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Having excellent biocompatibility and apatite mineralization as well as efficient mechanical properties
makes bredigite as one of the most attractive bioceramics. A beam-type porous biological implant in a 3D-
printed architecture is designed with micron pore size. The surface properties, morphology, and size of the
composed powders are evaluated using Scherrer and Williamson-Hall equation. The effect of MNPs
deposition into the bredigite bioceramics and correlation with temperature effect on roughness of the
prepared bio-nanocomposite are also investigated for hyperthermia application potential. The composed
powders are characterized by x-ray diffraction, and then scanning electron microscopy (SEM), differential
scanning calorimetry, thermogravimetric analysis (weight change, TGA), and atomic force microscopy are
utilized to evaluate the surface topography. The resonance response is the tendency of a bone scaffold to
respond at prominent amplitude while the frequency of its oscillations is equal to the structure�s natural
frequency of vibration. Therefore, based on the obtained mechanical properties via the experimental
approach for the bio-nanocomposite material, an analytical solution based upon the multiple-timescale
method is carried out to analyze the nonlinear primary resonance of a 3D-printed porous beam-type
biological implant under uniform-distributed load. According to SEM observations, there are hard
agglomerates in the bredigite-magnetite nanoparticles (Br-MNPs) bio-nanocomposite material with low
weight fraction of MNPs. However, they are broken down by increasing the amount of MNPs. Also, it is
displayed that for lower MNPs weight fraction, the height of jump phenomenon related to the nonlinear
resonance response is maximum and minimum for, respectively, irregular and mesoporous shapes of
morphology, but their associated forcing amplitudes related to the bifurcation points are minimum and
maximum, respectively.
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1. Introduction

Beam-type porous biological implant as an advanced 3D-
printed architecture has been extensively received attention by
bioengineers for clinical approaches. Addition of tough and
hard bioceramic material as an additive/reinforcement with
proper biological behavior to a damaged bone leads to a new
generation of porous bio-nanocomposites with crystallographic
properties similar to calcified tissues of vertebrates (Ref 1-3).
Recent researches have shown a great demand of artificial
organs to replace them with a damaged tissue of traumatic
diseases like cancer and fracture (Ref 4, 5). The artificial
synthetic bones that are usually encapsulated with fibrous
tissues have a certain drawback, and that is its inability to
adhere adequately to its bone host. The mechanical, thermal,

and surface properties (e.g., surface roughness and contact
angle) of advanced Ca-Si-Mg-based bioceramics and biopoly-
mer like polycaprolactone (PCL) need to be drastically
enhanced for biomedical applications (Ref 6-9).

Biodegradable PCL bio-nanocomposites with the addition
of bioceramic nanoparticles can be used for bone tissue
engineering. The effect of the components composition on the
chemical and mechanical properties of composites is essential
to investigate. In order to successfully boost the orthopedic,
dentistry, and cancer therapy applications, calcium silicate
structures can be fused by bioinorganic trace elements like zinc,
titanium, magnesium, zirconium, and magnetite nanoparticles
(MNPs) after metallurgic characterization (Ref 10-13). Mag-
netic porous scaffolds have recently attracted significant
attention in bone tissue engineering due to the prospect of
improving bone tissue formation by conveying soluble factors
such as growth factors, hormones, and polypeptides directly to
the site of implantation, and also because of the possibility of
improving implant fixation and stability (Ref 10). Superpara-
magnetic nanoparticles have a high sensitivity to receiving the
electromagnetic wave from their surrounding area and beside
AC magnetic field by receiving electromagnetic signals from
the medium. The scaffolds should have excellent compressive
strength, thermal and chemical stability, vibrational response,
and biological behavior to substitute with the destroyed part of
bone (Ref 11-14).

Additive manufacturing (AM) products like 3D printing
bring up some interesting bio-intrusive innovations that can be
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designed in 3D architecture. However, other techniques such as
freeze drying (Ref 4), space holder (Ref 12), lost foam casting
(Ref 9), and polyurethane polymeric sponge technique (Ref 9)
may do not have the capability to produce complex shapes with
near neat architecture. As remarked above, the printed bone
from a synthetic material that is in triplicate is strong enough in
their mechanical properties; however, it has a porous structure
that facilitates the ‘‘osseointegration’’ to grow throughout the
bone implantation. Biomaterials that are 3D-printed are bio-
compatible with living tissues and capable of having proper
decomposition rate (they will not be repulsed from the body).
Incremental manufacturing technology enables researchers to
produce three-dimensional implants from a 3D virtual model,
which simplifies the process of surgery and reduces its risks.
Additionally, there is an increasing demand for fabrication of
customized implants for each individual patient.

