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Abstract

Polyether ether ketone (PEEK) and PEEK composites are viable candidates for dental and ortho implants due to their
superior properties. This research aims to develop the functionalized ceramic nanoparticles such as TiO, (T-NPs) and SiO,
(S-NPs) reinforced biopolymer nanocomposites by injection moulding. The morphologies of fabricated composite group
were analysed by FE-SEM. The effect of T-NPs, S-NPs, and combined effect of TS-NPs of different wt.% reinforcements
(4, 8, 12, 16, and 20 wt.%) with PEEK matrix on mechanical properties such as tensile, flexural, compressive, and shore D
hardness had been investigated. The excellent mechanical strengths were obtained in 16 wt.% T/PEEK, 12 wt.% S/PEEK,
and 16 wt.% TS/PEEK group. Then, the in-vitro antibacterial property of these selected composite group was investigated
and found improved antibacterial activity compared to neat PEEK. Four different thread profiles were selected and analysed
using 3D-FEM to reduce the stress distribution at bone-implant contact region. The minimum stress distribution range was
achieved in the cortical bone model as 0.11-1.74 MPa due to trapezium profile threaded implants. Thus, the developed

composites were found to be promising material for medical implant applications.
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Introduction

Dispersion of nanoparticles can modify the mechanical
properties of polymer nanocomposites. Interfacial inter-
action between the organic and inorganic phases impacts
the different properties of the polymer nanocomposites [1].
However, the change in properties of the polymer nano-
composites depends on the amount, shape, and size of the
particles and matrix interaction with nano fillers [2]. These
interface interactions of nano and micro-sized fillers with
different weight percentage resulted in enhanced mechanical
properties [3].

Dental polymeric materials such as PEEK, PMMA, and
PLA were recently researching alone with various reinforce-
ment by melt blending compounding using a twin-screw
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extruder. The traditional hardness, Marten’s hardness, and
scratch hardness were greater for composites than pure
PMMA. The mechanical properties are improved due to the
addition of TiO, with the polymer matrix [4]. The result of
TiO, on photo and biodegradation of PLA/LDPE blend films
was investigated. The tensile strength, modulus, and elonga-
tion were decreased after photodegradation for four weeks
at the breaking point [5, 6]. The HDPE/TiO, nanocompos-
ites with varying nanofillers were prepared using injection
moulding. An increase in the concentration of TiO, in the
HDPE matrix improves the stiffness of the nanoparticle by
10%, which leads to higher wear resistance [7].

The SiO, nanospheres (SNS/UHMWPE) filled nano-
composites were prepared by solgel method. Adding SiO,
increases the tensile modulus of the pristine UHMWPE, but
SNS fillings decrease the tensile modulus and elongation at
break, which shows low toughness. Since the pure UHM-
WPE have lower young’s modulus and yield strength and
excellent elongation at break. The properties of the produced
UHMWPE show stable tensile modulus, yield strength,
and elongation at break [8]. Significant improvements in
the mechanical properties were observed in the polymer
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nanocomposites by adding S-NPs. Micro-sized filler shows
less influence in Modulus elasticity, which can be increased
by increasing fillers size to nano scale. The surface treat-
ment of S-NPs increases the modulus of elasticity, whereas
the toughness and stiffness of the polymer nanocomposites
depend on the interfacial interaction [9]. The inclusion of
S-NPs in the polymer matrix shows higher fracture tough-
ness under the deformation of the polymer nanocomposites
[10, 11]. To achieve high-performance polymer nanocom-
posites, spatial distribution and structural property relation-
ships must be accurate [12].

The important deciding factors influencing the success-
ful biomedical implantation were stresses and forces trans-
ferred to the interface between bone and implant region.
These kinds of stresses and actions of forces decide the
primary implant stability [13]. Normally periodontal liga-
ment absorbs the stress distribution and gives the cushion-
ing effort elements to the occlusal forces due to the tooth
structure. The dental implants can fail due to several factors
such as stress transition around the bone thread profile shape
and profile, the pitch of thread, face angle, and helix angle
of the thread. Also, the effect of stress distribution directly
influences the implant success rate [14].

