properties of the platform material be presented, along 57 

with the corresponding constitutive model, that describes how the material responds to various 58 

loadings through the use of equations that link the states of stress and strain (Ottosen and 59 

Ristinmaa, 2005; U S Food and Drug Administration, 2010). The mechanical response of PLLA 60 

depends on temperature, environment and processing (Bobel et al., 2016; Grabow et al., 2005; Lim 61 

et al., 2008; Løvdal et al., 2015). However, constitutive models that accurately represent this 62 

complex mechanical response of PLLA (prior to degradation) are relatively scarce in the literature, 63 

with many studies focusing on modelling the long-term response (> 1 year) of the polymer as it 64 

degrades (Hayman et al., 2014; Khan and El-Sayed, 2013; Muliana and Rajagopal, 2012; Soares et al., 65 

2008). Whilst modelling the long-term response of the polymer is essential, one of the primary 66 

issues with the current generation of bioresorbable stents is stent fracture during deployment and 67 

the stent having insufficient radial strength to resist the compressive force of the artery, both of 68 

which may be considered to be short-term (pre-degradation) phenomena (Brie et al., 2016; 69 

Bourantas et al., 2013).  70 

A summary of published constitutive models developed to capture the short-term response of the 71 

polymer is presented in Table 1; each model captures one or more of the rate-dependent, 72 

temperature-dependent and anisotropic properties of PLLA. Simplistic constitutive models, such as 73 

metal plasticity, in which the mechanical response is independent of direction, strain rate, or 74 

temperature may no longer be appropriate for polymeric stents, due to the anisotropy induced in 75 

the material during processing and the proximity of the glass transition temperature (Tg) of the 76 

polymer to its service temperatures (Bergström and Hayman, 2015). This was evident from the study 77 

by Schultze et al. (2009), in which an elastic-plastic constitutive model significantly over-predicted 78 
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the radial strength of three polymeric bioresorbable stents by approximately 30–100%, when 79 

compared against experimental collapse test results.  80 

Table 1. Summary of capabilities of published constitutive models developed to capture important 81 

effects for simulating the short-term (pre-degradation) mechanical response of PLLA. 82 

Author Strain rate Temperature Anisotropy 

Debusschere et al. (2015) Yes No No 

Wang et al. (2017) No Yes No 

Pauck and Reddy (2015) No No Yes 

Bobel and McHugh (2018) Yes Yes No 

Eswaran et al. (2011) Yes No Yes 

 83 

The temperature-dependent mechanical response of PLLA has been evaluated by Bobel et al. (2016); 84 

they observed a reduction in yield strength, coupled with a shift to rubber-like behaviour as the 85 

temperature was increased from 20 °C to 42 °C. Wang et al. (2017) performed tensile testing on 86 

PLLA tubes at 37 °C and 48 °C (representative of body temperature and the temperature at which a 87 

stent is crimped, respectively) and observed a reduction in yield strength of 14%. A temperature-88 

dependent constitutive model was calibrated to experimental data and used in a finite element 89 

model to compare the radial strength of a stent against an in vitro test, predicting the radial strength 90 

to within 6%. This represented a significant improvement to Schultze et al. (2009), which may be 91 

attributed to the inclusion of the crimping procedure and the temperature-dependent mechanical 92 

response of PLLA. 93 

Poly(L-lactic acid) has been shown to exhibit a rate-dependent response, with yield strength 94 

increasing with strain rate during uniaxial tensile testing (Bobel et al., 2016; Eswaran et al., 2011). 95 

Debusschere et al. (2015) calibrated a viscoplastic model of PLLA to uniaxial tensile test data at 96 

different strain rates (i.e. 0.1, 1 and 10 mm/min) at body temperature and showed that expanding a 97 
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stent gradually reduced the build-up of internal stresses and consequently reduced the likelihood of 98 

fracture during deployment. 99 

The processing history of a PLLA stent typically consists of an initial extrusion into a thick-walled tube 100 

