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Abstract

Metamaterials are composed of structural elements and their properties are derived mainly from the inner structure of the elements, rather than
the properties of their constituent material. In this study, mechanical and biological properties of metamaterial made by selective laser melted
cobalt chrome molybdenum (CoCrMo) were studied. Metamaterials of diamond and square shapes unit cells with 1.5-2.5 mm strut length and
0.4-0.6 mm strut thickness was prepared by layer-by-layer additive manufacturing technique. The metamaterials demonstrated excellent
biological property under MTT assay cytotoxicity after 14 days cell cultured. Comparisons of the experimental data between two unit cell types
made by compression tests exhibited that the stiffness of square shape is always higher 20% than those of diamond type, nonetheless all the tested
materials satisfy the young’s modulus of human cancellous bone. Furthermore, the compression tests also resulted in determining both unit cell
types with strut thickness 0.6 mm and strut length 1.5 mm to meet the compressive strength of human cortical bone. The tailored metamaterials
by modifying the unit cell sizes and shapes of fabricated bone implant can be achieved by using additive manufacturing technique. The design
concepts of internal structures by determining the properties of metamaterials demonstrated in this study will be valuable in future biomedical
applications.
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1. Introduction

Metamaterials are artificially engineered components of
periodic or non-periodic structures, often at the microscopic
structures to exhibit the properties that are not yet been found
in nature and in the constituent materials [1]. The properties
of metamaterials are not derived from the properties of the
compositional materials but from their rationally designed
structures where the precise shape, geometry, size,

2212-8271 © 2020 The Authors. Published by Elsevier B.V.

orientation and arrangement of the periodic unit cells can
affect the homogenous manner of metamaterials [2]. In the
past decade, metamaterials are mostly found in diversity of
electromagnetic microwave [3, 4], radio communication [5,
6], optical [7, 8] and photonic applications [9, 10] by
designing metamaterials for split ring resonators [11, 12],
optical fibre with negative permeability and permittivity [13]
and also materials with negative refractive index optical
frequency [14, 15]. Recently, metamaterials have been
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studied in promising biomedical applications particularly for
bone tissue regeneration and orthopaedic implants [16].

The implants are enormously successful in relieving pain
and restoring the mobility of the patient’s life even though
the major drawback is still the immature and unpredictable
lifespan of the devices. The implants consists of permanent
and temporary devices that have been used in a broad range
of load bearing application such as fracture fixations [17, 18],
total joint replacements [19, 20], dynamic stabilizations [21,
22], dental implants [23, 24] and high degree contouring
reconstructive devices [25, 26]. The tremendous demands
and the dramatic increased as the consequence of revision
surgeries in load bearing implants especially in total hip and
knee join replacements have been reported [27, 28]. The big
numbers of revision surgeries after implantation have
attracted the attention in the worldwide surgeon from the past
century. Periprosthetic osteolysis and aseptic loosening
became due to stress shielding phenomenon, wear debris and
lack of osseointegration become the major factors of revision
surgeries in metallic load bearing implants [29-31]. In recent
years, the development of load bearing implants has
motivated the considerable study on how the interaction
between mechanical and biological factors can affects the
long term success in the orthopaedic surgeries where the
concept of metamaterials for lightweight and capability to
support and promote the tissue regeneration load bearing
implants.

To date, researchers have shown an increased interest in
employing advance additive manufacturing to produce
orthopaedic implants with the tailored mechanical stiffness
and provide accommodation for human cells to grow and
integrated with implants devices naturally [32-35]. Additive
manufacturing is the extension of rapid prototyping that used
additive method fundamentally layer by layer fabrication
technique directly from the information that obtained from a
three dimensional computer aided design (CAD) [36, 37].
Additive manufacturing has possible to produce almost
reliable design of microarchitecture to achieve the desired set
of physical, mechanical and biological properties referring to
ideal load bearing implants with patients specific elements
[38]. Meta-biomaterials is best to mention when aimed for
biomedical applications. The metamaterials configurations
cannot be fully controlled since the majority of the existing
manufacturing technologies do not allow or limitations for
precise control of the shape type, size and interconnect
cellular pore distribution [39, 40]. The requirements with
complex shape and fully tiny details making the
metamaterials are difficult to manufacture using the
conventional process such as space holder and gas foaming
methods [41, 42].

Apart from Campoli, et al. [43], the mechanical properties
of meta-biomaterials in particularly the stiffness values are
comparable to the stiffness of human bone. Some studies
have shown the beneficial effects of meta-biomaterials in
tailoring mechanical properties [33, 44] and for bone
regenerations [45, 46] separately. Little is known about the
effectiveness of meta-biomaterials in both feature for
reducing the stiffness of metallic biomaterials and promotes
the bone regeneration into structures. Furthermore,

mechanical properties and structural behaviours of cellular
materials play key roles in regulating the overall function of
the orthopaedic system [47]. Conventionally fabrication
process failed in providing porous components with complex
shape and desired porosity with tailored mechanical
properties [46, 48] which urged current research to explore
the relationship between geometrical design of
metamaterials structures particularly in biocompatibility and
mechanical properties using additive manufacturing
techniques [49-54]. Previous studies reported the porosity
45%-90% are favourable for metallic implants with lower
elastic modulus while the pore size range from 200-1000 pm
for suited for cell ingrowth [55-59]. Thus the studies on
metamaterials with pore size bigger than this range are not
being found.