The optimal values of the selected factors on param-
eter analysis are essential for proper implant alignment in
biomedical applications. The implant selection for further
clinical research was based on material and mechanical
analysis of the implant design [15]. The Finite Element
Method (FEM) and elasticity test give the sensitivity
analysis report of the stress distribution of implantation
regime and implant structure. From the bone and implant
stress analysis through FEM, the optimal length and thread
pitch of the implant were found to be 13 mm and 0.7 mm,
respectively [16]. Evaluation of successive osseointegra-
tion is crucial to the implantation. After implantation, the
bonding between the bone and implant was disturbed by
several mechanical factors. A primary factor is stress dis-
tribution while osseointegration and geometrical features
implant. Under buccolingual loading conditions, the effect
of different thread-profiled implants on stress distribution
was analyzed using FEM [17]. The cortical and cancel-
lous bone experiences stress during implant integration to
replace the missed or damaged tooth. The initial analysis
was carried out as a non-working movement of the man-
dibular bone structure. Long term performance of implan-
tation was analyzed previously with clinic researches [18,
19]. These kinds of clinical researches want mechani-
cal analysis about the functionality of the material with
occlusion load and some limiting support load for the
bone structure presented around the implants [20]. The
materialistic characterization such as FTIR, XRD, DSC
and TGA for T-NPs and S-NPs reinforced PEEK polymers
and only the biocompatible assessments through various
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in-vitro investigations have been studied in the previous
work. The presence of important functional groups such
as C=0, T-O-T, Si—0O-Si, -OH and C-H have been con-
firmed. The excellent thermal stability also observed due
to the addition of T-NPs and S-NPs ceramic reinforce-
ments. The critical peaks also been identified to for the
confirmation of T-NPs and S-NPs addition in to the PEEK
matrix [21, 22]. This present work extensively investigates
the mechanical performances of PEEK based composites.

Present work

In this research, the functionalized ceramic particulates
reinforced PEEK polymer nanocomposites had been devel-
oped and investigated for biomedical applications. The
functionalized ceramic particles such as T-NPs and S-NPs
were used as reinforcement to fabricate the composites
through the injection moulding process. FESEM (Field
Emission Scanning Electron Microscopy) investigated
the structural morphology of developed polymer nano-
composites. The element presence was confirmed with
the help of EDAX (Energy Dispersive X-Ray) elemental
analysis. The mechanical properties such as tensile, com-
pressive, flexural, shore D hardness were investigated as
per the ASTM standards. Best wt.% was chosen in each
group based on compressive strength and hardness val-
ues. In-vitro antibacterial activity against E. coli and B.
subtilis in the absence of UV—Vis irradiation was adopted
to evaluate the antibacterial property for those chosen
groups. Mechanical properties of those selected groups
were used as input parameters for 3D FEM (Finite Ele-
ment Method) to predict the bone stress by different thread
profiled (trapezium, buttress, reverse buttress, and square)
dental implant model.

Experimental methodology
Materials

PEEK pellets (Medical Grade) purchased from Engineered
Polymers Ind. Pt Ltd., Mumbai, India, whose melting point
is 343 °C, had been employed as a matrix material. From
Sisco Research Laboratory in Mumbai and AD Nano Tech-
nologies Pvt Ltd in Karnataka, the ceramic T-NPs and
S-NPs were purchased, respectively. T-NPs and S-NPs had
melting points of 1843 °C and 1710 °C, respectively. The
molecular weight of PEEK is 328.3 g/mol. Using particle
size analyzer, the average particle sizes of T-NPs and S-NPs
were measured as 21.56 nm and 7.53 nm, respectively. The
molecular weight of PEEK polymer is 328.3 g/mol.
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Synthesis of functionalized NPs

The purchased ceramic T-NPs and S-NPs were introduced
into the functionalization process of acrylic acid in order
to enhance the biocompatible activities of medical implant
materials. Each of the T-NPs and S-NPs was combined
with 30 g of acrylic acid. The 32 g of hexane solution was
diluted in water to introduce the new combination. It took
around 20-30 min to sonicate the prepared mixer. Then
the mixture was allowed to cool to ambient temperature. In
order to remove the adsorbed residues from the mixture, it
was centrifuged for up to two hours at 13,000 rpm. It was
then dried in a vacuum chamber to produce functionalized
nanoparticles [23, 24].

Fabrication of polymer nanocomposite

A vertical plastic injection moulding procedure was used
to develop the functionalized ceramic T-NPs and S-NPs
reinforced PEEK polymer nanocomposite. The different
wt.% of reinforcements with the PEEK matrix as shown
in Table 1. T-NPs and S-NPs were preheated before being
combined with the PEEK polymer and fed into the mould-
ing machine in the correct ratios. The heating chamber was
kept at a temperature between 100 and 120 °C in order to
blend the NPs with the semi-solid PEEK polymer. The
structure of the both functionalized T-NPs and S-NPs are
rutile tetragonal structure. Due to the blend mixing method
the T-NPs and S-NPs are bonded with the PEEK matrix.
Using a vertical injection moulding machine, 45-50 bar
of pressure was maintained to inject the PEEK matrix and
ceramic reinforcement into the die cavity. After that, the
die was opened, and the composite specimens that had
been moulded were removed [25, 26].

Table 1 Different wt.% of fabricated composite samples with codes

FESEM morphological characterization with EDAX
analysis

Fabricated functional ceramic T-NPs and S-NPs reinforced
polymer nanocomposite specimens’ surface morphologies
were studied with the help of FESEM. The EDAX analysis
was adopted to detect and confirm the elements presence
and composition in the fabricated polymer nanocomposite
specimens.

