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Abstract
Measurement of mechanical parameters of polymeric scaffolds presents a significant challenge
due to their intricate shape and small characteristics dimensions of their elements — around
100pm. In this study, mechanical properties of polymeric tubing and scaffold, made of
biodegradable poly (l-lactic) acid (PLLA), were characterised using atomic force microscopy
(AFM) and nanoindentation, complemented with tensile testing. AFM was employed to assess
the properties of the tube and scaffold locally, whilst nanoindentation produced results with a
dependency on the depth of indentation. As a result, the AFM-measured elastic modulus differs
from the nanoindentation data due to a substantial difference in indentation depth between the
two methods. With AFM, a modulus between 2 and 2.5 GPa was measured, while a wide range
was obtained from nanoindentation on both the tube and scaffold, depending on the indentation
scale. Changes in the elastic modulus with in-vitro degradation and ageing were observed over
Al6M WSSQSEs’ Clrgriol sug 21uwigl bybel2 gf TOE SCTIK pronti 102011\ 7T COBE ting was used to
study the structural behaviour of the tube, demonstrating the yielding, hardening and fracture

properties of the material.
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1. Introduction

Stents were first used in the 1980s to treat patients with blocked coronary arteries (e.g., stenosis).
The devices helped avoid early constrictive remodelling, stabilize vascular dissections and limit
arterial recoil. Currently, permanent drug-eluting stents (DES) made of metallic alloys (e.g. Co-Cr
alloy) with a polymeric drug-bearing coating are considered the best-in-class treatment option.
However, due to the residual risks of restenosis (vessel re-blockage) and late stent thrombosis
associated with the permanent metallic stents [1-3], intensive research is ongoing in order to
reduce the occurrence of these adverse effects [4-6]. Recently, stents made of bioresorbable
materials were developed to overcome the issues observed for permanent metallic stents.
Bioresorbable scaffolds provide transient mechanical support to a vessel wall over a period of
over 3 months [7]. These devices are intended for full degradation and resorption by the body’s
metabolic pathways [4], allowing arterial recovery and hence, provide potential for better long

term outcomes [6].

Poly-lI-lactic acid (PLLA) is widely used in biomedical applications due to its high
biocompatibility, moderate degradation rate and pliable physical/chemical nature [8]. PLLA has a
high tensile strength and adequate elongation, making it ideal for load-bearing applications [9].
Bioresorbable scaffolds have been investigated since the 1980s, when the first PLILA- based stent
was developed by Clark et al. at Duke University [10]. After this, an array of bioresorbable
scaffolds were developed including the Igaki-Tamai (Igaki Medical Planning Company, Japan),
DESolve (Elixir Medical, CA), Fantom (REVA Medical, CA) and ABSORB BVS (Bioresorbable
Vascular Scaffold, Abbott Vascular, CA). The ABSORB BVS was the first scaffold on the
market approved by both CE and FDA [11]. The radial strength of ABSORB BVS was
comparable to that of common metallic stents, despite the polymer material having weaker bulk
mechanical properties than metallic materials. Also, manufacturing manipulations such as

polymer-chain alignment can be used to increase the circumferential orientation of crystallite



segments in polymeric tubes, allowing for optimization of the resistance to radial compression

[4]-

Testing of bioresorbable polymeric materials used in scaffolds can be carried out in various
forms, from assessing the fibre strands, which construct the scaffold, to the bulk material used to
extrude the tubing from which scaffolds are laser-cut. Polymeric scaffolds typically undergo
multiple processes to achieve the final state. So, there are various factors, which can alter
mechanical properties of the material, including processing conditions, material crystallinity and
molecular orientation [9, 12, 13]. Leenslag et al. [12] assessed PLLA fibres after a process of hot
drawing and dry spinning. With this method, it was found possible to attain high-molecular-
weight PLLA fibres with a high elastic modulus (11.4 GPa) in comparison to a lower elastic
modulus that PLLA typically presents. Weir et al. [9] investigated the effect of processing and
sterilization on the molecular weight and crystallinity of a polymer, two factors which can
influence the degradation. Tensile testing was carried out on standard dog-bone shaped samples.
The findings indicated that at the beginning of the processing method (compression
moulding/extrusion), the crystallinity of the polymer decreased pertaining to a low Young’s
modulus; however, annealing and sterilisation did contribute to an increase in crystallinity along
with a modulus increase (618 to 668 MPa for compression-moulded PLLA). Grabow et al. [13]
assessed mechanical properties of laser-cut PLLA micro-specimens produced by solution-cast,
especially the effects of COs-laser machining and sterilization methods. Specifically, micro-
dogbone samples with dimension close to the strut size of stents were tested. The results were
consistent with those found by Weir et al. [9], confirming that processing and sterilization should
not be over-looked in the selection of the stenting material (showing a modulus of 2.9 GPa),
while the effect of laser cutting was found to be less significant. As discussed above, a large
variation is reported for the modulus of PLLA (0.6 - 11.4 GPa), depending on the processing