(parison), followed by a stretch blow moulding (SBM) process whereby the parison is heated above 101 

its Tg and a biaxially stretched to create a thin-walled tube. This process of biaxial deformation has 102 

been shown to improve the yield strength, elastic modulus, and elongation to failure of PLLA (Wu et 103 

al., 2013), all of which are highly desirable properties for coronary stents. The SBM process imposes 104 

a state of biaxial strain on the polymer, which often results in different material properties in the 105 

circumferential (hoop) and axial directions. This anisotropy has been observed by Eswaran et al. 106 

(2011) who calibrated a viscoplastic model of PLLA to specimens punched from PLLA tubing in the 107 

hoop and axial directions, noting that specimens punched from the hoop direction exhibited higher 108 

yield strength and strain-hardened post-yield. Pauck and Reddy (2015) reported an increase in 109 

elastic modulus and yield strength of 40% and 15%, respectively, when comparing the hoop 110 

direction to axial direction at room temperature and an increase of 20% and 3%, respectively, at 111 

body temperature. They refined the geometry of three conventional bioresorbable stent geometries 112 

using an anisotropic constitutive model and hypothesised that stent performance may be improved 113 

by optimising material processing and correctly matching the geometry to the material. 114 

Comprehensive mechanical characterisation has been performed for PLLA in order to calibrate 115 

constitutive models that capture the (i) anisotropy as a result of the processing history (Pauck and 116 

Reddy, 2015); (ii) temperature-dependent behaviour (Wang et al., 2017); and (iii) rate-dependent 117 

behaviour (Debusschere et al., 2015). However, to the best of the authors’ knowledge, the 118 

interdependencies between processing history, temperature and extension rate have not been 119 

evaluated experimentally and, hence, a representative constitutive model does not exist. The aim of 120 

the present study is to experimentally evaluate the effect of temperature and extension rate on the 121 

short-term (pre-degradation) mechanical and viscoelastic properties of biaxially stretched PLLA 122 
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sheet subjected to various processing histories. Following experimental characterisation, a 123 

representative constitutive model may be calibrated to the results in order to facilitate the design 124 

of high stiffness, thin strut polymeric stents for the application of coronary stents. 125 

2. Material and methods 126 

The strain history achieved during SBM was replicated using a custom-built biaxial stretching 127 

machine (Martin et al., 2005). Pellets of PLLA (Tradename: Plurapol LX175), containing < 5% D-128 

isomer, were donated by Corbion Purac (The Netherlands) and extruded as per Blair et al. (2018) to 129 

yield sheet with a weight-average molecular weight and a polydispersity index of 230 kg mol-1 and 130 

2.0, respectively. Poly(L-lactic acid) samples, each with dimensions of 76 mm x 76 mm x 1 mm were 131 

prepared for biaxial stretching. Biaxial deformation was performed using a sequential deformation 132 

mode (Fig. 1), with specimens initially undergoing constant width deformation in the machine 133 

direction (MD), followed by a second (constant width) deformation in the transverse direction (TD). 134 

Specimens were heated to a temperature (Tb) of 80 °C for 3 min, and deformed at a speed of 16 s
-1

 in 135 

the MD (ε̇MD) and the TD (ε̇TD). The aforementioned conditions provided the most repeatable 136 

deformation during biaxial tensile testing, based on a previous study (Blair et al., 2018). In this study, 137 

in which the stretch ratio in the MD (λMD) and the stretch ratio in the TD (λTD), along with the aspect 138 

ratio (Ar) between the pair, defined as the ratio of λTD to λMD (Eq. 1), were shown to have the most 139 

significant effect on the elastic modulus (E) and yield strength (σY) of the polymer. 140 

 141 

Fig. 1. Sequential biaxial deformation technique used to replicate SBM processing history. 142 
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 ��	�−� = �	
��
 (1) 

Dynamic mechanical analysis (DMA) was conducted on the biaxially stretched sheet to evaluate the 143 

Tg and the storage modulus (E’) of PLLA as a function of frequency (f) using a Tritec 2000 DMA (Triton 144 

