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Recent developments in additive manufacturing (AM) have led to significant
opportunities in the design and fabrication of implantable medical devices due
to the advantages that AM offers compared to conventional manufacturing, such
as high customizability, the ability to fabricate highly complex shapes, good
dimensional accuracy, a clean build environment, and reduced material usage.
The study of structural design optimization (SDO) involves techniques such as
Topology Optimization (TO), Shape Optimization (SHO), and Size Optimization
(SO) that determine specific parameters to achieve the best measurable
performance in a defined design space under a given set of loads and
constraints. Integration of SDO techniques with AM leads to utmost benefits
in designing and fabricating optimized implantable medical devices with
enhanced functional performance. Research and development of various
lattice structures represents a powerful method for unleashing the full
potential of additive manufacturing (AM) technologies in creating medical
implants with improved surface roughness, biocompatibility, and mechanical
properties. Furthermore, the integration of artificial intelligence (Al) and machine
learning (ML) in structural optimization has expanded opportunities to improve
device performance, adaptability, and durability. The review is meticulously
divided into two main sections, reflecting the predictability of the implant's
internal structure: (a) unpredictable interior topology, which explores
topology-based optimization techniques, and (b) predictable inner topology,
concentrating on lattice structures. The analysis of the reviewed literature
highlights a common focus on addressing issues such as stress shielding,
osseointegration  enhancement, customization to individual needs,
programmable functionalities, and weight reduction in implant designs. It
emphasizes significant advances in reducing stress shielding effects,
promoting osseointegration, and facilitating personalized implant creation.
The review provides a detailed classification of optimization methods, with
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each approach scrutinized for its unique contribution to overcoming specific
challenges in medical implant design, thus leading to more advanced, effective,
and patient-oriented implantable devices.

structural design optimization, topology optimization,

lattice structures, additive

manufacturing, medical implants, lightweight design, architected materials

1 Introduction

Due to specific health conditions of many patients, medical
devices need to be introduced to the human body to fulfill various
functions related to biological structure, performance monitoring, or
medication delivery. They can be placed temporarily or permanently
in the body through surgical or nonsurgical procedures. The Food
and Drug Administration (FDA) has classified medical devices as
class I, class II, and class III based on the level of risk associated with
the device to ensure safety and effectiveness for the patient (FDA,
2017). The risk posed to the user of medical devices categorized
under Class I is the lowest, while Class III devices pose the highest
risk to the user. A schematic classification system of implantable
medical devices, based on functional interfaces, is shown in

Figure 1A to complement traditional classifications. Each
interface  type—soft tissue, hard tissue, and sensorial
transduction—presents ~ distinct ~mechanical and biological

considerations critical for the successful application of additive
manufacturing processes and workflow validation. Figure 1B
illustrates hard tissue interface devices example for structural
support and replacement, introducing a parametric micro-
architecture designed to exhibit a broad spectrum of mechanical
properties, including both positive and negative Poisson’s ratios, to
reduce load-induced interface fracture risk and post-surgery bone
remodeling. This approach is tested on 3D titanium hip implants,
showing a 64.0% improvement in bone remodeling and a 13.2%
reduction in fracture risk compared to traditional implants (Garner
etal,, 2022). Figure 1C shows a case of soft tissue interface devices for
functions like vessel patency restoration. The method presented
develops a 2D stent unit cell through inverse homogenization and
topology optimization, focusing on maximizing contact area and
achieving specific mechanical properties. Some designs obtained
volume fractions are in the range of 5%-7%, which are smaller
compared to those of some commercially available stents
(Carbonaro et al., 2023).

