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A B S T R A C T

Patients having a medical history of oral cancer, infectious diseases or trauma are often advised surgical in-
tervention with customized complete mandibular constructs (CMC) made of Titanium (Ti) scaffolds. A numerical
framework based on a homogenization technique was developed to investigate the influence of pore architecture
parameters on homogenized orthotropic material properties of the scaffolds. A comparative 3D Finite Element
(FE) analysis of six CMC models, having homogenized orthotropic material properties, under a mastication cycle,
was undertaken to pre-clinically determine the optimal CMC for a patient. Orthotropic material properties of Ti-
scaffolds decreased with an increase in the inter-strut distance. Stress and strain distributions of CMC models
during right molar bite were investigated. Despite small differences in stress distributions in the ‘body’ region of
CMC models, the overall stress distribution (tensile and compressive) of CMC models (30–32MPa) were well
comparable to that of an intact mandible (34.54MPa). Higher magnitudes of tensile strains were observed for
models with 0.2 mm (9884μɛ) and 0.4 mm strut diameter (SD), both having 0.5 mm inter-strut distance (ID), at
articular condyle area, body and symphysis equivalent part of the constructs. The maximum principal tensile
strains were higher in the CMC models with 0.5 mm ID as compared to those having 0.3 mm ID. Comparatively,
the scaffolds with lesser ID (0.3 mm) resulted in higher stiffness, thereby evoking less principal strains in the
CMC models. Moreover, considering the weight of the scaffolds, the CMC models having 0.3 mm ID with 0.2mm
SD and 0.5 mm ID with 0.6mm SD seemed most appropriate for a patient.

1. Introduction

The increasing rate of critical maxillofacial diseases, such as oral
cancer and osteonecrosis [1,2], has induced a steep increase in surgical
intervention, using customized mandibular implants. In the majority of
the cases, patients are diagnosed at an advanced stage of oral cancer,
osteonecrosis of the jaw, and different stages of tumours in the mand-
ible [3]. The patients are advised to undergo partial or full mandibu-
lectomy, according to the severity of the condition [4]. Autologous
bone grafts, harvested from the fibula, the radius of the arm, or the iliac
crest of pelvic bone of a patient, are commonly used to retain the
function and shape of the jawline of a patient undergoing partial
mandibulectomy [5]. Despite several advantages of these autografts,
donor site morbidity, intra-oral complications, fistula, failure of the
grafts are notable disadvantages, which might compel the patient to
undergo repeated surgeries [6].

Patients having a medical history of oral cancer, radiation therapy,
bisphosphonate medications owing to the development of tumours and
teeth extraction, infectious diseases, and trauma are considered to be
critical and are often advised surgical intervention with customized
mandibular implants. Total mandibulectomy [7–10] is advised and
performed in these cases where the host bone is too weak to undergo
partial or marginal mandibulectomy. The full mandible of a patient is
replaced by a patient-specific metallic complete mandibular construct
(CMC) in total mandibulectomy. Among various Titanium alloys,
Ti6Al4V is popularly used for CMC, because of its low specific weight
and excellent biocompatibility [5,11]. The primary focus of the CMC is
to retain the function of the jaw and to maintain aesthetics.

Porous architectures are popularly used to manufacture several
bone grafts and implants of Ti-alloys, which enhance bone ingrowth
and also reduce the weight. In this regard, Hollister [12] reported that
pore dimensions varying between 200 μm and 1200 μm were found to
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be optimum for tissue generation. There are several reports based on
detailed characterization of the additively manufactured porous struc-
tures having dodecahedron, icosahedron, cubic, rhombohedral and
other various shapes of unit cells [13–17]. A numerical homogenization
technique, using Finite Element Analysis (FEA), was used to evaluate
the effective material properties of scaffolds [18–22]. It was reported by
Hollister et al. [18] that the numerical homogenization technique is
capable of accurately evaluating the effective material properties of
scaffolds. Specifically, Bawolin et al. [19,20] reported that the pre-
dicted values from numerical homogenization technique using FEA, for
0°/90° PCL (Polycaprolactone) and HAP (Hydroxyapatite) scaffolds,
agreed with the experimental values of compression tests. The values of
elastic properties of circular and square cross-section fibre composite
materials, predicted using a numerical homogenization technique, were
reported to be very close to those calculated using analytical equations
[21]. More recently, Roberge et al. [22] used a homogenization tech-
nique to predict the elastic properties of the 0°/90° HAP scaffolds. These
reports provided confidence in evaluating the effective material prop-
erties of 0°/90° Ti-scaffolds using the homogenization technique.

