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Abstract

In this study, the importance of the testing environment for correct assessment of tensile
strength of polylactide (PLA) is investigated. A novel design of tensile specimen was
developed to test the anisotropic mechanical properties of additively manufactured
specimens. The effects of three environmental factors were considered: physiological
temperature (37°C), hydration (specimens stored in solution for 48 hours) and in-aqua testing
(specimens submerged in solution). For the first time, these factors were studied both
individually and combined, and were evaluated against a control point (non-hydrated
specimens tested in air at room temperature). The tensile strength and elastic modulus of
hydrated specimens tested submerged at 37°C were reduced by 50.1% and 20.3%,
respectively, versus the control. In contrast, testing the hydrated polymer in air at room
temperature, which is commonly used to refer to wet strength in literature, only showed an
18.3% reduction in tensile strength with a negligible change in elastic modulus. To assess
transferability of the results, additively manufactured specimens were also tested normal to
the interface between 3D printed layers, and they demonstrated similar reductions in strengths
and moduli. The results demonstrate the importance of using an appropriate methodology for
tensile testing; otherwise, mechanical properties may be overestimated by two-fold.

Keywords: Biodegradable polymer, PLA, additive manufacturing, wet mechanical properties,
submerged tensile testing, water absorption

1. Introduction

Polylactide (PLA) is an aliphatic polyester produced from renewable sources such as
sugarcane [1], [2]. Thanks to its biodegradability and biocompatibility [2], [3], it is now one of
the most studied biodegradable polymers [3]-[6]. PLA is used for various applications in the
fields of aerospace, industry and medicine [7]—-[9]; importantly, it is also 3D printable. With the
current advances in technology, additive manufacturing (AM) revolutionised the manufacturing
process and emerged as a viable tool to reduce production cost while accelerating product
development [10]-[14]. In particular, manufacturing of customised medical devices such as
cranial fixations, screws and bone-plate fixation using biodegradable polymers has
accelerated significantly [10]. One of the most common AM technologies for polymers is
material extrusion (ME), also commonly referred to as fused deposition modelling (FDM) and
fused filament fabrication (FFF). ME uses thermoplastic polymers (including PLA) to produce
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complex parts, which cannot be achieved with injection moulding [15]-[19]. In ME, a polymer
filament is fed into a heated nozzle, liqguefied and extruded onto a print bed, layer by layer,
until the part is completed [20], [21]. The manufacturing strategy for ME parts can alter their
mechanical properties. For instance, manufacturing-induced anisotropic properties are
typically reported for parts 3D printed in an upright orientation as a result of incomplete fusion
between layers [17], [22]-[24]. Therefore, a large number of studies have investigated various
ways to improve the overall mechanical properties of additively manufactured parts [25]-[29].

Optimisation of mechanical properties of polymeric components for biomedical application is
typically based on measuring them at ambient temperature. However, in biomedical
applications, an implant is exposed to a different environment than that found in a laboratory,
which can affect mechanical properties [30]. This is especially crucial for biodegradable
polymers, where rapid water uptake could alter the structural stability via interaction with
polymer chains [31]-[34]. An increased temperature additionally enhances this process.

Consequently, it is essential to consider and understand the effects of the testing environment
that represents the in vivo conditions on properties of polymers, as they are sensitive to
fluctuations in temperature and moisture [35]-[37]. The search of the Scopus database with
terms “wet-state strength” or “wet strength” for synthetic biodegradable polymers for
biomedical applications, demonstrated that many studies [30], [38]-[52] (shown in Table 1)
have performed mechanical testing of dry or hydrated samples in laboratory conditions (i.e. at
room temperature (RT)). Only few studies [53]-[56] measured the properties of natural
polymers with the specimen fully submerged in solutions (i.e. water or phosphate buffer saline
(PBS)), at RT or physiological temperature (PT, 37°C). Furthermore, only one study was found
which measured mechanical properties of PLA submerged in water at RT [57].

For instance, mechanical properties of dry and hydrated poly (lactic-co-glycolic acid) (PLGA)
scaffolds were examined in study [30], and their compressive strength and elastic modulus at
RT were found to decrease by approximately 20% and 35% respectively upon hydration in
PBS compared to those tested dry. In the same study, the glass transition temperature (Tg) of
the hydrated scaffold was lower than that of the dry samples, and the plasticising effect of
water in PBS was believed to be responsible. A number of other studies [58]-[61] also reported
an adverse effect of water, resulted in a considerable change in visco-elasticity, toughness
and tensile strength of different polymers [30], [35], [60]. Some studies [30], [37], [41], [61],
[62] also examined the effect of different temperatures on mechanical properties of dry or
hydrated polymers; it was shown to be similar to the effect of water. Most studies summarised
in Table 1 highlighted the strong influence of both water absorption and temperature on the
mechanical performance of various polymers. However, these studies conducted the tensile
testing predominately at laboratory conditions or increased temperatures without considering
the submerged testing environment. All studies with submerged mechanical testing
considered natural polymers such as silk and collagen [54], [56], [63], [64], meanwhile there
is only one study [57] which considered submerged testing of PLA at RT. It is therefore critical
to determine the effect of environmental factors (water and higher temperature) on mechanical
properties of polymers. To the best of the authors’ knowledge, no direct comparison was
implemented between dry and hydrated samples, tested at RT and PT in submerged and
unsubmerged conditions for biodegradable polymers. Thereby, this study aims to determine
the influence of three different aspects of testing conditions on mechanical properties:

e dry vs. hydrated polymer
e room temperature vs. physiological temperature testing conditions
e unsubmerged vs. submerged testing conditions



Table 1 Different testing environments and conditions used in previous studies to measure mechanical properties of synthetic polymers. Most studies only
compared dry or hydrated samples for mechanical tests at RT. No studies measured the mechanical properties of synthetic polymers submerged in water at
37°C or compared the combined effect of hydration, submerged and increased temperature. PLLA and PDLA refer to polymers consisting of only the L- or D-
stereoisomers of PLA, respectively; PLGA- poly (lactic-co-glycolic acid); ABS- acrylonitrile butadiene styrene; PA- polyamide; PVC- polyvinyl chloride.

Testing conditions
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Tensile strength, tensile modulus
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Tensile strength and tensile

PLLA \/ \/ X modulus [57]
PLA + pr}(i)bsrpérslate glass X x x Flexural ;?gn;?gpresswe [42]
PLA + collagen \/ X x Tensile strrrtlaggfjklluznd tensile [44]
iavagnae | X | X ] X | Terste et tersle ol | g
PLGA \/ x \/ Tensile strrsggltflluznd tensile 52]
vV | X [ e |
PLGA + hydroxyapatite \/ X X Cocrgr%rsfssl\éﬁlztﬁggglluznd [39]
PLGA and PLGA + \/ x x Tensile strength [40]

collagen
e |_mmmsr X | X[ X | Tecmasek |
il I S A v e s I
a | PREARRITOO | | X[ X | Terseshenath erste modts |
PVC PVC + plasticiser x X \/ Tensile strength and tensile 62]

modulus




2. Materials and method
2.1. Materials and 3D printing strategy

For this study, novel filament-scale micro-tensile testing specimens were produced using a
natural polylactide filament with a diameter of 1.75 mm (3DXTECH® branded NatureWorks®
polylactide 4043D, Sigma Aldrich). A RepRap x400 3D printing system was used to deposit
four single filaments in a square and then repeated for 225 layers using the printing conditions
given in Table 2. A four-sided hollow box with dimensions of 45 mm (height) x 45 mm (width)
was printed, which did not require any support material, as shown in the Figure 1a.

Table 2 Printing conditions used in RepRap x400 system

Description Value
Nozzle diameter 0.4 mm
Nozzle temperature 210°C
Print-bed temperature 60°C
Printing speed 1000 mm.min-t
Layer height 0.2 mm

Custom G-Code (a series of commands code to control the actions of a 3D printer) was used
to produce novel dogbone tensile-testing specimens, with filament widths varying from 0.75
mm (shoulder region) to 0.50 mm (gauge region). The specimen geometry was adapted from
the test specimen geometry described in the ASTM D1708-18 standard [67]. As is well known,
AM can produce a wide range of properties depending on the printing design and process; in
this study, the effect of manufacturing process and design was also considered. Consequently,
the two printing designs were chosen. First, “filament direction” specimens (Figure 1b) to
assess the bulk properties by mechanically testing the filaments orientated in direction of the
uniaxial load; these specimens were used for the majority of this study. The results are
compared to bulk polymer specimens in other studies in Section 3.4 to ensure the specimens
effectively represent bulk polymer. Second, “Z-direction” specimens to characterise the
manufacturing-induced anisotropy between layers and consider interface strength, as shown
by Figure 1c. Throughout this paper, the acronyms of F and Z are used to refer to respective
printing directions. The custom G-Code provided a number of advantages compared with the
conventional 3D printing slicing software, including precise control over:

e printing speed, which was kept constant during the extrusion since there was no
change in the printing direction (resulting in deceleration/acceleration) within
specimens.

e extrusion rate, by extrusion of the same volume at all regions (partially enabled by the
constant printing speed).

e cooling time, since all the extruded filaments were directly deposited on top of one
another, the time between layerwise deposition at every point on every layer was
constant, reducing the thermal variation.