In general, medical implants, depending on their components,
may consist of different biomaterials such as metals, composites,
polymers, and ceramics. In addition to biocompatibility, the
selection of a material for a medical implant is also based on
physical properties, mechanical properties, and fabrication ability
(Katti, 2004; Saini, 2015). Due to their superior mechanical
properties, metals have been widely used as primary materials in
numerous medical implants, especially in orthopedic implants.
However, commercial metallic orthopedic implants exhibit higher
stiffness, which is five to six times higher than bone (Katti, 2004),
and according to Wolff’s law, bone can adapt to the mechanical
stresses acting upon it, potentially leading to bone resorption or
increased bone mass. If the loading on the bone increases, the bone
will remodel itself over time, increasing its mass to become stronger,
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and vice versa (Ridzwan et al., 2007). Therefore, when a metallic
implant is introduced to the bone, due to the metal-bone stiffness
differences, a fraction of the loading will be carried by the implant
and shielded from getting transferred to the bone. This is known as
stress shielding phenomenon (Anguiano-Sanchez et al., 2016; Al-
Tamimi et al, 2017), leading to various issues such as bone
resorption, implant loosening, cracking, and discomfort during
daily activities. Thus, research has been done on developing
different strategies for developing new design concepts, cellular
materials, and structural design optimization to find adequate
approaches to reduce or avoid stress shielding at the bone-
implant interface and to address other issues depending on the
application. For example, Anguiano-Sanchez et al. (2016) proposed
a new design concept to investigate reducing stress shielding by
using a metallic stem, such as a titanium alloy, coated with polyether
ether ketone (PEEK). The validation results showed that the use of
PEEK coating contributed to a reduction of stress shielding by
increasing the load transferred to the bone. However, additional
considerations are needed for osseointegration of the PEEK coating
in terms of porosity and surface roughness.

Therefore, optimization of implantable medical devices is
necessary to accomplish robust designs that contribute to a better
quality of life for patients. The most common optimization purposes
of medical implants are related to the reduction or elimination of
stress  shielding problems, promotion of osseointegration,
customization, and weight reduction. Based on a literature
review, researchers have developed effective ways, such as
incorporating  cellular  materials and  structural  design
optimization techniques, to find adequate approaches that
address the issues mentioned above. Structural design
optimization (SDO) methods (Bendsoe and Sigmund, 2003),
guided by gradient or non-gradient algorithms, provide the
design variables that lead to optimal system performance under a
given set of loadings, boundary conditions, and constraints. This
goal is accomplished by utilizing various fields of study, such as
calculus, mechanics, and programming. Topology optimization
(TO), shape optimization (SHO), and size optimization (SO) are
the three main categories of SDO methods, each referring to
different aspects of the structure. The most widely used SDO
method is topology optimization, since it not only modifies the
inner topology of a structure but is also not restricted by the original
boundary shapes (Yang and Zhao, 2015). Therefore, in general, it is
mostly used prior to shape and size optimization. According to the
literature, another way to optimize the structure of medical implants
is by replacing solid volumes with lattice structures (Beyer and
Figueroa, 2016; Jetté et al., 2018). This approach creates the potential
to generate lighter medical components while offering appropriate
levels of stiffness and energy absorption for various loadings.
lattice  structures  have an

Furthermore, impact on
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osseointegration due to their porosity, and they can be fabricated
using AM technologies (Mendoza-Buenrostro et al, 2015;
Thompson et al, 2016). Compared to SDO methods, lattice
structures may offer robust solutions to problems with not fully
known loading conditions and multiple objectives (Thompson et al.,
2016). A special case is Topology Optimization (TO) and Load
Sequence-Based Optimization (LBSO) are integral to advanced
structural design. TO focuses on optimizing material layout
within a design space, considering constraints and loads, to
create efficient, lightweight structures ideal for manufacturing
complexities. LBSO, in contrast, enhances design durability by
considering the sequence and duration of load applications,
crucial for dynamic environments.

In many cases, designs derived from topology or lattice-based
optimization can be challenging to fabricate or even impossible using
conventional manufacturing methods. Additive manufacturing, on
the other hand, offers excellent opportunities for fabricating designs
with highly complex shapes and lattice structures with tunable
mechanical, biological, thermal, and optical properties (Thompson
etal, 2016). Additive manufacturing of biomaterials (Saini, 2015; Bose
et al,, 2018) offers numerous advantages (Javaid and Haleem, 2017)
compared to conventional manufacturing, and one of the most
significant benefits is that AM offers a higher potential for
achieving patient-specific designs with highly complex shapes. The
most used AM processes for printing biomaterials (Bose et al., 2018)
without any live cells are direct energy deposition (DED), powder bed
fusion (PBF), material extrusion (ME), binder jetting (BJ), and vat
polymerization (VP). Specifically, Metal Powder Bed Fusion (PBF),
which primarily includes Selective Laser Melting (SLM) along with
several similar technologies (such as EOS, SLM Solutions, Renishaw,
Concept Laser - GE, etc.), and Electron Beam Melting (EBM) from
Arcam - GE, are notable methods in this category.