The surface roughness of the bone implant�s microphotog-
raphy can affect its biological and cellular response. The vital
role of proper roughness of implant in the cellular response may
increase cell attachment, wetting properties, and formation of
new bone. It has been demonstrated that the synthesis of
extracellular matrix and subsequent mineralization cause to
enhance the efficiency of a porous bone implant. An essential
situation for a fitting bone implant is to have active osteopenia
and continues mechanical and chemical stability on its surface.
Bioceramic scaffolds have been implanted and applied for bone
beam-type implants, because of their efficient compounds and
elements due to their crystal growth and lattice constant close to
human�s bone. The wettability of a bone beam-type implant
involves physicochemical and cellular functions, like cellular
attachment to the extracellular matrix proteins. The combina-
tion of surface and structure changes leads to activate the
protein absorption as well as the formation of dissolved
proteins. However, there are no valid data about the influence
of surface roughness of bioceramics and generally surface
tissue on the cellular response such as wettability and
bioactivity. Therefore, some bioceramics are faced with high
dissolution rate in a biological environment and poor corrosion
resistance in acid solutions subjected to high load bearing (Ref
15). Moreover, bioceramics have a poor thermal stability which
causes to decompose to other phases. As a result, they have
undesirable fast dissolution rate in vivo environment (Ref 14-
16). On the other hand, the mechanical properties of silicate
bioceramics such as natural graft, forsterite, baghdadite,
akermanite, diopside, diopside-magnetite, and bredigite are
generally more adequate for many load-carrying applications
rather than conventional bioceramics like hydroxyapatites or
bioglasses (Ref 14, 17). The required technique to synthesize
the above-mentioned materials is unique, simple, and econom-
ical rather than other additive or other conventional techniques;
for example, the high-energy ball milling process is a simple
dry method to obtain any quantity of powder with controlled
microstructure (Ref 17, 18). Usually, the powder obtained by
the mechanochemical/mechanical activation technique has a
suitable structure because of the disorderliness of surface-
bonded species resulted by the procedure. The benefits of ease,
reprocessing capability, and low processing cost are the most
significant advantages of this type of technique. Moreover, it is
not necessary to control the melting conditions precisely, and
the obtained powders have nanostructure characteristics.

The interconnected porosity, permeability, chemical and
mechanical strength are important parameters that define the
performance and life span of a scaffold which are monitored by

a 3D setting. Recent studies have shown that bredigite
bioceramic is highly bioactive, induces regeneration, and
possesses apatite formation ability due to the existence of Ca,
Mg, and Si ions in its composition (Ref 10, 19). The
hyperthermia term (41 �C £ temperature £ 43 �C) in MNPs
has emerged as promising mediators for localized magnetic
hyperthermia treatment as shown in Fig. 1 (Ref 11, 12, 20-27).
Cancer is a lethal fatal disease, and efforts to treat it continue.
Magnetic hyperthermia or heat therapy is one of the effective
techniques for treating hard tissue biopsy by magnetic bone
replacement, which is used to treat cancer. In this hyperthermia
treatment, the nanofluid containing magnetite nanoparticles is
injected into the cancerous tissue with magnetic nanoparticles
and penetrates into the cancerous tissue in the AC magnetic
field and increases the temperature of the infected tissue.
Hyperthermia can be combined with other treatment types such
as chemotherapy and radiotherapy. The minerals which arise
from this method of treatment are Ca2MgSi2O7, CaMgSi2O6,
and Ca3ZrSi2O9. It has been found that these minerals have a
high degree of enhancement within the in vivo and in vitro
circle. On the other hand, several studies have been performed
in recent years to predict the nonlinear mechanical character-
istics of structures made of nanocomposite materials (Ref 28-
44). Silicate calcium-magnetic bio-nanocomposites have proper
characteristics due to their biocompatibility and mechanical
properties similar to mineral parts of the bone in biomedical
fields. The magnetite nanoparticle also improves the properties
of bioceramics and can be used in drug delivery, MRI, and
thermal therapy applications. In the previous works, the
bending strength and vibrational response of novel bredigite-
magnetite bio-nanocomposite scaffold have been simulated
using the experimental analysis values such as elastic modulus
from compression test, Poisson ratio, and mass density values
(Ref 45, 46). The resonance response is the tendency of a bone
scaffold microstructure to respond at prominent amplitude
while the frequency of its oscillations equals the structure�s
natural frequency of vibration. The prime aim of the current
study is to investigate the nonlinear primary resonance of a
beam-type bone implant relevant to its surfaces roughness and
wettability properties for the first time. To this end, based upon
the experimental data, an analytical solution using the multiple-
timescale method is presented to explore the nonlinear primary
resonance characteristics of the 3D-printed porous beam-type
biological implant under uniform-distributed external load
(Table 1).

2. 3D-Printed Porous Bio-nanocomposites

2.1 Materials Preparation

In this work, the bredigite nanopowders are synthesized
using Mg3Si4O10(OH)2), SiO2, and CaCO3 as starting materials
according to the procedure described in the previous works
(Ref 10, 11, 45, 46). Subsequently, the bredigite nanopowders
are composed of magnetite nanoparticles (MNPs) which are
synthesized via the sol–gel technique using Fe2+ Ions. In order
to synthesize the bredigite powder, planetary high-energy ball
milling (HEBM) technique is employed including several
milling hours (zirconia vial and ball, speed = 650 rpm, ball–
powder ratio 10:1) and then sintering under ambient temper-
ature of 1300–1350 �C for 4 h with heating and cooling rate of

Journal of Materials Engineering and Performance Volume 27(10) October 2018—5371



10 �C/min. The prepared bredigite bioceramic is composed of
MNPs with various weight fractions (0, 10, 20, and 30 wt.%),
and then the composite material is milled for 1 h to obtain a
homogenized bio-nanocomposites as shown schematically in
Fig. 2. To design the 3D structure, the obtained bio-nanocom-
posite material is inserted into a 3D-printing machine with
Zb63 as a binder with specific amount of polycaprolactone
(PCL) polymer to build a beam-type implant with circular cross
section according to the ASTM standard (Ref 9) using
SolidWorks�2012 software. There is a growing need to
improve the bone cancer therapy and bone regeneration
discussed in most articles and reports in the field of biomate-
rials as shown schematically in Fig. 1. After 3D-printing four
scaffolds, the samples are depowered and inserted into furnace
to compact their powders. The four scaffolds containing various
amounts of MNP are then sintered at 650 �C for 2 h.