The corners of the printed box were cut using disposable blades and a customised rig. The
walls were then cut into 5 mm-wide specimens using disposable blades and a 12-tonne
hydraulic press (to ensure even and controlled pressure during cutting). The cutting process
did not introduce any edge effect; this was checked by comparing the mechanical properties
of specimens cut at different widths (15 mm and 5 mm) and those of injection-moulded
specimens (Section 3.4). The dimensions of all specimens were 45 mm (height) x 5 mm
(width) with a thickness in the gauge region of 0.5 mm.
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Figure 1 (a) Novel printing toolpath depositing a stack of single extruded filaments to produce the hollow
box. (b) F specimens for testing along the filament direction. (c) Z specimens for tests normal to interface
between filaments. A transitionary region (from shoulder to gauge) of 1.5 mm was used to ensure that
specimens fractured in the gauge area. The dimensions are in mm.

2.2. Characterisation
2.2.1. Testing environments and conditioning of specimens

3D printed tensile specimens (number of specimens n=5) were used either as manufactured
(dry) or stored in 30 ml of deionised water for a period of 48 hours at PT (hydrated). Tensile
tests were implemented in air or with specimens submerged in water as shown in Table 3 and
Figure 2. Five different testing conditions were used:

¢ Dry specimens were tested in air at RT (Srer), Which were considered as control group.

e The effect of water absorption was investigated by testing hydrated specimens in air
at RT (Sw).

e Dry specimens were also tested in air at 37°C to only assess the effect of physiological
temperature (Sp).

o For submerged tensile testing, dry (i.e. not hydrated) specimens were tested at RT
(Ss) to only consider the effect of water-submersion during experiments.

¢ For the final group, hydrated specimens were tested at PT submerged in water (Sphs)
to investigate the combined effect of all three conditions.



Table 3 Different testing environments used in this study.

Specimen Testing Testing Specimen Condition varied
name environment | temperature state compared to control
SRef RT (20°C) Dry -
SH Alr RT (20°C) Hydrated Hydration
Sp PT (37°C) Dry Physiological temperature
Ss Submerged | RT (20°C) Dry Submerged testing
SpHs PT (37°C) Hydrated All three factors above
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Figure 2 Different testing environments used in this study: dry specimens tested in air at RT (Sref);
specimens hydrated initially for 48 hours and then tested in air at RT (Sw); dry specimen tested in air at
PT (Sp); dry specimens tested submerged at RT (Ss) and hydrated specimens tested submerged at PT

(Sens).

2.2.2.

Tensile testing

A universal mechanical testing machine (Instron 5944, USA) was equipped with a BioPlus
Bath system including temperature-controlled bath (Instron BioPlus, Instron, USA) and a 2 kN
load cell, employed at displacement rate of 0.5 mm.min* (strain rate of 4.10* s). The tensile




tests were performed under the environmental conditions described in Table 3. For submerged
tensile testing at PT, the specimens were initially left in the water for 30 min prior to the start
of the test to reach the uniform temperature. A Zeiss Primotech microscope was used to
assess a pre-fracture surface area for strength calculation. For Z specimens, the fracture
always occurred at the weakest section (i.e. the interface bond between filaments). As a result,
the mean value for measurements of at least 10 bond widths for each Z specimen was used
to calculate the cross-sectional area. To calculate the cross-sectional area of F specimens,
the following method was utilised:

1. Cross-sectional areas of at least ten individual filaments were measured to obtain the
mean value;
2. This mean value was then multiplied with the number of filaments in the specimen (25).

The chosen method for producing the specimens provided high repeatability in both printing
directions. The variability in the width of bonds between filaments was less than 5% of the
mean width. The bond width was on average 80% of the widest region of filaments. Once the
mean cross-sectional area for each specimen was determined, it was used to calculate tensile
properties for that specific specimen. For specimens that demonstrated brittle failure, it was
also possible to validate that the fracture surface area was similar to the mean cross-sectional
area (< 3.90% difference). Mean properties for each specimen-type were determined from the
five replicates. The tensile modulus for each specimen was also obtained using a linear elastic
region obtained from stress-strain curves. To distinguish between Z and F specimens tested
at different conditions, the superscript Z was added to the respective parameters for the Z
specimens tested at different conditions (e.g. S%rer, S%s €tc).

2.2.3. Thermal analysis

To characterise thermal properties, Sgrer (dry) and Sy (hydrated) specimens (n=2) were
analysed using differential scanning calorimetry (DSC) with a TA Q2000 instrument (TA
instruments, USA). Specimens with a weight of 5-10 mg were loaded onto the aluminium pans
and heated to temperatures ranging from 30 to 200°C at a ramping rate of 10°C.min* in a
nitrogen atmosphere (flow rate of 50 ml.min). The crystallinity percentage (Xc) of the PLA
specimen was calculated using Equation 1.