Recently, significant interest has been devoted to the integration
of structural design optimization and additive manufacturing
(Zegard and Paulino, 2016). Despite the promising relationship
between design optimization and AM in achieving improved
medical implants, several constraints must be carefully
considered throughout the process. Some of the constraints
(Thompson et al,, 2016) that designers must consider are related
to computer-aided design and drafting, AM processes, the effect of
AM on mechanical properties, and various challenges regarding
quality control, environmental regulations, maintenance, etc.
additive

manufacturing-enabled theory and methodology (Yang and Zhao,

Several design tools have been developed for
2015). Design for additive manufacturing (DfAM) (Thompson et al.,
2016) has been used to take full advantage of AM processes in
creating optimally complex and efficient designs featuring intricate
geometries and lattice structures. The overall DfAM objective
(Rosen, 2014) should be to maximize the performance of a
component by integrating structural aspects, material content,
and capabilities of additive manufacturing processes. AM-related
structural design optimization can be categorized based on the
2015),

optimization of compliance, stiffness, strength, manufacturability.

optimization objective (Yang and Zhao, such as
A comprehensive DfAM system is proposed by Rosen (2007)
consisting of part and specification modeling, process planning,
and manufacturing simulation. Tang et al. (2014), inspired by

work of Rosen (2007), developed a multi-level design method
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where both topology optimization at the macro-level and lattice
structure design at the meso-level are adapted sequentially. In
addition, advances in the development of functional smart
materials, flexible implantable electronics, and reconfigurable
metamaterials have accelerated the adoption of machine
learning, multiphysics and nonlinear simulation during various
stages in the design of the next-generation of medical devices
under real-world conditions (Garcia-Avila et al.,, 2021; 2022b). In
fact, the FDA is increasingly interested in computer modeling and
simulation as digital evidence and a valuable regulatory tool due to
the potential for significant cost-savings in evaluating medical
devices (Morrison et al., 2018).

This paper presents a comprehensive review of the current
landscape in the optimization of additively manufactured medical
implants. The narrative unfolds in two critical sections based on the
interior structure predictability: Section 4 delves into the unpredictability
of interior configurations through topological structural design
optimization, while Section 5 explores the predictable inner topology
with a focus on lattice-based optimization strategies. The review further
investigates the impact of AT and ML in enhancing these optimization
processes and incorporates the discussions on sustainable, safe, and
smart materials from Section 3. Through an incisive analysis of
contemporary research, the paper strives to elevate the reader’s grasp
of the multifaceted challenges and burgeoning opportunities in crafting
medical implants with AM technologies—highlighting a path towards
more intelligent, personalized, and environmentally responsible
medical solutions.

2 Advancements in additive
manufacturing and optimization for
medical devices

The use of 3D printing or additive manufacturing (AM) in the
medical field has been rapidly evolving in the past two decades.
From the initial introduction of anatomical models, surgical guides,
and patient-matched implants, the technology has progressed to the
development of 5S implants, which are customized implants that fit
a patient’s unique anatomy (Figure 2A). Based on data from Scopus,
it can be stated that the use of additive manufacturing in the
development of medical implants is continuously increasing.
Therefore, it is expected that there will be an increase in
structural design optimization (SDO) to exploit the unique
capabilities that AM offers. The research trends in SDO for
additively manufactured medical implants are presented in
Figure 2B. From 2006 to 2022, a total of 762 papers were
published on the topology optimization of additively
manufactured medical implants. In the year 2006, there was only
one article published in this area, while in 2022 there are 234 articles
published. The research on lattice structures in additively
manufactured medical implants has also undergone significant
changes, from three papers in 2010 to 706 papers in 2022. In
addition, “Hybrid
Optimization” type in Figure 2B, have combinated TO and lattice

many researchers, referred to as the
structures for the optimization and development of additively
manufactured medical implants. A total of 454 papers are
published using hybrid optimization, starting from one paper in

2011 to 148 papers in 2022. TO and lattice structures for AM
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FIGURE 1