methods [9, 12, 13].



Current ASTM guidelines for testing bioabsorbable stents (F3036-13) are mostly related to
general sampling, conditioning, three-point bending, elastic recoil and measurement of
securement of stents onto a delivery system [14]. Also, the literature generally highlights the use
of standard dog-bone samples or fibres for testing of polymer properties, with limited data on
local mechanical properties. Given that polymeric scaffolds undergo processing as part of
tailoring their mechanical properties, key insights could be gained by understanding local
mechanical properties. To produce ABSORB scaffolds, bulk amorphous PLLA is first extruded
into a tube followed by blow moulding, allowing for a 35-55% increase in crystallinity. This is the
result of molecular alighment of polymeric chains in the circumferential direction, which
enhances mechanical properties. Then, laser cutting is employed to produce the scaffolds out of

the extruded tube according to a specific geometrical design.

In this paper, the main focus is on the local properties of PLLA tube and scaffold in their
manufactured states as compared to the macroscopic properties typically reported in the
literature. This study was complemented by tensile testing of PLLA tube to study the bulk
material response. The effect of one-year in-vitro degradation on local mechanical properties was

also investigated to provide additional insights into the performance of bioresorbable polymeric

scaffolds.

2. Experiments

2.1 Material and samples

The samples supplied for this study were poly-lactic acid (PLLA) expanded tubes (Fig. 1a) and
lased scaffolds (Fig. 1b) from Abbott Vascular (California, USA). The wall thickness for both the

tube and the scaffold is ~150 um and the strut width was ~200 um; these dimensions were



further confirmed with optical imaging (SmartScope Flash 200) and scanning electron

microscopy (SEM) after being sputter-coated with gold (Fig. 1c).

2.2 Atomic Force Microscopy

Atomic force microscopy (AFM) indentations were carried out using an AFM Explorer (Veeco),
with indents made on three locations across the scaffold, i.e., a junction, a link and a U-crest
(Fig. 2). Twenty indents were made at each location randomly using a silicon tip with a radius of
10 nm. A 10 nN load was set, and the corresponding displacement was recorded during loading
and unloading. A 200 nm offset was applied to counteract an effect of any possible
contaminated residual layer presented on the sample surface. Indents were made on surfaces
normal to both the radial and longitudinal axes to assess variability in indenting for these two
directions. Using a method proposed by Tang et al. [15], the elastic modulus of the material was

calculated on the basis of Sneddon’s elastic contact solution by:
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where E, is the reduced modulus of the material related to the contact between the tip and the
sample, E and v are elastic modulus and Poisson’s ratio of the material, I£; and »; are the elastic
modulus and the Poisson’s ratio of the indenter tip (137 GPa and 0.17, respectively [15]). The
two parameters & and 4 define the cantilever-tip property and cantilever sensitivity, respectively.
They were obtained through carrying out AFM tests on two reference materials with the known
moduli. Here, poly (methyl methacrylate) (PMMA) and polystyrene (PS) were considered with a
modulus of 2.76 GPa and 3.55 GPa, respectively. Their modulus values were obtained using

dynamic mechanical analysis (DMA). The parameter K was defined as the gradient of the



unloading curve obtained with AFM. Once these values are known, they can be used to quantify
the unknown elastic modulus of a material using equation (2). The assumption is made that no

plastic deformation of the tip occurs during this calibration procedure [15].

2.3 Nanoindentation

Indentation was performed using a Platform 3 indenter (Micromaterials, Wrexham). This was
carried out on a nanoscale using a Berkovich tip. A loading rate of 0.5 mN/s and an unloading
rate of 5 mN/s were chosen, with a 40-second dwell time at the level of maximum loading. To
allow for correction of indentation data with regard to thermal drift, a hold phase of 60 s was
implemented at 80% of unloading. The elastic modulus of the materials was determined using
the Oliver-Pharr theory, based on the slope of the unloading curve (top portion; 20%) [106].
Using equation (2), the elastic modulus of the material can be calculated with the knowledge of
the reduced modulus. Here, the values of E; and »; were 1140 GPa and 0.07 for a diamond

indenter tip [17].