X, = % X 100% 1)

where AHn is the melting enthalpy (J.g%), AHc is the enthalpy of cold crystallisation (J.g*) and
AHC, is the enthalpy of fusion for 100% crystalline PLA which is 93.1 J.g* [34].

2.2.4. Water-absorption analysis

The initial weight (Wo) of dry specimens (n=3) straight after the cutting process was measured
using an analytical balance with precision of + 0.0001 g (Ohaus Adventurer, Switzerland).
Specimens were stored in 30 ml water at RT and PT. At different time intervals; 0.5 h, 12 h,
24 h and 48 h, each specimen was taken out and the excess water was removed with a cloth.
Then, the wet weight (W1) was measured. The mean water absorption AW was then calculated
using Equation 2 [68], [69].

4% 4
AW = % x 100% (2)



2.2.5. Optical microscopy

After tensile testing, the fracture surface for each group was examined using an optical Zeiss
Primotech microscope at magnification 5x.

2.2.6. 3D surface analysis

Alicona G4 InfiniteFocus (Bruker, Germany) was employed to perform high-resolution 3D
scans of the fracture surface for all groups of the specimens. In this technique, topographical
information is provided by combination of vertical scanning and focusing of the optical system
at different depths (focus-variation technique). Scans were acquired at a magnification of 10x
for the entire surface and at higher magnification of 20x for left, middle and right segments of
the total area to extract more information about the surface roughness. The scans were post-
processed using Mountains Premium 7.4 software (Digital surf, France) to create colour-height
mapping of the surface.

2.2.7. Statistical analysis

The data obtained for water absorption and mechanical properties were expressed as means
+ standard deviation (SD). The appropriate statistical analyses with Analysis ToolPak in Excel
2016 such as one-way analysis of variance (ANOVA) and subsequent t-test at significant
levels of p<0.05, p<0.01 and p<0.001 were used.



3. Results and discussion

In this section, first, the process of water absorption over 48 hours is characterised to check
saturation. Subsequently, the mechancial properties of F specimens (defined in Figure 1),
which are used in this study to represent bulk polymer, are investigated for the five different
testing conditions given in Table 3 and Figure 2. Finally, Z specimens (defined in Figure 1) are
tested to determine whether the trends identified for bulk polymer are affected by
manufacturing conditions.

3.1. Water-absorption studies

In the first step, the evolution of water absorption of PLA was examined. Its magnitude as a
function of immersion time (Figure 3) at RT and PT was plotted to compare the effect of
temperature on the process. After 30 min, water absorption reached 0.561% and remained
constant over 48 hours as there was no significant difference (p = 0.781) between 30 min and
48 hours of hydration similar to previous studies [68], [70]. Increasing the water temperature
to 37°C, increased its absorption significantly (p = 0.017) to 0.741%, indicating a strong
influence of temperature on water uptake [71]. Once again, no statistical difference was found
for hydration between 30 min and 48 hours hydration (p = 0.700).
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Figure 3 Evolution of water absorption with time for specimens stored at two temperatures. The water
absorption reached 0.561% at RT, whereas storing the polymer at PT allowed more water to be
absorbed (p<0.05). In both cases, the levels of absorption remained constant over 48 hours.

The submerged tensile testing for different hydration periods in the water at both RT and PT
is shown in Figure 4. There is no data point for O hours since all specimens in this study were
submerged for 30 min before the tests to ensure the uniform temperature. The mean ultimate
tensile strength (UTS) values did not decrease significantly (p = 0.188) from 30 min to 48 hours
of hydration. This results showed the immediate plasticising effect of water molecules even
after 30 min (previously shown for hydrated samples tested at RT [30]) and after that the effect
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of water remained relatively constant since no further water absorption happened. On the
other hand, from the Figure 4, the sensitivity of PLA to testing temperature is evident:
increasing the temperature from RT to PT significantly weakened the polymer by 23.4% (p =
1.38x107®). This highlights the dependency of mechanical strength of polymers on the in-
service temperature [61], [62], since at a higher temperature more water molecules could
penetrate the material due to the increase in the segmental mobility [34]. The relationship
between mechanical properties and temperature is analysed in the next section of this study.

50
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Figure 4 Evolution of the mean UTS for submerged testing with hydration time. There was no
significant difference in the mean UTS values between 30 min and 48 hours. Testing at PT as opposed
to RT significantly (p<0.001) reduced the strength at all time periods.