Mechanical characterization

The influence of functionalized nanoparticles in PEEK were
tested on mechanical properties such as tensile, compressive,
flexural, and shore D hardness tests. Mean values for each
combination were calculated from three samples to allow
statistical analysis. A universal testing machine was used
to conduct the tensile tests. Each testing sample was fab-
ricated according to ASTM standards as shown in Fig. 1.
The ASTM standards for preparing tensile, flexural, shore
D hardness, and compressive testing were ASTM-D638,
ASTM-D790, ASTM-D2240, and ASTM-D695, respec-
tively. Before the 3-point bending test, the specimen dimen-
sions were measured by a digital compass of 0.01 sensitivity.
Measurements were performed at 3 points for the width and
height, and their average values were used in the calculation
of bending strength. The 3-point bend test was performed
according to the ASTM-D790 and specifications in such a
way that the diameter for both supports was 2 mm and the
span in between supports was 20 mm [27]. During the test,
the cross head speed was adjusted as 0.1 mm/min. Maxi-
mum load was recorded before the fracture. In this study, the
force—deflection curves were obtained. The flexural stress,
flexural strain, and flexural modulus were computed using
the following Egs. (1), (2), and (3), respectively.

Group and wt.% Actual composition of reinforcement and matrix

Sample codes

T/PEEK S/PEEK TS/PEEK T/PEEK S/PEEK TS/PEEK
4 wt.% 4 wt.% TiO,+96 wt.% 4 wt.% SiO,+96 wt.% 2 wt.% TiO,+2 wt.% 4% T/PEEK 4% S/PEEK 4% TS/PEEK
PEEK PEEK Si0,+96 wt.% PEEK
8 wt.% 8 wt.% TiO,+92 wt.% 8 wt.% SiO,+92 wt.% 4 wt.% TiO,+4 wt.% 8% T/PEEK 8% S/PEEK 8% TS/PEEK
PEEK PEEK SiO, + +92 wt.%
PEEK
12 wt.% 12 wt.% TiO,+88 wt.% 12 wt.% SiO,+88 wt.% 6 wt.% TiO,+6 wt.% 12% T/PEEK 12% S/PEEK 12% TS/PEEK
PEEK PEEK Si0,+ + 88 wt.%
PEEK
16 wt.% 16 wt.% TiO, +84 wt.% 16 wt.% SiO,+84 wt.% 8 wt.% TiO,+8 wt.% 16% T/PEEK 16% S/PEEK 16% TS/PEEK
PEEK PEEK Si0, + +84 wt.%
PEEK
20 wt.% 20 wt.% TiO,+80 wt.% 20 wt.% SiO,+80 wt.% 10 wt.% TiO,+10 wt.% 20% T/PEEK 20% S/PEEK 20% TS/PEEK

PEEK PEEK

Si0, + 80 wt.% PEEK
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where o, is the flexural strength (in MPa), Fis the maximum
load applied to the specimen (N), § is the deflection and [ is
the span in between the supports (20 mm), and b and & are
width and thickness of specimen in mm, respectively.
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Flexural test specimens
(ASTM —D790)
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Compressive test specimens
(ASTM — D695)

TS/PEEK

Bone stress prediction using 3D FEM

Bone and implant materials

The four-thread profile was designed: Trapezium, but-
tress, reverse buttress, and square. The implant material
was assigned as polymeric ceramic composite properties:
T/PEEK, S/PEEK, and TS/PEEK groups. The material for
two types of bone is cortical and cancellous. The cortical
bone material and cancellous bone material are assigned to
the respective CAD models. The young’s modulus, poisson's
ratio and density for cortical and cancellous bone [28, 29]
are listed in Table 2.
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Table 2 Bone material properties

Material Young’s Poisson ratio Density
modulus (MPa) (g/cm3)

Cortical bone 13,700 0.3 1.6

Cancellous bone 1370 0.3 0.3

Modeling and 3D finite element method

The IGES format is used for importing the CAD files to the
FEM analysis purpose using ANSYS 18. Discretization or
subdivision of the model into number of finite elements.
These elements are met at various intersections, which are
called nodes. The following procedures had been adopted
for model development and FEM analysis. 3D FEM model
for bone structure geometries was created to predict the dis-
tribution of bone stress around the implants caused by the
application of inclined load called buccolingual load. The
bone structure is an isotropic, homogenous, linearly elastic
material of constants like young’s modulus and Poisson ratio

listed in Table 2. In all directions, the properties of the iso-
tropic model remain the same. The simulation started from
outer layer of bone structure, which is cortical bone, and
then cancellous bone where the implant was placed. The
whole implant body is embedded with bone structure.

