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Removable orthodontic appliances fabricated from poly (methyl methacrylate) (PMMA) have been routinely used for active
orthodontic correction and as retention appliances. This article reports the use of a combination of biodegradable-grade poly
(lactic acid) (PLA) and cooking-grade sesame oil as a biodegradable alternative for PMMA. The underlying purpose is to
combat the environmental hazards due to nondegradable PMMA as well as to overcome its structural and mechanical
drawbacks. The fabrication technique that has been used is fused deposition modeling-based 3D printing technology. Oil-
dipping for 24 h was done to render the PLA hydrophobic and to reduce its brittleness. Incorporation of oil within the PLA
base plate has been confirmed by FT-IR and FT-Raman spectroscopic techniques. The PLA-cooking oil material has exhibited
satisfactory tensile, compressive and flexural strengths. The proposed material has demonstrated excellent attributes in terms of
product precision, dimensional stability, density, hardness, and maximum load bearing capacity for the purpose of fabricating
orthodontic appliances.

1. Introduction

Acrylic-based polymers have been utilized to fabricate var-
ious orthodontic appliances for over a century. One such
polymer is poly(methyl methacrylate) (PMMA), which
became a very popular choice due to its versatility, reliabil-
ity, and most importantly, biocompatibility. PMMA has
been used for a wide range of applications, such as obtu-
rators in newborns with congenital defects, space main-
tainer appliances for children in the mixed dentition
period, dentures for patients with missing teeth, prosthesis
for various craniofacial defects (such as ocular, nasal, and
auditory prostheses), functional appliances for growth
modification in growing children, splints to correct tempo-
romandibular joint disorders, active orthodontic appliances
to bring about tooth movement, and orthodontic retainers
[1]. Until date, acrylic resin based on poly(methyl methac-

rylate) remains as the state-of-the-art material for fabrica-
tion of orthodontic base plates (OBPs) [2–5]. However, it
suffers from certain drawbacks; the most important of
which is the presence of residual monomer and initiator
within the final product [6–9]. These, in turn, get gradu-
ally released during the service life of the OBP and may
cause health issues within the patients subjected to long-
term exposure. Most importantly, PMMA is nonbiode-
gradable and, thus, causes damage to the environment
after the OBPs get discarded after their service life. In
addition, although the fabrication of PMMA-based OBPs
is simple and quick, the products formed have structural
defects, dimensional imperfections, and nonuniformity,
causing unwanted variations in their final physical and
mechanical properties (Figure S1). For example, in a
single PMMA-based OBP, the thickness variation was
found to be >2.5mm, with the lowest and highest

Hindawi
Advances in Polymer Technology
Volume 2022, Article ID 7448575, 16 pages
https://doi.org/10.1155/2022/7448575

https://orcid.org/0000-0001-8806-7282
https://orcid.org/0000-0001-8971-4621
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/7448575


thickness values being 1.9mm and 4.5mm, respectively.
This range of variation was found to be true for all the
base plates pictured in Figure S1.

Pollution caused by plastic materials, especially the
single-use plastics, is a very serious problem that is affect-
ing the entire world. These plastic materials take a very
long amount of time to degrade or decompose under nat-
ural conditions, ranging from decades to centuries and
even longer at times. As a result of this long timeframe,
the discarded materials cause nuisance to the environment
and most often disturb the local ecosystem. One way to
reduce the impact of plastic pollution is to recycle the
plastic products after their service life. However, recycling
has its own limitation. Firstly, the recycled material almost
never matches the properties of the original virgin mate-
rials, leading to deterioration of the product quality or
use in another product of lesser property demand. Sec-
ondly, there is a limit to the number of times a material
can be recycled. Therefore, after a certain number of recy-
cling cycle, the material has to be eventually discarded or
used in purposes such as laying of roads and landfill.
Keeping the above aspects in view, the best way forward
is to use biodegradable plastic, in the first place, to fabri-
cate the original product. This will ensure that there is
no need to worry about the fate of the material after the
service life, as it will get biodegraded and mixed with the
soil. This is especially applicable for products using
single-use plastic materials. PMMA-based OBPs serve as
one such single-use plastic. Therefore, it is of great interest
to use a biodegradable alternative to PMMA, so that the
polluting effect can be prevented.