The aim of the paper is to produce metamaterials as a
basic structure for load bearing implant device. The physical,
mechanical and Dbiotoxicity of SLM-ed CoCrMo
metamaterials with different design geometrical parameters
(i.e. base shape, strut thickness and strut length) are
evaluated and tested to assess the compatibility of the design
for use as the material of load bearing bone implant. The
effect of each test parameter in mechanical and biological
properties is significant to tailoring by modifying the internal
architectures of the orthopaedic implant device.

2. Materials and methodology

2.1. Materials design and manufacturing process

The medical graded CoCrMo powder with 90% of the
powder particle size ranged is 22 pm was used in this study.
The powders were nearly spherical shape with smooth
surfaces and narrowly distributed which beneficial to
additive manufacturing process due to good flowability. The
unit cells used as the microarchitecture of the metamaterials
namely square and diamond as in Fig. 1. The unit cell lengths
were varied from 1.5 mm to 2.5 mm and strut size were
varied from 0.4 mm to 0.6 mm which resulted in volume
porosity ranging from 45% to 88%.

Fig. 1. CAD model (a) square; (b) diamond unit cell type

Table 1 presents the details of geometrical parameters
for designed metamaterials. Strut length, strut size and pore
size are represented by Leell, @5 and ®p, respectively. All
geometrical parameters are in mm scale and as a result 10
variations corresponding to five of square shape unit cells
and five of diamond shape unit cells will be investigated. Full
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dense sample will also be produced as a control.

Table 1. Geometrical parameters of designed metamaterials.

Unit cell Sample Strut length,  Strut size, @g Pore size,
type Leen (mm) (mm) @p (mm)

S1 1.5 0.4 1.1

S2 1.5 0.6 0.9
Square S3 2 0.5 1.5

S4 2.5 0.4 2.1

S5 2.5 0.6 1.9

Dl 1.5 0.4 0.9

D2 1.5 0.6 0.7
Diamond D3 2 0.5 1.2

D4 2.5 0.4 1.7

D5 2.5 0.6 1.5

The metamaterials were manufactured using selective
laser melting with default parameters as summarized in
Table 2 with energy density calculated by using Equation 1.
Rectangular metamaterials were manufactured for physical
evaluation and mechanical properties with the dimension of
12x12x15 mm. Meanwhile, the samples for biocompatibility
testing were manufactured with the dimension 6x6x5 mm.
The fabrication process was performed in an inert
atmosphere and the metamaterials were built on top of
stainless steel substrate. After the fabrication process, the
metamaterials were detached from the substrate plate using
wire electro discharge machining.

Table 2. Process parameters of selective laser melting.

Parameter Description
Laser power (W) 300
Laser scan speed (mm/s) 700
Hatch spacing (mm) 0.12
Layer thickness (pm) 30
Energy density (J/mm®) 119.05
Chamber atmosphere Argon
Laser power
Energy
density= Scan speed % hatch space x (D

layer thickness

2.2. Physical properties evaluations

The porosity of every metamaterials is calculated
according to Equation 2 and 3.

¢ =Vp/ Vs (2)
VP: VB-VS (3)
Where, ¢ is porosity, ¥}, is volume porous, V3 is volume

bulk and Vs is volume solid.

The density of the metamaterials was measured
according to Archimedes principle. The calculation of
density and relative density were according to Equation 4
and Equation 5, where the density of water, 1 g/cm®. The
theoretical density was taken as 8.29 g/cm? the density of
CoCrMo alloy according to standard material specification
[60]. Full dense samples with the same dimensional features
were used to justify the density measurement of the
metamaterials.

Water density x mass in
air

Density, p = 4
bp Mass in air % mass in “)
water

Relative densitv. % Measured density
elative density,
v ” Theoretical (5)
density

An optical microscope (Dino-lite Digital Microscope)
was used to investigate and analyses the manufacturability of
strut size, pore size and dimensional accuracy of produced
metamaterials. The dimensional accuracy (print tolerance)
determined the derivation of the finished model by
comparing the dimensions to the measurement of CAD
model. For every measurement, ten dimensional values were
measured at the random points and the average values were
calculated.

2.3. Mechanical testing

Quasi-static mechanical properties of produced CoCrMo
metamaterials were analysed by compression testing. Prior
to the compression test, the metamaterials were subjected to
heat treatment in an argon atmosphere at temperature of
1050 °C for two hours for stress relieved and allowing
partially melted powder on the struts fused and bonded on
the strut core. All produced metamaterials have undergone
uniaxial compression test until the mechanical failure
occurred. The compression test was performed at constant
speed of 0.1 m/min with load of 100 kN using AGS-X series
compression tester (Shimadzu, Japan) under normal
atmospheric conditions and replication number of n=5 as
summarised in Table 3.