2.4 Tensile test

Tensile testing of the PLLA tubing was conducted using a 3343 Instron tester, with a
displacement rate of 0.042mm/s. Two metal inserts were placed into both ends of the tubing
and then clamped in the grips (Fig. 3). Five samples were subjected to tensile testing under the
same experimental conditions. Here, the schematic drawings in Fig. 3 are to demonstrate that the

ASTM standard [18] has been followed in the conduction of tube testing.

2.5 Effect of degradation
To assess the lased scaffold’s degradation with time, 4-ring sections were sliced from the
structure and placed into glass vials filled with phosphate buffer solution (PBS) with a

maintained pH of 7.4 & 0.2, and then incubated at constant temperature (37°C) to mimic the z»-



vivo conditions. It is noted that the /n-vitro tests here were to ascertain the benchtop degradation
profile of the lased scaffold and do not represent the behaviour of the finished good scaffold,
which includes additional manufacturing processes such as crimp and sterilization. Over the
course of one-year incubation, the PBS was changed every 2 weeks to maintain the right pH
value. Indentation tests (nanoindentation and AFM) were carried out with the same protocol as
previously discussed. Additionally, aged samples (samples stored at room temperature for 365
days; in sealed but not air-tight containers and exposed to light conditions) were also examined
to assess the effect of environmental factors on the sample mechanical properties. It is important
to note that the mechanical properties of aged samples are not representative of finished good

product since the manufacturing process controls/durations are different.

3. Results and discussions
3.1 AFM experiments

3.1.1. Tests on PLLA tube

Average unloading curves for 5 locations tested across the tubing surface with AFM are
presented in Fig. 4a. Each location consisted of 4 indents made in a 20x20 pm” square area. The
unloading curves are acquiescent with one another, suggesting similar material behaviour across
the five different regions. To determine the Young’s Modulus of the material, the theory
proposed by Tang et al. [15] was followed and the gradient of the top portion of the unloading
curve was used to calculate the modulus. The average of 20 indents produced a modulus of 2.28
GPa (SD = 0.005 GPa), adequately representing that of the material at 200 nm AFM indentation

given the low standard deviation.

3.1.2 Tests on scaffold ring
Unloading indentation curves for the scaffold ring are shown in Fig. 4b. Five indents were made

at 3 different locations, i.e., link, junction and u-crest struts, and their averages were then plotted.



Again, an overlap of the unloading curves for these locations of the scaffold appear to suggest
that, on a nanoscale, mechanical properties of the surface layers of the scaffold appear to be the
same across the scaffold. Table 1 details the elastic modulus calculated using the same method as
that for the tubing. The values obtained closely align with each other, with low standard
deviations, suggesting similar material behaviour up to the depth indented using AFM
throughout the scaffold. To further validate this point, indents were also made along the
longitudinal axis of the ring to compare with the indents on the outer ring (i.e., radial indents).
Values of 2.27 and 2.15 GPa were obtained for the modulus with AFM along the radial and
longitudinal directions, respectively. These results again are similar, showing that AFM appeared

to give homogenous results with low anisotropy for local elastic response of the material.

In literature, AFM has been used to examine the morphology, and also measure the modulus, of
PLLA nanofibres [19-21], and the modulus results showed large variations (from 0.4 GPa to 11
GPa) due to different processing techniques used in producing the nanofibres. Consequently, it
is very difficult to make direction comparison with the AFM results in literature. In this study,
the AFM measurements showed a modulus of 2.28 GPa for tubing and 2.11~2.24 GPa for
scaffolds, which are within the range expected for bulk PLLA (2-4 GPa) [22]. Furthermore, our
AFM data for both the tubing and ring samples yielded similar elastic moduli, with a range
between 2.11 GPa and 2.28 GPa, indicating that the surface layers of the polymer structure were

almost unaffected during the manufacturing process (i.e., from tubing to scaffold).