2.2 Wettability Study

It is shown that the surface wetting in simulated body fluid
(SBF: produced according to the procedure explained by
Kokubo et al.) solution can be affected by the roughness of the
surface. There are two main parameters in wettability of
surfaces including: (1) surface roughness, (2) charge (zeta
potential). Therefore, in biomaterial engineering, two important
issues including roughness and wettability are required for bone
regeneration of host and guest tissue, as well as conjunction of
cells with proteins. It is essential that all silicate bioceramics
have negative zeta potentials, which is indicative of a negative

surface charge. Herein, the contact angle/wettability test is
performed to investigate the wettability value of bio-nanocom-
posite scaffolds. The 3D-printed bio-nanocomposite scaffolds
are tested using the sessile drop method to consider the
wettability by depositing SBF on scaffold surface. The results
are captured using optical tools and camera to analyze h angle.
Also, the theoretical wettability formula is utilized as below:

Table 1 Values of Young�s modulus obtained via the experimental analysis for the fabricated bio-nanocomposite material
with different MNP weight fractions (Ref 45, 46)

MNP weight fraction, % E, MPa Poisson ratio Mass density, Kg/m3

0 120.2 0.22 3240 ± 0.02
10 145.4 0.23 3650 ± 0.02
20 155.1 0.25 3720 ± 0.02
30 158.2 0.27 3810 ± 0.02

Fig. 1 Hyperthermia phenomenon using magnetic bio-nanocomposite material for thermal therapy under AC magnetic field to treat cancer cells

Fig. 2 Schematic of materials preparation, 3D-printed structure of a
bredigite-MNPs scaffold nanocomposite, and the applications of
MNPs on therapy of human body disease
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cos h ¼ cSV � cSL
cLV

ðEq 1Þ

where cSV, cSL, and cLV are interfacial surface tensions of so-
lid–gas, solid–liquid, and V liquid–gas, respectively. The wet-
tability test is performed at room temperature (25 ± 1 �C)
and relative humidity (RH) of 35 ± 5%, with the aid of a
low-energy electron beam irradiation for various exposition
times 400–1200 s with time step of 120 s.

2.3 Surfaces Profilometry

Four measurements are performed for each sample, and then
their average is determined. The roughness of the surface can
be described based on different measures such as Ra used by
roughness tester. The surface roughness of the bio-nanocom-
posite scaffold with cylindrical shape is measured by profilom-
etry using a Mitutoyo SURFTEST 301 profilometer. Three
slices of the scaffold are measured for each surface condition to
obtain an average roughness value (Ra).

2.4 Materials Characterization

The prepared 3D-printed bio-nanocomposite scaffolds are
characterized by size, geometry, and different mechanical
properties such as roughness, surface morphology using scan-
ning electron microscope (SEM) (Seron Technologies,
AIS2100, coated with Quorum Technologies-EMITECH
SC7620, and Amirkabir University of Technology). To this
end, the samples are coated with gold (Au) for 3 min using
spraying, in a high vacuum environment with 30 kVaccelerating
voltage. Thereafter, phase structure analysis is performed using
x-ray diffraction (XRD) analysis with a Philips X�Pert Pro MPD
diffractometer using Cu Ka radiation (k1 = 0.1541 nm) over a
2h range of 20�–55�. The obtained experimental patterns are
then compared with the standard ones compiled by the Joint
Committee on Powder Diffraction and Standards (JCDPS). With
the aid of XRD patterns and the modified Scherrer equation, the
crystalline size of the prepared powders is determined. The
thermal characterization of the bredigite nanopowder is also
anticipated using thermogravimetric analysis (TGA) together
with the differential scanning calorimetric (DSC) analysis (CRL,
New Technology Research Centre and Amirkabir University of
Technology). Samples with weights of 5 and 7 mg are tied
separately in aluminum crucibles via lids. The surface roughness
is achieved using atomic force microscopy (AFM) at Isfahan
University Technology. The TGA and DSC analyses are done at
a heating rate of 10 �C/min in the nitrogen atmosphere. TGA
analysis is conducted by raising the temperature slowly and
proposing weight against temperature. On the other hand, DSC
analysis is carried out within dry condition using a heating ramp
rate of 10 �C/min, starting form 50 �C up to 1500 �C as a
heating temperature. The basic data show that through the
temperature increment within the range of 500–1000 �C, the
mass of sample reduces to about 0.2 mg. Therefore, it can be
concluded that the contents of the prepared material remain
almost constant at higher temperature.

3. Experimental results

Figure 3a shows the XRD patterns of the prepared bio-
nanocomposite scaffold made of the sintered bredigite com-

posed of 30 wt.% MNPs. It can be seen that the only existing
phase is related to the bredigite at 32�. It is observed that the
presence of 30 wt.% MNPs causes to create a new phase.
However, the presence of Fe3O4 results in a reduction in the
peak intensity and a slight increment in the peak width of the
bredigite due to the presence of Si and Mg ions. Also, in
Fig. 3b, the MNPs sharp peaks can be found within the range of
30�–32�. The XRD analysis indicates that in case there are
several different peaks for a nanocrystal within the range of 0�–
90� (h), then all of these N peaks must present identical L
values for the crystal size as below:

L ¼ Kk
b cos h

ðEq 2Þ

As a result, if L is assumed to be a fixed value for different
peaks of a substance, and with consideration of this point that
K and k and therefore Kk are fixed values, then it required
the value of b cos h to be fixed within the range of
0 < 2h < 180�. So, in order to reduce the error and obtain
the average value of L through all of the peaks (or any num-
ber of selected peaks), the least squares method is employed
to decrease mathematically the source of errors (Ref 2, 47).

