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In this study, we have explored the potential application of three-dimensional (3D) lattice-structured
materials in the bone scaffold implants by investigating the mechanical strength and porosity of various
strut-based lattice designs. The aim is to propose a scaffold design that is strong enough to support the
surrounding bone structure. Furthermore, the design should be porous enough to provide effective per-
meability that allows the integration of bone cells. Therefore, four different lattice-structured material
samples with equal dimension of 50 mm in length, width, and height comprising of twenty-five lattice
unit cells are designed and fabricated by Fused Filament Fabrication (FFF) 3D printing technique using
polylactic acid (PLA) material. The samples have been investigated under compression loads by means
of the universal test machine and then the strength of each lattice is measured. Furthermore, the porosity
of each design is calculated to complete the investigation on the balance between the mechanical
strength and porosity. Finally, the chosen lattice structured material from the investigation steps is pro-
totyped into the imaginary damaged femur bone and fabricated with additive manufacturing to demon-
strate the closed loop of design and implementation process.
� 2023 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 4DMaterials Design and
Additive Manufacturing Conference 2022. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Bone transplantation is the second most common form of
implant after blood transfusion [1]. The increase in bone related
defects or disorders is predominantly due to the increasing life
span of the population which makes bone transplants and bone
implants in much demand [2]. A common existing technique for
bone implants is the process of autogenous bone grafting [3]. This
involves harvesting bone from a healthy region of the patient’s
body and transferring it into the site of the defect. A major benefit
of this method is to use live bone cells instead of artificial material
meaning the body can repair itself more effectively. Live bone also
becomes vascularized meaning it provides the bone with blood
vessels for blood supply. This can minimize the risk of infection
as well as degradation from conditions such as avascular necrosis.
Moreover, the bone graft is taken from the patient’s own body
therefore the risk of the immune response rejecting the implant
is much lower [4].
There are many circumstances where a person might require a
bone implant. Diseases such as osteoporosis and osteogenesis
imperfecta (OI) can impact people’s health in different ways. For
example, osteoporosis, a common metabolic bone disorder, could
increase the risk of fractures [5]. Other bone disorders can be
genetic or could be caused by wear due to aging which would
affect a wide range of people. Furthermore, a lack of bone around
the defect can lead to health issues including pain, loss of function,
and loss of mobility, therefore, it is essential to support the
regrowth of bone and cells in these regions.

In tissue engineering, there are three main components for
effective repair and growth of the tissue using artificial material.
These components are (i) a scaffold to act as a support template
at the site of the defect, (ii) the corresponding cells for the type
of tissue being repaired, and (iii) a growth factor [2]. The process
for in vivo tissue engineering follows four main steps using these
components for effective growth and repair of the tissue. Firstly,
a three-dimensional cylinder for the use of a bone implant is used
as the biomaterial scaffold. The scaffold structure is then bioacti-
vated with primary osteoblast cells or stem cells to seed the cells
within the implant. The implant is then cultured in a bioreactor
to simulate one or more features of the in vivo environment,
r bone
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including chemical aspects, mechanical stress and strain and tem-
perature. Lastly, the scaffold is implanted into the patient’s body
where it can begin to repair the bone and tissue [6]. Nevertheless,
some disadvantages of autogenous bone grafting include a pro-
longed operation to harvest the bone, donor site morbidity mean-
ing pain or discomfort, and a reduction/loss of mobility and
function at the site of harvested bone [7]. These common problems
have led to alternative methods being researched recently such as
3D printing bone and tissue to be implanted into the live body [8–
10].

With the recent advances in the field of additive manufacturing
(AM) and novel materials design, an increasing number of engi-
neering solutions are finding their way into the modern healthcare
including tissue engineering, prosthetics, and other biomedical
applications. This is mainly due to functionality of the additive
manufacturing in fabricating complex geometries with various bio-
compatible materials and tailoring the mechanical properties of
the structure [11–16]. One unique application of AM in healthcare
is the use of artificial implants, fabricated from lattice-structured
materials, to aid the repairment of damaged bone by growth of
cells in the bone. Bone scaffolds are predominantly used to support
the patients’ health in terms of reducing pain and increasing func-
tionality and mobility of the organ as well as providing appropriate
domain for regrowth of bone and cells. Therefore, the bone scaf-
folds must be designed and manufactured in a way to tolerate
mechanical loads as well as to provide a certain level of porosity
to allow the effective cell growth. These two parameters usually
contradict each other and thus, it is crucial to investigate both cri-
teria and determine an optimum design for the purpose of creating
Fig. 1. Four lattice-structured material designs (a) simple cubic; (b) body-centred cubic (

2

an effective bone scaffold. It is also worth mentioning the strength
of bone scaffolds is not directly affecting the cell growth in com-
parison to the other parameters such as stiffness of scaffold struc-
tures [17]. However, the strength would be an crucial parameter
for structural integrity of the scaffold in live body specially when
the organ is holding mechanical loads and need to be investigated
in the early stages of scaffold design [18,19].