Table 3. Mechanical properties testing parameters.

Equipment Load, kN Speed rate, Replication
mm/min number, n
Shimadzu AGS-X 100 0.1 5

The samples were loaded until failure occurred. The stress
stain curve for each individual component was calculated
and generated from the real-time force versus displacement
data obtained. The following values deviated from the
compression test; (1) the elastic modulus as the slope of the
compression stress-strain curve in the linear elastic region,
(2) the compressive strength calculated by dividing the
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highest load by the support before the first fracture in force
has occurred and (3) the compressive strain as the
corresponding strain at the point of compressive strength.
The testing set up was designed and performed in accordance
with standard ISO 13314:2011 [61].

2.4. In-vitro biocompatibility

Prior to biocompatibility analysis, all metamaterials were
assigned to two experimental groups where the
metamaterials were sterilized using different method (1)
autoclave with the temperature range from 105°C to 135°C
and (2) gamma irradiation ray with exposure dose 25 kGy.
Biocompatibility testing was performed of an in vitro
cytotoxicity test according to ISO 10993-5:2009 standard
[62].

2.4.1. Cartilage harvesting, chondrocytes cell isolation and
culture expansion

The Articular cartilage was aseptically dissected from
femoral condyles and patellae of an adult rabbit. The animal
operation was performed under standard guideline approved
by the IIUM Research Ethics Committee (IREC) (reference
number: 1TUM/305/2014/10). The specimen was washed
with phosphate buffered saline (PBS, pH 7.2) (Gibco, USA)
containing 100 pg/ml penicillin and 100 pg/ml streptomycin.
The specimen was then minced into small fragments and
digested with 0.6% collagenase A at 37°C for 4 hours in an
orbital incubator at 250 rpm for chondrocytes isolation. After
final centrifugation, the cell pellet was washed and
resuspended in PBS solution to remove the remaining
enzyme and for total cells count. Chondrocyte suspension
was treated and evaluated for cell viability using Trypan Blue
dye (Gibco, Invitrogen, USA).

Harvested chondrocytes were plated with the initial
seeding of 5000 cells/cm?in 6-wells plate (Thermo Scientific,
Nuclon Delta Surface, Denmark) and cultured in nutrient
mixture (F12) and Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco) supplemented with 10% foetal bovine
serum and presence of ascorbic acid, L-glutamine, antibiotics
and antimycotic. All cultures were maintained in a standard
culture condition of 37°C and 5% humidified CO,. The
primary culture was subcultured until passage 1 (P1) with the
medium change every 2 days.

2.4.2. Three dimensional (3D) cell seeding construct

The harvested chondrocytes cells by trypsinization were
counted for total cell and viability using haemocytometer
(Silverlite, Rohem Instruments, India). Approximately, 100
000 cells per sample were incorporated and resuspended in
the culture medium for cell seeding. Cell suspensions in
culture medium were seeded directly into each sample and
were allowed to soak in an orbital incubator at 130 rpm, 37°C
for 5 minutes. After soaking, all constructs were removed
and placed into pre-wetted 24-wells plate for incubation in 5%
CO; humidity at 37°C with the medium changed every day.
All constructs were cultured for a maximum of 21 days in-

vitro in which the constructs were evaluated at day14 and day
21.

2.4.3. MTT assay cytotoxicity

The cell viability of two experimental groups was
measured in vitro by using 3-(4,5-dimethylthiazole-2-yl)-
2,5- diphenyltetrazolium-bromide (MTT) (Merck, Merck
KGaA, Germany) that measured the reduction of colourless
salt tetrazolium by mitochondrial and cytoplasmic
dehydrogenases of living metabolically active cells through
the formation of intracellular water-insoluble purple crystals
of formazan. All constructs were transferred into Eppendorf
tube (Eppendorf, Eppendorf Ag, Germany) with 1 ml of new
medium. 100 pl of MTT solution (0.5 mg/ml in PBS) was
added to all Eppendorf tubes and incubated for 4 hours at
37°C. Then, all constructs were transferred into other new
tubes and 1 ml per scaffold of dimethylsulfoxide (DMSO,
Merck, Germany) was added to solubilize the resulted crystal.
100 pl of solubilised mixture was then pipetted into a 96-well
microtiter plates (Nunclon TM Delta Surface, NUNC,
Denmark) and the duplicate readings were recorded by using
ELISA plate reader (Versamax Microplate Reader,
Molecular Devices, USA) at 570 nm—yielding absorbance
as the function of viable cell number.