The shape of the various profile is shown in Fig. 2. It
clearly shows the dimensions of the implant body, which
has 13 mm length, 4 mm diameter, 1.2 mm thread pitch and
0.45 mm thread depth, and 30° thread angulation. Cortical
bone is subjected to fixed support in this simulation's bound-
ary condition. This osseointegration is perfect, which means
that the bond between the bone structure and implant body
is perfect throughout the entire interference.

The number of nodes and elements identified after mesh-
ing in trapezium, buttress, reverse buttress, and square shape
profile thread is 13716, 14,813, 13,735, 12,837, and 71,459,
73,708, 70,975, respectively. The meshed models were sub-
jected to analysis was showed in Fig. 3. Loading condition
is necessary while analyzing the static structural analysis.
The buccolingual load of 60 N has been assigned for each
material implant. The density of the Mesh model plays an

Fig.2 Various thread profiled implant design a Trapezium, b Buttress, ¢ Reverse buttress, d square

@ Springer



318 Page60f 18

Journal of Polymer Research (2022) 29:318

Fig.3 Meshed view of human
bone system and implant model
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essential role in increasing the accuracy of the results in
all the stress regions. The required minimum number of
elements is 25000-200,000, and the minimum number of
nodes must be 140-300 um. The meshed model used in this
analysis implied various assumptions related to simulation
geometries.

In-vitro antibacterial assessment

The in-vitro antibacterial activity of PEEK and polymer
composite groups was investigated against two prokaryotic
strains. The samples were analyzed qualitatively using disc
diffusion. The antimicrobial microorganisms employed were
Escherichia coli (E. coli, model gram-negative bacteria) and
Bacillus subtilis (B. subtilis, model gram-positive bacteria)
[30, 31]. E. coli and B. subtilis inoculums were cultured
from overnight Luria Broth cultures and incubated at 37 °C
for 24 h. It was done by overlaying nutritious agar in 4 mm
thick petri plates. They were inoculated into semi-confluent
growth as 2 ul dense inoculums of E. coli and B. subtilis test
organisms. Then they were dried in the air for 10 min. The
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PEEK and PTS composite samples were incubated at 37 °C
for 24 h [32]. After incubation, the antibacterial activity of
the PEEK and polymer composite group samples was identi-
fied by measuring the zone of inhibition (mm).

Statistical analysis

The mean and standard deviation were calculated for each
trial with four repetitive measurements, and the results were
compared. For the t-test, Minitab 19 (one-way ANOVA) was
used to evaluate the statistical data. A significance level of P
is <0.05 was considered to be appropriate.

Results and discussions

FE-SEM morphological characterization with EDAX analysis

The structural morphology of fabricated ceramic particulates
filled polymer nanocomposites was investigated under FE-

SEM analysis. The FE-SEM morphologies of neat PEEK
sample, T/PEEK, S/PEEK, and TS/PEEK group composites



Journal of Polymer Research (2022) 29:318

Page70f18 318

are shown in Fig. 4a-d. The proper distribution of T-NPs
and S-NPs into the PEEK matrix was observed from those
morphological images. The solid bonding between the NPs
and PEEK matrix was observed from the FE-SEM analysis.
These phenomena were monitored in the composite samples
due to the addition of functionalized NPs. The function-
alization of NPs provided excellent bonding characteristics
between the matrix and reinforcements [33]. Proper dis-
persion of NPs with PEEK during the injection moulding
process was confirmed with the help of the FE-SEM mor-
phologies of developed polymer nanocomposite samples.
In a few regions, the agglomerations of NPs with the PEEK
matrix were also identified [34]. This can lead to the fracture
initiation of the composites and cause tensile fractures [35].

Based on the FESEM observations, the less agglomera-
tions are identified in the all combinations of reinforced
polymer composites. This phenomenon pronouns the ben-
efits of nanoparticles and interface with the matrix materials,
which is a strong reinforcement in polymer nano composites.
The neat PEEK sample, T/PEEK, S/PEEK, and TS/PEEK
group composites were characterized by EDAX spectral
analysis shown in Fig. 4e—f, which confirmed the presence
of elements in the fabricated composites. Also identified the
weight percentages and atomic percentages of composite
samples. With the help of C and O elements, presence in the
EDAX spectrum confirmed the PEEK material with weight
percentages of 69.37% and 30.73%, respectively. The T-NPs
were confirmed in the T/PEEK group with the help of 10.27
wt.% of Ti elements and atomic % of 2.92. The presence of
S-NPs in the S/PEEK group composite was confirmed with
Si elements of 12.14 wt.% and 5.89 atomic %. In the TS/
PEEK group, the wt.% of Ti and Si elements were confirmed
as 6.31 and 5.9, respectively. The atomic wt.% of Ti and
Si elements in TS/PEEK was observed as 3.18 and 1.79,
respectively.