This work was aimed at developing a biodegradable and
biocompatible OBP to replace the state-of-the-art nonbiode-
gradable PMMA resin-based OBPs. However, this was a
challenging task as this was probably the first-of-its-kind
approach to replace the well-known and highly suitable
PMMA by a biodegradable polymer for fabrication of an
OBP. In this research, a combination of biodegradable-
grade poly(lactic acid) and cooking-grade sesame oil mate-
rial was used as a potential replacement of PMMA for the
fabrication of OBP. The choice of PLA and sesame oil has
been done based on the fact that these are known to be bio-
degradable, biocompatible, and food contact-safe [10–13].
Also, PLA is one of the most commercially used biopolymers
at present and has found use in biomedical applications [14,
15]. In addition, the new-age 3D scanning and printing tech-
nology, belonging to the versatile additive manufacturing
process [16, 17], has been utilized in this work for the
designing and fabrication of the developed OBP. The tests
carried out for determining the suitability and applicability
of the developed alternative OBP material are water uptake,
water swelling degree, saliva uptake, and saliva swelling
degree at different temperatures (i.e., 40°C, 90°C, and 0°C)
and at different pH (i.e., 5, 7, and 9), FT-IR and FT-Raman,
maximum load bearing capacity, surface hardness, density,
and tensile, flexural, and compressive strengths. Moreover,
the product was found to be odorless and tasteless and is
nontoxic to humans as per the information available in the
literature [13, 18].

2. Materials and Methods

2.1. Materials. 3D printed filament of PLA was purchased
fromWANHAO (Mumbai, India). The vacuum-packed fila-
ment used was of an average diameter of 1.5mm and was
translucent. Biodegradable grade of PLA was used for this
research. Sesame oil used was of cooking grade and was pur-
chased from KLF. Tetrahydrofuran (THF, >99.5% pure
grade) was bought from SRL Chemicals (Chennai, India).
Artificial saliva (purity: >99.9%) solution was procured from
Nanochemazone (Mohali, India). All the chemicals were
used as received. Distilled drinking quality water was used
for all water dipping purposes.

2.2. Instruments and Software. 3D scanning was performed
using Breuckmann Smart Scan 3D 2275 White Light 3D
Scanner; while, the 3D printing was done with TECHB
Fused Deposition Modeling (FDM) 3D Printer. Geomagic
software (2020-21 version) was used for 3D scanning and
designing of the product. For structural characterizations
and confirmation of the incorporation of oil within the poly-
mer structure, as well as to verify the absence of chemical
interactions between the polymer and the oil, Jasco FT/IR-
4700 FT-IR spectrophotometer and Thermo Scientific
NICOLET iS50 FT-Raman spectrophotometer were used.
Compressive, tensile, and flexural strength analyses of the
material used were performed with DAK UTB-9103 instru-
ment (ASTM D695, ASTM D638, and ASTM D790, respec-
tively). Maximum load bearing capacity analyses of the
OBPs were also performed using DAK UTB-9103 instru-
ment. Density analysis was done using AXIS ALN220G
instrument (ASTM D792), and Shore D hardness was mea-
sured by Hildebrand Hardness Tester (ASTM D2240).
Water absorption analyses were done following ASTM D
570 standard. The majority of characterizations of PMMA-
and PLA-based OBPs and their property comparisons have
been performed by subjecting them to treatment under iden-
tical conditions in the authors’ laboratory. This has ensured
better comparison, as against comparison with the reported
values in the literature. This is because the analyses reported
in the literature are not essentially performed under the con-
ditions that have been maintained in the authors’ laboratory.
However, in cases where direct comparisons in the labora-
tory were not possible, comparisons have been made with
standard reported values. Moreover, all the tests have been
performed in triplicate, and the average values have been
reported. Percentage deviations have also been indicated,
wherever necessary and relevant, for better realization.

2.3. 3D Scanning and 3D Printing Procedures for Fabrication
of PLA-Based OBPs. A commercial PMMA-based OBP was
first scanned using 3D technique (this can be replaced by
scanning of the positive impressions of patients’ dental
structure that are normally made for fabrication of commer-
cial OBPs). The scan obtained was further designed in order
to minimize the product defects and impart uniformity to
the product dimension. This design STL file was then made
print-ready by converting it to GCODE format by using
Ultimaker Cura software. The FDM-based 3D printing of
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the PLA OBP was then executed by using a 0.4mm extru-
sion nozzle on a flat glass plate. The layer resolution used
for printing was 60μm. The temperature of the nozzle was
set at 210°C, while the bed temperature was set at 70°C.
For printing, PLA filaments, having an average diameter of
1.5mm, was used. Although commercially available PLA fil-
aments have been used for this research, it should be noted
that this filament can also be fabricated from PLA beads
by using the extrusion technique.