To the author's knowledge, there is hardly any investigation re-
garding the design criteria of a CMC, built with unit cells of 0°/90° strut
orientation having different inter-strut distances. The compressive
strength of the 0°/90° scaffolds was reported to be higher than other
strut orientations, like 45°/45° [13,23,24]. Higher mechanical strength
was reported for 0°/90° oriented PEEK (Polyether-ether-ketone) scaf-
folds as compared to other strut orientations [23]. Another study by Li
et al. [13] reported that additively manufactured Ti-scaffolds having
0°/90° strut orientation, for bone tissue replacement, showed maximum
compressive strength in all three directions. Moreover, a recent in-
vestigation by Souness et al. [24], observed maximum compressive
strength for the 0°/90° structures of PLA (Poly(lactide)) as compared to
other strut orientations. These reports provided confidence in the se-
lection of 0°/90° scaffold for further investigation. A notable case study
by Xilloc (Xilloc Medical, The Netherlands) is the only available lit-
erature, which discussed the design of a CMC weighing 107 g that
successfully retained the function of the jaw of an 83-year old female
patient [25].

The goal of the study is to develop a numerical framework for the
design of a novel patient-specific CMC with 0°/90° circular struts of
Ti6Al4V alloy, having different pore architecture parameters. This
study is aimed at determining the appropriate set of scaffold parameters
for a CMC, having load transfer characteristics closest to an intact
mandible. Presumably, notable deviations in load transfer within the

construct may result in adverse reaction forces in the tempor-
omandibular joint. The specific objectives are: (1) to develop a nu-
merical framework to obtain the homogenized orthotropic material
properties of Ti-scaffolds, and (2) to investigate the load transfer across
a CMC with homogenized material properties of the scaffolds subject to
a complete mastication cycle.

2. Materials and methods

The numerical framework comprises of microscale three-dimen-
sional (3D) FE models of Ti-scaffolds and macroscale models of the CMC
subject to appropriate loading and boundary conditions. The scheme
employed a numerical homogenization technique, using Finite Element
Analysis (FEA), to predict the elastic orthotropic material coefficients of
the scaffolds. In the next phase of the study, 3D FE models of the CMC
were simulated with the homogenized orthotropic material properties
of the scaffolds to investigate the load transfer during a complete
mastication cycle. A comparison of load transfer with an intact mand-
ible was also undertaken.

2.1. Numerical homogenization technique for scaffolds: microscale FE
models

The scaffold is generally considered as a macroscale structure. The
macroscopic properties of 3D scaffolds were modelled by constructing a
representative volume element (RVE) or a unit cell that possessed the
features of the microscale structure. The precise modelling and simu-
lation of macroscale scaffolds are generally computationally expensive.
The most convenient technique, to facilitate the modelling process of
these type of structures and their inherent microscale structures,
seemed to be the homogenization technique [26–29]. The central
concept of this method is to seek a globally homogeneous continuum
equivalent to the original scaffold, where the stored strain energy
within the two is approximately equal to each other. The symmetric Ti-
scaffolds with 0°/90° orientation between the circular struts of two
consecutive layers can be analysed using the RVE approach or a unit
cell only (Fig. 1). A unit cell is defined as the smallest part of a scaffold,
which contains all the required data of the geometric and material
properties of a scaffold at the microscale level, that can be used to
deduce the effective properties of the scaffold. Scaffolds are represented
as a periodical array of the RVEs. Therefore, the applied boundary
conditions on the RVEs must be periodic to conform to the principles of
homogenization theory [28]. This corresponds to the fact that there is

Fig. 1. Specifications of the microscale FE models of the 0°/90° scaffolds. SD: Strut diameter, ID: Inter-strut distance.
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no gap or imbrication between two consecutive RVEs, and each of the
RVEs is under the same deformation mode of the macroscale structure.
The periodic boundary conditions at the boundary surfaces of the RVE
is explained by the following generalised equation [28–30],

