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Supplementary Information Text 

Thermal properties of multilayer films after irradiation. Thermal properties of ethylene vinyl 1 

acetate (EVA) and ethylene vinyl alcohol (EVOH) components in the multilayer films were studied 2 

by temperature scans on DSC and DMA. The DSC heat flow signals in the second heating cycle 3 

are displayed in Fig. S1. The main endothermic peak associated to melting of EVA shifted to lower 4 

temperatures with the increase of irradiation dose. Loss moduli (E”) and tanδ curves obtained from 5 

DMA, as shown in Fig. S2, did not show such a shift. Samples cut in the machine direction (MD) 6 

and transverse direction (TD) were separately tested on DMA, but no significant difference in E’, 7 

E” or tanδ signals were observed between MD and TD samples of the same irradiation condition. 8 

The β transition temperature (Tβ), which could be considered as the apparent glass transition 9 

temperature (Tg), and the γ transition temperature (Tγ) were determined from DSC as the mid-point 10 

of step in baseline and from DMA tanδ peaks. As shown in Fig. S3 and Fig. S4, neither Tβ nor Tγ 11 

showed notable dependencies on irradiation dose or source technology, indicating that flexibility of 12 

chain segments was not affected by the investigated irradiation conditions. Degrees of crystallinity 13 

(χc) for EVA and EVOH components were calculated from DSC melting peaks as described in 14 

Materials and Methods section in the main manuscript. Again, no dose or technology dependencies 15 

were detected as shown in Fig. S5.  16 

 
Mechanical properties of multilayer films after irradiation. Mechanical properties were 17 

calculated from stress-strain curves of uniaxial tensile tests of the multilayer films pre-cut in the 18 

sample machine direction (MD) and transverse direction (TD). No delamination between layers was 19 

observed after tensile tests. Elongation at break (EAB), ultimate tensile strength (UTS), secant 20 

modulus (Es), and tensile toughness (UT) are shown in Fig. S6 – Fig. S9. Elongation at break (EAB) 21 

showed a decreasing trend with the increase of irradiation dose, as seen in Fig. S6. Comparing to 22 

the unirradiated samples, the average EAB values decreased by 7% for MD samples and by 12% 23 

for TD samples at 60 kGy. Considering that a 25% loss of EAB is a criterion for material 24 

compatibility with radiation sterilization specified in AAMI TIR 17, the multilayer films were 25 

compatible with the three studied technologies up to 60 kGy, and there was still room for sterilization 26 

at higher doses if needed. MD and TD specimens both exhibited a ~20% increase in the average 27 

values of ultimate tensile strength (UTS) after 30 kGy irradiation, as shown in Fig. S7. However, 28 

further increasing the dosage from 30 kGy to 60 kGy did not result in a proportional increase in 29 

UTS regardless of the source technology. Secant modulus at 100% engineering strain (Es100%) was 30 

used to quantify softening behavior since a yield point or offset yield could not be found from the 31 

stress-strain curve. As shown in Fig. S8, Es100% increased after 30 kGy irradiation by ~10% for MD 32 

specimens and by ~5% for TD specimens. Combined effects of irradiation on UTS and EAB were 33 

measured as tensile toughness (UT) which was plotted in Fig. S9. Compared to unirradiated 34 

samples, toughness showed no dose dependence. Regardless of the dose dependencies, the four 35 

tensile properties discussed did not show significant differences induced by radiation technologies. 36 

 
Color of multilayer films after irradiation. Yellowing and discoloration are common indicators of 37 

oxidation during sterilization. Yellowness index (YI) and total color difference (ΔE*ab) were 38 

calculated based on transmittance measured on a UV-Vis spectrometer in the visible wavelength 39 

range (380-780nm) and plotted in Fig. S10. No changes in YI or ΔE*ab were observed between 40 

source technologies or with increase of dose.  41 

 
Carbonyl index of multilayer films after irradiation. Carbonyl index (CI) is a common measure 42 

of oxidation. For the films irradiated up to 60 kGy, CI did not show significant changes with dose or 43 

radiation technology as shown in Fig. S11.  44 

 
Surface free energy of multilayer films after irradiation. To quantify surface wettability, surface 45 

free energy (SFE) was determined based on measured contact angles of distilled water and 46 

diiodomethane droplets on both sides of the sample films. As shown in Fig. S12, there was no 47 

significant difference between the two sides. Likewise, no dose dependency was observed. The 48 

reason why SFE of samples irradiated at 45 kGy by X-ray appeared lower than all other samples 49 