2.4. Modification of the 3D Printed PLA OBP by
Incorporation of Sesame Oil. The obtained PLA OBP was
then dipped in oil for 24h to allow for requisite uptake of
oil by the OBP. The uptake of oil was found to be between
1 to 2wt% (in this study, this minimal amount has been
found to be enough to enhance certain properties of PLA
that was essential for it getting fabricated into an OBP).
Then, the product was cleaned for excess unabsorbed oil
present on the surface. The wire components were then
attached onto the PLA-oil OBP by using either PLA melt
or highly viscous solution of PLA (in THF). Also, the design
of the OBP can be done in such a way to provide provision
for insertion of the wires, followed by plugging of the wire
holes by PLA melt or highly viscous solution of PLA (in
THF).

A schematic of the overall methodology adopted in this
work for fabrication and characterization of oil-
incorporated PLA OBPs has been presented in Figure 1.

3. Results and Discussion

3.1. 3D Scan, Design, and 3D Print. The 3D scan model that
was used for this work has been presented in Figure S2.
Based on this model design file, the 3D printing was
performed. The obtained 3D printed product, before and
after the attachment of the wire component, has been
shown in Figure 2. The product obtained is characterized
by (a) possession of high level of precision, in terms of
uniform weight (detailed in the next section) and uniform
thickness (1:75 ± 0:2mm), and (b) devoid of structural
defects and dimensional imperfections. It is to be noted
here that an optimized thickness value of 1.75mm was
used because 1.5mm thick product failed to perform
satisfactorily in terms of mechanical properties, while the
performance (in terms of essential OBP properties) of the
1.75mm thick product was either found to be sufficient or
almost similar to that achieved for the 2mm thick product.
Therefore, the thickness of 1.75mm was chosen as the final
optimized thickness of the product in order to optimize
between the amount of material used and property
achievement. The smoothness of the product texture
(depicted in Figure 2) can be further enhanced by
executing longer smoothening with sandpaper/other
relevant tools, or simply by polishing.

3.2. Product Comparison and Product Precision. For any
method to be successful, it is very important that the method
gives rise to replicated results. In the present case, this means
that the 3D printing product, under identical conditions of

fabrication, should possess uniform properties. These
aspects have been analyzed and presented in this and subse-
quent sections.

However, before going into the precision analysis, it is
more critical to understand the comparison between the
PMMA- and PLA-based OBPs, having identical designs
and product scale. As already noted above, the PMMA-
based OBP model (that has been used in this study for
designing the PLA-based OBP) possesses highly varied
thickness (i.e., 1.9mm to 4.5mm) (Figure S1a and b),
whereas the developed PLA-based OBP possesses a
uniform 1:75 ± 0:2mm thickness. Again, in terms of
weight of the product, Figure 3(a) clearly shows that the
developed OBP is much lighter compared to the
commercial product. The obtained results are very
significant as a lighter product is likely to be more patient-
friendly, and a uniform product will possess better
mechanical attributes that shall lead to higher operational
life (less chance of failure/breakage) of the product.

Now, coming back to the product precision, it was found
that out of the five 3D printed PLA OBPs that were prepared
using identical design and fabrication procedure (products 1,
2, 3, 4, and 5), the weight variation was only 0.0109 g
(Figure 3(b)). This variation, after uptake of oil, became
0.045 g (Figure 3(b)). The increase in the weight variation
after oil-loading can be attributed to the different extent of
oil consumed by different PLA OBPs, owing to the minor
variation of pores present in the printed products. Neverthe-
less, this level of product precision, arising out of 3D print-
ing technology, can never be achieved in conventionally
prepared PMMA-based OBPs.

3.3. FT-IR and FT-Raman Analyses. FT-IR and FT-Raman
analyses were performed in order to verify (a) the purity of
PLA and sesame oil used, (b) the incorporation of oil within
PLA, and (c) that there is no chemical reaction between the
oil and PLA. It must be noted here that the oil was added to
reduce the water uptake and brittleness of PLA. In essence,
the intended functions of oil were to behave as a plasticizer
and as a hydrophobic barrier to water.