Technology Ltd., UK), running Tritec 2000 DMA version 1.43.00 software. Samples of 10 mm x 4 mm 145 

(length x width) were punched from biaxially stretched sheet in the MD and the TD. Testing was 146 

performed under tension configuration, with all samples having a thickness of < 1 mm. Temperature 147 

scans were performed at a heating rate of 5 °C/min between the limits of 20 and 130 °C, at 148 

frequencies of 0.1, 1 and 10 Hz. These DMA frequencies were selected to induce strain rates in the 149 

specimen comparable to those induced during polymeric stent expansion (10
-4

–10
-1

 s
-1

) (Bobel et al., 150 

2016). The Tg was identified by the onset of the drop in E’. Frequency scans were performed 151 

between the limits of 0.1 and 10 Hz at room temperature (20 ± 3.0 °C), body temperature  152 

(37 ± 3.0 °C) and a crimping temperature (55 ± 3.0 °C), which was selected based on the results of 153 

the temperature scans presented in the following section. A dynamic displacement of 0.005 mm was 154 

used for all tests, with preliminary testing performed to ensure that the linear viscoelastic regime of 155 

the polymer was not exceeded. 156 

A Design of Experiments (DOE) approach was employed to identify the biaxial stretching processing 157 

parameters and post-processing uniaxial tensile test conditions that most significantly affect the 158 

elastic modulus of PLLA in the MD and TD (EMD and ETD) and the yield strength in the MD and the TD 159 

(σY,MD and σY,TD). A three-level, three factor, full factorial (3
3
) randomised design was used with the 160 

following factors: the Ar of the biaxial deformation, temperature during uniaxial deformation, and 161 

extension rate during uniaxial deformation. The temperature and extension rate during uniaxial 162 

deformation refer to post-processing conditions, hereafter referred to as post-processing 163 

temperature (T) and post-processing extension rate (ė), and are not to be misinterpreted as the 164 

temperature and extension rate applied during biaxial deformation. Preliminary testing was 165 

performed to identify upper and lower limits for the parameters evaluated under the DOE (Table 2). 166 
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The Ars of the biaxial deformation were selected to induce varying degrees of anisotropy based on 167 

the results from the previous study by Blair et al. (2018). Specifically, 3 x 3 (λMD x λTD) equibiaxial 168 

deformation (Ar = 1.0), 2 x 3 asymmetrical deformation (Ar = 1.5) and 1.5 x 3.5 highly asymmetrical 169 

deformation (Ar = 2.3) were selected. It should be noted that for each of these Ars, the value of 170 

either λMD, λTD, or both, is greater than 2, as this has been shown to be the critical level of 171 

elongation beyond which strain-induced crystallisation occurs and mechanical properties are 172 

improved (Blair et al., 2018). Therefore, an unstretched square specimen is not equivalent to an 173 

equibiaxially stretched sample (Ar = 1).  174 

The uniaxial tensile properties (i.e. E and σY) of the biaxially stretched sheet was determined in 175 

accordance with ISO 527-2 Type 1BA (ISO, 1996) using an Instron 5564 Universal Material Testing 176 

machine (Instron, UK). The samples tested (n = 3) were dumb-bell in shape; samples were punched 177 

from biaxially stretched sheet in the MD and the TD. Uniaxial tensile testing was performed under 178 

room temperature (20 ± 3.0 °C), body temperature (37 ± 3.0 °C) and a crimping temperature  179 

(55 ± 3.0 °C), using a 3119 Series Instron Environmental Chamber (Instron, UK). The values of ė 180 

selected were 1, 5 and 10 mm/min, based on the recommended deformation speeds for polymeric 181 

stent expansion (Abbott, 2012). Multiple regression analysis was performed on the results using R 182 

(version 3.4.0) (R Core Team, 2017) to provide an empirical correlation between the factors included 183 

in the DOE and the mechanical properties of the stretched PLLA sheet. 184 

Table 2. High, medium and low levels for the aspect ratio (Ar) of the biaxial deformation, post-185 

processing temperature (T) and post-processing extension rate (ė) evaluated under the DOE. 186 