The basic Scherrer formula can be rewritten as

b ¼ Kk
L cos h

¼ Kk
L

:
1

cos h
ðEq 3Þ

Now by taking logarithm on both the sides, one can obtain
the modified Scherrer equation (Ref 47) (4a) and Williamson-
Hall Eq 4b as below

Fig. 3 XRD comparison of (a) bredigite, Fe3O4, and bredigite con-
taining 30 wt.% Fe3O4, (b) magnified angle between 30 to 32�
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ln b ¼ ln
Kk

L cos h

� �
¼ ln

Kk
L

� �
þ ln

1

cos h

� �
Modified Scherer

ðEq 4aÞ

FW(S)� Cosh ¼ K � k
Size

þ 4� strain� Sin h Williamson-Hall

ðEq 4bÞ

The XRD extracted data are gathered in Table 2 using Scher-
rer and Williamson-Hall equations. However, as shown in
Fig. 4(a) and (b), Scherer and Williamson-Hall equation,
since errors are associated with experimental data, the least
squares method leads to the best slope. After getting the inter-
cept, then the exponential of the intercept can be obtained as

eln
Kk
Lð Þ ¼ Kk

L
ðEq 5Þ

The above interpretation changes through the addition of
MNPs to the bredigite. In fact, MNPs can prevent the decom-
position of bredigite, so they cause to strengthen the interac-
tions between the apatite particles, which leads to enhance
the compaction as shown in Fig. 5(a)-(d). As the MNPs are
added to the bredigite, the materials crystalline size increased,
which is proved in the SEM micrographs.

In Fig. 6, the SEM of a sample of bredigite-MNPs
(30 wt.%) bio-nanocomposite scaffold sintered at 650 �C for
2 h is shown. It is revealed that the surfaces of the bio-
nanocomposite sample are not smooth and some small pores
can be spotted (Fig. 6a and b). On closer inspection, it can be
realized that the sample containing 30 wt.% MNPs has glassy
surface which is suitable for bone formation and mechanical
behavior of scaffolds surface. The main attention goes to
investigate the particle size as an important factor, because the
mobility of the charged particles is proportional to the size of
the particles. The PSA distribution can be rationally justified
according to SEM results to introduce the increasing particle
size distribution by increasing the MNPs content.

Figure 7(a)-(d) shows the EDS images of the fabricated bio-
nanocomposite samples which are necessary for cell infiltration
and unrestricting the cell–cell communication. All bio-
nanocomposite scaffolds have similar pore sizes, within the
range of 300–500 nm, which are ideal for many tissue
engineering purposes. At high magnification, the samples
containing 30 wt.% MNP have more irregular porous archi-
tecture as the associated SEM evident illustrates. The observa-
tion shows that the sintering process causes to destroy the pores
and changed the surface morphology obtained by the complete
sintering process. The EDS results confirm this fact that
addition of magnetite nanoparticles may lead to some peaks in
the samples composition. Some intensify peaks are related to Fe
and Mg ions as shown in Fig. 7(b)-(d) related to samples with
10, 20 and 30 wt.% MNPs in the bredigite microstructure.

Superparamagnetic nanoparticles have a high sensitivity to
receiving the electromagnetic wave from their surrounding

area, or receiving electromagnetic signals from the medium.
Electromagnetic signals in the medium affect the alive cells and
infected cells by altering cytoplasmic enzymatic reactions as
well as wall permeability. This phenomenon increases the rate
of cell proliferation and enhances the hyperthermia treatment in
the presence of magnetite nanoparticles. From AFM results and
roughness test, it is clear that the smaller particle size
distribution is related to the sample containing 30 wt.% MNPs,
but it contains higher agglomeration of the particles. The
images clearly confirm that as the weight fraction of MNPs
increases, the ‘‘Texture’’ diagram is almost superimposed on
the ‘‘Waviness’’ diagram and the ‘‘Roughen’’ diagram fluctu-

Table 2 Data extracted from XRD analysis using Scherrer and Williamson-Hall equations

2 Theta B, deg Cos h B, rad L, A0 lnB = Y ln, 1/Cos h

33.235 0.285 0.975 0.005 266.933 � 5.228 0.039
36.622 0.352 0.965 0.006 235.655 � 5.272 0.059
54.493 0.285 0.865 0.006 295.647 � 5.388 0.109

Fig. 4 Curve for (a) Scherrer equation results, and (b) Williamson-
Hall for the sample with 30 wt.% MNPs and 70 wt.% bredigite
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ates between the range of 0.04 and + 0.05 lm when the MNP
content reaches 30 wt.% (see Fig. 8a-d).

