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Although widely-used biodegradable polymers have been extensively studied for conventional manufacturing
processes, this is the first study considering the effect of interfacial bonds between extruded filaments – the most
important aspect related to additive manufacturing – on degradation at 37 ◦ C. Its results improve the confidence
in the material extrusion additive manufacturing process and negate one of the crucial unknown factors for
bioresorbable products, by demonstrating that the interface degrades in a similar manner to the bulk polymer
material. To do this, specially designed micro-tensile specimens were developed to analyse the degradation of
3D-printed parts for the first time at 37 ◦ C and accelerated temperatures. The mechanical properties of the
interface between extruded filaments (Z specimen) were compared against the control, i.e. along filaments (F
specimen), under medically relevant testing conditions (submerged at 37 ◦ C). Monitoring the degradation of
tensile strength showed that both specimen types behaved similarly, exhibiting an initial delay followed by a
reduction in properties. Comparison of thermal and chemical properties revealed that during the early stage of
degradation, crystallinity was the dominating factor, whilst at later stages, mechanical properties were mainly
defined by the molecular weight and autocatalytic degradation. The findings suggest that understanding
developed in the long-standing field of polymer degradation can be applied to additive-manufactured medical
devices, which unavoidably contain interlayer interfaces.

1. Introduction
Synthetic biodegradable polymers are widely used in numerous
sectors including biomedical applications, thanks to the capability of
tailoring their mechanical properties and degradation kinetics [1,2].
One of the most studied synthetic biodegradable polymer is polylactide
(PLA), which is made of naturally-derived lactide monomers [2]. PLA
possesses excellent biocompatibility and processability, with higher
strength and stiffness compared to other synthetic polymers [3].
Importantly, PLA’s ability to degrade and be absorbed by the human
body makes it an attractive candidate for biomedical applications [4,5].
With advances in both material development and manufacturing pro
cesses, the biomedical application of PLA has been expanded, ranging
from orthopaedic fixation plates, screws and stents to drug-delivery
devices and tissue-engineering scaffolds [2,3,6–8].
For biomedical applications of PLA, understanding its degradation
kinetics and factors influencing degradation mechanisms is vital. A PLA

medical device implanted within the human body undergoes bulk hy
drolytic degradation by diffusion of water molecules inside the polymer
[2]. Water molecules initiate the random cleavage of ester bonds present
in the polymer, and reduce its molecular weight (Mw), until it no longer
withstands its own weight [6]. During the early stage of degradation, the
amorphous regions are preferentially hydrolysed, resulting in an in
crease in crystallinity of the polymer [4]. As degradation continues, the
carboxylic acid end groups accumulate and act catalytically to trigger
heterogeneous degradation [4]. PLA usually takes around 3–5 years to
degrade fully in vivo depending on its Mw, residual monomers, crys
tallinity, degradation temperature and, more importantly,
manufacturing process [3,9–14]. Most studies in the literature used thin
films to perform degradation tests [15,16]. However, mechanical and
thermal properties as well as degradation kinetics can substantially vary
depending on the manufacturing process, especially for biodegradable
polymers since they are sensitive to moisture and temperature [3].
Among the commonly used technologies, additive manufacturing
(AM) has played an important role in propagating digital manufacturing
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Nomenclature

MEAM
PHR
PLA
Tg
Tm
TCC
t0.5Mw
t*
Z

Material Extrusion Additive Manufacturing
Peak-to-height ratio
Polylactide
Glass transition temperature
Melting temperature
Cold crystallisation temperature
Time to halve molecular weight
Time to lose mechanical properties
Z-direction (normal-to-filament direction)
εbreak
Strain at break
εbreak 0.5 t Strain at break at normalised time 0.5
εmax. force Strain at maximum force
εmax. force 0 Strain at maximum force at day 0
σ
Tensile strength
σ0
Tensile strength at day 0

AM
Additive manufacturing
E
Tensile modulus
E0
Tensile modulus at day 0
EA
Activation energy
Extruded filament The deposited filaments from which the
specimens are comprised
F
Filament direction
FFF
Fused filament fabrication
FDM
Fused deposition modelling
G
Toughness
G0.5 t
Toughness value at normalised time 0.5
Interface The region of joining between two extruded filaments
Mw
Weight average molecular weight
Mn
Number average molecular weight

in the last few years. AM gained significant attention thanks to the
reduction in development cost and time by 70% and 90%, respectively
[17]. It allows the fabrication of intricate and customised components
that are not feasible for conventional manufacturing processes such as
injection moulding [7,18]. Material extrusion additive manufacturing
(MEAM) – also referred to as fused filament fabrication (FFF) and fused
deposition modelling (FDM) – is the most commonly used AM technol
ogy for thermoplastic polymers including PLA. MEAM works by depo
sition of a molten polymer through a heated nozzle onto the print
platform to achieve a continuous extruded filament. Filaments are
deposited layer by layer as the nozzle moves over the print platform
(X/Y directions), which incrementally moves in Z direction (normal to
print platform). It is widely reported that this layer-wise printing strat
egy and rapid cooling of molten filament result in the major limitation of
MEAM: poor bonding between extruded filament and associated me
chanical anisotropy, especially in the Z direction [19]. There are
numerous studies [20–25] that investigated the interface strength of
3D-printed parts using adapted polymer-testing standards. The results
reported in the literature [20–25] are often in disagreement, likely due
to a variability in test design, which makes the measurement of the real
sample geometry for strength calculation difficult.
In addition to widespread caution regarding anisotropic properties
for AM parts, continuous heating and cooling of the deposited material
results in accumulation of residual stresses along with a reduction of Mw
and inherent viscosity of the polymer linked to thermal decomposition
[26,27]. There has been limited investigation into the effects of the AM
process on degradation kinetics, in particular, the degradation of in
terfaces between extruded filaments. On the other hand, numerous
studies [13,28–30] used 3D-printed scaffolds to investigate the degra
dation of PLA and copolymers; however, none of these studies consid
ered the degradation of mechanical properties of scaffolds in Z direction
by measuring the interface strength.
Only recently, two related studies [26,31] considered the effect of
testing direction and shrinkage on the degradation of PLA-based poly
mer. Still, only degradation at elevated temperatures was considered,
without prediction of properties at physiological temperature. In these
studies, tensile-testing specimens were printed according to ISO 527
standard in two directions: (i) horizontal direction (i.e. printed flat on
the print platform) and (ii) vertical direction (normal to the print plat
form to assess interfacial bonding). The authors found that vertical
specimens lost their mechanical properties and mass much faster than
horizontal ones, potentially due to the weak cohesion between extruded
filaments. Both studies [26,31] concluded that the weak interface was
the predominant factor for faster degradation, yet the extrusion tem
perature and printing speed, which affect interlayer cohesion, were 3%
lower and 40% higher, respectively, for vertical specimens compared to