= +u ε x v¯i ij j i (1)

where ε̄ij are the average strains, vi is the periodic part of the dis-
placement components on the boundary surfaces of the RVE, which is
unknown, and depends on the applied global loading conditions. The
indices i and j denote the global 3D coordinate directions. A more de-
tailed expression for the periodic boundary conditions, appropriate for
the RVE models, was derived from the generalised Equation (1). The
displacements on two opposite boundary surfaces (e.g., X+ and X-
surfaces, Fig. 2) of the RVE are expressed as,
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where the index X+ implies the positive normal direction along xj di-
rection, and X-implies the negative direction along xj, corresponding to
the opposite two boundary surfaces, X+ and X-, respectively. The local
differences between the displacement fields of the two opposite surfaces
were exactly similar, owing to the prescribed periodic boundary con-
ditions of the RVE. Hence, the difference between the two displacement
fields of the two opposite boundary surfaces was identified as the ap-
plied strain condition to the actual macroscopic scaffolds, which is
expressed as,
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X
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X

(4)

The average mechanical properties of RVE were assumed to be the
same for those of the scaffolds. The average stresses and strains in an
RVE are defined as,

∫=σ
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(5)
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where σij is the calculated elemental stress, σ̄ij is the average developed
stress, calculated by integrating over the RVE volume, V. Similarly, ε̄ij is
the average strain developed in the RVE, calculated by integrating the
strain of each element, εij over the RVE volume, V.

The FE models of the RVE unit cells of the scaffolds were developed
using SOLIDWORKS (SolidWorks, Dassault Systemes S.A.), and meshed
in ANSYS FE v15.0 software (Ansys Inc., Canonsburg, PA), using ten-
node tetrahedral element [31]. Majority of the early computational
models’ used 2D beam elements or Timoshenko beam elements for the
analysis [14,32]. In comparison, the present study used SOLID187 (ten-
node tetrahedral) elements to mesh the struts of the scaffolds, resulting
in a more detailed evaluation of the stresses and strains generated in the
scaffold unit cells. The element edge length varied between 20 and
40 μm, with a relatively fine mesh at the junction of the two struts. The
linear elastic properties of orthotropic materials are defined by the
following constitutive relationship,
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where σ̄ , ε̄ , and Ceff are average stress, average strain and components
of the effective stiffness matrix for the homogenized orthotropic

Fig. 2. Schematic diagram of a periodic scaffold with 0°/90° inter-strut orientation (a) a representative volume element (RVE), (b) boundary surfaces of an RVE cell.

Table 1
Prescribed boundary conditions on the opposite surfaces of representative volume element (RVE) corresponding to different load cases for numerical homogenization
technique using FE (see Fig. 2).

Load case Boundary surface

X+ X- Y+ Y- Z+ Z-

1 D along X- direction constrained along X direction PBC PBC
2 PBC D along Y- direction constrained along Y direction PBC
3 PBC PBC D along Z- direction constrained along Z direction
4 D along Y+ direction D along Y- direction D along X+ direction D along X- direction PBC
5 PBC D along Z+ direction D along Z- direction D along Y+ direction D along Y- direction
6 D along Z+ direction D along Z- direction PBC D along X+ direction D along X- direction

D: Displacement prescribed.
PBC: Periodic boundary conditions prescribed.
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scaffolds. The boundary conditions, presented in Table 1, were pre-
scribed for the RVE by coupling the opposite nodes located on the op-
posite surfaces. Six sets of boundary conditions were imposed in order
to obtain the components of the stiffness matrix, which was further used
to calculate the orthotropic material properties of the scaffolds, con-
sisting of nine elastic constants (three Young's modulus: Ex, Ey, Ez; three
shear modulus: Gxy, Gyz, Gxz; three major Poisson's ratios: ϑxy, ϑyz, ϑxz).

The boundary conditions for each of the load cases of microscale
models were prescribed so that, for a particular load case, only the
strains in one direction would be non-zero, whereas in all other direc-
tions, would be zero. In the case of load case 1, the displacements were
prescribed on the nodes of the X+ surface, and the X-surface nodes
were restrained from moving along the X-direction. The nodes on the
surfaces Y+ and Y- were also restrained from moving along the Y-di-
rection. Similarly, the nodes along the surfaces Z+ and Z-were re-
strained from moving along the Z-direction. Hence, only the strains
developed along the X-direction (εxx) were non-zero, whereas the strains
in all other directions were zero. The resulting average stresses and
strains (σ̄ and ε̄) for each load case were calculated using equations (5)
and (6). The corresponding effective coefficient was calculated using
non-zero strains and stresses developed based on the constitutive
equation for orthotropic materials (Equation (7)). A summary of the
method used to determine the elastic coefficients of orthotropic mate-
rial properties of the scaffolds is presented in Fig. 3.