3.2. Effect of testing environment on mechanical properties

The representative stress-strain curves for F specimens tested at different environments are
presented in Figure 5. Mean values of UTS, tensile modulus, strain at maximum force and
break were extracted from the curves and presented in Figure 6. The stress-strain curves
showed a well-defined yield stress for all the specimens. The reference specimen (Sgrer) had
the highest levels of tensile strength and modulus. Both of these properties reduced by testing
under conditions of (from least to most significant) hydration (Sn), increased temperature (Sp)
and submerged (Ss). The Spus specimens (tested with all three of the investigated conditions
combined, which is closer to conditions in the human body) demonstrated the lowest strength
(50.1% reduction) and modulus (20.3% reduction). The testing was also conducted in PBS
and showed little difference compared to that of water (3.49% and 4.96% in strength and
modulus respectively), suggesting that the water present in the solution plays the major role
in changing the properties of the polymer. The next four subsections discuss the results of
each testing condition individually.
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3.2.1. Effect of temperature

The results in Figure 5 and Figure 6 indicated the strong influence of temperature on
mechanical properties of PLA. The higher temperature significantly reduced the UTS (p = 2.1
x 1019) of dry specimens (Sp versus Sger) by approximately 23%, which was within the range
observed in previous studies [30], [37], [61]. Thermal characterisation of 3D printed PLA
specimens using DSC revealed that the Tq of Srer was 60.7°C (Figure 7). Tensile testing at RT
would mean that the gap between the testing temperature and Ty of the printed part was
approximately 35°C, and polymer-chain mobility was more likely to be limited than for PT [66].
Increasing the environment’s temperature to 37°C reduced this gap causing higher chain
mobility by allowing more molecular segment motions [35], [61], [66]. This could explain the
increase in the strain at break and reduction in the strength.

70

Stress (MPa)

N
o
1

10

I I
0.00 0.05 0.10 0.15 0.20 0.25
Strain

Figure 5 (a) Stress-strain curves of specimens tested at different testing conditions. A decreasing trend
in the strength values in the order Sre>SH>Sp>Ss>Spns was observed. Specimens tested dry or
submerged at PT showed the onset of necking (b) and continued to deform (c) without failing up to 40
% strain. Specimens tested in air at RT failed after 6.41% strain. For each testing environment, one
representative curve is shown within a shaded region, which indicates the range of stress values
measured for all five replicates.

The higher temperature also changed the mechanical performance of PLA by preventing the
failure of the polymer, possibly by re-orientation of chains under the uniaxial load, allowing
greater extension of the material before failure [61]. This behaviour was reported in a previous
study, in which PLA was tested at a temperature closer to its Ty [72]. The onset of extensive
necking at 37°C might be explained by low crystallinity of 3D printed specimens (X = 3.02%
in Figure 7). The change in temperature could have adversely affected the amorphous regions
and enabled the polymer chains to move freely [61], [73]. Another distinct difference for
specimens tested at PT was the onset of necking (Figure 5b and c) which continued to final
deformation up to 40% possibly due to cold-drawing of polymer chains into the local necking
region. There was a 10.3% reduction in the tensile modulus under increased temperature (p
= 1.48 x107%), similar to values previously reported [30], [37], [61]. The structure of PLA is
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composed of crystalline and entangled amorphous regions [37], [74], and the resistance of
both phases to loading determines the modulus within the elastic region [37], [74]. At PT,
movement of the amorphous phase could be activated, although the crystallite phase was
more likely to stay unchanged thanks to its higher thermal stability [37], [74]. Since the polymer
in this study was mostly amorphous, the reduction in resistance of the amorphous phase
caused by the increasing temperature was sufficient to lower the modulus significantly as
shown in Figure 6b [38], [65].
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Figure 6 Mean UTS (a), tensile modulus (b), strain at maximum force (c) and strain at break (d) for
different testing environments. Both temperature and in-aqua environment significantly affected
mechanical properties. The smallest effect was observed for Sw, whilst the highest one was when
specimens were tested submerged at PT (e.g. Seus). The arrows for Sp and Sews indicate continued
deformation of material without failure to 40% strain (* p<0.05, ** p< 0.01 and *** p<0.001 compared
with Sref).

3.2.2. Effect of hydration

Hydration of specimens prior to tensile testing plasticised the polymer and reduced UTS (p =
6.1 x1079), strain at maximum force (p = 6.10 x103) and increased the strain at break
significantly (p = 2.52 x10®) compared with Sgrer. Hydrated specimens showed lower T4 and
crystallinity values compared to those of Sger, Which further demonstrates the importance of
considering the presence of water and its plasticising effect [30], [35], [49]. The reduction in
the tensile modulus, on the other hand, was negligible (p = 2.57 x 10Y). Such behaviour was
previously observed for poly (hydroxyl ester ether), where water absorption of 0.511% reduced
the UTS by 17.1%, while, the modulus was only lowered by 5.13% [35]. This also highlights
that modulus is more temperature-sensitive and, therefore, for applications of polymers in
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humid environment at a higher temperature, the measurement of hydrated samples at RT
could be misleading. Most studies (20 out of 24 from Table 1) obtained wet mechanical
properties of hydrated specimen in this way (i.e. tested in air at RT). The results of our study
indicate that, such conditions have less effect than those considered in Figure 6.