Lattice-structured materials are a group of materials with arti-
ficial engineered structures that exhibits customized properties
which are not naturally available in other materials. These out-
standing customized behaviors in lattice materials are mainly
derived from their synthetic microstructures. The structure of lat-
tice materials is made from a repetition of unit cells with small size
in three orientations to generate specific mechanical properties.
Therefore, these materials can be an excellent solution for bone
scaffolding as they are able to provide a variety of mechanical
strength, porosity and surface area through different lattice
designs which are perfect for promoting osseointegration, bone
ingrowth, and implant fixation. As a result, the transport of nutri-
ents and metabolic waste is more efficient under these conditions
[20,21]. High porosity also facilitates cell and bone ingrowth
[22,23] which allows the implant to be incorporated into the bone
that could either remain in vivo or degrade over time when the site
of the defect no longer requires support. Strut-based lattice-
structured materials can be defined as either bending-dominated
or stretching-dominated. Bending-dominated lattice structures
experience bending moments and therefore they are more compli-
ant under the applied forces. On the other hand, stretching-
dominated lattices experience axial loads. This makes them more
BCC); (c) body-centred cubic with z-struts (BCCZ); and (d) face-centred cubic (FCC).
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rigid and strong compared to bending-dominated lattices under
uniaxial loadings [23].

Furthermore, choosing the material that will be used as the base
of the lattice-structured material in the scaffold is a crucial step in
design process of a biomedical bone scaffold. Typically bone scaf-
folds are made from natural or synthetic polymers and this is the
way we have investigated in this study. However, metals or metal
alloys could be used for fabrication of bone scaffolds without
affecting the general outputs of the investigations in this paper.
Specifically, the metallic scaffolds could be an option for applica-
tions that require higher load bearing [24]. Commonly used metals
include stainless steel, cobalt-chromium, and titanium alloys.
These options are used for their mechanical characteristics as well
relying on the effect of passivation. This process defines as the sit-
Fig. 3. Stress–strain curve of simple cubic latt

Fig. 2. Fabricated lattice-structured specimens including four different designs of
cubic, BCC, BCCZ, and FCC using Fused Filament Fabrication.

3

uation where the metal is surrounded by a thin oxide layer which
increases the corrosion resistance of the implant [25,26].

In this study we will explore the use of three-dimensional
lattice-structured materials for bone scaffolding. This exploration
includes the investigation of mechanical behavior of the different
lattice designs under compressive loads as well as consideration
of porosity in lattice-structured material. The structure of the cur-
rent paper is as follow: in Section 2, the methodology of the inves-
tigations including design and manufacturing of lattice-structured
specimens is presented. In Section 3, the results of the compression
tests and porosity calculations as well as step-by-step bone scaf-
fold design procedure are discussed and finally, concluding
remarks are given in Section 4.
2. Methodology

The purpose of this study is to investigate the mechanical per-
formance of lattice material bone scaffolds under compression
and observe the relationship of this behavior with respect to differ-
ent lattice types and porosity. Therefore, it is required firstly to
design and manufacture various types of lattice-structured mate-
rial samples for experimental study.

2.1. Design and manufacturing of lattice-structured material

Among the various lattice-structured materials, four popular
strut-based lattice designs are chosen. These include (i) simple
cubic (ii), Body-Centred Cubic (BCC), (iii) Body-Centred Cubic with
Z-struts (BCCZ), and (iv) Face-Centred Cubic (FCC). The lattice-
structured material specimens are designed using Fusion 360 soft-
ware with total size 50 mm in length, width, and height comprising
of twenty-five lattice cells strut radius of 1 mm. Fig. 1 illustrates
the four designed specimens. It is also worth mentioning that with-
out losing any generality about the methodology of the analysis
and experiments, the dimensions of the lattice structure design
in this research are chosen according to our current available man-
ufacturing and testing facilities.