The RVE size is considered to be a key factor in obtaining reliable
results using numerical homogenization technique. A sensitivity study

revealed that for 0°/90° Ti-scaffolds, having a regular geometrical
pattern, the results are not sensitive to the size of the RVE. The findings
of this study led to the choice of the single unit cell as RVE of the
scaffolds.

2.2. Design parameters of scaffolds

The strut diameter (SD) and inter-strut distance (ID) were con-
sidered as two design parameters and were strategized, based on
available literature [12,13,33,34]. This part of the study was focussed
on investigating the influence of SD and ID on the homogeneous or-
thotropic material coefficients of the scaffolds. Isotropic material
properties of Ti-alloy (Ti6Al4V), Young's modulus 110 GPa, and Pois-
son's ratio 0.3 were assigned to all RVEs of the scaffolds.

2.3. Macroscale FE models of intact and complete mandibular constructs

The FE model of an intact mandible was based on a CT-scan dataset
of a 35-year old female patient, stored in 512× 512 pixels, with a pixel
size of 0.383mm, slice thickness of 6mm [35]. The mandible was
segmented into cortical and cancellous bone volumes using image
processing software MIMICS v10.0 (Materialise, Leuven, Belgium). Ten-
node tetrahedral elements were used to mesh the solid model in ANSYS
v15.0. The element edge length varied between 0.5mm and 1.5mm.
The FE model consisted of 270216 elements and 386159 nodes [35].
The cortical layer of the mandible was subdivided into five distinct

Fig. 3. A schematic representation for the calculation of homogenized orthotropic material properties of the 0°/90° scaffolds.
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regions (symphysis, body, ramus, condyle, and coronoid), which, were
assigned orthotropic material properties [36–38]. The cancellous bone
material properties were assumed to be heterogeneous and isotropic.
The elastic modulus of each bone element was calculated from the CT-
scan data using Bonemat v2.0 [39]. The apparent density (ρ in g.cm−3)
for the bone element was incorporated from the corresponding CT
number (HU) in Hounsfield Unit using the relationship,

= + − − × −ρ ρ ρ ρ[( )/(HU HU )] [HU HU ]1 2 1 2 1 1 (8)

where (ρ1, HU1) represented the apparent density and CT number of
water, i.e., no bone condition (0.022 g cm−3, 0 HU), and (ρ2, HU2) was
the apparent density in the hardest cortical region and corresponding
CT number value (1.73 g cm−3, 2600 HU), respectively. Any negative
CT grey value was flushed to 0 HU, representing no bone condition
[40–42]. The Young's modulus of the mandibular cancellous bone was
determined using the modulus-density relationship, E=2017.3 ρ2.46
[43]. This particular relationship predicted the average Young's mod-
ulus of 850MPa for the cancellous bone, which was close to 960MPa
reported earlier for mandible [44]. Poisson's ratio was assumed to be
0.3 [45,46]. The macroscale FE models of CMC were based on the same
CT-scan dataset and the same mesh of the intact mandible (Fig. 4). The
CMC models were assigned orthotropic material properties of the
homogenized scaffolds, based on the method described in Sec. 2.1.

The FE models of an intact mandible and the CMCs were subjected
to a complete mastication cycle. The mastication cycle was divided into
six load cases, i.e., incisive, intercuspal position, right molar bite, left
molar bite, right group function and left group function. Each of the
macroscale CMC models included seven muscle forces as follows: su-
perficial masseter (SM), deep masseter (DM), medial pterygoid (MP),
inferior lateral pterygoid (ILP), anterior temporalis (AT), middle tem-
poralis (MT) and posterior temporalis (PT). The magnitudes and di-
rections of the musculoskeletal forces, corresponding to six static load
cases of the complete mastication cycle, applied for the macroscale
models were based on Korioth et al. [44,47]. The masticatory muscle
forces were applied as loading conditions and were uniformly dis-
tributed on the patched areas of the FE models of the intact mandible
and CMCs [48–50]. The highest amount of stresses and strains in the
mandible were observed for the right molar bite. For this load case, the
nodes located on the occlusal surface of the Right Molar teeth, were
constrained along the transverse axis of the mandible, and the articular
condyles were restrained from moving along the two orthogonal di-
rections of the transverse axes. The details of the muscle forces and
boundary conditions, during a complete mastication cycle, are pre-
sented in Table 2 [47,51].