The surface hydrophilicity of the bio-nanocomposite scaf-
fold is investigated by measuring its wettability value after
dropping SBF on the surfaces of it. In the current work, an
electron irradiation (low energy) is employed to obtain a
tuneable contact angle for bredigite-magnetite bio-nanocom-
posite scaffold. The obtained results indicate that the sample
with 30 wt.% MNPs has a contact angle ranging from 58� to
23� and explain this fact that by increasing the time of the
scaffold exposure (containing 30 wt.% MNPs), the contact
angle (wetting response) moves slowly toward a lower angle.
Moreover, by adding more MNPs, an increment in the surface
roughness of the scaffold is occurred; subsequently, an upward

trend is also observed (excluding the pure bredigite scaffold) as
shown in Fig. 8e. For example, in the bio-nanocomposite
scaffold containing 30 wt.% MNPs, the values of roughness
and wettability are measured at 33.23 (lm) and 23.3�.
However, in the sample without MNPs, the values are 30
(lm) and 58.3�. Therefore, by adding MNPs, a higher
roughness value is achieved; In contrast, the wettability of
the surface is reduced. Additionally, the bredigite-magnetite
bio-nanocomposite scaffold is deposited with a bigger particle
size on the surface of scaffold, which can be related to the
nanocomposite agglomeration and cluster particles.

Thermal properties are also important which can affect the
properties of ceramics. These thermal properties include the
duration of applied heat treatment and its temperature. Several

Fig. 5 SEM micrographs of the bredigite-MNP bio-nanocomposite samples with (a) 0 wt.%, (b) 10 wt.%, (c) 20 wt.%, and (d) 30 wt.% MNPs

Fig. 6 SEM micrographs of (a) bredigite 30% MNPs and (b) magnified cross section of bredigite 30% MNPs scaffold (see the glassy surface)
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studies have shown that synthetic ceramics like HA having a
Ca/P ratio close to 1.67 remain steady even below the 1200 �C
when sintered at a moist or dry atmosphere (Ref 21). The
stability of ceramics is compromised due to their poor thermal
resistance, which results in breaking down to tricalcium
phosphate form, i.e., TCP, when temperature exceeds
1200 �C (Ref 22). Therefore, great care must be taken when
working with ceramics at high or low temperatures. With
respect to this fact, materials that portray different stoichiome-
tries, morphologies, and crystallinities have been designed (Ref
23). Moreover, these new properties cause a profound effect on
the biomaterial quality because of mechanical integrity, disso-
lution behavior, and thermal stability (Ref 22). Another study
conducted by Dezfuli et al. (Ref 23) showed that the creation of
Mg-bredigite composites is not the only thermal event that
occurred during the heating process, but the cold magnesium
oxide heated at 600 �C leads to an exothermic reaction which
commenced at 550 �C and peaked at 592 �C and results in an
abrupt mass loss (Ref 24). Khandan et al. (Ref 11) fabricated
bredigite-magnetite bio-nanocomposite scaffold and repre-
sented that the sample with 30 wt.% MNPs has highest heat
transfer during hyperthermia test about 27 �C for 50 s. In our
previous study (Ref 10, 11), addition of magnetite nanoparticles
up to 30 wt.% leads to better magnetic saturation and energy
release (heat) from the magnetite nanoparticles under AC
magnetic field to the bredigite bioceramic. These ongoing

researches were targeted at devising a fabrication methodology
viable for structural bioceramics housing with MNPs-matrix
composite. It is no surprise that an in-depth comprehension of
the mechanism for degrading as well as the rate of degradation
with respect to the decline in MNPs-bredigite mechanical
property will help to improve the MNPs-matrix composites�
degradation to control mechanical properties.

The mechanisms of the thermal, mechanical, biological,
electrical, and degradation of the bredigite-magnetite bio-
nanocomposites are proposed in this work. However, another
critical important issue, i.e., their cell culture behavior in
relation to degradation behavior, has not been addressed. The
thermal conductivity of the magnetite-bioceramic bio-
nanocomposite scaffold introduces two advantages such as
the microstructural assistance, which may help the matrix with
appropriate functionalizing, and presenting thermal and mag-
netic behavior to the host tissues. The magnetite has the
capability to release heat when it is inserted in the AC field;
therefore, the bio-nanocomposite scaffolds including MNPs
can properly release heat because of cortical bone thickness,
which limits the thermal conductivity for tumor therapy. The
obtained data from the current work indicate that incorpora-
tion of MNPs with various amounts can lead to some
crystalline changes and effects on the surface modification of
the samples. The results demonstrate that addition of MNPs to
the bredigite nanopowder causes to enhance the roughness of

Fig. 7 EDS micrographs of (a) bredigite 0 wt.% MNPs and (b) bredigite 10 wt.% MNPs, (c) bredigite 20 wt.% MNP, and (d) bredigite
30 wt.% MNPs bio-nanocomposite scaffolds (corresponding to Fig. 5, the shiny region)
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the samples and also to decrease the wettability and creation
of non-uniform struts.

The graphs of DSC and TGA for thermal analyses of the
prepared bredigite nanopowder composed of various amounts
of MNPs (0, 10, 20, and 30 wt.%) are presented in Fig. 9. It
can be concluded that the four graphs are typically similar to

each other. In the thermal test, the heat change indicates that the
calculated degree of crystallinity is 90%, which is close to full
growth of the crystals. The presence of magnetite nanoparticles
in the bioceramics can lead to two possible mechanisms. It can
accelerate the crystallization which has a strong dependence on
the amount of magnetite nanoparticles in the microstructure of

Fig. 8 Two-dimensional images of AFM analysis of the prepared bio-nanocomposites with (a) 0 wt.% MNPs, (b) 10 wt.% MNPs, (c) 20 wt.%
MNPs, (d) 30 wt.% MNPs after sintering at 650 �C for 2 h, and (e) wettability and surface roughness values of the samples corresponding to
various amounts of MNPs
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the basic material. As it can be observed from Fig. 9(a)-(d),
changes in the weight can be detected in TG curve which
proves the microstructural architecture of an endothermic peak
for water loss. Two obvious decomposition steps of weight loss
are observed in the TG curve, accompanied by endothermic
peak and a sharp exothermic peak on the DSC diagram.