As discussed earlier, AM technique is the most convenient
approach to manufacture lattice-structured materials due to their
complex geometries and slender internal struts. In this study the
experimental specimens are fabricated by Fused Filament Fabrica-
tion 3D printing technique and integrating polylactic acid (PLA)
ice-structure sample under compression.
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polymer. The 3D Printer used for fabrication of all samples is Prusa
i3 Mk2.5 with layer height resolution of 0.2 mm and extruder tem-
perature of 210 �C and bed temperature of 60 �C for PLA material.
Although PLA material which is used in this research is a
biodegradable and biocompatible polymer [27], this is not the
main aim of this study as we have focused on investigating the
effect of different lattice designs on mechanical strength and
porosity of scaffolds. The fabricated specimens using FFF technol-
ogy is presented in Fig. 2. The chosen parent material is also non-
toxic, easy to print, and cost effective which make it a suitable
option for the investigations. Furthermore, it is important to men-
tion that the investigated mechanical properties of the lattice-
structure materials such as strength in this study would depend
on the mechanical behavior of the parent material which is chosen
to be PLA here. This means that changing the parent material the
Fig. 5. Stress–strain curve of body-centred cubic with Z stru

Fig. 4. Stress–strain curve of body-centred cubic (BC

4

experimental measurements need to be recalculated using the
same approach and methodology.

2.2. Mechanical compression experiments

The mechanical behavior of each lattice-structured sample is
characterized by simple compression tests using 50kN Zwick Roell
(Z050) universal testing machine and testXpert III software to mea-
sure maximum strength of the scaffold under compression. All the
samples are loaded similarly by displacement control method and
strain rate of 0:00171=s. The generated stress–strain curve and
maximum strength of each sample will then be analyzed alongside
the porosity of the structures. There should be a good balance
between mechanical behavior and porosity of the structure to
allow the scaffold to support the bone as well as providing space
ts (BCCZ) lattice-structure sample under compression.

C) lattice-structure sample under compression.
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for cell growth. Furthermore, to ensure about the repeatability of
the experiments and considering the experimental error in our
analysis, the testing on each lattice-structured design has been
repeated three times with three identical samples.
2.3. Porosity of Lattice-Structured materials

The size of the pores in the scaffold must be large enough to
allow the movement and diffusion of cells through the structure,
but small enough to allow the binding of organelles to the scaffold
as well as provide strong support for the bone [28]. If the material
used in the implantation were biodegradable, the degradation of
the scaffold should be slower than the generation of the new cells
at the site of the defect [29]. This would allow the body to form
new bone tissues around the implant before it degrades.

In this study, we measure the porosity as the ratio of pore vol-
ume to the total volume, according to the Equation (1), as one of
the parameters in our investigations.
Fig. 7. Comparison of maximum compressive strength for Sim

Fig. 6. Stress–strain curve of face-centred cubic (FC

5

Porosity %ð Þ ¼ Vp

Vt
� 100 ð1Þ

where Vp is the pore volume and Vt is the total volume of the
lattice-structured samples. The pore volume in Equation (1) has
been calculated by deducting the material volume, which is mea-
sured in the CAD software, from the volume of a bulk cube with
base dimension of 5 in length, width, and height.
3. Results and discussions

In this section, the results from mechanical behavior investiga-
tions of four different lattice-structured materials as well as poros-
ity have been presented. As discussed, the performance of various
bone scaffolds made from four different lattice-structured materi-
als have been studied under compressive stresses. The compres-
sion test has been continued until the first strut in the structure
is failed which indicates the failure of the whole scaffold structure.
ple Cubic, BCC, BCCZ, and FCC lattice-structure materials.

C) lattice-structure sample under compression.
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The stress–strain curve of the cubic, BCC, BCCZ, and FCC lattice-
structure specimens as well as compression test set-up are illus-
trated in Figs. 3-6, respectively. It is worth mentioning that, the
stress–strain curves in these figures are the average of three iden-
tical repeated tests for each occasion.

The maximum compression stress for each lattice-structured
sample is then measured from the stress–strain curves in Figs. 3-
6 which indicates the strength of scaffolds under compressive
loads. The maximum tolerated stresses of the four samples are
then compared together in Fig. 7. As shown in Fig. 7, the simple
cubic lattice has highest strength to the compression (3.44 MPa)
while the BCC structure shows the weakest behavior among the
four samples with strength of 0.81 MPa to the compressive load.
This would be due to the highest number of vertical struts in the
simple cubic design in comparison to the other designs and the
effect of vertical struts in resistance against uniaxial loads.

As explained earlier, the porosity is another crucial parameter
in bone scaffold design and fabrication. The porosity factor of bone
scaffold must be large enough to allow the growth and diffusions of
Fig. 9. Mechanical Strength against porosity for four lattice-stru

Fig. 8. Porosity of various lattice designs including simple Cubic, BCC, B

6

bone cells inside the lattice-structured scaffold whilst it should be
small enough to enable the binding of organelles to the structure.
In this study, the porosity of each lattice-structured material is cal-
culated using equation (1) and then is illustrated in Fig. 8 for var-
ious designs.