(A) Classification of implantable medical devices: soft tissue interface for regulating functions (cyan), hard tissue interface for structural support
(black), and sensorial transduction environment interface for monitoring cues (blue). Examples of design optimization for medical implants using
topology optimization and lattice structures include (B) an optimized hip implant using multi-objective design optimization and (C) self-expandable
stents using inverse homogenization topology optimization. The illustrations were created with BioRender.com.

medical implants are recent and ongoing research areas, and as seen
from Figure 2B, there is a continuous trend over the last 10 years,
with a significant growth particularly in the last 5 years. Finally,
other manufacturing technologies including 4D printing and novel
smart soft materials have drawn an increasing number of researchers
to examine the development of next-generation implanted devices.
From two articles in 2014 on topics related to 4D printing and
implants to 456 articles published in 2022.

Research in materials for additive manufacturing and medical
devices has been steadily increasing, with significant growth
observed in soft/flexible, metallic, and functional/smart materials
(Figure 2C). In 2022, soft/flexible materials had 1303 research
papers, while metallic and ceramic materials had 1344 and
1400 publications respectively. Additionally, 1000 research papers
were published on functional/smart materials in 2022. These
findings indicate that researchers are continuously exploring new
and innovative materials to meet the demands of the medical
industry. In light of the tremendous evolution of additive
manufacturing (AM), particularly over the last three decades,
from replicating biological models to generating better implants,
AM techniques have progressively been used in various applications
within the biomedical field (Guo and Leu, 2013) such as scaffoldings
for tissue engineering (Williams et al., 2005; Mendoza-Buenrostro
et al., 2015); prosthetics (Subburaj et al., 2007; Liacouras et al., 2011);
design and development of custom-made medical implants
(Deshmulkh et al., 2011; Van Noort, 2012); surgical planning, and
medical education and training (Petzold et al., 1999; Sanghera et al.,
2001; Faber et al., 2006; Sodian et al., 2007; Mori et al., 2009). Some
of the reported findings include a reduction in operating time,
increased safety of surgical procedures, faster patient recovery,
enhanced resource utilization, improved efficiency in treatment
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planning and communication between patients and surgeons, and
more accurate treatments, especially in maxillofacial/craniofacial
cases. Bose et al. have presented a comprehensive review of AM
techniques used for the fabrication of several biomedical devices
(Bose et al,, 2018). Based on the application, each AM technique
(Groover, 2012) has its own advantages and disadvantages. For
example, metal powder bed fusion (PBF) (Sun et al., 2016) processes
are of special interest for fabrication of metallic medical devices
(Bose et al,
orthopedic implants (Tan et al.,, 2017) with porous structures due

2018) having great capabilities in fabrication of

to offering high build resolution, appropriate dimensional accuracy
and surface roughness, great customizability, less material usage,
and clean build environment. Williams et al. demonstrated the
potential of polycaprolactone (PCL) scaffolds fabricated via
powder bed fusion (PBF) for replacement of skeletal tissues
, 2005). Tt
was shown that the bulk properties corresponded to the lower range

suitable for complex anatomic regions (Williams et al.

of the human trabecular bone, and enhanced tissue in-growth was
observed after 4 weeks of implementation. Similarly, many authors
have utilized material extrusion (ME) processes for producing
biodegradable scaffolds, a topic of research in tissue engineering
for regenerative medicine (Hutmacher, 2000; Melchels et al., 2012).

Material extrusion (ME) and vat photopolymerization (VP) are
among AM techniques that have been widely employed in applications
that require polymeric biomaterials mainly for surgical planning,
medical education and training in medicine and surgical guides for
dental applications. Examples of additive manufacturing technologies
for fabrication of prosthetics (Subburaj et al., 2007; Liacouras et al., 2011)
and customized medical implants (Deshmulkh et al., 2011; Van Noort,
2012) have shown excellent results in terms of aesthetics; high degree of
accuracy for shape, size, and position of the prosthesis; and much faster
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(A) 30 years of medical 3D printing, from the introduction of anatomical models, surgical guides, and patient-matched implants to the emergence of