Figure 9 illustrates that the weight loss of the bio-nanocom-
posite samples containing various amounts of MNPs within the
temperature range of 0-1000 �C may be related to the
desorption of water in the Ca7MgSi4O16. It is observed that
the highest weight loss is related to the temperature range of
800-900 �C due to the loss of lattice water. The results from
other samples show similar behavior to that of the sample
without MNPs. However, some peaks become sharper. For
example, the initial endothermic peak happens before 500 �C
for sample without MNPs, while for the samples with various
amounts of MNPs, it is shown that endothermic peak shifts to
the right side. It can be concluded that maybe some additional
compounds such as magnesium nitrate coming from incomplete
sintering procedure are removed. It is seen that the second

endothermic peak occurs before 900-1000 �C. It means that
MNPs lead to a slow decomposition of water in the compo-
sition of the bredigite nanopowder.

4. Nonlinear Resonance Analysis of Beam-Type
Biological Implants

In Fig. 2, the prepared 3D-printed porous beam-type
biological implant of length L, radius R, and thickness h is
represented schematically. Based on the classical Euler–
Bernoulli beam theory, the displacement field can be written as

ux x; tð Þ ¼ �z
@w x; tð Þ

@x
; uz x; tð Þ ¼ w x; tð Þ ðEq 6Þ

in which w stands for the middle surface displacements along
z-axis, and t denotes time.

In accordance with the von Karman kinematics of nonlin-
earity, the strain–displacement relationship can be written as

Fig. 9 DSC/TG analysis for the prepared bredigite-MNP bio-nanocomposite material corresponding to different MNPs weight fractions (a)
0 wt.% (reproduced from Ref 11), (b) 10 wt.%, (c) 20 wt.%, and (d) 30 wt.%
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exx ¼ �z
@2w

@x2
þ 1

2

@w

@x

� �2

ðEq 7Þ

Moreover, on the basis of the elastic constitutive law, the
stress component of the beam-type implant can be expressed
as

rxx ¼ kþ 2lð Þ 1

2

@w

@x

� �2

�z
@2w

@x2

 !
ðEq 8Þ

in which k ¼ Em= 1� m2ð Þ, l ¼ E= 2 1þ mð Þð Þ are Lame�s con-
stants. The associated Young�s modulus corresponding to dif-
ferent morphology shapes and MNPs weight fractions is
extracted from the experimental results presented in the previ-
ous section. Also, with the aid of the rule of mixture, the
Poisson�s ratio of the bio-nanocomposite material can be esti-
mated as

m ¼ mMNPVMNP þ mb 1� VMNPð Þ ðEq 9Þ

where mMNP and mb are the Poisson�s ratios of MNPs and bredig-
ite phases of the bio-nanocomposite material. Also, VMNP repre-
sents the volume fraction of MNPs as given in Table 1.

Following the classical continuum theory of elasticity, the
total strain energy of the implant can be obtained as

Ps ¼
1

2

Z
x

Z
S

rijeijdxdS¼
1

2

Z
x

Nxx
1

2

@w

@x

� �2
 !

�Mxx
@2w

@x2

( )
dx

ðEq 10Þ

in which

Nxx ¼ 2pR
Z h

2

�h
2

rxxdz ¼
2pRh kþ 2lð Þ

2

@w

@x

� �2

Mxx ¼ 2pR
Z h

2

�h
2

rxxzdz ¼ � 2pRh3 kþ 2lð Þ
12

@2w

@x2
ðEq 11Þ

Moreover, the external work PP done by the external dis-
tributed load f can be introduced in the following form

PP ¼
Z
x

fwdx ðEq 12Þ

Furthermore, the kinetic energy of the biological implant can
be calculated as

PT ¼ 1

2

Z
x

Z
S

q
@ux
@t

� �2

þ @uz
@t

� �2
( )

dx dS

¼ 1

2

Z
x

2pqRh
@w

@t

� �2

þ pqRh3

6

@2w

@x@t

� �2
( )

dx

ðEq 13Þ

Now, by using the Hamilton principle as below

d
Zt2
t1

PT �Ps þPPð Þdt ¼ 0 ðEq 14Þ

one will have

@

@x
Nxx

@w

@x

� �
þ @2Mxx

@x2
¼ f þ 2pqRh

@2w

@t2
� pqRh3

6

@4w

@x2@t2

ðEq 15Þ

Substitution of Eq 11 into Eq 15 leads to the nonlinear gov-
erning differential equation of motion in terms of the dis-
placement field as below:

D�
11

@4w

@x4
þ A�

11

2

� �
@w

@x

� �2
" #

@2w

@x2
þ A�

11

@w

@x

@2w

@x2

� �
@w

@x

¼ f þ I�1
@2w

@t2
þ I�3

@4w

@x2@t2

ðEq 16Þ

where

A�
11 ¼ 2pRh kþ 2lð Þ; D�

11 ¼ � pRh3 kþ 2lð Þ
6

;

I�1 ¼ 2pqRh; I�3 ¼ � pqRh3

6

ðEq 17Þ

To perform the solution methodology in a more general
form, the following dimensionless parameters are defined
as