3.2.3. Effect of submerged testing

For the specimens tested submerged (to replicate the presence of fluid around the polymer in
physiological conditions), the adverse effect of water during the test became more prominent
even on tensile modulus (Table 4). Depending on the content and type of interactions, water
molecules can exist in different states, including free water [34], [75], responsible for the
plasticising effect [34], [75]. From the obtained results, the free water surrounding polymer
could form clusters and disrupt the existing intermolecular interactions during the test [34],
[75]. These factors could contribute to the plasticisation of polymer and thus, reduced its
mechanical properties to a greater extent compared with those of the Sy condition. The
combination of environmental factors (e.g. Sens) which is closer to in vivo conditions showed
the largest influence by producing a synergistic effect and reducing the UTS by 50.1%, the
modulus by 20.3% and strain at maximum force by 37.2%. The obtained results undoubtedly
indicated the importance of testing environment for the mechanical properties of
biodegradable polymers. Even though PLA is hydrophobic, the submerged tests showed a
considerable change in the key mechanical properties as compared with the un-submerged
environment.

Table 4 Summary of statistical analysis for different testing conditions and corresponding p values to
indicate significance.

Statistical analysis of data

Property Testing p-value for testing conditions
conditions against reference Sref
Sp p<0.001 (p= 2.14E-10)
Sk p<0.001 (p=6.06E-09)
UTS Ss p<0.001 (p=3.80E-06)
Sprs p<0.001 (p=4.03E-09)
Sk p< 0.001 (p=3.49E-04)
SH No significance (p=1.23E-01)
Tensile Ss p<0.05 (p=1.88E-02)
modulus Sore p<0.001 (p=1.48E-05)
Sk p<0.01 (p=1.24E-03)
Strain @ Sy p<0.01 (p=6.10E-03)
max. force Ss p<0.001 (p=5.10E-04)
Sore p<0.001 (p=1.22E-06)
Sp p<0.001 (p=1.74E-07)
Sk p<0.01 (p=2.52E-03)
Strain @ Ss p<0.001 (p=1.00E-03)
break Sphs p<0.001(p=1.74E-07)
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Figure 7 DSC curves obtained for Sret and Sw with the corresponding data indicating the values of Tqy
and calculated crystallinity (Xc). Hydration of specimens lowered both Tg and Xec.

3.2.4. Fractography analysis

Fractography analysis allows better understanding of fracture mechanisms. Optical
micrographs for Sger, Sn and Ss showed the fracture features at the edges of the filaments as
indicated in Figure 8. The filament width for the Ss specimen (indicated by dashed arrow) was
on average 44 pm shorter than Sger due to the considerable plastic deformation (necking) prior
to failure (Figure 8). The extent of plastic deformation was evident at higher magnification
(right-column images) by the apparent necking of the filaments (shown by solid arrows in
Figure 8). Necking of filaments was more pronounced for the submerged tests due to the
increase in the material’'s ductility. The characterisation of surface roughness of these
specimens using a focus-variation scheme (Figure 9) showed an increasing trend in the order
Sret < Sh < Ss, which further confirmed the plasticising effect of water molecules and the
growing ductility of the material.
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20 ' - 100 pm

Figure 8 Optical microscopy images of fracture surfaces of F specimens. The Srer demonstrated the
presence of multiple horizontal patterns at the interface bonds, whereas Ss showed vein-like patterns,
starting mainly from the edges and moving towards the centre. Ss filaments (dashed arrow) were on
average 44 um shorter than Srer due to higher plastic deformation. At higher magnification (right-column
images), the necking of the filament could be observed (as shown by the solid arrows).

The extracted surface profile for the left-column images in Figure 9 exhibited the shear lips
characteristic for ductile fracture [76]. From the surface profiles (right-column images in Figure
9), it is apparent that the height of shear lips increased for tests performed on submerged
specimens due to greater plasticity. The vein-like patterns for Ss were signs of internal necking
(left-column images in Figure 9), which continued throughout the whole thickness. This could
also explain the reason that the material did not fail when tested at PT.
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Figure 9 3D colour-height mapping images of fracture surfaces of Sref, SH and Ss groups for F specimens.
The surface roughness was increased by hydration or submerged testing as well as the height of shear
lips formed during the plastic deformation. Sa denotes the area surface roughness.
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3.3. Applicability of results to other manufacturing setups