3.2 Nanoindentation experiments

3.2.1 Tests on PLLA tube

An initial load of 10 mN was used to indent specimens to assess their material response at this
load. Spacing between the neighbouring indents was set at 30 pm to avoid interactions. The

load-displacement curves obtained for the polymeric tubing samples are illustrated in Fig. 5a-5c.



The dwell period can be observed, with the 10 mN load held for 40 seconds at the peak of the
loading curve. An increase of displacement occurred during the dwell period, reflecting time-
dependent (e.g. creep) deformation of the material. A pop-out feature on the unloading curve
reflected the hold time at 80% of unloading for thermal-drift correction, as a result of time-
dependent creep behaviour. The curve displays elastic and plastic behaviour, apparent from a
loop hysteresis and residual imprints on the sample surface made with the Berkovich indenter.
Power-law fitting was employed for the unloading curve, for which the Oliver-Pharr
methodology was used to calculate mechanical properties. The reduced modulus is the output
data, which is then converted into the Young’s modulus using Eq. (2). This was calculated as
3.23 GPa for the tubing materials, which is higher than the value obtained with AFM.
Importantly, compared to the AFM results, the Young’s modulus in nanoindentation was

obtained for much larger depths, i.e., from 1000 to 3000 nm.

Furthermore, an array of indentations was also carried out on the sample, which consisted of a
series of single nanoindentation test at a gradually increasing load level between 10 and 25 mN.
This is apparent (Fig. 5b) in the increasing indentation size and imprints left on the tubing
surface. It can be observed that hysteresis and plastic deformation in those indents made at a
higher load were larger. The data obtained in the tests is presented in Table 2, showing the
increase of maximum indentation and residual depths for each subsequent indent due to the
progressive growth of the applied load level. It is also observed from this data set that as the load
increased, the Young’s modulus declines. A 23 mN load test gave a maximum indentation depth
of 2502 nm and the Young’s modulus of 2.5 GPa, which is within the expected range for PLLA

(2-4 GPa) [22).

Consecutively, 55 indents were made in 2 rows on the surface of the tubing using a load level of

23 mN (Fig. 5¢). All the obtained indentation curves exhibited the same trend as that in the



previous tests. An average modulus of 2.44 GPa was found for the 55 indentation points carried
out at 23 mN. In comparison to the initial load of 10 mN used, for this 2.3-fold increase in the
load level, a 42% increase in the maximum depth (1462 versus 2523 nm) and 24% decrease in

the modulus (3.7 versus 2.8 GPa) were found.

As illustrated in Fig. 0, elastic modulus decreased continuously with the increase in the
indentation depth and applied load. This decline in Young’s Modulus appears to be more rapid
for the shallower depths, compared to that for the deeper indentation at higher loads. This could
be attributed to an indentation size effect, a phenomena generally observed in polymers and

metals, i.e., an increase in hardness and a decrease in plasticity with reduced indentation depth

23]

3.2.2 Tests on scaffold ring

Five rings taken from the scaffold samples also underwent the indentation tests. The testing
conditions applied to tubing (see Section 3.2.1) were used here, with the same experimental
input. Two types of sample were tested - aged and unaged. As previously noted, the mechanical
properties of aged samples are not representative of finished good product since the
manufacturing process controls/duration are different. The aged data was acquired in order to
assess how aliphatic polymer performance changes with time. Load-displacement curves for
unaged scaffold rings are given in Fig. 7a. As illustrated by Fig. 7c, a range of depths and moduli
were found for indentations at a load of 10 mN. Almost a 7 GPa difference can be seen between
the largest and the smallest modulus values obtained from indentations carried out on these

rings.

Aged scaffold samples exhibited behaviour different from unaged ones. Firstly, their force-

displacement curves were different (Fig. 7b) from those typically obtained in previous tests on
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unaged samples (Fig. 7a). The aged samples appear to display a more elastic behaviour, with less
plastic deformation and enhanced recovery, in comparison to those seen for the unaged sample.
Secondly, indentation appeared to peak at around 1500 nm under 10 mN load for unaged
samples, while a depth of 10,000 nm was reached on the aged samples relating to an elastic-
modulus value of 0.06 GPa only. These results are comparable to those seen in both tubing and
unaged sample, with the aged sample showing a larger indentation depth and lower elastic
modulus. A vast difference was established for the elastic modulus values obtained for two
sample sets (Fig. 7c). For the unaged samples, modulus varied between 2 and 9 GPa. This range
was reduced and remained within 1 GPa for the aged samples tested under the same
experimental conditions. Indentation depths for the aged samples were up to 4 times larger than

those for the unaged ones.