2.4.4. SEM observations of cell-containing surfaces

To prepare the specimens for morphology analysis under
scanning electron microscope (SEM), the constructs were
fixed and dehydrated. The samples were washed three times
in PBS solution and fixed with sterile 4% paraformaldehyde
(Sigma) for 1 hour. After fixation, the samples were rinsed
again three times with PBS and subsequently dehydrated in
a graded series of ethanol (30%, 50%, 70%, 90% and 100%)
every three times for 10 minutes for each wash. All
constructs were placed in freezer and freeze-dried for 24
hours using freeze dryer to remove any remaining solvent
before observed under SEM.

3. Results and discussion
3.1. Effect of design parameters on physical properties

The variation of controlled unit cell shape Lcell, and strut
size, @s as in Fig. 1 produced metamaterials with different
pore sizes, @p and volume porosity. Generally, it can be
observed that for every designed parameter, the resulted pore
size and volume porosity of diamond shape unit cells were
always smaller than the ones produced of square shape unit
cells with designed parameter as in Table 1. The difference
in volume porosity of the diamond and square types was in
the range of 3-26%. The obtained pore sizes were in
homogeneous distribution for both diamond and square types.
However, the obtained pore sizes for the square type were
consistently about 20% greater than the pore sizes of
diamond type metamaterials.

Thus, the correlation between volume porosity and the
density including relative density were investigated. The
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measured densities of fabricated CoCrMo metamaterials
were calculated by using Archimedes principle. Relative
density was calculated by the ratio of measured density with
specific theoretical material of CoCrMo alloys of 8.29 g/cm?.
Table 4 summarises the measured density and relative
density for produced metamaterials including full dense
sample for justification.

From the table, the relative densities of metamaterials
were varied in the range of 92.49 % to 97.67 % for the square
type. Meanwhile, the relative density of the diamond type
was varied from 84.68% to 97.29 %. The fully dense
samples exhibited relative density of 99.29 %. The good
relative density of metamaterials indicated that the produced
CoCrMo parts demonstrated the possession of low void on
bulk struts which developed as consequences of balling
formation and entrapment of gas in melting powder [63]. The
influenced of high energy input during the manufacturing
process led to higher density of the produced parts. A low
percentage of voids in the manufactured parts due to energy
density resulted in a higher attained temperature of melted
powder and therefore, promote an improved interlayer
connection between layers in metamaterials struts [64].

Table 4. Density and relative density of produced CoCrMo metamaterials.

sample  Porosity (%) GUS ) densty (00
S1 79.8 8.09 +£0.07 97.67
S2 60.9 7.67+0.45 92.49
S3 81.2 7.92+0.15 95.52
S4 91.0 7.75+0.14 93.48
S5 81.7 7.99+0.17 96.37
D1 70.7 7.02 +0.62 84.68
D2 44.8 7.69 +£0.32 92.70
D3 73.8 7.40 +0.39 89.29
D4 88.1 8.07£0.07 97.29
D5 75.6 7.67+0.29 92.57
Full dense - 8.23+£0.01 99.29

The densities of the components have the significant
effect on the mechanical properties of metamaterials,
whereby the achievement of near fully dense struts is
normally expected in SLM fabrication to obtain a strong and
high performance of the produced structure as the final
outcome [65]. Previously, Yan, et al. [66] found that both
relative density and measured density tend to decrease with
the increasing of unit cell size and volume porosity. On top
of that, Yan, et al. [65] also found that high relative density
above 99% was achieved for diamond and gyroid type
structures with porosity ranging from 80% to 95%, but the
porosity had less effect on the densities of components.

Fig. 2 shows the graph of density and relative density for
square and diamond metamaterials in comparison to full
dense density. As shown in the graph, the density of square
type decreased with the increased of porosity because of less
solid struts in the components. However, the density of the

diamond type was comparable to the theoretical density of
CoCrMo towards the increased porosity. Both square and
diamond with unit cell length 1.5 mm and strut size of 0.6
mm exhibited lowest density for each group of metamaterials.
This resulted because of excessive partially melted powder
and remaining voids on the solid struts. The scan vector
lengths could become shorter and the scanning areas become
smaller for bigger strut size (0.6 mm). The cross-section area
of strut might become smaller in the internal of the
metamaterials component. Hence, the adjacent tracks were
scanned more swiftly one after the other layer, which left less
cool down time in between them that led to higher
temperatures of the scanned boundaries [66, 67].
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Fig. 2. (a). Measured density (b) relative density of square and diamond
unit cell with varied of volume porosities.