horizontal ones. Additionally, these studies only considered degradation
at 50 and 70 ◦ C without extrapolating data back to body temperature to
predict polymer lifetime. It is difficult to draw firm conclusions about
the degradation of interface strength due to the complexity of current
ASTM/ISO standards [32], hence, this study uses a specially designed
and previously validated [19,33,34] tensile-testing specimen. Other
than hydrolytic degradation, storage of PLA in an uncontrolled envi
ronment can also trigger its decomposition through physical ageing due
to its low glass transition temperature (Tg). This could result in a change
in properties over time and thus, affect the shelf life of polymers
[35–37]. Yet few studies [35–37] considered the ageing of PLA in the
absence of water, and they all considered specimens manufactured by
other processes than AM. Thus, characterising separately both physical
ageing and hydrolytic degradation for 3D-printed PLA is necessary to
understand both mechanisms and their influence on the material’s
properties and performance.
To the best of the authors’ knowledge, no study considered degra
dation of the interface for AM specimens at physiological temperature.
Herein, specially designed micro-tensile specimens were developed to
assess mechanical properties of the interface between extruded fila
ments to understand how the interface degrades by comparison to the
bulk material. To improve the confidence in this study from a medical
perspective, specimens were mechanically tested submerged at 37 ◦ C to
replicate human-body conditions. Furthermore, the degradation was
also studied at 50 and 65 ◦ C to understand the suitability of accelerated
degradation.
2. Materials and methods
This section defines the materials and manufacturing process of the
specimens followed by the characterisation methods.
2.1. Materials
Natural PLA filament (3DXTECH® branded NatureWorks® polylac
tide 4043D, Sigma Aldrich) with a density of 1.25 g.cm− 3, weight
average molecular weight (Mw) of 240 kDa, number average molecular
weight (Mn) of 120 kDa and melting temperature (Tm) of 151.3 ◦ C was
used to manufacture specimens. Mechanical properties of the material
were 62.8 MPa, 2.65 GPa and 0.0507 for its ultimate tensile strength,
tensile modulus and strain at break, respectively [19].
2.2. Specimen design and additive manufacturing
A RepRap x400 MEAM system was used to produce single-filament
specimens in the form of a square box with dimensions of 45 mm ×
2
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Fig. 1. (a) Toolpath used for generation of single-filament walls at two testing directions: along the filament direction and parallel to the print platform (b) (denoted
as F) and normal to the print platform (c) (denoted as Z). Testing direction is indicated by arrows. Dashed rectangles on the boxes represent the outline of cut
specimens (all dimensions are in mm).

1. The corners were cut using a specially designed tool with a razor
blade to yield four walls.
2. Each wall was then cut using another specially designed tool
comprising an array of seven razor blades.
3. A 12-tonne hydraulic press was used for a controlled and even cut
ting process by compressing the blades into walls to provide twentyfour specimens per box.

Table 1
Printing parameters used to produce specimens with RepRap x400 system.
Printing parameters

Value

Nozzle diameter
Nozzle temperature
Print platform temperature
Printing speed
Extruded-layer height
Extruded-filament width in gauge region

0.4 mm
210 ◦ C
60 ◦ C
1000 mm.min−
0.2 mm
0.5 mm

1

There was no edge effect due to the cutting process, since the me
chanical properties of different width specimens (5 and 15 mm) were
compared against those of injection moulded polymer and no significant
differences were found, as shown by authors in another study [33].

45 mm (Fig. 1a) using custom GCode (a series of commands to control
the printing process), for which the benefits of constant printing con
ditions are described in [33,38]. Custom GCode allows full control of
nozzle movements (position, feed rate and temperature) and extrusion
volume compared to traditional slicer software and is necessary to
manufacture the specimens in this study. This GCode was generated
with in-house software using the printing parameters shown in Table 1.
Tensile testing specimens were designed at the smallest possible scale (i.
e. individual extruded filaments) to allow precise characterisation of the
interfacial bond by measuring the cross-sectional area directly normal to
the orientation of extruded filaments, which is not possible for current
ASTM
standard
tensile-testing
specimens
with
complex
non-standardised print paths. This design also eliminated the effect of
other structural factors related to the manufacturing process (infill
pattern and volume; porosity; etc.). Designed specimens successfully
fractured within the gauge region simply by modifying the extrusion
volume along the toolpath [19]. The current design and overall di
mensions were adapted from ASTM D1708 [32].
In this study, the effect of testing direction on the residual mechan
ical properties of 3D-printed PLA during degradation was considered.
Thereby, two testing directions were chosen: (i) along the direction of
extruded filament (denoted as F) to assess bulk properties; (ii) normal to
the interface between extruded filaments (denoted as Z) to analyse
manufacturing-induced anisotropy as shown schematically in Fig. 1b
and c, respectively.
For characterisation of the specimens, each printed box was cut into
5 mm wide and 45 mm tall specimens according to the following steps
[19]:

2.3. Physical ageing and hydrolytic degradation
The degradation study of both Z and F specimens was carried out
under two environmental conditions: (i) ambient laboratory conditions
(room temperature, RT, and humidity) to represent physical ageing of
the polymer during storage; (ii) aqueous environment, e.g. phosphate
buffer saline (PBS) of pH 7.4 ± 0.2 at three temperatures: 65 ◦ C, 50 ◦ C
and 37 ◦ C to represent hydrolytic degradation according to
ISO13781:2017 [39]. The specimens were stored in 30 ml of PBS in
separate air-circulating ovens for each degradation temperature.
Accelerated degradation was carried out as a screening test and
compared with those degraded real-time at body temperature to assess
the suitability of this method to predict the lifetime of the polymer. The
PBS solution was changed regularly (e.g. every 2 days for 65 ◦ C, every
10 days for 50 ◦ C and every 30 days for 37 ◦ C) to maintain pH level
within 7.4 ± 0.2 throughout the experiment.
2.4. Characterisation
2.4.1. Water absorption analysis
The amount of water absorption (mass increase before drying) and
mass change (after drying) were assessed for hydrolytic degradation.
Before degradation, the initial weight (WI) of 3D-printed PLA specimens
was measured using an analytical balance (Ohaus Adventurer,
Switzerland) with precision of ± 0.0001 g. Specimens were then stored
in 30 ml of PBS and, at each time interval, extracted from the oven and
excess water was gently removed using a paper towel. Next, the wet
3
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weight (WW) of specimens was measured to calculate the mean water
absorption from three measurements using the following equation
[40,41]:
Water absorption =

WW − WI
× 100%
WI

Dried specimens were placed in the bath for 30 min prior to the start of
the test to achieve uniform temperature and water absorption [33]. For
strength calculation, the pre-fracture area was measured using a Zeiss
Primotech optical microscope at 5x magnification. For Z specimens, the
mean bond width (based on 10 measurements for each specimen) was
used to calculate the cross-sectional area. For F specimens, the total
cross-sectional area of filaments was measured [33]. The mean me
chanical properties for each time interval were calculated from ten
replicates. The linear region of each stress strain curve was used to
measure the tensile modulus for each specimen. The mean toughness
value (the ability of material to absorb energy during deformation) was
also calculated using the area underneath the stress-strain curves.