W ¼ w

h
; X ¼ x

L
; # ¼ h

L
; T ¼ t

L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kþ 2lð Þ

q

s
;

Î1; Î3
� �

¼ I�1
qbh

;
I�3

qbh3

	 


F ¼ fL2

bh2 kþ 2lð Þ ; a�11 ¼
A�
11

bh kþ 2lð Þ ; d�11 ¼
D�

11

bh3 kþ 2lð Þ
ðEq 18Þ

Consequently, the dimensionless form of the nonlinear
governing differential equation of motion can be expressed
as

d�11#
2 @

4W

@X 4
þ 3

2
#2a�11

@W

@X

� �2@2W

@X 2
¼ Fþ Î1

@2W

@T 2
þ Î3#

2 @4W

@X 2@T2

ðEq 19Þ

With the aid of the Galerkin method, the differential equation
of motion can be written in discretized form. To accomplish
this purpose, it is assumed that W X ;Tð Þ can be introduced
separately as follows:

W X ; Tð Þ ¼ u Xð Þq Tð Þ ðEq 20Þ

By inserting Eq 20 in Eq 19, it yields

d�11#
2 d

4u
dX 4

qþ 3

2
#2a�11

du
dX

q

� �2d2u
dX 2

q

¼ F þ Î1u
d2q

dT2
þ Î3#

2 d
2u

dX 2

dq2

dT 2

ðEq 21Þ

On the basis of the Galerkin technique, the Duffing-
type equation of motion can be extracted in the following
form:

€qþ 2b _qþ x2qþ aq3 ¼ ~F ðEq 22Þ

in which
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x2 ¼ �

R 1
0 �d�11#

2u d4u
dX 4

� �n o
dX

R 1
0 Î1u2 � Î3#2u d2u

dX 2

� �n o
dX

a ¼ �

R 1
0

a�11#
2

2

R 1
0

du
dX


 �2
dX

h i
u d2u

dX 2

� �n o
dX

R 1
0 Î1u2 � Î3#2u d2u

dX 2

� �n o
dX

ðEq 23Þ

~F ¼ � FR 1
0 Î1u2 � Î3#2u d2u

dX 2

� �n o
dX

In addition, it is assumed that the external distributed load is
a dissipative one, so the damping parameter takes the follow-
ing form (Ref 48, 49):

b ¼ gx2

xL
ðEq 24Þ

where xL denotes the linear frequency of the system and g is
a constant.

The analytical expression for u Xð Þ corresponding to
clamped boundary conditions can be considered in the
following forms:

uðxÞ ¼ sinh 4:73Xð Þ � sin 4:73Xð Þ

þ sin 4:73ð Þ � sinh 4:73ð Þ
cos 4:73ð Þ � cosh 4:73ð Þ

� �
cos 4:73Xð Þ � cosh 4:73Xð Þð Þ

ðEq 25Þ

For the resonance analysis, the damping and nonlinear terms
are assumed to be small and they are in the order of a small
parameter, 2. Thereby, Eq 22 can be rewritten as

€qþ 2b 2 _qþ x2qþ a 2 q3 ¼ ~F

According to the soft excitation, the order of the external dis-
tributed load can be considered similar to that of damping
and nonlinear terms. Thus, for a periodic type of excitation,
one will have

€q Tð Þ þ 2b
Z

_q Tð Þ þ x2q Tð Þ þ a
Z

q3 Tð Þ ¼ 2

Z
~F cos XTð Þ

ðEq 27Þ

where X is the excitation frequency.
On the other hand, the multiple-time-scale summation for q

results in

q Tð Þ ¼ q0 T0; T1ð Þ þ
Z

q1 T0; T1ð Þ ðEq 28Þ

in which T0 ¼ T and T1 ¼2 T . Substitution Eq 28 into
Eq 27 gives

O
R 0� �

:D2
0q0þx2q0 ¼ 0

O
R 1� �

:D2
0q1þx2q1 ¼�2D0D1q0� 2bD0q0� aq30þ ~FeiXT

8<
:

ðEq 29Þ

where Dj
i ¼ dj

dT j
i

represents the time derivatives.
In accordance with the first relation of Eq 29, one will

have

q0 ¼ A T1ð ÞeixT0 ðEq 30Þ

Thereafter, by substituting Eq 30 into the second relation of
Eq 29, one will obtain

D2
0q1 þ x2q1 ¼ � 2ix0

dA

dT1
þ Ab

� �
þ 3aA2B

� �
eixT0

� aA3e3ixT0 þ ~FeiXT0 þ . . .

ðEq 31Þ

where B T1ð Þ stands for the complex conjugate part of the
expression.

Within the range of soft excitation, it is possible to assume

X ¼ xþ
Z

C ðEq 32Þ

in which C stands for the detuning parameter. By eliminating
the secular and small divisor terms, one will have

� 2ix0
dA

dT1
þ Ab

� �
� 3aA2Bþ ~FeiXT0 ¼ 0 ðEq 33Þ

For A T1ð Þ, a polar function can be defined as below:

A T1ð Þ ¼ 1

2
a T1ð Þein T1ð Þ ðEq 34Þ

Through inserting Eq 34 in Eq 33, each of the real and imag-
inary parts yields

da

dT1
¼ � baþ

~F

x
sin CT1 � nð Þ ðEq 35aÞ

a
dn
dT1

¼ 3aa3

8x
�

~F

x
cos CT1 � nð Þ ðEq 35bÞ

By setting the derivative terms on the left side of Eq 35 equal
to zero, the steady-state solution (Ref 50) can be achieved as

ba ¼
~F

x
sin CT1 � nð Þ ðEq 36aÞ

3aa3

8x
¼

~F

x
cos CT1 � nð Þ ðEq 36bÞ

As a result, the frequency response and amplitude response
associated with the nonlinear primary resonance of the 3D-
printed porous beam-type biological implant can be expressed
in analytical explicit forms, respectively, as