2.4. Validation and verification of the FE models

A mesh convergence study was performed by comparing the results
of three FE models of intact mandible consisting of 113768, 270216,
and 787418 numbers of elements. Comparison between the first and
second FE models revealed 7% deviations of maximum principal strains
in the mandible. However, the range of the deviation was reduced to
4% when the results of the second and third models were compared.
The model consisting of 270216 elements, with mesh size varying be-
tween 0.5 mm and 1.5mm, was chosen for the FE model of the intact
mandible after comparison between the maximum values of principal
tensile strains of three models. Similarly, a separate mesh convergence
study for the microscale scaffold models revealed the optimum mesh
size varying between 0.02mm and 0.04mm. The total number of ele-
ments and nodes corresponding to six microscale FE models are pre-
sented in Table 3.

The methodology for numerical homogenization technique, using
FEA, was validated with the experimental results of Bawolin et al.
[19,20]. Direct one-to-one experimental validation of the FE model of
the intact mandible was not possible, since the CT-scan dataset was
based on a living patient. However, the generation procedure of the FE
model of the intact mandible was validated by comparing with the
principal stresses and strains at comparable locations (Fig. 5), reported
by Korioth et al. [44], using similar loading and boundary conditions.
The FE model of Korioth et al. [44] reported high principal tensile
stresses varying between 15 and 25MPa, around the biting area of the
right molar teeth. Although the predicted results of our study were
qualitatively comparable to those predicted by Korioth et al. [44],
differences in the maximum principal stress values (Our model:
34.54MPa versus 25MPa of Korioth et al.) were observed at compar-
able locations for both the models [35,44]. The overall agreement,
however, provided confidence in the FE models for further investiga-
tions on load transfer across the CMC models. Distribution of principal
stresses and strains along with the weight of the CMC were evaluated
for the choice of suitable CMC for a patient [52–54].

3. Results

The maximum and minimum values of principal stresses and strains
were developed in CMC models during right molar bite (load case 3;
Table 2), hence chosen for a detailed analysis. Principal strain dis-
tributions in the CMC models were analysed to investigate the influence
of scaffold parameters on load transfer across the constructs. Maximum
principal strains were recorded as the 99th percentile values to avoid
potential stress concentrations at the constrained locations of the
models. The generated peak strains were compared with the maximum

Fig. 4. Finite element model of (a) CMC; (b) showing locations of muscle (M.) attachment sites and boundary conditions (for details see Table 2).
(1) M. Masseter, (2) M. Temporalis, (3) M. Lateral pterygoid, (4) M. Medial pterygoid, (5) Articular condyle (boundary conditions), (6) Molar, (7) Premolar, (8)
Canine, (9) Incisor.
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strain generated in an intact mandible to identify appropriate scaffold
pore architecture parameters for the CMC. In the next step, the weights
of the selected CMCs were compared with the weight of the intact
mandible to identify the preferred sets of scaffold parameters that may
be suitable for additive manufacturing. The effective density of the Ti-
scaffolds and the volume of the mandible were calculated, thereof the
weight of the CMC models was evaluated.

The design parameters of the 0°/90° scaffolds were found to have
considerable influence on the predicted homogenized orthotropic ma-
terial coefficients. The values of Young's modulus (E) and shear mod-
ulus (G) were observed to increase with an increase in SD (Table 4). The
values of E and G, however, were found to decrease with an increase in

Table 2
Muscle forces: SM superficial masseter, DM deep masseter, MP medial pterygoid, ILP inferior lateral pterygoid, AT anterior temporalis, MT middle temporalis, PT
posterior temporalis [47,51].
Clenching tasks: INC incisal clench, ICP intercuspal position, RMOL right unilateral molar clench, LMOL left unilateral molar clench, RGF right group function, LGF

left group function.

Clenching tasks Side Direction Muscular force (N) Boundary Condition

SM DM MP AT MT PT ILP

INC Right Force 76.2 21.2 136.4 12.6 5.7 3.0 47.5 Constrained the incisor regions
Fx −15.8 −11.6 66.3 −1.9 −1.3 −0.6 29.9
Fy 67.3 16.1 107.8 12.5 4.8 1.4 −8.3
Fz 31.9 −7.6 50.9 0.6 −2.9 −2.6 36.0

Left Force 76.2 21.2 136.4 12.6 5.7 3.0 47.5
Fx 15.8 11.6 −66.3 1.9 1.3 0.6 −29.9
Fy 67.3 16.1 107.8 12.5 4.8 1.4 −8.3
Fz 31.9 −7.6 50.9 0.6 −2.9 −2.6 36.0