By combining the compressive strength and porosity data of
each lattice-structure material we then produced Fig. 9 which
illustrates the change of mechanical strength against porosity for
different designs. The graph in Fig. 9 would be a simple tool for ini-
tial bone scaffold design which allow the evaluation of various lat-
tice designs to find and choose the suitable design for bone scaffold
which provide the balance between two crucial parameters of
strength and porosity. For example, FCC lattice would provide
around 2.7 MPa strength against compression, where it has the
lowest porosity among the four designs in this study. However,
the simple cubic structure would provide highest strength and
porosity among the four investigated designs in this study. As sta-
ted earlier, the mechanical strength and porosity are the two key
qualities that are vital to create a bone scaffold implant. It should
ctured material designs (simple Cubic, BCC, BCCZ, and FCC).

CCZ, and FCC lattice-structure materials with strut radius of 1 mm.



Fig. 10. Step-by-step procedure of integrating a lattice-structured bone scaffold into a sample femur bone.
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have a high porosity to accommodate for cell movement and diffu-
sion of nutrients and waste as well as having high strength and sta-
bility to support the bone during the healing and cell growth
process. It is also worth mentioning that it is essential to expand
the current study to higher number of lattice designs to have a
more complete design tool for lattice-structured bone scaffolds in
the future. This should then be expanded to various material
options for different cases.

Finally, the simple cubic lattice-structured material design,
which has the highest porosity and the highest mechanical
strength among the four studied designs in this paper, is imple-
mented into a new bone scaffold model of an imaginary defected
femur bone using Fusion 360. This was done by importing the final
design choice and merging it with a model of a bone to illustrate
the typical process of integrating the lattice-structure scaffold to
the bone model for future prototyping. Fig. 10 illustrates the
step-by-step procedure of the removal of 50 mm length of a per-
sonalized femur bone and integrating the cubic lattice model as
bone scaffold in it. This design was then prototyped using FFF 3D
printing and PLA material for further visual and mechanical inves-
tigations as well as future lab-based cell growth experiments in
biomedical labs.
4. Conclusions

In this study we have investigated the mechanical performance
and porosity of four popular strut-based lattice-structured materi-
als to accelerate the design and manufacturing of bone scaffolds.
The studied lattice designs included simple cubic, body-centred
cubic, body-centred cubic with z struts, and face-centred cubic.
All the experiment specimens designed with
7

50 mm � 50 mm � 50 mm size comprising of twenty-five lattice
cells of 10 mm � 10 mm � 10 mm and then were fabricated by
FFF 3D printing technique using polylactic acid (PLA) polymer.

Thus, the compressive strength of each lattice design, as an
important bone scaffold design parameter, was investigated exper-
imentally through uniaxial compression test using Zwick Roell Z50
universal testing machine. The maximum stress of each sample
was measured at the failure of the first strut in the
lattice-structure specimens. It was observed that among the four
studied lattice designs, the simple cubic design develops the high-
est strength whilst the BCC structure provides the weakest perfor-
mance under compression load. This is due to the importance of
the Z-direction struts in the lattice design for uniaxial loads. It is
also worth mentioning that the behavior of lattices are considered
only under compression here and other loading scenarios including
shear, biaxial, and volumetric loadings which might be important
in some specific cases are not considered in this study.

Furthermore, measuring the porosity of each lattice designs, it
was found out that the simple cubic structure develops the highest
porosity among the four investigated designs. The porosity is an
important parameter for bone scaffolds as they should have
enough internal spaces to accommodate for cell movement and
diffusion of nutrients and waste as well as having high strength
and stability to support the bone during the healing and cell
growth process.

Finally, the step-by-step process of how to design personalized
bone scaffold for a random bone using the appropriate lattice-
structure material is demonstrated. This is through removing parts
of a random femur bone and replacing the scaffolds design from
simple cubic lattice material, which shows the highest compres-
sive strength as well as highest porosity, instead of removed
region. The design of femur bone with integrated lattice-



J. Hulme, A.H. Sakhaei and M. Shafiee Materials Today: Proceedings xxx (xxxx) xxx
structure scaffold was then available for prototyping and perform-
ing further test including lab-based cell growth test and visualiza-
tions. This is worth noting that although the process studied here is
an investigation study, it was shown that similar approach could
be implemented in a real personalized bone scaffold design.
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