Ar T ė 

(-) (°C) (mm/min) 

1.0 20 1 

1.5 37 5 

2.3 55 10 

 187 
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3. Experimental results 188 

The results from the DMA studies (Fig. 2a and Fig. 2b) indicated there is a statistically significant 189 

relationship (p < 0.05) between the Tg and f for samples taken from biaxially stretched PLLA sheet in 190 

both the MD and the TD. However, no such relationship was found between the Tg and Ar, based on 191 

the results of two-way analysis of variance (ANOVA). A two-sample t-test showed no significant 192 

statistical difference (p > 0.05) between the Tg in the MD and the TD. Abbott’s patented method for 193 

crimping a polymeric stent onto a delivery balloon (Jow et al., 2017) states that the stent is to be 194 

crimped at a temperature between the Tg and 15 °C below the Tg. The Tg ranged from 60.8–69.2 °C 195 

for all samples tested in this study. Therefore, 55 °C was used as a representative crimping 196 

temperature for the DOE. 197 

 198 

Fig. 2. Glass transition temperature (Tg) at a given frequency (f) and aspect ratio (Ar) for biaxially 199 

stretched PLLA sampled from (a) the machine direction (MD) and (b) the transverse direction (TD). 200 

The main effect plots from the DOE study (Fig. 3a and Fig. 3b) describe the effect of each factor on 201 

each response variable (i.e. EMD, ETD, σY,MD and σY,TD), independent of all other factors. The steeper the 202 

slope of the line between factor levels, the greater the magnitude of the effect; the dotted line for 203 

each response variable represents the mean value across all runs. In general, E and σY are most 204 

strongly affected by Ar and T, with ė having a relatively weaker effect. Furthermore, increases in ETD 205 
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and σY,TD are obtained by increasing the Ar beyond unity (Ar > 1), however this comes at the expense 206 

of a reduction in EMD and σY,MD. 207 

The two-way interaction plots from the DOE (Fig. 4a–d) describe the dependency of one factor on 208 

the level of another factor for each response variable. The more parallel the lines on the plots, the 209 

weaker the interaction, whilst the more non-parallel the lines, the stronger the interaction. Analysis 210 

of variance was conducted to determine main factors and interactions that were statistically 211 

significant (p < 0.05), whilst multiple regression analysis of the results was performed to generate 212 

constitutive equations (Eq. 2–5). Results showed that for each response variable, Ar and T terms 213 

were statistically significant (p < 0.05), whilst ė terms and all interaction terms were not statistically 214 

significant (p > 0.05), with Eq. 2–5 achieving adjusted R-squared (R
2

adj) values of 0.79, 0.86, 0.85 and 215 

0.93, respectively. 216 

 ��
 = 3869 − 433�� − 36� (2) 

 �	
 = 3501 + 610�� − 50� (3) 

 ��,�
 = 90 − 8.3�� − � (4) 

 ��,	
 = 90 + 7.3�� − 1.3� (5) 

 217 

Results of the DMA frequency sweeps showed that the storage modulus (E’) remained relatively 218 

constant across the frequency range for all combinations of Ar and T, with the percentage increase 219 

never exceeding 3.4% (Table 3). 220 
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 221 

Fig. 3. Main effect plots highlighting the influence of the aspect ratio (Ar) of the biaxial deformation, 222 

post-processing temperature (T) and post-processing extension rate (ė) on (a) the elastic modulus (E) 223 

of biaxially stretched PLLA sampled from the MD and the TD, EMD and ETD, respectively; and (b) the 224 

yield strength (σY) in the MD and the TD, i.e. σY,MD and σY,TD, respectively.  225 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 

 