(1)

Wet specimens were dried in a vacuum oven (OV-11 Lab Companion,
Jeiotech, South Korea) at 30 ◦ C for 48 h at a set vacuum of 0.60 bar. The
dry mass (MD) of specimens was measured after drying to calculate the
mean mass change from the initial mass (MI) [40,41]:
Mass change =

MD − MI
× 100%
MI

(2)

2.4.3. Differential scanning calorimetry
The thermal properties of specimens (n = 2) were examined before
and after degradation using a TQ2000 (TA, instrument, USA) Differen
tial Scanning Calorimetry (DSC) system. Sections of dried specimen from
the gauge were cut and loaded onto the aluminium pans (weight of
6–10 mg). Thermal analysis was carried out using heating cycles from
20 ◦ C to 200 ◦ C at a ramping rate of 10 ◦ C.min− 1 and a nitrogen flow
rate of 50 ml.min− 1. The obtained thermograms were analysed using TA
Universal software to determine Tg, Tm and cold crystallisation tem
perature (Tcc). The average degree of crystallinity (Xc %) was calculated
from two measurements for Z and F:

2.4.2. Tensile testing
To improve confidence in using AM parts for biomedical applica
tions, specimens were mechanically tested in an environment close to in
vivo, i.e. submerged at 37 ◦ C using an Instron 5944 equipped with a
BioPlus Bath system containing temperature-controlled bath (Instron
BioPlus, Instron, USA). In our previous study [33], the importance of
submerged testing for mechanical properties of 3D-printed PLA was
highlighted: there is potential for two-fold overestimation of mechanical
properties when testing in open-air laboratory conditions. Specimens
were subjected to uniaxial tension at a constant displacement rate of
0.5 mm.min− 1 (4 × 10− 4 s− 1 strain rate) using a 2 kN load cell. The
effect of load-cell sensitivity on the measurements was checked by
repeating tests for F specimens with a 500 N load cell: the mean value of
strength was within 3% of the value obtained for the 2 kN load cell (<
1 MPa difference), i.e. withing a natural scatter band, while minimal and
maximal values for five specimens were similar for the two load cells.

Xc =

∆Hm − ∆Hcc
× 100%
∆H 0 m

(3)

where ∆Hm, ∆Hcc and ∆H0m are melting enthalpy (J.g− 1), cold crystal
lisation enthalpy (J.g− 1) and enthalpy of fusion for 100% crystalline
PLA, which is 93.1 J.g− 1 [33,42].
2.4.4. Gel permeation chromatography
The molecular weight of Z and F specimens was monitored by
measuring Mw and Mn values using a gel permeation chromatography
(GPC) system (Infinity 1260, Agilent Technologies). A section of gauge
region was dissolved in CHCl3 + 2% triethylamine at a concentration of
1 mg.ml− 1. The GPC solutions were left to dissolve for 48 h. A syringe
containing 0.22 µm needle filter was used to transfer the solution into a
GPC vial. The GPC was performed on two replicates using a 100 µl in
jection volume at a flow rate of 1 ml.min− 1 with a refractive index (RI)
detector at 40 ◦ C using two Plgel mixed C columns. The data were
analysed to calculate the mean Mw and Mn using Cirrus SEC software
against the polystyrene standards [43,44]. Once GPC data were
collected, the Arrhenius equation was used to characterise the effect of
degradation temperature on the reaction rate from the molecular weight
data [44,45]:
k = Ae−

EA /RT

(4)

where k is the reaction rate, A is a constant, EA is the activation energy
(kJ.mol− 1), R is the universal gas constant (J.K− 1.mol− 1) and T is the
temperature in Kelvin [44,45]. The Arrhenius equation is suitable if a
linear relationship between ln k and 1/T exists, therefore, Eq. 4 can be
simplified.
( )( )
EA
1
lnk = −
+ lnA
(5)
T
R
2.4.5. Fourier transform infrared spectroscopy
Infrared spectra of undegraded and degraded specimens were
recorded using an attenuated total reflectance (ATR) mode of a Fourier
transform infrared spectroscopy (FTIR) instrument (Nicolet 6700,
Thermo-Scientific, UK). The spectra were collected in the range of
400–4000 cm− 1 at a resolution of 2 cm− 1 by averaging 64 scans. The
spectra were baseline corrected and normalised to the peak at
1455 cm− 1 corresponding to the C-H deformation for CH2 group [46,

Fig. 2. Flowchart of results and discussion section.
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Fig. 3. Tensile strength (a), tensile modulus (b), strain at maximum force (c), strain at break (d), toughness (e) and images (f) of air-degraded specimens at different
times. Both Z and F specimens showed no degradation of properties. None of the F specimens failed up to strain 40% (denoted by the arrows). The images also
demonstrated no visual changes in appearance in contrast to hydrolytic degradation (see Fig. 7). Error bars indicate standard deviation.

47]. The carbonyl absorption between 1600 and 1800 cm− 1 was sub
jected to curve fitting using Originlab software employing a Gaussian
function according to [46]. The peak-to-height ratio (PHR) for various
bands (Hpeak x) was quantified using the reference peak at 1455 cm− 1 as
explained in study [46] to monitor the degradation process:
PHR =

Hpeakx
HRef

× 100%

peak (1455 cm− 1 )

• 3.2 – Considering hydrolytic degradation of PLA by tracking the
water absorption for both Z and F specimens to check the de
pendency of PLA on degradation temperature. The mechanical
degradation of interface (Z specimen) at different temperatures was
compared against that of the bulk material, accompanied by
assessing the thermal properties and structural changes to explain
the trends observed for mechanical properties.
• 3.3 – Relating the mechanical and thermal properties to Mn data to
determine threshold Mn for a 3D-printed part before losing its me
chanical integrity. The suitability of accelerated tests to predict the
long-term effect of degradation on PLA properties was also assessed.
• 3.4 – Comparing the fracture surface of Z and F specimens to explain
the features observed during degradation.