Consequently, better wetting conditions were presented to
form denser strut in the smaller size (0.4 mm) of struts for
both square and diamond unit cell types. Kruth, et al. [68]
noted that the processing parameters and scan strategy during
the SLM manufacturing process play an important role in
producing high density components. Therefore, it is worth
carefully investigate the effects of the SLM process
parameters and scan strategy on the density of the products
in the future works. Furthermore, better density of the
metamaterials could be achieved with smaller strut size,
while the evaluation using micro-CT images to confirm the
cross section on the internal structure of metamaterials can
be performed as suggested by Yan, et al. [67] and Pyka, et al.
[69].
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3.2. Effect of design parameters on manufacturing accuracy

Dimensional accuracy of produced metamaterials was
measured to determine the manufacturing accuracy and the
shrinkage of SLM-ed products. Dimensional measurements
were determined by measuring ten random points and the
average value was calculated. The dimensional error was
calculated as the absolute different (mm) between the values
obtained from the produced metamaterials and the CAD
models of each metamaterials design for each linear
measurement of the feature length, width, and height [70].
The measurement and calculation of standard deviation and
error of accuracy (tolerance) as represented in Table 5. For
every square and diamond shape unit cells, five CoCrMo
samples with different variations in geometrical parameters
have been produced by SLM. A full dense sample of 2,160
mm? volume has also been manufactured by the same SLM
process as a control.

From the table, the square type (S1) and (S2) mm
exhibited shrinkage behaviour on the height dimension.
During the SLM process, the short interaction of powder bed
and heat source was the resulted of the scanning speed of
laser beam that leads to rapid heating and the melting stage
[71]. This phenomenon caused the shrinkage of the products.
Meanwhile, the square type (S3) obtained the expanded
dimensions due to broaden pore which caused the length of
unsupported region and the critical overhang dimension
became more widen. The melt pool sinks deep underneath
the powder and led to the formation of dross on the overhang
region as a result of scanning the loose powder of CoCrMo
during the manufacturing process. This phenomenon also
affects the diamond unit cell type (D1) with respect to their
strut angle. It was observed that as the angle approaching the
horizontal struts, the strut width also enlarges [72]. There is
no significant difference in height dimension accuracy for
the rest of the produced diamond type metamaterials.

Fig. 3 demonstrates the highly controlled geometrical
parameters metamaterials after the fabrication process. From

Table 5. Dimensional measurement of CoCrMo metamaterials.

the figures, the support angle for square type was set to be
45° orientation in order to avoid the overhang in the samples.

Build direction

Fig. 3. Produced (a) square and (b) diamond metamaterials on base
plate.

Fig. 4 shows the optical microscope images of
manufactured metamaterials for both square (S4) and
diamond type (D4). In addition, it can be clearly seen that the
struts of metamaterials are well fabricated through SLM
process because the struts are solid and interconnected
despite the rough surface. The surface roughness of SLM
products affected by partially melted powder that being
attached to the strut surfaces. Geometrical discrepancies and
surface roughness associated with partially melted particle
have the significant effect on mechanical performance and
fracture behaviour [73, 74]. However, it is not a disadvantage
for certain implant application criteria such as cell
attachment which are enhanced with increased surface
roughness [75, 76]. On top of that, the factors of bonded
particles on strut have been significantly discussed in
numerous researches [77].

Fig. 4. Morphology of (a) square and (b) diamond.

Sample Designed dimension Measured dimension Standard Error observation Error observation
(I x wx h) (mm) (I x wx h) (mm) deviation lateral, (/ or w) (%) vertical, (1) (%)

S1 12.4X12.4%X154 12.6X12.6X15.3 0.02 -1.61 0.65

S1 12.6X12.6X15.6 12.7X12.8%X15.5 0.02 -1.19 0.64

S3 12.5X12.5X16.5 12.7X12.7X16.5 0.05 -1.60 0

S4 12.9X12.9%15.4 13.2X13.2%X15.5 0.01 -2.33 -0.65

S5 13.1X13.1X15.6 13.3X13.3X15.6 0.01 -1.53 0

D1 12.0X12.0X15.0 12.1X12.1X15.1 0.01 -0.83 -0.67

D2 12.0X12.0X15.0 12.1X12.1X15.0 0.02 -0.83 0

D3 12.0X12.0X16.0 12.2X12.1X16.0 0.03 -1.67 0

D4 12.5X12.5%15.0 12.7X12.6X15.0 0.05 -1.20 0

D5 12.5X12.5%15.0 12.6X12.6X15.0 0.06 -0.80 0

Full dense 12.0X12.0X15.0 11.9X12.0X15.0 0.06 -0.83 0
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The struts were analysed and compared from CAD models
to determine the manufacturability of SLM to produce the
complex shape of metamaterials as summarised in Table 6.
The table presents the designed and actual strut sizes of both
square and diamond type. The actual strut sizes for the square
type were recorded bigger than designed struts. Meanwhile,
produced strut sizes for diamond type exhibited similar from
the designed model. The bigger strut size in comparison to
the original CAD model was due to remaining partially
melted powder particles which are attached to the strut core
and melt pool size on the strut boundaries. It is vital to note
that the bonded powder particles on the strut surface are
caused by two main factors described as follows: (1) the
phenomenon of partially melted metal powder particles on
the boundary of each layer in the SLM manufacturing
process by contour laser track [66], and (2) angle strut are
partially solidified on the loose powder due to the big
difference in temperature which can cause the powder
particles to stick to the strut surface [67, 78]. A similar
observation was conducted by Yan, et al. [77] for the purpose
of evaluating the strut size of SLM-manufactured 316L
stainless steel that was increased by 80 pum using optical
microscopic evaluation. Previously, Van Bael, et al. [78]
noticed the increase of strut sizes with 122 pm based on the
evaluation of SLM-manufactured Ti6Al4V structures
conducted through micro-CT image analysis. On the other
hand, Parthasarathy, et al. [44] reported the strut size of AM-
manufactured Ti6Al4V structures of 140 pm were reduced
with a pore size of 210 um.