In Figure 4(a), the three small peaks appearing at
2994.91 cm-1, 2945.73 cm-1, and 2880.17 cm-1 were due to
C-H bond stretching frequencies, where the C-atom was
sp3 hybridized. Upon polymerization of the monomer lac-
tic acid to PLA, the carboxylic acid groups present in the
monomer gets converted to ester groups. The carbonyl
C=O stretching frequency of this ester group appeared at
1747.19 cm-1. On the other hand, the in-chain C-O
stretching frequencies were observed at 1452.14 cm-1 and
1359.57 cm-1. Again, the bending vibration frequency of
the O-C=O present in the ester groups can be observed
at 1078.98 cm-1. The peak at 1042.34 cm-1 can be attrib-
uted to the O-H bending vibration frequency, present in
the terminal -OH groups. Hence, it can be safely said,
from the detailed analysis of the characteristic peaks that
appeared in the FT-IR spectrum of 3D printed PLA, that
the PLA used for the fabrication of the OBP is highly
pure, as the spectrum did not reflect the presence of any
major contaminant(s) [19].
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In Figure 4(b), the peaks appearing at 3007.02 cm-1

and 2924.09 cm-1 were due to sp3 hybridized C-H stretch-
ing frequencies, while the sp2 hybridized C-H stretching
frequency appeared at 2854.65 cm-1. The presence of car-
boxylic acid groups in sesame oil was confirmed from
the peaks observed at 1743.65 cm-1 (for carbonyl C=O
stretching frequency) and 1458.18 cm-1 and 1371.39 cm-1

(both for C-O stretching frequencies in carboxylic acid).
The bending vibration frequency of O-C=O was observed
at 1159.22 cm-1, while the peak corresponding to the O-
H bending frequency appeared at 1101.35 cm-1. Hence,
the detailed analyses of the characteristic peaks confirmed
that the oil used for this study was sesame oil [20], which
is comprised majorly of linoleic acid, oleic acid, palmitic
acid, and stearic acid. Therefore, this oil is composed of
fatty acids that are monounsaturated and polyunsaturated
as well as saturated.

Figure 4(c) clearly demonstrates the incorporation of
sesame oil within the physical structure of PLA, by physi-

sorption. This is demonstrated by the absence of any major
peak shifts in the spectrum of the oil-incorporated PLA
OBP, as compared to the individual spectrum of PLA and
sesame oil. It is to be noted here that any occurrence of
chemical reactions, leading to breakage of existing chemical
bonds and generation of new chemical bonds, would have
got reflected in the IR spectrum of the oil-incorporated
PLA. Moreover, the observed increase in the intensity of
the carbonyl C=O peak in the oil-incorporated PLA was
due to the increase in the number of such groups after incor-
poration of oil.

To complement the observations made in the FT-IR
analyses, the FT-Raman analyses were performed. It can be
clearly seen from the comparative Raman spectra in
Figure 5 that the peaks belonging to the individual spectrum
of PLA [21] and sesame oil [22] are all present in the spec-
trum of oil-incorporated PLA. Therefore, the successful
incorporation of oil within the structure of PLA, via physi-
sorption, can be undoubtedly realized.

3D scan + CAD = STL file

PLA filament 1.5 mm
diameter

3D Printing of OBP by FDM
technique

Dipped in sesame oil for 24
hours

Oil-modified PLA-based OBP

Rigorous lab testing for
evaluating meterial

properties and comparision
with PMMA

FT-IR & FT-RAMAN analyses
Analyses of water & saliva uptake and

dimensional stability (at 0°C, 40°C and 90°C,
PH values 5, 7 and 9)

Density analyses in water
Shore D hardess test

Maximum load bearing capacity
Tensile, flexural and compressive strengths

Figure 1: A schematic of the overall methodology adopted for fabrication and characterization of oil-incorporated PLA OBPs.

(a) (b)

Figure 2: 3D printed PLA-based OBP (a), with attached wire component (b).
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3.4. Analyses of Water Uptake and Dimensional Stability.
Determination of water uptake capacity of an OBP is
extremely crucial, as this product has to operate in an aque-
ous environment. In addition, this product has to face tem-
perature and pH variations (depending upon the nature of
food or drink that a patient normally intakes). Therefore,
resistance of this product towards these variations must be
ensured. For this purpose, water uptake capacity analyses
were performed at three different temperatures (i.e., 0°C,
40°C, and 90°C), maintaining the pH value at 7, and two
pH values (i.e., 5 and 9) at the abovementioned three tem-
peratures. These ranges of temperature and pH have been
selected because majority of the food or drink that human
consumes falls within this range.