 226 

Fig. 4. Two-way interaction plots of the aspect ratio (Ar) of the biaxial deformation, post-processing 227 

temperature (T) and post-processing extension rate (ė) on the elastic modulus (E) in the MD, EMD; 228 

elastic modulus in the TD, ETD; yield strength (σY) in the MD, σY,MD and yield strength in the TD, σY,TD. 229 
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Table 3. Maximum percentage increase in the storage modulus (E’) of biaxially stretched PLLA, 230 

sampled in the MD and the TD, during DMA frequency sweeps between 0.1 Hz and 10 Hz, at various 231 

temperatures for a given aspect ratio (Ar) of the biaxial deformation. 232 

Ar (-) ΔE’MD (%) ΔE’TD (%) 

 20 °C 37 °C 55 °C 20°C 37 °C 55 °C 

1.0 1.6 2.6 3.4 1.4 2.4 3.0 

1.5 1.7 2.1 2.7 1.6 1.7 3.0 

2.3 1.4 1.7 2.2 1.4 1.3 2.5 

 233 

4. Constitutive model calibration 234 

Since E and σY were both affected by Ar and T but were insensitive to ė, a rate-independent, 235 

transversely isotropic, temperature-dependent, elastic-plastic constitutive model was used to 236 

capture the mechanical response of PLLA. The linear elastic material behaviour was assumed to be 237 

transversely isotropic, which implies that at each point within the material there exists an axis of 238 

rotational symmetry that is normal to a plane of isotropy (Staab, 2015). In transversely isotropic 239 

materials, there exists a plane in which the material properties are the same in all directions (plane 240 

of isotropy) perpendicular to the plane’s normal vector (axis of transverse isotropy). However, 241 

material properties differ in the axis of transverse isotropy relative to the plane of isotropy (Fig. 5). 242 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

 243 

Fig. 5. Three-dimensional model of transverse isotropy for biaxially stretched sheet. The 1-3 plane 244 

represents the plane of isotropy, whilst the 2 axis represents the axis of transverse isotropy. The 245 

material properties are identical in the 1 and 3 axis directions but are different in the 2 axis 246 

direction. 247 

Considering a Cartesian coordinate system, in which the principal directions are denoted using 1, 2 248 

and 3, and assuming the 1–3 plane to represent the plane of transverse isotropy, the generalised 249 

Hooke’s law may be simplified to Eq. 6 (Cho et al., 2012; Hibbitt et al., 2016), where ε denotes 250 

normal strain, γ denotes shear strain, σ denotes normal stress, τ denotes shear stress and the 251 

subscripts 1, 2 and 3 define direction. This equation is characterised by five independent elastic 252 

constants: E and E* (representing the elastic moduli in the plane of transverse isotropy and in the 253 

direction normal to it, respectively), ν and ν* (representing the Poisson’s ratios characterising the 254 

lateral strain response in the plane of transverse isotropy to a stress acting parallel or normal to it, 255 

respectively), and G* which represents the shear modulus in planes normal to the plane of isotropy 256 

(Amadei, 1996). However, using the Saint-Venant empirical approximation (Saint-Venant, 1863) in 257 

Eq. 7, G* can be expressed as a function of E, E*, ν and ν* which reduces the number of independent 258 

constants to four. 259 

 

��
�
��
 !! "" ##$!"$!#$"#%�

&
�' =

()
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)*
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1/∗ = 1� + 1�∗ + 2 ,∗�∗ 
(7)  

The plastic behaviour was defined using the anisotropic yield function defined by Hill (1948) (Eq. 8). 260 

The coefficients α1–α6 may be written as a function of the yield strength ratios (r)  261 

(Eq. 9–14) that define the yield stress in a given direction with respect to a reference (isotropic) yield 262 

stress (Eq. 15) (Hibbitt et al., 2016). 263 

5��� = 67!��"" − �##�" − 7"��## − �!!�" + 7#��!! − �""�" + 278�"#" + 279�#!" + 27:�!"" (8)  

 7! = 12; 1<""" + 1<##" − 1<!!" = (9) 7" = 12; 1<##" + 1<!!" − 1<""" = (10) 

 7# = 12; 1<!!" + 1<""" − 1<##" = (11) 78 = 32<"#"  (12) 