During 3D printing, the polymer is heated up above its melting temperature to be deposited
onto the print bed [17], [28]. However, the temperature difference between the nozzle and
environment results in a rapid cooling and was suggested to cause incomplete fusion between
filaments [17], [28]. Therefore, anisotropic mechanical properties are typically reported; an
interface bond between 3D printed layers has much lower strength than any other direction
[17], [28]. Applicability of obtained results to other manufacturing setups was investigated by
measuring the mechanical properties of Z specimens (defined in Figure 1) to represent
manufacturing induced-anisotropy by testing the failure of bonds between layers. These
specimens (Figure 10b) were on average 12% weaker than the F specimens (Figure 10a),
potentially due to incomplete fusion of extruded filaments during 3D printing or the presence
of stress-raisers between the two bonded filaments [24], [26], [27], [77]. The reference Z
specimen (S%re) failed abruptly (as shown in Figure 10b), since the fracture occurred at
interface bond normal to the applied load [25], [41], [78]. Temperature had a greater effect on
changing the slope of stress strain curves for Z specimens. Furthermore, submerged testing
at body temperature (e.g. S%ws) illustrated some plasticity prior to failure compared with the
sudden fracture for S%rer. The zoomed-in plastic deformation region of the stress-strain curve
for S%us (inset in Figure 10) shows some fluctuations in stress, which is discussed in relation
to fractography shortly.
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Figure 10 Representative stress-strain curves for F (a) and Z (b) specimens tested at different conditions.
For both printing directions, Sens had the lowest strength value and the highest strain at break compared
with Sret. The zoomed-in plastic region of stress strain curve for SZpns revealed fluctuations during the
test.
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The main mechanical properties for Z specimens were calculated from the stress-strain
curves; their statistical analysis is presented in Figure 11. Similar to the F specimens (Table
4), the least significant effect was observed for S%, specimens. However, the change in the
properties was still statistically significant for UTS (p<0.01), strain at maximum force (p<0.05)
and strain at break (p<0.01), whilst the tensile modulus showed a negligible change (p>0.05)
compared with the S%er. In contrast to the F specimens, the hydrated Z specimens (S%)
showed very little plasticity. This could be explained by the dependence of failure of the control
specimens (S%rer) on the adhesion between extruded filaments (i.e. interface bond) rather than
the individual filaments, so brittle fracture was expected. The S% and S%s specimens showed
reduction in UTS, tensile modulus and strain at maximum force (all p<0.001 or p<0.01),
possibly due to the higher chain mobility, but these conditions did not significantly affect strain
at break (p>0.05). Although there was no significant difference between the strain at break
values, the stress-strain curves (Figure 10b) were different. For the most plasticised
specimens, yielding happened at lower strain, but demonstrated larger plastic strain post-yield
behaviour. These two effects cancelled out each other, resulting in a relatively similar strain at
break to S%ref.

70-(a) 354(0)
_3
3]
o
Q
=y 72}
a 3
=
: ;
)
pd £
= 2
T
o
=
0.035 - (c) 0.0s- (d)
 0.030
2 0.04 - e
& 0025 o
£ ©
5 2 0034
£ 0.020 | 8
% ®
_ =4
E 0.015 £ 0.02-
© S
£ 0.010 «
[+
= 0.01
N 0,005 4
0.000 - 0.00 -

Z Z
Ref P H S PHS Ref S P H S S PHS

Figure 11 Mean UTS (a), tensile modulus (b), strain at maximum force (c) and strain at break for Z
specimens tested at different testing conditions. Both temperature and moisture significantly affect the
mechanical properties (* p<0.05, ** p< 0.01 and *** p<0.001 compared with SZre).

The most significant (p<0.001) deterioration of properties was still observed for S%s (Table
5). For this testing environment, even the level of strain at break was increased by
approximately 30% compared to that of S%rer. The synergetic effect of high temperature and
water absorption resulted in transition of brittle fracture to intermediate brittle-ductile one,
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which could also explain the fluctuations in stress recorded for the S%mus specimens.
Fractography analysis was also carried out for Z specimens. The optical micrographs showed
a flat and smooth fracture surface, characteristic for brittle fracture [17], [25] as shown in Figure
12. The fracture surface of S%umus, however, was quite different compared with the others. The
radial striations indicate the crack arrest, which could happen, when the stored strain energy
was not adequate to drive the crack forwards; this is known as “pop in” crack propagation [79],
[80]. These striations could further explain the fluctuations in stress recorded during tensile
tests (Figure 10b). This process could be affected by plasticisation of polymer, which resulted
in a significant increase in the strain at break compared to that of S%zer. The characterisation
of surface roughness and profile for the Z specimens are illustrated in Figure 12. The former
was generally lower than that of the F specimens. The surface roughness of S%rer and S%s
were comparable, whilst, the one for S%us was higher; indicating slight variations in the
fracture. The surface profiles also confirmed the flat and smooth fracture surfaces except for
S%ns. For this testing environment, apparent raised edges and micro-plasticity similar to those
of the F specimens were observed, although of much smaller magnitude.
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Figure 12 Optical microscopy images of fracture surfaces of Z specimens tested at different conditions.
Since all specimens except S%pus showed very similar fracture characteristic, only the images for S?ref,
S?%s and S?pus are shown here. S?prs demonstrated radial striations (shown by the arrows), which could
have happened due to intermittent character of crack propagation. The surface profiles revealed the
raised edges for S%ns similar to those of the F specimens indicating apparent shear lips. Sa denotes
the area surface roughness.
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From design perspective in order to account for any uncertainty, the part gets higher strength
than it needs theoretically to have by employing a safety factor. This safety factor refers to the
ratio of the allowed stress to actual in-service stress. In this study, a considerable reduction in
the mechanical performance of 3D printed specimens in environment close to their
applications was observed, which could not be identified in the commonly used testing
environment for Sy specimens. To account for this, an adjustment to the safety factor was
calculated (Table 6). It should be multiplied with the safety factor obtained based on the RT
data (i.e. dry specimens). The calculation was done for Spus printed in F and Z directions which
were the two extreme cases in additive manufactured parts (strongest and weakest
orientations respectively).