Tensile properties of TS/PEEK composites

The effect of functionalized reinforcements such as T-NPs
and S-NPs towards tensile, elongation, and young’s mod-
ulus has been investigated by the universal tensile testing
machine according to ASTM-D638. The tensile test result
for pure was shown in Fig. 5a. The stress—strain curves
for different wt. % T-NPs, S-NPs, and combined TS-NPs
reinforced polymer nanocomposites were shown in Fig.
6a-c. Figure 6d clearly showed that increasing the wt.%
of T-NPs reinforcement with the PEEK matrix increased
tensile strength. This is because functionalized T-NPs were
fully bonded with the PEEK matrix [36, 37], and the ten-
sile strength range was observed as 87.761 to 97.945 MPa.
The addition of S-NPs revealed that decreases in tensile
strength. And maximum and minimum tensile strength of
S-NPs/PEEK composites were observed as 102.651 MPa

and 91.432 MPa, respectively. The combined addition of
TS-NPs decreases tensile properties up to 16% of TS-NPs
of fabricated nanocomposites. After that, it tends to increase
with the addition of TS-NPs on the PEEK matrix. The maxi-
mum and minimum tensile strength was 106.747 MPa and
91.659 MPa, respectively.

The elastic modulus of PEEK, T/PEEK, S/PEEK, and
TS/PEEK composite materials were shown in Fig. 6e. The
addition of T-NPs into PEEK provided increased elastic
modulus, and the range of elastic modulus was found as
3.913 GPa to 6.745 GPa. The addition of S-NPs and TS-NPs
into PEEK gives the high elastic modulus properties up to
16 wt.% reinforcement. A further addition to reinforcement,
the elastic modulus value gets decreases. The highest elastic
modulus was observed in T/PEEK, S/PEEK, and TS/PEEK
were 5.757 MPa at 16 wt.% of T-NPs, 5.563 MPa at 12 wt.%
of S-NPs, and 6.745 MPa at 16 wt.% of TS-NPs respectively.
Addition of ceramic reinforcement into to PEEK matrix
enhanced the elastic modulus property, which reached near
the young’s modulus of human cortical and cancellous bone.

Figure 6f shows the elongation properties of fabricated
polymer nanocomposites. The elongation percentage of
polymer composites was reduced due to the functionalized
ceramic particulate reinforcement with the PEEK matrix.
The addition of T-NPs with PEEK reveals that the increased
percentage of elongation. The minimum elongation was
observed as 1.39% at 12 wt.%, and the maximum elonga-
tion percentage was observed as 2.21% at 8 wt.% T-NPs
reinforcement. The addition of S-NPs with PEEK increased
elongation percentage up to 12 wt.% of reinforcement, which
then tended to decrease. The minimum and maximum elon-
gation percentage observed due to the addition of S-NPs
into the PEEK matrix was 1.37% and 1.55%. The combined
effect of TS-NPs addition into the PEEK matrix reveals that
the maximum and minimum elongation percentage is from
2.01% to 1.41%. From this investigation, the tensile elonga-
tion decreases with increases in reinforcement content. Com-
pared to the selected group of composites, the TS/PEEK
group was found to have higher tensile properties compared
to other groups, and minimum tensile effects were revealed
from the S/PEEK group compared to other groups.

Flexural properties of TS/PEEK composites

The flexural properties of different wt.% of T-NPs and S-NPs
reinforced PEEK polymer nanocomposites were investigated
according to ASTM-D790. The flexural strength of pure
PEEK was shown in Fig. 5b and the obtained experimen-
tal stress—strain plots were shown in Fig. 7a-c. The flexural
strength and modulus of pure PEEK were 148.727 MPa and
12.86 GPa, respectively. Figure 7d shows increases in T-NPs
wt.% with PEEK showed increases in flexural strength. Ini-
tially, the flexural strength increases with addition of T-NPs,

@ Springer
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Fig.4 FESEM morphologies (a-d) and EDAS spectra (e-h) of neat PEEK sample, T/PEEK, S/PEEK and TS/PEEK group composites
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ranges from 174.65 to 325.25 MPa. The flexural strength
increases with the increase of S-NPs wt.% in the PEEK
matrix. The range of flexural strength was observed due to
the addition of S-NPs was 156.47 MPa to 258.35 MPa. A
similar trend was observed while adding the TS-NPs with
PEEK that was the flexural strength increases with increases
of reinforcement content. The minimum and maximum flex-
ural strength was monitored due to the addition of TS-NPs
were about 170.96 MPa and 340 MPa, respectively. The
experimental flexural modulus of TS-NPs/PEEK compos-
ites is shown in Fig. 7e. the addition of T-NPs content into
PEEK provided initially decreased flexural modulus up to 8
wt.%, and then it tends to increase the flexural modulus. The
effect of S-NPs and the combined effect of TS-NPs gives the
increased flexural modulus. The maximum flexural modulus
obtained in T/PEEK, S/PEEK, and TS/PEEK were 38.15
GPa, 37.97 GPa, and 37.32GPa, respectively.