(6)

2.4.6. Optical microscopy
The fracture surface of each specimen was examined using a Zeiss
Primotech optical microscope at 5x magnification.
3. Results and discussion

The overall layout of this section is demonstrated in Fig. 2. First,
effects of physical ageing in air at room temperature on mechanical and
thermal properties were considered. Subsequently, the effect of moisture
absorption on physical properties of the polymer was examined. Then,
the temporal changes in mechanical properties during degradation at

This section is divided into four main sections:
• 3.1 – Discussing the limited effect of physical ageing on the me
chanical and thermal properties of Z and F specimens.
5
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Fig. 4. Evolution of Tg (a), Tm (b) and crystallinity (Xc) (c) for Z and F specimens. Physical ageing was minimum since there was no significant change in thermal
properties. Moreover, no considerable difference between Z and F was found. Error bars indicate standard deviation.

three temperatures in media were evaluated and linked with various
material/microstructural properties (i.e. crystallinity, FTIR spectra
peaks and molecular weight). Finally, fracture surfaces of both F and Z
specimens revealed a transition from ductile to brittle fracture mecha
nisms during degradation, linked to the polymer microstructure.

conditions [33]. These results agreed well with study [36], which
showed no change in mechanical properties of injection-moulded PLA
after 360 days of ageing. Visual examination of the specimens (Fig. 3f)
also demonstrated no changes in appearance of the specimens up to 300
days.
3.1.2. Thermal properties during ageing
The thermal properties of undegraded and aged specimens were also
measured (Fig. 4). The values for Tg (Fig. 4a) and Tm (Fig. 4b) were
similar to those at day 0, confirming the slow ageing of PLA and sup
porting the results for mechanical properties (Fig. 3). The crystallinity
value (≈3%) (Fig. 4c) stayed unchanged and, therefore, there was no
change in Tg and Tm. Studies presented conflicting results for the effect
of physical ageing on these two temperatures: some studies [37,48,49]
reported that ageing was accompanied by increased Tg, whilst others
[35] stated the opposite. The physical ageing is normally discussed in
terms of the enthalpy relaxation- i.e. an endotherm peak at Tg which
increases in intensity with ageing. The obtained results (data not shown)
revealed no general trend, further confirming no rearrangement of
polymer chains and no ageing of PLA. The results clearly indicated that
physical ageing had a limited effect on properties of PLA and, therefore,
in the next section, the effect of hydrolysis on PLA is discussed.

3.1. Physical ageing of polymer
PLA can undergo both physical ageing and hydrolytic degradation. It
is therefore important to study these two phenomena separately to gain
a fundamental understanding of the degradation of 3D-printed parts
and, more specifically, the degradation of the interface between layers.
3.1.1. Mechanical properties during ageing
The obtained results demonstrated that, for undegraded Z and F
specimens, the mean tensile strength values for submerged testing at
37 ◦ C (Fig. 3a) were 27.5 MPa and 33.1 MPa, respectively, with a dif
ference of just 5.6 MPa. After 300 days of physical ageing at RT, the
mean values were 27.6 and 33.4 MPa for Z and F specimens, respec
tively. The tensile modulus (Fig. 3b) also showed little change (< 5%).
Similar findings were observed for strain at maximum force (Fig. 3c),
strain at break (Fig. 3d) and toughness (Fig. 3e). Such results indicated
that the degradation of PLA in laboratory conditions (i.e. in air at RT)
had a negligible effect on the mechanical properties of PLA (tensile
tested submerged at 37 ◦ C). Despite having comparable strength values,
the strain at break and toughness were significantly different for Z and F
due to strain localisation in the interface bond, which caused a sudden
and brittle fracture similar to previous studies [19,33]. Meanwhile, F
specimens represented bulk behaviour and did not fail up to 40% strain
(as shown by arrows). The prolonged plasticity compared to typical
values occurred due to the synergistic effect of water and temperature
surrounding the material during tensile testing under physiological

3.2. Hydrolytic degradation
This section discusses the hydrolytic degradation of Z and F speci
mens. The first part covers water absorption and mass change for
different degradation temperatures to study the viability of accelerated
temperature for prediction of polymer behaviour in terms of water up
take. After that, degradation of mechanical properties over time is
analysed and linked to thermal and chemical properties of Z and F
specimens.
6
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Fig. 5. Evolution of mean water absorption (a) and mass change (b) for Z and F specimens degraded at different temperatures showed no significant difference.
Accelerated tests allowed greater amounts of water uptake until Mw was low enough to permit diffusion of soluble monomers, which coincided with a change in dry
mass. Error bars indicate standard deviation.

3.2.1. Water absorption study
The results presented in Fig. 5a and b show the extent of water ab
sorption and dry-mass change, respectively, for both F and Z specimens
degraded at different temperatures. To allow direct comparison of data,
time was normalised by the time to halve Mw (t0.5Mw). No noticeable
differences were found between F and Z specimens throughout the
degradation at any temperature. The plot for water absorption can be
divided into two main regions: (i) saturation, and gradual and small
increase, before (ii) the sudden increase in water absorption due to
degradation, which coincided with a decrease in dry mass.
At 37 ◦ C, polymer saturation (0.761% water absorption) happened
within 2 h, which then levelled off until a normalised time of 2.
Degradation at accelerated temperatures allowed a greater amount of
immediate water uptake, 1.17% and 1.23% for 50 ◦ C and 65 ◦ C,
respectively, due to the increase in chain mobility at temperatures closer
to Tg of PLA (≈63 ◦ C) [45]. In the later stage of degradation, all speci
mens showed a sudden increase in water absorption after a normalised

time of between 3 and 4.
When Mw was low enough to allow diffusion of soluble monomers
out of bulk structure, mass change dominated this process [50]. The
change in dry mass was more noticeable for 50 and 65 ◦ C compared to
37 ◦ C. Overall, results obtained in this study were in agreement with
previous works [45,51,52] suggesting there is a time-lag before
observing a significant mass change.
Visual examination of specimens at different stages of degradation
(Fig. 6) showed that undegraded specimens were initially transparent
(stage 1), but when degradation started, specimens became brittle and
also changed colour to white (stage 2). At the final stage of degradation
(stage 3), due to extensive chain scissions, brittleness increased causing
disintegration into pieces without mechanical integrity. In addition to
visual inspection, measurements for mean thickness and width for both
F and Z specimens degraded at 37 ◦ C showed little differences during
degradation (< 1% change in cross-sectional area from day 0–240),
suggesting bulk degradation of PLA rather than surface erosion.
7
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Fig. 6. Specimens during different stages of degradation. As degradation continued the transparent specimens (stage 1) turned into white (stage 2). Further
degradation of specimens resulted in disintegration of polymer into pieces (stage 3).