ICP Right Force 190.4 81.6 132.9 154.9 91.8 71.0 18.1 Constrained the canine and premolars
Fx −39.4 −44.6 64.6 −23.1 −20.4 −14.8 11.4
Fy 168.3 61.9 105.1 153.0 76.8 33.7 −3.1
Fz 79.80 −29.2 49.61 6.8 −45.9 −60.8 13.7

Left Force 190.4 81.6 132.9 154.9 91.8 71.0 18.1
Fx 39.4 44.6 −64.6 23.1 20.4 14.8 −11.4
Fy 168.3 61.9 105.1 153.0 76.8 33.7 −3.1
Fz 79.8 −29.2 49.6 6.8 −45.9 −60.8 13.7

RMOL Right Force 137.1 58.8 146.9 115.4 63.1 44.6 20.1 Constrained the right molars
Fx −28.4 −32.1 71.4 −17.2 −14.0 −9.3 12.6
Fy 121.2 44.5 116.1 114.0 52.8 21.1 −3.5
Fz 57.4 −21.0 54.8 5.1 −31.5 −38.1 15.2

Left Force 114.2 49.0 104.9 91.7 64.0 29.5 43.5
Fx 23.6 26.7 −51.0 13.7 14.2 6.1 −27.4
Fy 101.0 37.1 83.0 90.5 53.6 14.0 −7.6
Fz 47.9 −17.5 39.1 4.0 −32.0 −25.2 32.9

LMOL Right Force 114.2 49.0 104.9 91.7 64.0 29.5 43.5 Constrained the left molars
Fx −23.6 −26.7 51.0 −13.7 −14.2 −6.1 27.4
Fy 101.0 37.1 83.0 90.5 53.6 14.0 −7.6
Fz 47.9 −17.5 39.1 4.0 −32.0 −25.2 32.9

Left Force 137.1 58.8 146.9 115.4 63.1 44.6 20.1
Fx 28.4 32.1 −71.4 17.2 14.0 9.3 −12.6
Fy 121.2 44.5 116.1 114.0 52.8 21.1 −3.5
Fz 57.4 −21.0 54.8 5.1 −31.5 −38.1 15.2

RGF Right Force 34.3 29.4 12.2 104.3 61.2 46.8 39.5 Constrained the right canine, premolars and molars
Fx −7.1 −16.0 5.9 −15.5 −13.6 −9.7 24.9
Fy 45.4 16.1 105.1 10.9 4.8 2.2 −1.6
Fz 21.5 −7.6 49.6 0.5 −2.9 −3.9 7.1

Left Force 51.4 21.2 132.9 11.1 5.7 4.5 9.4
Fx 10.6 11.6 −64.6 1.6 1.3 0.9 −5.9
Fy 45.4 16.1 105.1 10.9 4.8 2.2 −1.6
Fz 21.5 −7.6 49.6 0.5 −2.9 −3.9 7.1

LGF Right Force 51.4 21.2 132.9 11.1 5.7 4.5 9.4 Constrained the left canine, premolars and molars
Fx −10.6 −11.6 64.6 −1.6 −1.3 −0.9 5.9
Fy 45.4 16.1 105.1 10.9 4.8 2.2 −1.6
Fz 21.5 −7.6 49.6 0.5 −2.9 −3.9 7.1

Left Force 34.3 29.4 12.2 104.3 61.2 46.8 39.5
Fx 7.1 16.0 −5.9 15.5 13.6 9.7 −24.9
Fy 45.4 16.1 105.1 10.9 4.8 2.2 −1.6
Fz 21.5 −7.6 49.6 0.5 −2.9 −3.9 7.1

Table 3
The total number of elements and nodes corresponding to six microscale FE
models.

Microscale Models

Model Elements Nodes

A 2040 3970
B 19713 32297
C 85796 127082
D 106420 157644
E 245649 351994
F 297936 425893
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the ID from 0.3mm to 0.5 mm (Table 4). The maximum values of or-
thotropic material properties were obtained for the scaffold having the
highest strut diameter (SD=0.6mm) and the lowest inter-strut dis-
tance (ID=0.3mm), whereas minimum values were obtained for the
scaffold having the lowest strut diameter (SD=0.2mm) and the
highest inter-strut distance (ID= 0.5mm). Predicted values of major
Poisson's ratio are presented in Table 4.