Compressive properties of TS/PEEK composites

The compressive properties of T-NPs and S-NPs rein-
forced polymer nanocomposites were investigated as per
the ASTM-D695 standard were shown in Fig. 8. The com-
pressive strength and compressive modulus of PEEK were
observed as 57.97 MPa and 3.36 GPa, respectively. The
addition of T-NPs into PEEK increases the compressive
strength and modulus up to 16 wt.%, and then it begins to
decrease. The maximum compressive strength and modulus
were observed as 67.14 MPa and 4.28 GPa, respectively, at
the T/PEEK group. The maximum compressive strength and
modulus were obtained due to the addition of S-NPs with
PEEK as 65.52 MPa and 3.97 GPa, respectively. The limited
improvement of the strength and modulus in the S/PEEK
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composite group might be attributed to the agglomeration
of S-NPs with the PEEK matrix. The combined effect of
TS-NPs on PEEK towards compressive strength and modu-
lus was investigated. The range of compressive strength and
modulus was obtained due to the addition of TS-NPs was
about 42.68 MPa — 71.65 MPa and 3.46 GPa — 4.79 GPa,
respectively. The maximum compressive properties were
identified at 16 wt.% addition to PEEK. This improvement
was due to the synergetic effect between T-NPs and S-NPs.

Implant materials must be able to withstand mechanical
stress in order to be effective. To facilitate cell adhesion and
proliferation, it is thought that the mechanical characteristics
of medical implants should mirror those of the surround-
ing connective bone tissue. There is a range of compressive
strength and modulus for human cancellous bone and corti-
cal bone in the range of 0.1-16 MPa for cancellous bone
and 130-180 MPa for cortical bone, respectively [38, 39].
A good compressive strength was found in the 16 wt.% T/
PEEK, 12 wt.% S/PEEK, and 16 wt.% TS/PEEK composites
in this study. It was clearly shown that all of these values
were significantly closer than those of cancellous bone and
near to the values of cortical bone. These properties were
selected for further FEM analysis to predict the stresses at
bone-implant interactions.

Shore D hardness

The effect of different wt.% of reinforcement with PEEK on
shore D hardness are investigated and depicted in Fig. 9. The
Shore D hardness of injection moulded virgin PEEK was
noted about 82.3. The reinforcement of T-NPs led increase
in the shore D hardness of composite samples. The inclu-
sion of T-NPs showed increases in hardness value up to 16
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Fig. 6 Stress—strain plots (a-c) and tensile properties (d-f) of neat PEEK sample, T/PEEK, S/PEEK, and TS/PEEK group composites
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wt.%, and the maximum percentage addition has given the
maximum hardness value as 90.1 at 16 wt.%. Then the hard-
ness value get decreases to 89.9. The composite sample was
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Fig. 8 Compressive properties (a and b) of T/PEEK, S/PEEK and TS/PEEK composites with different wt.% of reinforcements
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Fig.9 Shore D Hardness of T/ 100
PEEK, S/PEEK and TS/PEEK - PEEK
composites - PT
I s
PTS
90 H

Shore D Hardness

increased up to 85.6 at 12 wt.% and then started to decrease.
Nanoparticle agglomeration and lower matrix interaction are
two possible reasons for this phenomenon [41]. The com-
bined effect of TS-NPs on PEEK towards hardness exhib-
ited good hardness properties. The minimum and maximum
shore D hardness values were recorded as 86.1 and 92.4. A
larger bonding capacity means that the functionalized NPs
have more toughness and strength. They had a greater impact
on the hardness of the PEEK matrix and functionalized NPs
because of their larger aspect ratio. This has a noticeable
impact on the transfer of load [42]. The hardness value was
also raised as a result of the increased NP content. The func-
tionalized NPs interfacial adherence to the PEEK matrix
is the primary reason for their detachment and improved
integration. There was a noticeable difference in shore D
hardness between T/PEEK and TS/PEEK, as seen in Fig. 8
when compared to T/PEEK or S/PEEK.