Table 6. Manufacturability analysis on strut size of CoCrMo
metamaterials.

Sample Model strut Actual strut Error
size, P (mm) size, s (mm) observation (%)
S1 0.40 0.407+ 0.002 -1.82
S2 0.60 0.616+ 0.004 -2.75
S3 0.50 0.511+0.003 -2.10
S4 0.40 0.407+0.001 -1.40
S5 0.60 0.611+0.002 -1.88
DI 0.40 0.405+0.011 -1.12
D2 0.60 0.605+ 0.008 -0.78
D3 0.50 0.501+ 0.006 -0.12
D4 0.40 0.405+ 0.004 -1.15
D5 0.60 0.604+ 0.003 -0.60

Good manufacturability of diamond type metamaterials
was highly dependent on the build strut angle. Interestingly,
the self-supported feature was found to be exhibited in
diamond type as a result of the inclination angle between the
two adjacent layers, which was believed to be capable of
supporting the fabrication of next layer. Therefore, the
results of diamond type were in good geometric agreement
with the CAD models. However, smaller unit cell size (1.5
mm) of diamond type results was found to be inaccurate due
to the loss of connectivity between adjacent cell layers or

may be caused by the extremely thin strut features that were
initially designed for 0.4 mm and 0.5 mm which interferes
with its fabrication by SLM process. Moreover, it is
important to notice that the strut angles from the horizontal
plane are lower than a certain degree or its overhanging
section is beyond a certain length. Hence, deformation tends
to occur during fabrication because the struts were mostly
built on loose powder which led to the defect of the produced
components [79, 80].

3.3. Effect of geometrical properties on mechanical
properties of metamaterials

One of the main goals of this study is to obtain the
metamaterials with tailored mechanical stiffness with an
improved strength to weight ratios in comparison to the
human bone properties. The mismatch of stiffness between
bone and implant material leads to the inefficient stress
distribution which stimulates stress shielding [81, 82] . This
phenomena leads to implant failure and finally, revision
surgeries are needed. In this present study, CoCrMo
metamaterials with different porosity levels were designed,
fabricated by SLM and characterized aiming the
development of new bone implant solutions to eliminate
revision surgeries.

Fig. 5 depicts stress-strain curves of CoCrMo
metamaterials. Stress-strain curves were obtained from the
experiment where at the early of force loading, the curves
had an initial portion that was non-linear and concave
upwards which may be the attributed of a small amount of
distortion of the struts of metamaterials when it was cut off
from the base plate or uneven top or bottom surface.
Following it, an elastic region occurred from the stress-strain
curve with a relatively high degree of linearity pattern.
Following the elastic region, the deformation region
occurred where the compression strength can be determined
from the curve. Final stage was the fracture or failure which
occurred at the higher loading force. The stress-strain curve
obtained from this study did not contain the plateau region
and densification region which was not similar to the
previous studies by [83-85].
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Fig. 5. Stress-strain curves of CoCrMo metamaterials.

Table 7 summarises the results of the compression test
that includes elastic modulus, 0.2% yield strength and
compression strength. According to the table, the elastic
modulus for all designed CoCrMo metamaterials were
decreased in elasticity values. The elastic modulus of the
metamaterials were within the range of 0.44 and 8.75 GPa.
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The values of elastic modulus are comparable with the elastic
of human cancellous bone (10 to 15,700 MPa) [86]. However,
the ultimate compression strength and compression strength
of the full dense sample cannot be obtained due to the
limitation of the machine load. Hence, for future works, it is
recommended to use the compression tester with higher
loading. As expected, the elasticity of CoCrMo can be
tailored when the porosity was employed on the bulk
components particularly the highly controlled geometrical

parameters as in metamaterials structures [87].

Table 7. Mechanical properties of CoCrMo metamaterials.