PLA is known to exhibit moderate water uptake [23].
Analyses at 40°C (at pH7) for a period of 10 weeks revealed
that the oil-modified 3D printed PLA OBP demonstrated
much lower water uptake capacities compared to the com-
mercial and unmodified 3D printed PLA OBP

(Figures 6(a) and 6(b)). This can be attributed to the pres-
ence of oil that resisted the flow of water within the porous
structure of PLA. On the other hand, the unmodified 3D
printed PLA OBP possessed a porous structure that led to
its demonstration of higher water uptake compared to the
commercial OBP (Figure 6(b)). This higher porosity is also
one of the reasons behind achieving a lower weight product
(although the density of PLA is higher than PMMA) in the
case of 3D printed OBP, compared to the commercial
OBP. From Figure 6(b), it was further realized that the oil-
modified PLA OBP showed an initial uptake of water in
the first week, followed by no further uptakes. In the unmod-
ified PLA OBP, the uptake took place for the first 2 weeks,
followed by no further uptakes. However, in the commercial
OBP, the uptake took place for the first 6 weeks, followed by
saturation.

Similar to that observed at 40°C, the oil-modified PLA
OBP demonstrated the least water uptake at 90°C (at pH7)
due to the reason already explained above (Figures 6(c)
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Figure 3: (a) Comparative analysis of the weight of the final OBPs, having same design and scale (standard deviation for 3D printed OBP is
±0.005, standard deviation for commercial OBP is ±0.5) and (b) precision analysis of the untreated and sesame oil-treated 3D printed OBPs.
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Figure 4: Continued.
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and 6(d)). However, contrary to that observed at 40°C, the
commercial OBP exhibited a higher water uptake compared
to the unmodified PLA OBP at 90°C (Figure 6(d)). This is
because, at a higher temperature of 90°C (which is close to
the boiling temperature of water), the water molecules were
at a much higher kinetic energy state that led to higher
Brownian motion. As a result, the distance between two
water molecules became longer, leading to decrease in the

density. A combined effect of lower density and higher
molecular motion led to an overall decrease in the water
uptake capacities. It is to be noted here that the extent of
porosity had negligible role in influencing the water uptake
capacity at 90°C.

At 0°C, the water uptake by any of the OBPs was
observed to be nonexistent. This is probably because, at a
low temperature of 0°C, the water molecules were much
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Figure 4: FT-IR spectrum of (a) 3D printed PLA OBP, (b) sesame oil, and (c) sesame oil-treated 3D printed PLA OBP.
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densely packed and was in the process of conversion to its
solid form “ice.” Also, the motion of the molecules was slow
enough to move into the structures of the OBPs.

The effect of pH, for values 5 and 9, on the water uptake
capacity at temperatures of 0°C, 40°C, and 90°C was also
found to be negligible. Therefore, the results given above

for three different temperatures at pH7 are similar to the
results obtained for pH values 5 and 9. It is to be further
noted that during the analyses of water uptakes under differ-
ent temperature and pH conditions, the dimensional stabil-
ity of both the commercial and fabricated OBPs remained
unchanged, i.e., there were no noticeable changes in the x
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Figure 6: Water uptake capacity of the OBPs at (a) 40°C and (c) 90°C and percent water uptake by the OBPs at (b) 40°C and (d) 90°C.
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Figure 7: Saliva uptake capacity of the OBPs at (a) 40°C and (c) 90°C and percent saliva uptake by the OBPs at (b) 40°C and (d) 90°C.
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(length), y (width), and z (thickness) dimensions of the
OBPs.

3.5. Analyses of Saliva Uptake and Dimensional Stability.
Analyzing the uptake of artificial saliva shall provide a more
realistic interpretation of the uptake behavior and dimen-
sional stability of the OBPs. Keeping this in mind, the saliva
uptake analyses were performed at three different tempera-
tures, i.e., 0°C, 40°C, and 90°C, at a maintained pH value of
7. In addition, saliva uptake analyses at pH values of 5 and
9 were also carried out, using three different temperatures
of 0°C, 40°C, and 90°C. In this respect, it has to be noted that

artificial saliva is a mixture of a number of components apart
from pure water. These are polysaccharides, sodium car-
boxymethylcellulose, sodium citrate, diglycerol, and artificial
flavor. Therefore, it can be realized that owing to the larger
molecular sizes of the constituents, compared to pure water,
the uptake of saliva should be much lower compared to that
observed with pure water [24].