Semi-crystalline polymers are known to have spatial non-uniformity as a result of the crystalline
regions in the material. These areas are scattered randomly and, therefore, it is not possible to
assess specific composition of a volume being indented, i.e., amorphous, crystalline or spherulite
regions. This could potentially be a reason for the wide range of elastic modulus obtained from
nanoindentation, since contribution of amorphous regions could result in lower stiffness while
the higher modulus might be associated with the crystalline laminae. Another factor, which could
impact on results in polymers, is presence of spherulites which are larger spherical regions
formed when the lamellae coagulate, and indentation at these regions would show a high
modulus. Also, experimental setup could contribute to the variation in elastic modulus, such as
the mounting of the scaffold rings due to their small nature (as opposed to the larger tube
samples) as well as the inherence curvature from the tubing. Generally, nanoindentation, as well
as AFM, is a method to assess the material properties of local areas (albeit larger than those in
AFM), and the results obtained reflect the variability of mechanical properties at such scales

associated with semi-crystalline microstructure as well as physical ageing effects.
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3.3 Tensile experiments

Tensile experiments were planned to overcome the limitations of AFM and nanoindentation,
related to their characterisation of rather small volumes of the polymer. As it was not possible to
machine a standard sample such as a dog-bone type sample, the tube was tested as it was. The
testing procedure was in close alighment with the ASTM guidelines for testing polymeric
samples [18]. According to them, metal plugs are essential to ensure patency of the tube when
clamped in the grips. A response of 5 tubing segments to tension is presented in Fig. 8. There is
a slight difference for each segment, which may be due to the material anisotropy, but generally
the yield point of the samples appears at approximately 110 N, corresponding to a yield stress of
0.071 GPa. Yield stress (oy) was calculated by dividing the force by cross sectional area at the
observed yield point. Four samples ruptured at an extension of around 1.5 mm (strain of 0.03),

while one sample continually elongated until rupture at 27 mm extension.

3.4 Effect of one-year degradation on properties

The AFM and nanoindentation techniques used to test the virgin-state samples were also
employed to assess the effect of one-year zz vitro degradation on mechanical property change.
With AFM, as seen in Table 3, the effect of degradation on Young’s modulus was insignificant.
In contrast, a substantial difference was found with nanoindentation for the sample at one-year
degradation in comparison to the virgin sample (Fig. 9). A drastic increase in the maximum
displacements reached at a smaller load was observed which, in turn, relays to the decreased
Young’s modulus. At a load of 0.5 mN, corresponding to a displacement of 401 nm, a modulus
value of 1.47 GPa was obtained and at an increased load of 23 mN, the displacement increased
proportionally to 17,446 nm with a modulus value of 0.04 GPa. These results, in comparison to

the virgin-state data, suggest the occurrence of degradation within the sample at a local level.
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The trend observed in the virgin samples was also noticeable in the degraded ones; an increase in
the maximum indentation depth corresponded to a concurrent drop in the modulus. This could
be due to the indentation size effect or local modifications of physical properties in the polymer
associated with material processing. Ageing and degradation increases malleability of the
polymeric chains, leading to a reduction in modulus values as reported here. It could be said
based on the obtained data that the effect of ageing is very similar to that of zz-vitro degradation
at 12 months, with comparable trend lines and modulus ranges. Due to a limited number of
indents made on the sample consisting of 2 rings only, some disparity and randomness was
introduced to the nanoindentation results. The results presented here are related to local material
volumes of lased scaffolds and do not represent the overall bulk material properties of a finished
good scaffold. Previously, evaluation of finished good mechanical performance (radial strength)
of BVS has indicated qualitative changes in the load response without a reduction in strength at
12 months degradation [24]. Taken together, these results indicate that even with changes in
local mechanical properties due to degradation, the bulk mechanical strength can still be

maintained.