Sample Elastic modulus 0.2 % Yield Compresion
(Gpa) strength (MPa) strength (MPa)

S1 4.47£0.67 47.68 +0.77 59.97+£2.37
S2 8.75+0.12 154.93 £1.23 245.03 £4.25
S3 2.91+0.66 5430+ 1.28 46.67 +0.83
S4 0.92 +0.09 12.08 = 1.28 11.81+£1.12
S5 2.10+0.05 46.88 +2.08 41.10+1.77
D1 2.83+0.21 73.85+£2.60 62.93 +3.97
D2 7.47+0.08 247.68 +1.50 240.08 +0.99
D3 2.29+0.09 54.48 £2.17 44.59 +0.99
D4 0.45+0.02 11.40 £ 0.94 10.77+£5.49
D5 1.93+0.10 44.54 +1.53 40.04 +1.63
Full dense 224.63 £0.27 NA NA

The failure behaviours of metamaterials after maximum
load achieved are illustrated in Fig. 6. It was observed that
buckling and fracture towards diagonal axis for diamond
metamaterials. The cell struts began to bend under
compressive loading, and after slight bending, some of the
struts experienced brittle fracture. In this case, the
deformation or fractures for square type metamaterials where
the horizontal shear band at the bottom parts were observed
after bending. Meanwhile, fracture in diagonal (45°) shear
band of the diamond type metamaterials was observed after
buckling in the struts. Previously, the behaviour has been
documented similarly by [88-90]. Weilmann, et al. [91]
found that the orientation of the unit cell resulted in a change
of the mechanical properties of the structures in regard to unit
cell length, in which the position of the struts towards the
affected force loading and the position of strut angle in
building process led to the 45° shear deformation of the
twisted type structures. The anisotropic geometries of the
structures were important to be considered due to the
influenced of the acting forces of the strut on the mechanical
properties. The role of cell size and porosity were highly
influenced the mechanical behaviour, thus showing a
consistent result with [92, 93].

Fig. 7 shows the relationship of the elastic modulus with
the porosity of metamaterials. From the figure, the elastic
modulus decreased when the porosity increased. However,
the high porosity caused drastically decreased of fracture
toughness or fatigue resistance of the metamaterials. Thus,
desired porosity need to carefully select in order to design

metamaterials for bone implant application. A linear
correlation between elastic modulus and the porosity was
found (R>= 0.95) for square type metamaterials and (R*>=
0.99) for diamond type metamaterials. Fig. 8 shows the
compressive strength value related to the porosity of
metamaterials, where the linear correlation of (R? = 0.95) for
both types of metamaterials were found. Previously, different
designed structures following the concept of specific strength
has been studied by Yanez, et al. [94], where the structures
with orientation angle was discovered to be lower than 35°
was found to achieve better specific strength based on the
understanding that strength decreases as the angle degree for
diamond type increase.
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3.4. Effect of sterilization technique on CoCrMo
metamaterials on-vitro

Implant materials as bone substitution that has intimate
contact with bone need to be properly sterilized prior to the
implantation. Basically, sterilization was considered for the
final procedure during the manufacturing process due to
physico-chemical properties of implant surface can change
and give critical clinical impact later [95, 96]. Furthermore,
sterilization is being applied as an essential step prior to
biological testing such as in vitro and in vivo studies to enable
the implant components free from viable microorganisms.
This process can prevent the proliferation and accumulation
of unwanted microorganism during biological studies [97].
In this work, autoclave and gamma ray irradiation were being
selected due to cost and effectiveness. The autoclave
technique offer cost effectiveness and efficacy. Previous
study reported that autoclave caused a phase and surface
characteristics changed because some biomaterials cannot
withstand invasive moisture or high temperature above
100 °C [98]. Meanwhile, gamma irradiation is available to
all microorganisms and this technique has an advantage of
sterilizing without chemical or gases, high temperature and
pressures. The ultimate goal for this work was to sterilize the
metamaterials properly and without compromising the
surface characteristics that can affect the interaction of
components with surrounding chondrocytes cell in the cell
culture process.

Fig. 9 shows the absorbance results of cell viability for
each sterilization technique for gamma irradiated and
autoclave components after being cultured for 14 days in the
incubator. From the figure, the overall absorbance readings
for gamma irradiated components were higher than

autoclaved components. The biological, chemical and
mechanical properties of implant materials are prone to
change by different sterilization techniques. In this study,
the gamma irradiated components could increase the
formation of outermost molecular layer of CoCrMo
metamaterials that resulted in the increase of surface
wettability, chemistry and surface energy [99-101]. Thus, the
surface wettability of gamma irradiated was enhanced
without changing the surface roughness and suitable for cell
attachment and cell proliferation in CoCrMo metamaterials.
The metamaterials sterilized by autoclave had lost the
characteristics increase of cell proliferation correlated to
changed surface wettability and surface roughness. Thus,
further study on significant effect and formation of the oxide
layer that can enhance cell proliferation and differentiation
should be considered in future work.