5S implants (images generated by DALL-E 3). (B) Year wise publications based on Scopus for optimization of additive manufactured medical implants
using (1) Topology optimization; (2) Lattice structures; (3) Hybrid optimization, which is a combination of TO and lattice structures: and (4) 4D printing. (C)
Number of publications from 2006 to 2022 related to the use of various materials in medical 3D printing.
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and cheaper fabrication of the implants than conventional methods.
Researchers have worked on developing methodologies and improving
fabrication processes for medical devices. Mendoza-Buenrostro et al.
(2015) developed a novel process for the fabrication of hybrid
biodegradable scaffolds that can be used in various tissue engineering
applications. The process combines the capabilities of material extrusion
technology, electrospinning, and micro-milling. This manufacturing
process has been demonstrated to fabricate various structural
configurations of different scales and multi-materials. Medical devices
must be sterilized before placement in the patient’s body to ensure safety.
To ensure biocompatibility, the relationship between the fabrication
process, material, and sterilization must be adequately established
(Linares-Alvelais et al, 2018). Although most studies have focused
on analyzing the impact of design parameters, fabrication processes,
or materials for AM implants, fewer studies have examined the
mechanical properties and biocompatibility of AM implants post-
sterilization (Linares-Alvelais et al., 2018). Linares-Alvelais et al. have
assessed the effects of sterilization on additively manufactured
specimens. They employed the hydrostatic high-pressure sterilization
method for samples printed using vat photopolymerization (VP) and
material extrusion (ME) technologies. The proposed sterilization
technique was found to enhance the mechanical properties of
specimens compared to the standard autoclaving method. Therefore,
they suggest employing the hydrostatic high-pressure technique to
exploit the advantages that additive manufacturing offers in
biomedical devices.

Additive manufacturing offers significant advantages by providing
designs that are tailored to the specific requirements of patients,
converting image data into 3D objects. Two conventional techniques
used for capturing a patient’s data are computed tomography (CT)
scans and magnetic resonance imaging (MRI). Additionally, though less
common, methods such as Positron Emission Tomography (PET) and
Single Photon Emission Computed Tomography (SPECT) are also
viable options for obtaining patient-specific data. Salazar-Gamarra et al.
demonstrated how monoscopic photogrammetry using mobile devices
and free software can be utilized to obtain precise 3D models for
creating facial prostheses, highlighting the feasibility of these
technologies in the customization of medical treatments (Salazar-
Gamarra et al,, 2016). Transitioning from imaging to fabrication, in
the field of additively manufactured medical implants, two primary
approaches are generally considered in terms of implant temporality.
The first is the biodegradable approach, as proposed by Ramirez-Cedillo
et al. This method involves the development of a customized 3D barrier
for guided bone regeneration, used in dental implant placements.
Following this procedure, a personalized biodegradable 3D barrier
for a trauma patient is designed and fabricated using Material
Extrusion (ME) technology. This design is deemed optimal and is
based on materials that degrade within an 8-10 months period,
representing a scaffold approach that gradually dissolves in the
patient’s body (Ramirez-Cedillo et al, 2017). The second approach,
exemplified by the work of Melgoza et al., focuses on the design and
fabrication of implants that are either permanent or temporary but do
not degrade within the body, such as tracheal stents. Here, the strategy
involves using an innovative open-source tool-path strategy, applied in
the fabrication of a silicone tracheal stent using ME technology. Unlike
the biodegradable 3D barriers, tracheal stents, while they may be
temporary, are designed to remain stable and do not degrade in the
body (L. Melgoza et al., 2014).
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2.1 Process overview: AM medical implant
development