4. Conclusions

This work assessed mechanical properties of bioresorbable polymeric tube and scaffold using the
AFM and nanoindentation methods, which provide data for localized volumes, with those in
AFM being extremely small. A change of material properties with the indenting depth was
observed with nanoindentation, which is a result of various factors such as size effect as well as
the non-homogenous microstructure of the semi-crystalline polymer material. In AFM-based
studies, the material properties appear consistent across the surface of the samples, due to a very
shallow penetration depth. Although both AFM and nanoindentation are indentation techniques,
the results presented here are not directly comparable mostly because of the difference in

responding volume. The work presented here does illustrate a method to assess local mechanical

13



properties of materials, particularly for samples with small dimensions; however, it should be
understood that the results are related to local structure property relationship and need an
elaborate multi-scale analysis before these data can be correlated to overall bulk material

properties of the scaffold.
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Figure captions

Figure 1. (a) PLLA tubing; (b) Image of scaffold; (c) SEM image of scaffold.

Figure 2. Images and schematic of areas of interest across a scaffold.

Figure 3. Set up and schematic of tensile test of PLLLA tubing.

Figure 4. Force-displacement curves; (a) 5 locations across tubing surface; (b) 3 locations across

scaffold (Each curve is an average of 20 indents)

Figure 5. Load-displacement curves for indents made in tube with different peak loads: (a) 10

mN; (b) 10 - 25 mN; (c) 23 mN (imprints shown in inset)

Figure 6. Variation of Young’s Modulus with load level and maximum depth of penetration into

tube.

Figure 7. Nanoindentation at 10 mN: (a) indentation curves for unaged samples; (b) indentation

curves for aged samples; (c) comparison of elastic modulus.

Figure 8. Tensile testing results for PLLLA tubing.

Figure 9. Modulus measured with nanoindentation for virgin, aged (12 months) and degraded

(one year) samples
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Table captions

Table 1. Averaged elastic modulus for each location across scaffold.

Table 2. Data for indents on tube made at load levels between 10 and 25 mN.

Table 3. Modulus measured with AFM for samples degraded over one-year period.
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Figure 4. Force-displacement curves; (a) 5 locations across tubing surface; (b) 3 locations across

scaffold (Each curve is an average of 20 indents)
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Figure 5. Load-displacement curves for indents made in tube with different peak loads: (a) 10

mN; (b) 10 - 25 mN; (c) 23 mN (imprints shown in inset)
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Figure 6. Variation of Young’s Modulus with load level and maximum depth of penetration into

tube.
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Figure 7. Nanoindentation at 10 mN: (a) indentation curves for unaged samples; (b) indentation

curves for aged samples; (c) comparison of elastic modulus.
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Figure 9. Modulus measured with nanoindentation for virgin, aged (12 months) and degraded

(one year) samples.
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Table 1. Averaged elastic modulus for each location across scaffold.

Location Elastic modulus (GPa) Standard deviation (GPa)
Link 2.11 0.08
U-crest 2.14 0.04
Junction 2.23 0.12
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Table 2. Data for indents of tube made at load levels between 10 and 25 mN.

Indent [l;/i ;ih g:;ttl}i Max. Load | Hardness Fr (GPa) | E (GPa)
Number | ort | DR ey | (G
1 1397.25 1084.58 10.00 0.35 3.95 3.45
2 1595.43 1251.41 11.11 0.29 3.47 3.03
3 1614.45 1259.84 12.22 0.31 3.67 3.21
4 1787.54 1413.22 13.33 0.27 3.38 2.95
5 1809.24 1410.79 14.44 0.30 3.45 3.01
6 1929.40 1512.72 15.56 0.28 3.31 2.89
7 2096.65 1651.90 16.67 0.25 3.05 2.66
8 2113.78 1656.44 17.78 0.26 3.15 2.75
9 2214.92 1717.84 18.89 0.26 2.97 2.59
10 2251.94 1731.23 20.00 0.27 2.98 2.60
11 2275.40 1756.46 20.00 0.26 2.95 2.57
12 2356.12 1824.12 20.56 0.25 2.84 2.48
13 2396.72 1869.41 21.11 0.25 2.88 2.51
14 2367.88 1816.27 21.67 0.27 2.90 2.53
15 2511.38 1949.42 22.22 0.24 2.72 2.38
16 2504.63 1930.56 22.78 0.25 2.76 241
17 2502.01 1938.73 23.33 0.25 2.87 2.50
18 2550.43 1977.28 23.89 0.25 2.83 2.47
19 2646.58 2054.68 25.00 0.24 2.76 241
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Table 3. Modulus measured with AFM for samples degraded over one-year period.

, Standard
Area Young’s Deviation
Modulus (GPa) (GPa)
Link 2.09 0.02
U-crest 2.07 0.028
Junction 2.09 0.015
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