For both extremes, the safety factor obtained under traditional testing condition should be
effectively doubled in design of polymeric parts for the physiological environment (i.e. hydrated
at high temperature). The summary of variation in different mechanical properties is given in
Table 5. Apparently, hydration of specimens in water and testing them in air at RT (Sw), which
was the most common method used in many studies, had the lowest effect compared with
that of other factors on mechanical properties. Whereas, the combination of all three factors
(Sens) resulted in the biggest effect on mechanical properties suggesting significant weakening
of the polymer structure.

Table 5 Variation in mechanical properties for different testing conditions with respect to the printing
orientation. NF = “no failure”.

Variation for different testing conditions (%)

Properties PT (Sp) Hydration (S) Submerged (Ss) | All three (Spus)
compared to

Sref E Z F z F z F z

uUTs w23% w26% | wi18% | w18% | w26% | w34% | w47% | wo0%

Tensile modulus v 10% w15% 2% 2% % v % W 20% | w20%

Strain @ max. force| ¥ 15% w15% Ww10% | W16% | W26% | W33% | W37% | ¥38%

Strain @ break 4. NF 4.3% 4.31% | ¥16% | &37% | ¥2% 4. NF A 29%

Table 6 Calculated adjustment to safety factors for both F and Z specimens.

Printing Dry strength @ RT (MPa) Wet strength @ PT (MPa) Safety factor

direction adjustment
F 62.6 33.1 1.89
Z 54.3 26.5 2.04
3.4. Applicability of results to bulk material properties

Applicability of the obtained results to bulk properties of PLA was investigated. In the literature,
the UTS, tensile modulus and strain at break values range from 46.5 to 70.8 MPa, 1.90to0 3.21
GPa and 0.04 to 0.16 strain, respectively [81]-[89]. The strength and strain values of F
specimens and bulk PLA obtained in previous studies [81]-[89] were plotted (Figure 13a).
From the graph it is clear that the values obtained in the present study fitted well in this range
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(UTS was 63.4 MPa, tensile modulus was 2.31 GPa and strain at break was 0.071). For
instance, in Figure 13b the stress-strain curve of F specimen in the present study is compared
against that for the injection moulded PLA from another study [89] measured according to the
ASTM D638 standard. Both curves showed very similar character, with differences of <5 MPa
in stress, which is considerably less than that reported in the literature. The novel 3D printed
specimen used here demonstrated bulk materials properties. Therefore, the results can be
applied to bulk properties; thus, considering the effect of environment of mechanical
performance is critical for PLA components.
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Figure 13 (a) Strength and strain values obtained in the present study for F specimens compared
against the bulk PLA from previous studies [81]—[89]. (b) comparison between stress-strain curve of F
specimens and injection moulded PLA from another study [89] indicating very similar character.
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4. Conclusion

The effect of environment on mechanical properties of 3D printed PLA was investigated. The
obtained results indicated the importance of submerged tensile testing to characterise the
properties of polymers for biomedical application (i.e. physiological environment), where the
material is exposed to higher temperature and surrounded by fluid. Submerged tests at 37°C
approximately reduced the mechanical strength of polymer by 50%, its tensile modulus by
20% and allowed an extensive plastic deformation of polymer up to 40%. In contrast,
measuring mechanical properties of the hydrated polymer in air at RT (which is often used to
assess wet properties in the literature) only showed 18.1% reduction in the strength with no
significant change in the modulus. The current methodology was also applied to other
manufacturing designs to study the manufacturing-induced anisotropy. Similar trends were
found for another orientation. The findings in this study clearly indicate that the commonly
used methodology to measure the wet properties of polymer does not represent appropriately
conditions in the body. Therefore, it is strongly recommended for future studies to employ
submerged testing for characterisation of polymers for biomedical applications.
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