The stresses and strains in the intact mandible were observed to be
maximum in the case of right molar bite (load case 3). The maximum
principal stress of 34.54MPa, was generated in the intact mandible. The
maximum principal strain was found to be 3267 μɛ. Overall, the stress
distributions corresponding to load case 3 for the intact mandible
(Fig. 5a,c) was found to be well comparable with those reported by
Korioth et al. [44]. The distributions of principal stresses and strains for
all the CMC models (with each of the six sets of orthotropic material
properties) were obtained for six load cases of a complete mastication
cycle. The stresses and strains were found to be maximum during right
molar bite (load case 3). The overall principal tensile and compressive
stress distributions for all the CMC FE models were found to be very
similar as compared to the intact mandible. Hence one representative
set of tensile and compressive stress distributions is presented in Fig. 5.
Results indicated that there were small differences in stress distribution
at the ‘body’ region of the CMC models. However, the overall stress
distribution (tensile and compressive) in the CMC models (30–32MPa)
were found to be very well compared with those of an intact mandible
(34.54MPa). The distributions of principal strains (tensile) in the six
CMC FE models for load case 3 are shown in Fig. 6. Higher magnitudes
of tensile strains were observed for Model ‘B’ and ‘D’ at articular con-
dyle area, body and symphysis equivalent part of the constructs. The

maximum principal tensile strains were observed to be higher in the
CMC models with 0.5mm ID as compared to those having 0.3mm ID
(Fig. 7). An increase in maximum principal strains was observed with a
reduction in the SD, since it led to the reduction of the effective elastic
moduli of homogenized scaffolds. A maximum principal tensile strain of
9884 μɛ was observed for the CMC with homogenized material prop-
erties of the scaffolds with 0.2mm SD and 0.5 mm ID.

The weight of the CMC with six set of scaffold parameters was also
evaluated and presented in Fig. 8. The weight of the CMC, closest to the
intact mandible, was found to be 98.17 g, having the scaffold archi-
tecture parameters of 0.2mm SD with 0.3mm ID. The lowest weight,
recorded for the CMC having scaffold parameters of 0.2mm SD with
0.5 mm ID, was 72 g. The heaviest CMC was found to be of 168.4 g with
scaffold architecture parameters of 0.6mm SD and 0.3 mm ID.

4. Discussion

In this study, a numerical homogenization framework using FEA has
been employed to investigate the influence of pore architecture para-
meters on the homogenized orthotropic material properties of Ti-scaf-
folds. The novelty of the study lies in comparative 3D FE analysis of
CMCs, having homogenized effective orthotropic material properties,
and subject to a complete mastication cycle, in order to pre-clinically
determine the most appropriate CMC for a patient. Overall, the study is
an attempt to identify potential scaffold architecture parameters, which
might lead to an optimal CMC, thus reducing chances of revision sur-
geries and construct failure. Results indicated a considerable influence
of the pore architecture parameters on the homogenized orthotropic
material properties of the scaffolds. The scaffolds with 0.2mm SD

Fig. 5. Principal tensile and compressive
stress (MPa) distributions in a re-
presentative CMC model compared to an
intact mandible corresponding to unilateral
right molar clenching (load case 3); (a) in-
tact mandible-principal tensile stress, (b)
CMC model-principal tensile stress, (c) in-
tact mandible-principal compressive stress,
(d) CMC model-principal compressive
stress. High stress regions are encircled.

Table 4
Homogenized linear elastic orthotropic material properties of the scaffolds. For specifications of Models A – F, see Fig. 1.

Model Homogenized linear elastic material properties

Young's modulus (GPa) Shear modulus (GPa) Major Poisson's ratios

Ex Ey Ez Gyz Gzx Gxy ϑyz ϑzx ϑxy

A 17.92 7.63 18.79 2.67 0.78 2.39 0.16 0.009 0.15
B 13.72 4.10 13.08 1.29 0.45 1.28 0.15 0.008 0.16
C 24.93 10.87 26.87 2.90 0.73 2.55 0.16 0.005 0.15
D 21.96 7.27 20.36 1.64 0.47 1.87 0.15 0.004 0.16
E 31.18 12.66 31.98 3.36 1.23 3.38 0.16 0.010 0.15
F 26.71 11.52 23.61 2.92 0.88 3.62 0.15 0.006 0.16
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yielded elastic coefficients values less than those of the intact mandible.
The elastic modulus values were found to increase with an increase in
the SD. The models with 0.4 mm SD, having both 0.3 mm and 0.5 mm
ID, were found to have elastic modulus values close to the intact
mandible [36–38]. Moreover, the scaffolds with 0.6mm SD, having an
ID of 0.3mm, was found to be slightly higher (11.35%) than the elastic
coefficients reported for the intact mandible. The homogenized ortho-
tropic material properties were observed to decrease with an increase in
the ID; Young's modulus of the Ti-scaffolds, having 0.37mm SD, was
reported to decrease with an increase in the ID [13]. These corro-
borations with earlier studies served as a qualitative validation, pro-
viding confidence in the numerically predicted results.