 79 = 32<!#"  (13) 7: = 32<!""  (14) 

 <>? =
���
���>?�� 																		@5	@ = A		
√3�>?4� 												@5	@ ≠ A	  (15) 

In the above equations, σij is a non-zero stress component, σY is the reference uniaxial yield strength 264 

and τY is the reference uniaxial shear yield strength. 265 

The directional properties were defined such that MD, TD, and the through-thickness, or Z-direction 266 

(ZD) correspond to the 1, 2 and 3 directions. The MD–ZD plane therefore represents the plane of 267 

transverse isotropy, whilst TD represents the direction normal to the plane of isotropy. With respect 268 

to Eq. 6, the moduli may be written as E = EMD and E* = ETD, and calculated using Eq. 2 and Eq. 3. The 269 

Poisson’s ratios characterising the lateral strain response in the plane of transverse isotropy to a 270 

stress acting parallel or normal to it, ν and ν*, were both assigned a value of 0.35, based on typical 271 

datasheet specifications for PLLA (Farah et al., 2016). The yield strength ratios in the plane of 272 

transverse isotropy (in the MD and the ZD) were set to unity (r11 = r33 = 1) and there was no 273 

anisotropy defined for any of the shear stresses (r12 = r13 = r23 = 1). The yield strength ratio in the TD 274 

(r22, in the direction normal to the plane of isotropy) was calculated as the ratio of σY,TD to σY,MD. A 275 
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piecewise linear hardening model was used to capture the behaviour of PLLA post-yielding through a 276 

series of stress-strain couples with the Ramer-Douglas-Peucker algorithm (Douglas and Peucker, 277 

1973; Ramer, 1972) used to reduce the number of data points whilst preserving the shape of the 278 

stress-strain curve. 279 

Constitutive model calibration was performed using Python (version 2.7.13) (Python Software 280 

Foundation, 2018) and Abaqus/Standard 2016 (Dassault Systèmes, USA). A unit cube finite element 281 

simulation was performed in which the cube, assigned the custom constitutive model, was subjected 282 

to a pure uniaxial deformation (in both the MD and TD), a method commonly employed within the 283 

field of constitutive modelling (Bergström, 2015; Cowin, 2013; Yeoh, 1993). The residual sum of 284 

squares was used to provide a quantitative comparison between experimental data and simulation 285 

data using the NumPy (version 1.14.2) package (Oliphant, 2006), while the Matplotlib (version 2.2.2) 286 

package (Hunter, 2007) was used to provide a qualitative, visual assessment of the goodness of fit. 287 

The constitutive model was calibrated using uniaxial tensile test data (at an extension rate of  288 

5 mm/min) for samples punched from biaxially stretched sheet in the MD and the TD, for all 289 

permutations of Ar and T under the DOE (Fig. 6). It should be noted that an Ar of 1 produced nearly 290 

identical stress-strain curves in the MD and the TD for all values of T. As a result, the constitutive 291 

model was calibrated to the TD experimental data and the model parameters were defined such 292 

that the material behaved isotropically for these cases (EMD = ETD and r11 = r22 = 1).  293 
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 294 

Fig. 6. Comparison of experimental (expt.) data to simulation (sim.) prediction using the transversely 295 

isotropic, temperature-dependent constitutive model. Nominal stress-strain (σ-ε) plots are shown 296 

for various aspect ratios (Ar) and post-processing temperatures (T) for biaxially stretched PLLA 297 

sampled from the MD and the TD, tested at an extension rate of 5 mm/min.  298 
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5. Discussion 299 

In this study, the effect of biaxial processing history, along with the effects of temperature and 300 

extension rate (post-processing) on the short-term (pre-degradation) mechanical properties of 301 

biaxially stretched PLLA were evaluated. Subsequently, a transversely isotropic, temperature-302 

dependent constitutive model was calibrated to the experimental data. Given that a PLLA stent is 303 

exposed to different processing techniques, temperatures, and environmental conditions during its 304 

lifecycle, calibrating a representative material model that may be used during preclinical simulation 305 

has the potential to facilitate the design of high stiffness, thin-strut polymeric stents. 306 