3.2.2. Degradation of mechanical properties
The mechanical properties of Z and F specimens tested submerged at
37 ◦ C, before and after degradation at different temperatures, are pre
sented in Figs. 7 and 8. Z and F specimens had initial tensile strength
values of 27.5 ± 1.7 MPa and 33.1 ± 0.9 MPa, respectively. The
reduction in the strength was detected after some delay for both speci
mens, suggesting similar behaviours of interface and bulk material. The
tensile strength for both testing directions at 65 ◦ C reduced to zero after
4 days (Fig. 7a). Meanwhile, it took 35 and 270 days to reach zero
strength at 50 ◦ C (Fig. 7b) and 37 ◦ C (Fig. 7c), respectively. At the end,
specimens were brittle and could not be gripped, indicating the exten
sive degradation of the PLA.
The delay period was the shortest for the accelerated tests suggesting
the higher rate of degradation. Some improvement in strength was
observed during early stages of degradation, which is discussed in Sec
tion 3.2.3 in relation to crystallinity. Strength increased by 33.3%
regardless of testing direction after only 1 day of degradation at 65 ◦ C
(Fig. 7a). At 50 ◦ C, the strength improved by only 12.2% on average for
both Z and F specimens after 1 day (Fig. 7b). Specimens degraded at
37 ◦ C had the least improvement in strength of only 5% after 60 days
(Fig. 7c).
A long induction period was found before the tensile modulus
dropped to zero for all three temperatures for both types of specimens.
Regardless of degradation temperature, the changes in tensile modulus
of Z specimens were comparable to that of bulk material (F specimens)
throughout degradation. The data for strain at maximum force showed
that for both testing directions, the material became more brittle during
degradation. This could be a result of a combination of changes in
crystallinity and Mw which is explained in the next sections.
Although Z and F specimens demonstrated similar strength and
modulus values, the strain at break (Fig. 8a–c) and toughness (Fig. 8d-f)
differed by an order of magnitude before degradation. The strain
localisation at the interface for Z specimens was responsible for brittle
fracture as explained in a recent study [19] using this specimen design.
However, these two properties were the most sensitive ones to degra
dation even at the early stage. This is because both properties are
drastically altered by any changes in both macroscopic (e.g. surface
defect) and materials features (e.g. Mw and crystallinity) as the result of
degradation. This was obvious for F specimens, since the undegraded
specimens did not fail up to 0.4 strain, while after only 1 day of

degradation at 65 ◦ C, the strain at break reduced to only 0.052.
Although Z specimens were brittle before degradation (strain at break of
0.034), degradation lowered the value but to a lesser degree than F
specimens. As degradation continued, both Z and F specimens started to
behave similarly and demonstrated a very close levels of strain at break
of 0.005 at the end of degradation for all degradation temperatures. F
specimens initially had much higher toughness values thanks to orien
tation of filaments along the testing direction by absorbing more energy
before failure. Similar to other properties, toughness of both Z and F
approached a similar value at the later stages of degradation. The
gradual convergence of these properties indicates that (degrading) me
chanical properties of the bulk material gradually became a more
dominant factor than inherent anisotropy due to the printing process
and extruded-filament geometry.
The suitability of using accelerated degradation tests was examined.
To do this, all data were normalised by their initial values for strength
(σ/σ0), strain at maximum force (εmax.force /εmax.force0) and modulus (E/
E0). Whereas, strain at break (εbreak) and toughness (G) were normalised
against the values for the normalised time of 0.5 since the initial values
were not measurable (F specimens did not fail). From Fig. 9, it is clear
that degradation of the interface was similar to that of the bulk material.
Furthermore, similar trends were observed at all temperatures, indi
cating that accelerated tests can be used for prediction of longer-term
performance at 37 ◦ C. The current study used a novel specimen design
and manufacturing approach to eliminate thermal variation and design
complexity for ASTM standards during the printing process. The results
are valuable for designing new medical implants when time-dependent
properties of 3D-printed polymer during its degradation are critical.
They also give confidence in using AM parts for biomedical applications
as long as they have suitable initial mechanical properties, since the
interface between layers was found to degrade in a similar manner to the
bulk polymer.
3.2.3. Interplay between degradation and crystallisation
The DSC thermograms of Z specimens at three temperatures are
presented in Fig. 10a-c (F specimens are not shown because they were
almost identical to Z, as expected). The evolution of Tg, Tm and crys
tallinity for both Z and F specimens, normalised by t0.5Mw, is also shown
(Fig. 10d–f). The results can be discussed in terms of (i) the effect of
testing direction and (ii) the degradation temperature. No significant
8
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Fig. 7. Degradation of mean tensile strength and modulus at 65 ◦ C (a), 50 ◦ C (b) and 37 ◦ C (c) indicated that the rates of decrease for both Z (dashed line) and F
(solid line) were similar. The strain at maximum force for Z and F specimens degraded at 65 ◦ C (d), 50 ◦ C (e) and 37 ◦ C (f) showed a similar trend to strength data
over the course of degradation. Grey shaded regions represent the degradation in air data (see Fig. 3). Error bars indicate standard deviation.

difference in thermal properties were found for Z and F directions,
supporting the mechanical-properties results (Fig. 9). The Tg graph
peaked around 63 ◦ C. Cold crystallisation peak was identified around
110 ◦ C followed by Tm1 of 152 ◦ C. Once degradation started, a second
melting peak (Tm2) around 145 ◦ C was observed similar to previous
studies [53,54] due to the presence of different α homocrystals. The
high-temperature melting peak corresponded to the thicker lamellae (i.
e. α crystals), whereas, the lower peak represented the imperfect α’
crystals.
Degradation temperature was an important factor. Both Z and F
specimens initially comprised mainly amorphous regions due to low
crystallinity values (Fig. 10d), and, immediately after degradation, the
amorphous regions were subjected to chain scissions and relaxation to
form crystalline phases (stage A in Fig. 11). This can be seen by the rapid
six-fold increase in the crystallinity at 65 ◦ C (and similar for 50 ◦ C),
which increased the strength initially. However, higher crystallinity
reduced the strain at break exponentially since stiff crystals cannot