The principal stress distributions of the CMC models were observed
to be less sensitive to variations in homogenized material properties of
the scaffolds. However, notable differences were observed amongst the

principal strain distributions of the CMC models. It was observed that
Model ‘E’ and ‘F’ exhibited principal strain distributions very similar to
the intact mandible owing to the similarity between the material
properties of the two scaffolds and the intact mandible. The maximum
principal strain developed in an intact mandible during load case 3 was
3267 με [35], and weight of the same was noted to be 98 g, which is
also supported by Zhang et al. [55].

Based on the comparison of maximum principal strains and the
overall strain distributions of the CMC models to those of the intact
mandible, Model ‘E’ and ‘F’ appeared to be the most appropriate.
However, the weight of the CMC is an important parameter from the
viewpoint of the patient. In this regard, Model ‘B’ seemed to be the CMC
with the lowest weight of 72 g, but having very high principal strains
(9884 με) around the body and symphysis area. Whereas, Model ‘A’
(maximum principal strain for the right molar bite: 5278 με) and Model

Fig. 6. Principal tensile strain (ɛ) distribution for CMC models (isometric view) for unilateral right molar clenching (load case 3): (a) Model A, (b) Model B, (c) Model
C, (d) Model D, (e) Model E, and (f) Model F.

Fig. 7. Comparison of the maximum principal tensile strains in the intact mandible and the CMC models during right molar bite (load case 3).
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‘F’ (maximum principal strain for the right molar bite: 4263 με), ap-
peared to be better models, weighing 98.17 g and 131.05 g, respec-
tively.

The current study, however, has some limitations. It has been re-
ported that irregularities and micro-level discontinuities within the
struts of the scaffolds, after manufacturing, plays a key role in de-
termining the values of its effective elastic coefficients. Moreover, it is
also reported that the effective material properties of scaffolds are
considerably influenced by the manufacturing processes. The effects on
the material properties of a scaffold, owing to the manufacturing pro-
cesses, have not been investigated in this study. Moreover, the surface
morphology (roughness and presence of micropores) of the manu-
factured CMC requires further investigation for host response within the
oral environment. The linear elastic CMC models were simulated under
one complete mastication cycle. The experimental characterization of
the additively manufactured implants, under the chewing forces, has
not been investigated. The CT-scan dataset was based on a single pa-
tient. Hence, inter-patient variability has not been considered in this
study. The results, therefore, are patient specific and should be inter-
preted within the limitations of this study. This study, however, pre-
sented a novel multiscale framework for determining homogenized
material properties of 0°/90° Ti-scaffolds and thereby, investigated the
influence of scaffold architecture parameters on the design of CMC.

Based on the results of this study, it appeared that a reduction in the
SD and an increase in the ID caused a reduction in the homogenized
orthotropic material properties of the scaffolds. However, a simulta-
neous increase in the SD and the ID resulted in homogenized ortho-
tropic material properties similar to those of an intact mandible.
Scaffolds with lesser ID (0.3 mm) resulted in higher stiffness, thereby
evoking less principal strains in the CMC models, during the right molar
bite. Moreover, considering the weight of scaffolds, the model A
(0.3 mm ID with 0.2 mm SD) and the model F (0.5 mm ID with 0.6 mm
SD), seemed to be most appropriate for a patient.

5. Conclusions

Based on this study, the following conclusions may be drawn:

(1) The effective homogenized orthotropic material properties of scaf-
folds were influenced by strut diameter and inter-strut distance. The
effective material properties of the scaffold with 0.6 mm strut dia-
meter having 0.3 inter-strut distance, were found to be similar to
the material properties of an intact mandible.

(2) Strut diameter and inter-strut distance had a negligible effect on the

principal stress distributions of the CMC models but had consider-
able influence on the principal tensile strain distribution.

(3) For 0°/90° strut orientation, scaffold architecture, with 0.2mm SD
having 0.3 mm ID and 0.6mm SD having 0.5mm ID, seemed to be
most appropriate for the design of Ti-CMC.
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