The DMA results show that the Tg is dependent on frequency, often referred to as dynamic transition 307 

(Gracia-Fernández et al., 2010). Dynamic transitions are commonly observed for semi-crystalline 308 

polymers, which generally see an increase in the Tg as the test frequency is increased (Menard, 309 

2008). The patented method for crimping a polymeric stent onto a delivery balloon (Jow et al., 2017) 310 

states crimping should occur at a temperature between the lowest measured Tg (Tg-low) and 15 °C 311 

below the Tg-low. However, given the dynamic nature of the Tg, care should be taken to match the 312 

crimping temperature to the time-scale of the procedure and, by extension, the rate of deformation. 313 

As the rate of deformation is decreased, the Tg will decrease and the undesirable situation may arise 314 

whereby the crimping temperature exceeds the Tg of the polymer, inducing significant changes in 315 

the polymer’s molecular orientation and reducing its mechanical integrity (Jow et al., 2017). 316 

Tensile test data showed that the mechanical response of PLLA is highly dependent on the aspect 317 

ratio of the biaxial deformation and the post-processing temperature. However, it was relatively 318 

insensitive to the post-processing extension rate. An increased elastic modulus and yield strength in 319 

the TD were obtained by increasing the aspect ratio of the biaxial deformation, at the expense of 320 

these properties in the MD. This improvement in mechanical properties was attributed to the degree 321 

of amorphous orientation induced during processing (Blair et al., 2018; Løvdal et al., 2015). The 322 

processing history had a stronger influence on the modulus than the yield strength; as the aspect 323 
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ratio of the biaxial deformation was increased from 1 to 2.3, EMD and ETD resulted in a 28% decrease 324 

and 34% increase, respectively, compared to the respective 25% decrease and 20% increase in σY,MD 325 

and σY,TD. In contrast, the post-processing temperature exhibited a stronger influence on the yield 326 

strength; as the temperature was increased from 20 °C to 55 °C, the EMD and ETD decreased by 55% 327 

and 54%, respectively, compared to the respective 62% and 65% decrease in σY,MD and σY,TD. The 328 

elastic modulus and yield strength exhibited slight rate-dependence with EMD and ETD undergoing a 329 

maximum increase of 8% and 6%, respectively, and σY,MD and σY,TD demonstrating  a maximum 330 

respective increase of 12% and 9% across the range of extension rates tested (i.e. 1–10 mm/min). 331 

This is typical behaviour for semi-crystalline polymers and has been observed in many studies 332 

investigating the strain-rate-dependence of PLLA (Bobel et al., 2016; Debusschere et al., 2015; 333 

Eswaran et al., 2011). However, the influence of post-processing extension rate was considerably 334 

less than that of post-processing temperature and aspect ratio, given that no significant interactions 335 

were observed between post-processing extension rate and either post-processing temperature or 336 

aspect ratio. The results of DMA frequency sweeps were in agreement with the tensile test data and 337 

showed that the storage modulus remained relatively constant across the frequency range (i.e. 0.1–338 

10 Hz) at temperatures of 20, 37 and 55 °C. Consequently, the polymer was idealised and assumed 339 

to be rate-independent across the range of strain rates tested (i.e. 10
-4

–10
-1

 s
-1

) resulting in the 340 

calibration of a rate-independent, transversely isotropic, and temperature-dependent constitutive 341 

model. 342 

The empirical relations (Eq. 2–5) and constitutive model presented herein may be used to augment 343 

the design and process optimisation of PLLA coronary stents. It is intended that during a PLLA 344 

stent’s initial design phase, these empirical relations may be used as a computationally 345 

inexpensive method to evaluate the influence of the biaxial processing history on the mechanical 346 

properties of the platform polymer. Furthermore, the constitutive model offers a finite element 347 

implementation of these equations and may be used to evaluate the relationship between 348 

mechanical a stent’s processing history and its mechanical performance. To date, studies have 349 
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performed parametric optimisation to refine the geometry of a stent (Bedoya et al., 2006; Li et al., 350 