In-vitro antibacterial assessment

PEEK and selected wt.% polymer composite samples (16
wt.% T/PEEK, 12 wt.% S/PEEK, and 16 wt.% TS/PEEK)
were tested for their antibacterial properties against E. coli
and B. subtilis using the disc diffusion method. It has been
determined that these two prokaryotic bacterial strains have
been introduced to the wound. PEEK and composite samples
inhibited E. coli and B. subtilis growth in the dark condition,

@ Springer
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as shown in Fig. 10a, b. When tested against E. coli and B.
subtilis, the inhibition zone diameter for PEEK was meas-
ured as 9.213 mm and 10.452 mm. And compared to the
inhibition zone diameter for polymer composites which is
depicted in Fig. 10c. In comparison to pure PEEK polymer,
the addition of functionalized T-NPs and S-NPs has shown
a considerable improvement in antibacterial activity. The
mean diameter of the inhibition zone of 16 wt.% T/PEEK,
12 wt.% S/PEEK and 16 wt.% TS/PEEK composite were
monitored as 10.5, 11.9, and 18.299 mm respectively against
E. coli and 12.25, 13.65, and 16.125 mm against B. subtilis,
respectively. It revealed that the mean inhibition zone diam-
eter of 16 wt.% T/PEEK, 12 wt.% S/PEEK and 16 wt.% TS/
PEEK composite was improved than pure PEEK. Thus, it
was confirmed that the absence of UV irradiation also has
a favorable antibacterial impact on T-NPs and S-NPs rein-
forced polymer composites.

T-NPs and S-NPs were found to have similar antibacte-
rial effects on the strains under UV and dark conditions in
prior studies [30]. In dark conditions, T-NPs in the rutile
phase showed significant antibacterial activity. Exogenous
ROS production in a dark environment (lack of UV irradia-
tion) can be explained and confirmed by previous antibacte-
rial research outcomes [43, 44].The above-mentioned data
strongly confirms that the increased antibacterial activity of
the polymer composite formed from the zone of inhibition.
Polymer composites selected for dental implant applications
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Fig. 10 Photographs of antibac-
terial activity results of PEEK,
16% T/PEEK, 12% S/PEEK,
AND 16% TS/PEEK nano-
composite (a and b) against E.
coli and B. subtilis. ¢ Zone of
inhibitions. (n=4, * indicates
the p<0.05)
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have strong antibacterial properties, making them a more
viable material.

Bone stress prediction using 3D FEM

Different colored contours showed the distribution of
stress patterns. The von-misses equivalent stress (VMES)
at the interface junction of cortical/cancellous bone and
implant body under inclined buccolingual load conditions
of 60 N was shown in Figs. 11, 12, and 13. The maximum
and minimum VMES were tabulated in Table 3 for vari-
ous thread profiles. These stresses were evaluated by buc-
colingual load condition with selected composite groups
of implants having various profile shapes. The scale in
the color bar indicates red and blue with a range of dif-
ferences. Blue indicates the lowest stress region, and red
indicates the higher-stress region. The minimum VMES

I PEEK

[ 16% T/PEEK
I 12% S/PEEK
[ ]16% TS/PEEK *

E.Coli B. Suptillus

Type of strain

predicted at cortical bone due to the trapezium profile
thread with 16 wt.% TS/PEEK category implants at 60 N
load is 0.11 MPa, and maximum stress of 12.14 MPa was
found due to the 16 wt.% T/PEEK group implant. The
maximum stress region found at cancellous bone due
to a buccolingual load of 60 N is 2.45 MPa in buttress
threaded implant. At trapezium thread fixation on the can-
cellous bone region, the minimum stress was noticed at
about 0.02 MPa. Due to the buccolingual load of 60 N,
maximum stress was found at the cortical bone region in
the square threaded implant. Comparatively, 16 wt.% TS/
PEEK category implants have a minimum stress distri-
bution in cortical and cancellous bone than 16 wt.% T/
PEEK and 14 wt.% S/PEEK. The 16 wt.% T/PEEK cat-
egory implants having maximum stress distribution at the
bone interface. The stress distribution is minimum while
using TS/PEEK with trapezium profile threaded implant.
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Fig. 11 Stress distribution (MPa) contours for 16 wt.% T/PEEK implant body, cancellous and cortical bone with different types of thread profile

due to buccolingual load of 60 N

Implant thread profile plays a significant role in decid-
ing the value of initial Bone-Implant Contact (BIC)
regions with respect to the density of bone at 60 N loading
conditions. The square threaded implants are showing less
Functional Surface Area (FSA), which means minimum
initial contact [45]. Trapezium threaded implants have a
maximum initial contact design to improve the FSA, which
dissipates the load to the bone-implant interface. But-
tress and reverse buttress type profiles are also designed
to maximize the FSA in order to distribute the load to
all interface regions of bone/implant. But comparing the
stress values after analysis, the buttress and reverse but-
tress design have comparatively maximum stress values
because of minimum FSA compared to trapezium thread,
and it was found as the highest stress distribution [46].
Trapezium implant design has maximum initial contact to

@ Springer

improve the FSA and distribute the applied axial and buc-
colingual load to the interface to achieve minimum stress.