was not clear. 50 
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Statistical analysis. Effects of sterilization sources on material properties were compared between 51 

e-beam and gamma irradiation at 30 kGy, 45 kGy, and 60 kGy. Comparisons were also made 52 

between X-ray and gamma irradiation up to the same dose levels. Two one-sided t-test (TOST), 53 

also known as equivalence test, was performed where the margin of equivalence for each material 54 

property was given as ‘industrial criteria’ in Table 1 of the main paper. The TOST involves two 55 

separate one-sided t-tests and examines two complementary null hypotheses. For each dataset, 56 

two p-values examining the null hypotheses were calculated using ‘2-sample equivalence test’ 57 

function in Minitab® 19.2 (© 2019 Minitab, LLC). The null hypothesis was rejected when the p-58 

value was smaller than 0.05. The p-values, corresponding null hypotheses, and 95% confidence 59 

levels are given in attached file S7.  60 

However, the margin of equivalence was only available for 5 out of 12 investigated material 61 

properties. A conventional t-test was performed for all material properties using two software 62 

packages: (1) the ‘2-sample t’ function in Minitab, and (2) R software (R Core Team, 2019) including 63 

agricolae, goftest, PMCMRplus, multcomp, PMCMRplus, and car packages. P-values given by 64 

Minitab and R packages were similar. The only difference is that the degree of freedom (DF) in R 65 

packages was allowed to be a non-integer as directly calculated from the Welch–Satterthwaite 66 

equation, while in Minitab, the DF was rounded down to an integer. P-values of t-tests calculated 67 

by R packages were given in S7 file.  68 

When conducting TOST and conventional t-tests, the significance level was chosen to be 0.05. 69 

Datasets being compared were not assumed to have equal variances.  70 
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Fig. S1. Heat flow signals measured on DSC in the second heating cycle of multilayer films 
exposed to gamma, e-beam, and X-ray irradiation up to 100kGy. Heating and cooling rates were 
10°C/min. N2 was used as the carrier gas and purge gas. Irradiation conditions are given in the 
figure legend. One out of the three replicates are plotted. Curves are shifted down for clarity. 
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Fig. S2. Loss modulus (E”) and tangent delta (tanδ) measured on DMA during a 2°C/min 
temperature scan at 1 Hz and 0.1% strain for multilayer films exposed to three modalities: (a)(d) 
gamma, (b)(e) e-beam, and (c)(f) X-ray. One out of the three replicates are plotted.  
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Fig. S3. The β transition temperature (Tβ) or apparent glass transition temperature (Tg) of the 
EVA component determined from (a) DSC signals in the second heating cycle, and (b) the tanδ 
peak on DMA, plotted against the actual doses. As discussed in Table 2 in the main manuscript, 
Tβ is reported as the Tg for practical reasons despite their differences in mechanisms. 
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Fig. S4. The γ transition temperature (Tγ) associated with “crankshaft” relaxation of methylene 
groups determined from (a) DSC signals in the second heating cycle, and (b) a small tanδ peak 
on DMA, plotted against the actual doses.  
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Fig. S5. Degree of crystallinity (χc) of (a) EVA and (b) EVOH layers calculated as the ratio of the 
heat of fusion (ΔHf) of test samples to the heat of fusion of 100% crystalized PE and PVOH 
(ΔHf

0), where ΔHf
0 of PE is 290 J/g 1 and that of PVOH is 156.2 J/g 1.  
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Fig. S6. Elongation at break (EAB) of multilayer films stretched along (a) the machine direction 
and (b) the transverse direction. 
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Fig. S7. Ultimate tensile strength (UTS) of multilayer films stretched along (a) the machine 
direction and (b) the transverse direction. 
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Fig. S8. Secant modulus at 100% strain (Es100%) of multilayer films stretched along (a) the 
machine direction and (b) the transverse direction. 
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Fig. S9. Tensile toughness (UT) of multilayer films stretched along (a) the machine direction and 
(b) the transverse direction. 

  



 
 

14 
 

 

Fig. S10. Yellowness index (YI) and total color difference (ΔE*ab) of the multilayer films calculated 
from transmittance spectrum in the visible wavelength range (380nm – 780nm).  
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Fig. S11. Carbonyl index (CI) of multilayer films calculated as the ratio of absorbance of carbonyl 
groups (C=O) and hydroxyl groups (C-H) measured by FTIR. 
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Fig. S12. Surface free energy (SFE) determined for both sides of the multilayer films used as the 
(a) interior and (b) exterior of single-use packaging bags made of the tested films. 

 