elongate in a similar manner to amorphous chains, and instead con
strained the chains. This could suggest that during the early-stage of
degradation, the change in crystallinity had a greater effect on me
chanical properties than reduction of Mw, in agreement with polymerchemistry studies for non-additive-manufactured specimens [10,12,45,
55]. During this stage, there was no obvious changes in Tg (Fig. 10e) and
Tm (Fig. 10f).
As degradation proceeded, the chain scission and production of
oligomers resulted in the substantial decrease in Tg and Tm due to
extensive plasticisation of polymer [6] (stage B in Fig. 11). This can be
seen since the crystallinity continued to increase to the maximum values
of 43.5%, 36.7% and 17.1% for 65 ◦ C, 50 ◦ C and 37 ◦ C, respectively.
This coincided with a reduction in mechanical properties of Z and F
specimens, suggesting that a combination of crystallinity and Mw
reduction were responsible for changes in the mechanical properties of
AM parts at the later-stage of degradation, which is discussed in Section
3.3.
9
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Fig. 8. The reduction in strain at break at 65 ◦ C (a), 50 ◦ C (b) and 37 ◦ C (c) indicated multiple-fold initial anisotropy between F (solid-bar column) and Z (empty-bar
columns) specimens, which converged as material degraded. A similar trend was observed for toughness for both directions degraded at 65 ◦ C (d), 50 ◦ C (e) and
37 ◦ C (f). Grey shaded regions represent the degradation in air at RT for both Z and F specimens which showed no noticeable changes in properties over 300 days.
Arrows above bars indicate the specimens that did not fracture at 40% strain. Error bars indicate standard deviation.)

3.2.4. Structural changes of polymer chains during degradation
To support the DSC data, structural changes of Z and F specimens
were monitored with FTIR to provide more complementary information.
FTIR spectra for degradation of Z and F specimens at 37 ◦ C only are
shown in Fig. 12a and b, respectively, since all temperatures showed a
similar trend. Careful examination of spectra was carried out by curvefitting of the absorption band at 1755 cm− 1, which corresponds to C˭O
stretching of lactide esters [46,47]. The results of curve fitting (decon
volution) of C˭O peak into three absorption peaks (I–III) are shown in
Fig. 12c–h. The peak position and resultant area are given in the tables
within the figures, with a special focus on peak II as the main one for
monitoring degradation. Before degradation, the areas of peak II for Z
(Fig. 12c) and F (Fig. 12d) specimens were 3.02 and 2.11, respectively.

After 240 days of degradation at 37 ◦ C, the values increased to 3.47
(Fig. 12g) and 3.30 (Fig. 12h), respectively.
The comparison of the areas under the peak once again confirmed
similar rates of degradation for the interface bond and bulk material. In
addition, a more in-depth analysis of FTIR spectra was done by quan
tifying the PHR values for Z and F specimens for various bands (Table 2).
The absorption band at 920 cm− 1 corresponding to the α crystal phase
was used to monitor crystallisation dynamics [6]. The PHR value for this
band showed a slight fluctuation similar to a previous study [6], with no
substantial difference between Z and F specimens; meanwhile, the trend
was more pronounced for accelerated tests (see Supplementary Data).
This trend correlated well with the crystallinity data (Fig. 10d).
Data for the bands at 1185 cm− 1 and 1755 cm− 1 were also used to
10

A. Moetazedian et al.

Additive Manufacturing 38 (2021) 101764

Fig. 9. Evolution of normalised tensile strength (a), tensile modulus (b), strain at maximum force (c), strain at break (d) and toughness (e) indicating similar changes
in properties for Z and F. Accelerated temperatures can be used to predict mechanical properties of 3D-printed PLA. Data for strain at break and toughness were
normalised by the time 0.5 as opposed to initial properties since F specimens did not fail at time 0. (t* is the time to lose mechanical properties).
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Fig. 10. DSC thermograms for 65 ◦ C (a), 50 ◦ C (b) and 37 ◦ C (c) showing sensitivity of PLA to the degradation temperature and time. For thermal properties, no
difference between Z and F direction was found. (d) A sharp increase in crystallinity was observed especially at higher temperature. (e) Tg for both Z and F specimens
degraded at different temperatures exhibited a decreasing trend as degradation proceeded. (f) The degradation and plasticising effect of water resulted in the gradual
decrease in Tm eventually. Error bars indicate standard deviation.
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Fig. 11. Schematic indicating the hydrolysis of PLA. During stage A chain scissions of amorphous chains allow the formation of crystalline lamella. The formation of
crystalline phase continues during stage B as more mobile polymer chains re-organise into crystalline lamella. Finally, at stage C, the diminishing amorphous phase
between crystalline lamellae becomes degraded to the extent that its mechanical properties are lost.

monitor changes in the concentration of ester groups (Table 2). For both
bands, the PHR values showed an increasing trend from 0–240 days for
both testing directions. This trend could be explained by the cleavage of
long polymer chains into shorter chains and increasing the formation of
new carboxyl end chains as well as new carbonyl compounds [47]. Once
more, no significant change was evident for Z and F specimens in terms
of PHR values for 1185 cm− 1 and 1755 cm− 1.

The plots of molecular weight degradation against hydrolysis time
showed a higher R2 values for the linear relationship for an autocata
lysed model (R2 = 0.99) [57]. Additionally, amorphous polymers are
known to undergo autocatalytic degradation [12,45,55]. The slopes of
Mw (Fig. 13d) and Mn (Fig. 13e) for different degradation times were
very similar up to normalised time 1. Beyond that point, the data for
37 ◦ C showed a lower rate, suggesting a higher rate of autocatalysis
degradation at higher temperatures [57,58]. This is reasonable since a
higher degradation rate allowed less time for catalytic short chains to
diffuse out of the polymer, which is discussed shortly in Section 3.4. To
check this, a further comparison of rate constants (k) for the autoca
talysis model for different testing directions and degradation tempera
tures was carried out as shown in Table 3. The k constant values were
very similar for Z and F specimens at all temperatures, while, the
degradation temperature greatly influenced this value. The rate of hy
drolysis increased ten-fold at 50 ◦ C and eighty-five-fold at 65 ◦ C
compared to 37 ◦ C, confirming that the increase in the slope for 65 ◦ C
after normalised time of 1 corresponds to a higher rate.
Some researchers [45] raised concerns about the use of accelerated
tests to predict properties of polymer at body temperature. Above the
polymer’s Tg, segmental mobility increases and Van der Waals forces
holding amorphous phases in place are reduced, facilitating the hydro
lysis and higher degradation rates [45]. For this reason, the Arrhenius
relationship (Eq. 5) was applied to assess the suitability of accelerated
tests. A high linear correlation (R2 = 0.99) showed that degradation
kinetics were not significantly influenced above Tg, and accelerated tests
could be used to understand the degradation profile of polymers with a
shorter study duration. From the gradient of the linear relationship
(Fig. 14a), the activation energy (EA) was estimated to be 135.6 kJ.
mol− 1. Previous studies [44,45,59–61] provided the values from 74.1 to
113.4 kJ.mol− 1 for PLA films. This is the first time that activation energy
for degradation of 3D-printed PLA was calculated.
Once a linear relationship between the degradation rate and tem
perature was obtained, it was decided to link t0.5Mw with the degradation
temperature as shown in Fig. 14b. Fitting the t0.5Mw to degradation
temperature resulted in a strong linear relationship (R2 = 0.998), con
firming once again the applicability of accelerated tests to predict the
long-term properties of 3D-printed polymers.
For biomedical applications, it is important to choose the initial Mw