The primary objective of functional design implemented
in dental implants is to dissipate and distribute the biome-
chanical forces to the interface region of bone/implant [47].
Occlusal loads in poor density bone regions want to com-
pensate by providing an excellent and optimized implant
design. The smooth neck portion of the implant design
provides the highest initial contact area with the cortical
bone [48]. So that distribution of load or load transmitting
marginally even. Because of this condition, the development
of stress at the cortical bone interface becomes minimum,
which confirms that the design is safer. Bone and implants
are highly complicated structures for that, FEM is utilized
as a reliable tool to predict the development of stresses in
various components that is not possible by in-vivo studies.
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Fig. 12 Stress distribution
(MPa) contours for 12 wt.% S/
PEEK implant body, cancellous
and cortical bone with different
types of thread profile due to
buccolingual load of 60 N

FEM-related studies generally deal with directions of stress
types (shear, compression, and tension) or the magnitude
of principal stresses (VMES). The VMES is an effective

Fig. 13 Stress distribution
(MPa) contours for 16 wt.% TS/
PEEK implant body, cancellous
and cortical bone with different
types of thread profile due to
buccolingual load of 60 N

(12 % S/PEEK) at Buccolingual load of 60N

(16 % TS/PEEK) at Buccolingual load of 60N
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Table 3 Von-Misses stresses (MPa) at bone and implant body due to the buccolingual load of 60 N

Von-Misses stress at a Thread profile shape

buccolingual load of 60 N -
Trapezium

Buttress

Reverse Buttress Square

Min (MPa) Max (MPa) Min (MPa) Max (MPa) Min (MPa) Max (MPa) Min (MPa) Max (MPa)

Implant body 16% T/PEEK 3.14 10.11 2.14
12% S/IPEEK  1.24 3.58 1.25

16% TS/PEEK 1.03 3.24 2.1
Cancellous 16% T/PEEK  0.02 0.72 0.01
bone 12% S/PEEK  0.21 1.56 0.21
16% TS/PEEK 0.02 1.21 0.04
Cortical bone 16% T/PEEK 1.25 4.21 2.15
12% S/IPEEK  0.12 1.86 0.24

16% TS/PEEK 0.11 1.74 0.1

11.24 3.08 11.33 2.58 12.56
4.56 1.01 4.36 1.85 4.86
432 0.98 3.41 1.63 452
0.75 0.02 1.02 0.01 1.24
2.45 0.11 222 0.12 2.14
2.31 0.01 1.98 0.02 1.8
6.57 1.25 5.68 2.87 12.14
2.78 0.17 2.32 0.27 3.12
2.69 0.15 2.14 0.14 2.87

exact value from in-vivo or in-vitro studies. This study may
have some deviations: bone material is linearly elastic and
homogenous. Still, natural bone is visco-elastic, heterogene-
ous, and isotropic material. The resultant stress values are
accepted quantitatively, not quantitatively, due to the appli-
cation of static loading. Whereas naturally, they are dynamic
while chewing. Due to the limitations of this study, further
clinical evaluation is required the further future work in the
form of in-vitro and in-vivo studies.

Conclusion

In this study, the T-NPs and S-NPs were utilized as rein-
forcements and developed T/PEEK, S/PEEK, and TS/
PEEK polymer nanocomposites using vertical plastic injec-
tion moulding machine with different wt.% such as 4, 8,
12, 16, and 20 wt.%. The proper distribution and dispersion
of NPs with the PEEK matrix were observed by FE-SEM
morphological analysis. The mechanical characterization of
developed polymer composite groups has been evaluated
through tensile, flexural, compressive, and Shore D hard-
ness testing. The maximum tensile strength was measured
as 106.747 MPa at 12 wt.% of TS/PEEK compared to other
groups, and maximum elastic modulus was observed as
6.64 GPa at 16 wt.% of the TS/PEEK group. The maximum
flexural strength was observed as 267.06 MPa at 20 wt.%
TS/PEEK group. After comparing T/PEEK and S/PEEK
groups, the maximum compressive strength and compres-
sive modulus were obtained as 71.65 MPa and 4.79 GPa,
respectively, at 16 wt.% TS/PEEK group. The highest shore
D hardness value was obtained as 92.4 at 16 wt.% TS/PEEK
group followed by T/PEEK and S/PEEK. Based on maxi-
mum compressive properties and hardness values, the best
combinations were selected, such as 16 wt.% T/PEEK, 12
wt.% S/PEEK, and 16 wt.% TS/PEEK in all three groups.

@ Springer

Further, the in-vitro antibacterial activity of selected poly-
mer composites was assessed and found that the excellent
antibacterial property against E. coli and B. subtilis. The
maximum zone of inhibition was monitored at 16 wt.% TS/
PEEK sample compared to T/PEEK and S/PEEK. The corti-
cal and cancellous bone stresses were predicted in implant
models with four different thread profiles at osteointegration.
The minimum stress distribution around the implant at the
human cortical and cancellous bone model was predicted
as 0.11-1.74 MPa while using trapezium profile threaded
implants. Hence, it was confirmed that the developed com-
posites could be a suitable candidate for medical implant
applications and further in-vivo studies.
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