In the analyses at 40°C, it was observed that although the
saliva uptake trend was similar to that observed for the water
uptakes (i.e., unmodified 3D printed PLA OBP> commercial
OBP>oil-modified 3D printed PLA OBP), the actual uptake
values for saliva were less than the values obtained for pure
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Figure 8: Comparative analysis of (a) the density of the developed OBP with the commercial OBP and (b) the Shore D hardness of the
OBPs.
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water (Figures 7(a) and 7(b)). The obtained results are com-
parable to that observed by Łysik et al. [25] Similarly, in case
of the saliva uptake analyses at 90°C, the pattern was found
to be the same as observed for water uptake; however, the
actual uptake values were much lower in case of the saliva
uptakes (Figures 7(c) and 7(d)). Again, no noticeable
uptakes were observed for analysis at 0°C as well as at

pH values of 5 and 9. Also, no dimensional changes in the
x, y, and z axes were found to occur.

3.6. Density Analyses in Water. As per literature, the density
of PLA generally varies between 1.20 gcm-3 and 1.25 gcm-3

[26], while the density of PMMA is 1.19 gcm-3 [27]. How-
ever, in the present analysis, the density of the oil-modified

200

180

160

140

120

100

80

60

40

20

0

–20
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Travel (mm)

3D-Printed OBP
Commercial OBP

Lo
ad

 (N
)

(a)

450

400

350

300

250

Lo
ad

 (N
)

200

150

100

50

0

0 0.5 1.0 1.5 2.0

Travel (mm) 

2.5 3.0 3.5 4.0 4.5
–50

3D-printed OBP
Commercial OBP

(b)

Figure 9: Comparative analysis of the maximum load bearing capacity of (a) the untreated 3D printed PLA and commercial OBPs and (b)
the sesame oil-modified 3D printed PLA and commercial OBPs, after immersion in artificial saliva for 2 weeks. The standard deviation for
both of these experiments has been found to be within ±2.5%.
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3D printed PLA OBP was observed to be 1.18 gcm-3

(Figure 8(a)). This lower density, compared to the literature
value, can be attributed to the cumulative effect of the
porous structure of the OBP, the presence of sesame oil
(density: 0.92 gcm-3) [28], and the presence of water (den-
sity: ~1 gcm-3) within the pores of the OBP. On the other
hand, the density of the commercial PMMA observed in this
analysis (i.e., 1.16 gcm-3) was slightly lower than that
reported in the literature (i.e., 1.19 gcm-3) (Figure 8(a)). This
was the result of the presence of water (density: ~1 gcm-3)
within the structure of the PMMA OBP.

3.7. Shore D Hardness Analyses. Analysis of product hard-
ness was carried out in order to ascertain the ease and com-
fort of wearing the developed plate, in comparison to the
commercial plate. As can be seen from Figure 8(b), the Shore
D hardness value measured for the developed PLA-based
OBP was much lower compared to the commercial
PMMA-based OBP. This is probably because of the higher
porous structure of the PLA-based OBP, compared to the
PMMA-based OBP. This result, which is comparable to that
reported by Ansari and Kamil [29], signifies that the patients
will feel more comfortable in wearing the PLA-based plate,
compared to the commercial plate.

3.8. Maximum Load Bearing Capacity Analyses. During use,
an OBP has to withstand certain amount of mechanical load
that arises out of chewing and biting actions of teeth. The
ability of the OBP to resist this load can be realized from
its maximum load bearing capacity analysis. Therefore, this
critical analysis was performed, first with the dry and
unmodified 3D printed PLA OBP, followed by the oil-
modified 3D printed PLA OBP after immersion in artificial
saliva for 2 weeks. The results obtained were compared with
dry and wet (after immersion in artificial saliva for 2 weeks)
PMMA-based OBP, respectively. The period of 2 weeks was
selected because from the saliva uptake analyses, it was real-
ized that the uptakes took place for an average period of
approximately 2 weeks.