3.3. Molecular weight degradation
In this section, degradation of Mw was considered for both Z and F
specimens to understand the potential effects of evolution of micro
structural changes in PLA on its mechanical properties and degradation
kinetics. Such understanding is important to comprehend the complex
evolving relationship between mechanical properties and Mw for
designing new implants.
The GPC curves obtained at different temperatures and time periods
were plotted (Fig. 13a–c) followed by evolution of normalised Mw
(Fig. 13d) and Mn (Fig. 13e) for Z and F specimens with normalised time.
There was no difference between testing directions once again; there
fore, for simplicity, only the GPC curves for Z specimens are shown. The
curves shifted to lower values without the formation of any specific peak
for crystalline regions. At the same time, the GPC curves for specimens
aged in air showed no sign of shifting (grey shaded region in Fig. 13a),
supporting findings for mechanical and thermal properties in Section
3.1. GPC curves also remained monomodal for all three temperatures in
agreement with previous studies [12,45,55].
The rates of decrease for Mw and Mn for both F and Z were similar,
supporting the earlier results that degradation of the interface happened
at a similar rate to that of the bulk material. There was no delay in the
reduction of Mw; instead, a large decrease was observed, implying the
random scission of long polymer chains [11,56]. By the time Mw was
halved, tensile strength (Figs. 7 and 8) showed no significant change in
values for both Z and F specimens. Once again, this confirmed de
pendency of early-stage properties on crystallinity (Fig. 10d) rather than
Mw reduction. The tensile strength only started to decrease substantially
when Mw reduced by more than 50–75% (see Figs. 7 and 8).
The data were examined to determine the mechanism (noncatalytic
vs. autocatalytic) of degradation using well-established theories [45].
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Fig. 12. Normalised FTIR spectra obtained for Z (a) and F (b) specimens degraded at 37 ◦ C indicating that the main absorptions peaks corresponded to lactide esters
(1755 cm− 1), C‒H deformation of CH2 groups (1455 cm− 1) and C‒O‒C ether stretching (1150–1060 cm− 1). The curve-fitting of the C˭O peak components for Z –
0 day (c), F – 0 day (d), Z – 120 days (e), F – 120 days (f), Z – 240 days (g) and F – 240 days (h) showed an increasing trend for peak II.
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Table 2
Changes in PHR for bands 920 cm−
between F and Z specimens.
Degradation time
(days)
0
60
120
180
240

1

(crystallisation dynamics), 1185 cm−

PHR for 920 cm−

1

Z

F

0.00
0.11
0.09
0.08
0.09

0.00
0.11
0.11
0.11
0.07

ΔPHR

0.00
0.00
0.01
0.03
− 0.02

1

and 1755 cm−

1

PHR for 1185 cm−

for chain scission and degradation. No significant differences were found
1

Z

F

2.64
2.66
2.67
2.74
2.87

2.64
2.66
2.69
2.73
2.85

ΔPHR

0.00
0.00
0.02
− 0.01
− 0.02

PHR for 1755 cm−

1

Z

F

2.97
3.13
3.25
3.26
3.29

3.09
3.13
3.34
3.47
3.30

ΔPHR

0.12
0.00
0.09
0.20
0.01

Fig. 13. Molecular distribution for PLA for varying time points obtained at different temperatures: (a) 37 ◦ C; (b) 50 ◦ C; (c) 65 ◦ C. Evolution of normalised Mw (d) and
Mn (e) values for degradation of both Z and F specimens with normalised time for different temperatures showing the similar rates of degradation. In contrast, no
general decrease was observed for specimen degraded in air (shaded region).

of PLA to achieve the required resorption time; so, the effect of different
properties on Mn for F and Z specimens were studied at all three tem
peratures (Fig. 15). For all properties except elastic modulus, similar
exponential curves can be identified, although at different magnitudes.
All mechanical properties showed a considerable change in the slope
once the Mn value was below 40 kDa; meanwhile, for Tg this value was
around 30 kDa. This study developed a rigorous understanding about
the effect of molecular weight on mechanical properties, since almost all

Table 3
Calculated hydrolysis rate k at different temperatures.
Temperature (◦ C)
37
50
65

k rate for catalysed model
F

Z

0.0060
0.0658
0.5170

0.0063
0.0645
0.5371
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Fig. 14. (a) Arrhenius relation for ln k against 1/T. (b) Effect of degradation temperature on molecular weight half-life.

data points overlapped to a considerable degree even for specimens
tested in different directions as well as different temperatures and
degradation rates. In addition, these plots can be used as design maps for
a range of mechanical-property requirements if the initial polymer
molecular weight is known along with its degradation rate.

3.5. Advantages, limitations and applicability of findings
This section discusses the implications and limitations of the current
study compared to the literature [26,31]. PLA is widely used for various
biomedical applications including fixation plates and stents. Although
clinical studies for 3D-printed PLA demonstrated some satisfying
early-stage results, it is still necessary to have an understanding of its
long-term degradation behaviour and related evolution of mechanical
properties, since there is evidence of late-stage complications due to
scaffold fracture or discontinuity [62]. Additionally, widespread caution
exists with regards to poor bonding between 3D-printed layers. To
address and quantify the necessity for this caution, the current study
aimed to determine lower and upper bounds of properties by
manufacturing the best possible (F specimens – for bulk properties) and
worst (Z specimens – for interfacial bond properties) orientations. This
research demonstrated for the first time the possibility to measure the
actual contact area for analysis of properties during degradation by
employing an appropriate testing design (i.e. single-filament specimens)
as opposed to ASTM standard geometry with non-standardised complex
print paths. Based on the obtained results (Sections 3.1–3.4), the inter
facial bond degraded in a similar manner to that of bulk material, sug
gesting that the bond was stable and equivalent to the latter. Rather than
poor bonding (as considered in many works e.g. [26,31,63]), the pres
ence of extruded-filament-scale geometries was responsible for aniso
tropic properties, as identified in our previous study [19], and should be
the focus of research efforts to reduce anisotropy. Furthermore, the re
sults of this study can be useful for future studies to assess mechanical
degradation of biodegradable 3D-printed PLA since, for the first time,
mechanical performance under the most medically-relevant conditions
(i.e. submerged at 37 ◦ C) was characterised.
Although this study focused on mechanical properties of singlefilament-wide structures, the results highlight important opportunities
for future investigations. Preliminary results of our ongoing research
[65,66] for more complex print paths indicate that the findings of this
research are applicable for a wide range of printing parameters and print
paths. Whilst inter-layer bonding is widely considered as the most crit
ical aspect (see e.g. [63,64]), it would also be interesting to study
intra-layer bonding between extruded filaments within a single layer.
However, this aspect is not as critical as Z-direction properties since the
print path (perimeters and infill pattern) can be designed to orient