C ¼ 3aa2

8x
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~F2

a2x2
� b2

s
ðEq 37Þ

~F ¼ ax

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ C� 3aa2

8x

� �2
s

ðEq 38Þ

Firstly, the validity of the present solution methodology is
checked. For this purpose, the fundamental frequency of an
isotropic beam are calculated and compared with those re-
ported by Sheng and Wang (Ref 51) using the method of
multiple scales. As presented in Table 3, a very good agree-
ment is found which confirms the validity as well as accuracy
of the current solving process of problem.
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In Fig. 10, the frequency response and amplitude response
associated with the nonlinear primary resonance of a beam-type
biological implant made of the porous bio-nanocomposite
material are depicted corresponding to different MNPs weight
fractions (Ref 52-54). It is found that by increasing the MNP
percent, the height of jump phenomenon decreases. It is
demonstrated that by increasing the forcing amplitude related to
the external excitation, the maximum deflection of the response
increases up to the first bifurcation point. After that, reduction
of the forcing amplitude leads to increase the response
amplitude until reaching the second bifurcation point. For
higher values of MNPs weight fraction, the response ampli-
tudes of the porous bio-nanocomposite implant associated with
the both bifurcation points increase.

Figure 11 and 12 illustrate the frequency response and
amplitude response of the 3D-printed porous beam-type
biological implant with different morphology shapes relevant
to various values of MNPs weight fractions used from work
(Ref 45, 46). It is found that for lower MNPs weight fraction,
the height of jump phenomenon related to the nonlinear
resonance response is maximum and minimum for, respec-
tively, irregular and mesoporous shapes of morphology, but
their associated forcing amplitudes of the bifurcation points in
order are minimum and maximum. For higher MNPs weight
fraction, the height of jump phenomenon is maximum and
minimum for, respectively, spongy and porous shapes of

morphology, but their associated forcing amplitudes of the
bifurcation points in order are minimum and maximum.

It should be noted that bone exemplifies the organic–
inorganic composite structures inherent in mineralized tissues
(Ref 52). Suitable bending strength and vibrational response of
the cell can be useful for chemoradiation as well as better
glioma oxygenation (Ref 45, 46). Investigation of reinforce-
ments like carbon nanotube (CNT) (single-wall and multi-
wall), nanosilica, or functionally graded nanocomposite plates
using molecular dynamics simulation has received researchers�
attention during recent decades to predict mechanical properties
of materials before any experimental testing (Ref 55-59).
Therefore, in this work, we evaluated the resonance behavior of
bredigite-magnetite scaffolds using analytical data.

Table 3 Comparison of the dimensionless fundamental
frequencies of an isotropic beam corresponding to various
length to thickness ratios

L=h Present work Ref 51

20 4.3352 4.3403
50 4.3431 4.3422
100 4.3439 4.3424

Fig. 10 Nonlinear resonance response of the porous beam-type im-
plant corresponding to various MNPs weight fractions: (a) frequency
response; (b) amplitude response

Fig. 11 Nonlinear resonance response of the porous beam-type im-
plant corresponding to various morphology shapes (MNPs wt.% =
0.42): (a) frequency response; (b) amplitude response

Fig. 12 Nonlinear resonance response of the porous beam-type im-
plant corresponding to various morphology shapes (MNPs wt.% =
0.48): (a) frequency response; (b) amplitude response
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5. Conclusion

In the present work, through addition of MNPs to the
bredigite bioceramic using HEBM method, a new bio-
nanocomposite material was prepared having the hyperthermia
application potential. After that, with the aid of a 3D-printer
design tool, a biological scaffold as a beam-type porous bone
implant was manufactured made of the bio-nanocomposite
material. Also, the surface properties, morphology, and size of
the composed powder were evaluated using Scherrer and
Williamson-Hall equation. Afterward, via the experimentally
obtained mechanical properties, the nonlinear primary reso-
nance response of the beam-type bone implant was predicted
analytically.

The results of the surface roughness indicated that the pores
region on the scaffold sample produced after sintering process
is occurred by the thermal and kinematic coefficients changes
of the biomaterials. In addition, by surface hydrophilicity of the
bio-nanocomposite scaffold, it was found that the sample with
30 wt.% MNPs has a contact angle ranging from 58.3� to 23�,
indicating this fact that by increasing the time of exposure of
the bio-nanocomposite scaffold (30 wt.% MNPs), the contact
angle moves slowly toward a lower angle. Moreover, it was
observed that by increasing the forcing amplitude related to the
external excitation, the maximum deflection of the response
increases up to the first bifurcation point. After that, reduction
of the forcing amplitude leads to increase the response
amplitude until reaching the second bifurcation point. For
higher values of MNPs weight fraction, the response ampli-
tudes of the porous bio-nanocomposite implant associated with
the both bifurcation points increase. Also, for higher MNPs
weight fraction, the height of jump phenomenon is maximum
and minimum for, respectively, spongy and porous shapes of
morphology, but their associated forcing amplitudes of the
bifurcation points in order are minimum and maximum.
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