Under dry conditions, the unmodified 3D printed PLA
OBP was found to withstand a maximum load of ~190N,
following which the material showed signs of gradual fail-
ure (Figure 9(a)). However, in case of the commercial
PMMA-based OBP, the maximum load bearing capacity
was found to be ~160N, followed by a catastrophic failure
(Figure 9(a)). It should be noted here that catastrophic failure
behavior is completely undesirable in a product. In this
regard, PLAOBP, which showed a higher load bearing capac-
ity and a gradual failure behavior, can be considered as a very
superior alternative to its PMMA-based counterpart.

Figure 9(b) presents the maximum load bearing capacity
analyses of oil-modified 3D printed PLA OBP and the com-
mercial PMMA OBP, under wet conditions (i.e., after keep-
ing the OBPs immersed in artificial saliva for 2 weeks). It
was pleasing to note that there were significant enhance-
ments in the maximum load bearing capacities of both the
OBPs after they were immersed in saliva (Figure 9(b)).
While the oil-modified 3D printed PLA OBP demonstrated
a value of 410N, the commercial PMMA-based OBP pro-
duced a value of 370N. This overall enhancement of the
maximum load bearing capacity under wet conditions can
be attributed to the plasticizing effect of water (present in
the saliva) for both the OBPs, as well as that of oil for the
developed OBP. Nevertheless, the catastrophic failure behav-
ior of the PMMA-based OBP was again realized, as against
the gradual failure behavior of the developed OBP.

It should be noted here that the usual mastication force
generated in human is between 70N and 150N [30]. How-
ever, this can reach up to a maximum of 500N to 700N in
rare cases. Therefore, it can be safely said that the developed
PLA-based OBP can perform its duty without the risk of fail-
ure under normal operation range. In fact, it shall function
in a better manner than the commercial PMMA-based OBP.

3.9. Tensile, Flexural, and Compressive Strength Analyses.
The tensile, flexural, and compressive strength analyses of
the developed material were finally performed in order to
ensure that it is capable enough for being fabricated into
an OBP. It was found that the oil-modified PLA exhibited
improved performance over the unmodified PLA (Table 1).
These improvements can be attributed to the plasticizing
effect of oil. In addition, the values observed for the oil-
modified PLA were at par or better than that of the acrylic
resins reported in the literature (Table 1) [31–34].

4. Conclusion

Herein, sesame oil (1 to 2wt%)-incorporated 3D printed PLA
OBPs have been fabricated and characterized as a potential
alternative to conventional PMMA-based OBPs. The alterna-
tive OBPs demonstrated lighter weight, much higher product
precision, and ease-of-fabrication and replication, as com-
pared to the commercial OBPs. In addition, the 3D printed
OBPs exhibited highly reduced water and saliva uptakes than
the commercial OBPs at 40°C and 90°C, as well as negligible
uptakes at 0°C. Also, effect of pH on the uptake values at dif-
ferent temperatures, as well as dimensional changes upon
uptake as different temperature and pH values, was found to
be insignificant. Moreover, the density and Shore D hardness
of the alternative OBP was found to be slightly higher (i.e.,

Table 1: Comparative analyses of tensile, flexural, and compressive strengths of unmodified PLA, oil-modified PLA, and literature reports
on acrylic resins.

Properties PLA Oil-modified PLA Literature reports on acrylic resins Reference no.

Tensile strength (MPa) 52.3 59.7 48-62 31, 33

Flexural strength (MPa) 54.6 62.2 60-75 34

Compressive strength (MPa) 70.4 78.5 76 33
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1:18 ± 0:01 gcm−3) and significantly lower (i.e., 59 ± 1),
respectively, when compared with PMMA-based OBP (i.e.,
1:16 ± 0:01 gcm−3 and 73 ± 10, respectively). Furthermore,
the maximum load bearing capacity of the oil-incorporated
PLA OBP was observed to be superior (exhibiting gradual fail-
ure) to the commercial OBP (exhibiting catastrophic failure),
after treatment with saliva solution for 2 weeks. From the
above results and discussion, it has been undoubtedly proven
that 3D printed biodegradable-grade PLA, incorporated with
minimal quantity of edible grade sesame oil, can perform as
a suitable and tentatively biodegradable alternative to the com-
mercial PMMA-based OBPs. However, further confirmations
in terms of actual biocompatibility in human patients and bio-
degradability are essential before the actual effectiveness and
suitability of the developed product can be claimed. Moreover,
although very low material cost has been achieved in the
developed product, the processing cost is still a bit high. These
aspects have to be addressed before the developed PLA-based
OBP can be declared fit for commercial exploitation.
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