3.4. Fractography analysis
Fracture analysis is a useful tool to gain more insight about the effect
of degradation on the mechanical performance of the material. This
study is the first to link the degradation mechanism to the fracture
surface of 3D-printed parts. Fractography of undegraded Z specimens
(Fig. 16a) showed a series of radial striations indicating ductile fracture
as explained in [33]. There is no respective image for undegraded F
specimens since they did not fail at 40% strain. After 1 day of degra
dation at 65 ◦ C, the fracture surface of Z specimen (Fig. 16c) demon
strated a flat and smooth surface confirming the transition from ductile
to brittle fracture due to the six-fold increase in crystallinity of polymer
(Fig. 10d). Likewise, F specimens became more brittle after 1 day of
degradation and fractured, although some degree of plasticity still
happened as indicated by the extensive necking (Fig. 16b).
After 3 days of degradation, F specimens (Fig. 16d) exhibited more
brittle fracture, without necking features, and behaved similarly to Z
specimens (Fig. 16e) due to a significant increase in crystallinity. The
fragments after 5 days (not mechanically tested) were also analysed.
Pockets were visible on the surface (as shown by the arrows in Fig. 16f
and g). These may indicate regions of localised accelerated degradation
due to the entrapment of acidic oligomers (Fig. 16f and g). This could
also explain the slight shoulder observed in the GPC curve for Z speci
mens after 7 days (Fig. 13c) due to faster degradation rate in these
localised regions, creating two degradation conditions. The acidic en
vironments created during degradation could result in release of
degradation by-products into the surrounding medium and lowered the
pH from 7.4 to 6.1, which was noted after the 6th day of degradation at
65 ◦ C. The fracture surfaces for the specimens degraded at physiological
temperature (Fig. 17) showed similar features to 65 ◦ C i.e. diminished
the striations and necking as degradation continued. More detailed
fractographic analysis will be considered in a dedicated upcoming study.
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Fig. 15. Combined data for normalised strength (a), strain at maximum force (b), strain at break (c), modulus (d) and Tg (e) against Mn indicating the overlapping of
data for degradation temperatures and testing directions. For all properties (except the modulus), an initial plateau period was followed by a sudden decrease,
suggesting the existence of a critical Mn.
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Fig. 16. Optical microscopy images of fracture
surfaces for F (left-hand columns) and Z (righthand columns) specimens taken at different
times when degraded at 65 ◦ C. F specimens at
day 0 did not failed up to 40% strain so no
image of fracture surface could be taken. A
transition from ductile to brittle fracture (dis
appearing of the necking and striations) was
observed as degradation continued. Due to
autocatalytic degradation and accumulation of
acidic oligomers inside polymer, pockets were
formed throughout the structure for both Z and
F specimens as shown by arrows and inset for
the image g.
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Fig. 17. Optical images of fracture surfaces for F (left-hand column) and Z (right-hand column) specimens showing that degradation at 37 ◦ C changed the me
chanical behaviour of polymer by transition from ductile fracture (highlighted by apparent necking and striations) to brittle fracture similar to Fig. 16.

extruded filaments in the direction of maximum stress, which is not
feasible in the Z direction for layer-by-layer manufacturing. Further
more, in this study, the focus was to precisely characterise the most
critical (weakest) aspect of interfacial bond properties: hence, the tensile
test was selected as the most appropriate testing mode. Nevertheless,
other mechanical testing methods including flexural, compression,
shear, cyclic or impact could provide further understanding about a
wider range of material behaviours during degradation for specific
applications.
Mechanical characterisation is critical for designing new medical
implants, but it may also be of value to characterise a range of other
factors. Although not in the scope of this study (aimed at investigating
anisotropic mechanical properties), degradation-induced changes in
surface texture are interesting from a biological point of view. The
specimens here showed no mesoscale evolution of surface structure or
geometry, but future studies could also consider nano- and/or microscale surface features. Additionally, PLA in our research underwent
bulk degradation (no surface erosion), but co-polymerisation with other
polymers or composite materials, or a change in degradation mechanism
(e.g. enzymatic degradation), could promote surface erosion. Such a
change in degradation kinetics could potentially result in variation of
surface texture and geometry over time, consequently affecting the
physical and biological properties with respect to wettability and celladhesion.

4. Conclusions
This study compared the degradation of the interface bond between
filaments (Z specimen) and bulk polymer (F specimens) for PLA speci
mens produced by material extrusion additive manufacturing. The
sensitivity of 3D-printed PLA to physical ageing at room temperature
showed that there was no deterioration of mechanical and thermal
properties after 8 months. Hydrolytic degradation experiments demon
strated that the interface between 3D-printed layers degraded in a
similar manner to the bulk material. Certain properties such as water
absorption, crystallinity and Mw were sensitive to the degradation
temperature increasing from 37 ◦ C to 65 ◦ C. Mechanical properties,
tested under physiological conditions (submerged at 37 ◦ C), showed
that Z specimens behaved similarly to F specimens at all temperatures,
after normalising the degradation time based on molecular weight
degradation. This was supported by a detailed analysis of microstruc
tural changes including chemical, thermal and structural properties as
well as fractography. Changes in crystallinity of the polymer were
shown to greatly influence mechanical properties during the early stage
of degradation, while, at the later stage, properties were affected mainly
by Mw reduction. The rate of change in Mw against degradation tem
perature obeyed the Arrhenius equation with the calculated activation
energy of 135.6 kJ.mol− 1. Comparing properties against Mn allowed a
threshold value of 40 kDa to be identified, below which mechanical
properties deteriorated. The findings of this study improve the confi
dence in using additive manufacturing for biomedical applications since
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the parts were tested under conditions close to in vivo and showed for
the first time that the unavoidable interface between 3D-printed layers
did not affect the long-term performance. These findings were only
achievable by utilising a specially designed micro-tensile specimen.
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