3.5. In-vitro biocompatibility of CoCrMo metamaterials

Biocompatibility of CoCrMo metamaterials fabricated by
SLM was studied in vitro by using chondrocytes cell
harvested from articular cartilage of an adult rabbit. From the
biomaterials perspective, CoCrMo alloys have been
routinely used in orthopaedic implants. In addition, in vitro
biocompatibility studies to analyse the biological response
towards the SLM-manufactured metamaterials made from
CoCrMo are worth to be investigated. As can be seen from
Fig. 9, the highest absorbance readings represent the highest
cell viability (S4 and D4) after a selected time period. At day
14, the cellular activities were presumed at the optimum
stage which involved cell-to-cell communication and cell-to-
matrix interaction with regards to new cells formation. Hence,
the viability of the cells in the 3D constructs of fabricated
CoCrMo metamaterials was proven using SLM.
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The graph illustrates that the in vitro cell viability shows
the highest result for bigger pore size which was highly
dependent on the pore shape. However, in this study, the
stability and homogenous cell viability were found in the
pore size (1.1 to 1.7 mm). Previously, Rumpler, et al. [102]
found that the local growth rate of tissue formation was
strongly influenced by the geometrical features of channels
in cellular structures, where the pore curvature drives the
effects and mechanical forced toward tissue regeneration. In
this way, the angle of struts and larger surface area could
rather promote and guide the tissue growth on stead of
influencing the cell behaviour in a specific manner. For the
full dense sample and metamaterials that possess smaller
pore size, the absorbency intensity was found to be lower due
to the inability of the cells to easily bridge the structure pore.
Apart from that, the absorbency on full dense and smaller
pore size metamaterials was lower.

Therefore, it was proven that produced metamaterials by
SLM were not harmful to the cells which allow the cells to
grow healthy and proliferate among them in the produced
metamaterials. The results of biocompatibility analysis in
this study were in line to the previous study on CoCrMo
produced by AM techniques [33, 103] and commercial
manufacturing process [104, 105] for orthopaedic implants
applications.

3.6. SEM morphology of cellular response on CoCrMo
metamaterials

At the microscopic level observation, the metamaterials
offer an adequate substrate that was favourable to cell
proliferation in the larger pore size component (2.1 mm and
1.5 m). Fig. 10 shows the SEM images of the highest cell
viability of square and diamond pore shape with the
formation of cell matrix attached to the metamaterials after
day 21 culture. The proliferation cells in the well plate
managed to adhere to each other and the metamaterials in
dense were aggregated, which further allows the cells to
synthesize the cartilage extracellular matrix (ECM) during
the tissue formation process. Noticeably, ECM spread across
the surface of the metamaterials into the inner surface and
became confluent, but the cell could not cover the whole
surface area after 21 days.

It was proven that both of the designed metamaterials
have optimal benefits to cell growth, including its ability to
differentiate initial tissue formation for integration between
metamaterials. It was shown that the manufacturing process
of SLM in this study did not contaminate the produced
metamaterials. The in-vitro biocompatibility in this study
demonstrated no cytotoxic effect and had the good
agreement to the previous study [106-108]. The
interconnected metamaterials encouraged the cell growth
and proliferation in the metamaterials except for full dense
configurations where most of the cells were gathered at the
wells plate surface. Under SEM visualization for the cell
response analysis, metamaterials were conducive for cell
attachment and proliferation parallel to trabecular-like
scaffolds as the reports from previous studies [109-111].

4. Conclusion

This study has investigated the selective laser melting
(SLM) fabrication of CoCrMo square and diamond type
metamaterials for orthopaedic implant application. Overall,
the metamaterials were found to exhibit highly controlled
geometrical parameters, particularly unit cell length, Le.;(1.5
to 2.5 mm) and strut size, @s(0.4 to 0.6 mm) with porosity
ranging from 44.8 % to 91% and pore size 0f 0.9 and 2.1 mm.
The manufacturability of strut core, dimensional accuracy,
density, mechanical properties, and biocompatibility of
CoCrMo metamaterials have been systematically evaluated.
The major findings of this research are described as follows:

e The SLM-manufactured CoCrMo metamaterials are in
good geometrical agreement with the original CAD
models. However, optical microscope observations
revealed that numerous partially melted powder particles
were attached to the strut surface, especially for the square
type which can lead to higher strut size and smaller pore
size compared to the original CAD models

e The manufacturability accuracy of strut size justified that
the tested diamond unit cell type possesses higher
potential in achieving the net shape compared to square
unit cell, which further demonstrated maximum errors at
the lateral part of the specimen of 3% and vertical part.
This happens due to the capability of self-supported
feature to reduce the overhang effect

e Higher energy density for the product of the process
parameters can influence the density of the produced
metamaterials

e Mechanicals stiffness of CoCrMo is comparable to human
bone properties for orthopaedic use. It can be achieved
when the tested elastic modulus of produced
metamaterials are in the range of 0.45 GPa to 8.74 GPa
and compressive strength of 10.77 MPa to 245.03 MPa.
The component managed to exhibit the porosity of 44.8%
to 91%. All specimens passed the toxicity test; however,
the specimens with unit cell length of 2.5 mm and strut
size 0.4 mm of both unit cell types showed the highest
absorbance reading of cell viability

e Components that exhibit porosity 60% to 80% and pore
sizes ranging 1.2 to 1.7 mm are best suited for orthopaedic
implants due to their excellent mechanical strength and
elastic modulus that are comparable to human bone
properties, which is believed to offer better biological
response for in vitro studies
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