2017; Pant et al. 2012; Wu et al., 2008) or compared the influence of a particular material across 351 

common stent geometries (Bobel et al., 2015; Pauck and Reddy, 2015; Schultze et al., 2009). 352 

However, none of these studies considered the influence of biaxial stretching processing history 353 

and how it affects the design of the stent’s geometry. One of the most challenging aspects to 354 

overcome in the design of polymeric-based stents lies in the significantly lower radial stiffness 355 

compared to their metallic counterparts, which is necessary to support the displaced arterial wall. By 356 

controlling the aspect ratio of the biaxial deformation and molecular orientation, it may be beneficial 357 

to process the stent such that the polymer has a preferential circumferential orientation. Matching 358 

the material processing to stent geometry through the use of the empirical relations and the 359 

constitutive model presented herein has the potential to generate polymeric stent designs with 360 

reduced strut thicknesses, suggesting an area for future investigation. 361 

Although the constitutive model presented in this work incorporates the effects of temperature and 362 

processing parameters on the mechanical response of PLLA, there are limitations associated with the 363 

present study. The mode of deformation selected to calibrate the constitutive model was uniaxial 364 

and tensile, which is only partially representative of the mode of deformation that a typical coronary 365 

stent experiences during manufacture and in service. During both crimping and expansion, stent 366 

rings experience a combination of compression, tension and bending (Karanasiou et al., 2017; 367 

Migliavacca et al. 2005) that may not be adequately captured by the constitutive model presented 368 

herein. Additionally, the plastic portion of the constitutive model was calibrated to the TD 369 

experimental data and scaled to fit the MD experimental data through yield strength ratios. This 370 

resulted in the TD simulated stress-strain curves closely matching the TD experimental data for all 371 

aspect ratio and temperature combinations (Fig. 6). However, whenever there was a change in the 372 

gradient of the plastic portion of the stress-strain curves between the MD and the TD, the MD 373 

simulated stress-strain curves tended to deviate from the MD experimental data, as evident in Fig. 374 

6i. Finally, stents may experience strains up to 50% during crimping and deployment (Bobel et al., 375 
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2016); however, nearly all of the samples in the present study fractured prior to this level of strain 376 

being reached. The introduction of a biocompatible plasticiser (e.g. polyethylene glycol) in a 377 

concentration of approximately 10–20% w/w with the PLLA has been shown to increase elongation 378 

beyond this threshold whilst maintaining a high degree of stiffness and strength (Farah et al., 2016; 379 

Martin and Avérous, 2001; Shibata et al., 2007). Alternatively, annealing at temperatures close to 380 

the Tg promotes a brittle-to-ductile change in the fracture behaviour of PLLA and increases 381 

elongation-to-break with minimal reduction in mechanical properties (Kfoury et al., 2013). Given 382 

that biaxial deformation increases elongation-to-break compared to the unstretched PLLA (Wu et al., 383 

2013), it is hypothesised that combining annealing with the introduction of a plasticiser could 384 

produce a polymer that is capable of consistently achieving these strain levels, suggesting an area for 385 

future work.  386 

6. Conclusion 387 

Results of an extensive experimental programme to characterise the post-processing material 388 

properties of PLLA indicated that the elastic modulus and yield strength of the biaxially stretched 389 

sheets were strongly influenced by the aspect ratio during biaxial deformation and post-processing 390 

temperature. In contrast, post-processing extension rate had relatively little influence on these 391 

mechanical properties. A transversely isotropic, temperature-dependent constitutive model was 392 

calibrated against experimental data using equations that relate the elastic modulus and yield 393 

strength of biaxially stretched sheets to the aspect ratio during processing and post-processing 394 

temperature (during uniaxial deformation). The constitutive model proposed in this study could 395 

potentially be used during preclinical simulation to facilitate the optimal design of high stiffness, 396 

thin-strut polymeric stents that contend with the performance of their metallic counterparts. 397 
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