The process for the development of AM medical implants
consists of seven main steps which are: 3D modeling; topology
optimization; model smoothing; preprocessing for AM; part
fabrication using AM; post-processing of fabricated part; use of
the implantable medical device. Depending on the case study, the 3D
modeling of a medical device is based on design ideas, 2D images
derived from CT scans, or 3D object for reverse engineering.
Collected data are transformed into digital models’ various
software packages (Thompson et al., 2016). The generated 3D
model will be imported in an optimization software for
performing TO which consists of many steps such as a
specification of material properties, design variables, loadings,
boundary conditions, objective function, constraints, sensitivity
analysis, and other additional specifications needed for obtaining
a converged TO solution. After accomplishing optimization, the
optimized model is smoothened and converted into STL format.
The preprocessing for AM is usually achieved with an AM-specific
software such as Magics (Materialise, 2024). In the preprocessing
phase, all possible data errors are corrected, support structures are
added where they are needed, the model is sliced using a slicing
algorithm, and the material filling pattern is defined. After the
preprocessing step is completed, the medical device is fabricated
using a relevant AM technology depending on the case study. In the
post-processing phase of medical device manufacturing, it is critical
to ensure that product requirements are thoroughly met.
Sterilization is crucial, particularly for medical implants with
lattice structures, which demand meticulous cleaning to eliminate
all non-adhering powders, particles, or residues. The post-
processing techniques used to enhance the quality of these
medical devices vary based on application requirements and
materials used. For orthopedic implants produced using Powder
Bed Fusion (PBF), a range of methods can be employed, including
shot peening, heat treatment, polishing techniques (Sing et al,
2016), acid attack, anodizing (de Damborenea et al., 2015), and
other surface modification methods. The final step in this process
involves the implantation of the medical device into the patient. This
is performed through surgical or minimally invasive procedures,
often employing appropriate or customized surgical instruments.
Transitioning to regulatory aspects, it is pivotal to recognize the
significant strides made in FDA-approved medical implants via AM.
A notable example includes the FDA’s 510(k) clearance of Centinel
Spine’s FLX Platform, consisting of 3D printed all-titanium fusion
devices designed to stabilize vertebrae and enhance healing after
spinal surgeries. Additionally, a significant milestone in this field is
the FDA’s clearance of the first-ever 3D printed PEEK implant, the
Inspire Porous PEEK Cervical Interbody Fusion System.

3 Structural, sustainable, small, safe,
soft, and smart: the future of
implantable medical device
manufacturing

Classical structural design must quickly adapt to the trend of
digital manufacturing transformation led by new micro-scale
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Four examples of 4D printing of reconfigurable lattice-based implants: (A) kirigami design, (B) auxetic design, (C) semicircular-shaped design, and

(D) smooth re-entrant honeycomb design.

manufacturing technologies and the increased use of intelligent
soft materials and reconfigurable metamaterials (architected
Additionally, as
conversations around sustainability become more significant in

materials)  for implantable  devices.
the healthcare sphere, companies that offer truly sustainable
Medical

themselves can be made more sustainable in various ways. For

products will become more important. devices
example, they can consume less energy, be made using sustainable
low-emission production processes and sustainable materials,
lower material uses or packaging, or have longer lifetimes. If
sustainable materials are not safe or their performance is
inadequate, alternative. Topology

optimization helps reduce the overall dimensions or weight of

they are not a viable

the product to minimize material use, packaging, and distribution-
related carbon emissions without neglecting the structural safety of
the device. In general, medical devices are becoming smaller and
smarter, which aids in addressing sustainability issues. The
strategic involvement of AM in the healthcare industry will
promote the mass customization of topologically optimized
implantable devices and enhance the sustainability of process
and product performance at the industrial, environmental,
financial, resource, and end-user levels.

When considering examples of current commercial implants,
the adopted structural shapes, topology design, porosity, stiffness,
and other implant design aspects are subordinated to dynamic
fulfilling the
biological interface functions (Figure 3A). Traditional implants

operating conditions while mechanical and
are part of a broader family of surgical medical devices and other
types of bioprostheses, including heart valves, endoscopic surgical
guides, vascular stents, and membranes with tissue regenerative
With the

techniques, the structural design of implantable devices is

properties. development of novel biofabrication
increasingly focusing on soft and flexible devices capable of

restoring active and passive functions of the human

body (Figure 3B).
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Researchers have been pioneering the integration of
mechanical mimicry of the body’s tissues, such as muscle
fibers and vascular networks, into the field of bioprinting and
tissue replacement. This intricate task often uses reticular
structures at various scales to emulate the body’s complex
tissues, which is a key challenge in the field. The predominant
techniques for devising and refining the geometry of medical
devices traditionally rely on computer-aided designs coupled
with the finite element method. However, this approach is often
constrained by the limited range of geometries that can be
and the
optimization. To overcome these limitations, there is a

explored extensive time required for design
growing shift towards a generative design paradigm that
leverages machine learning and optimization algorithms, as
illustrated in Figure 3C (Danilov et al., 2023). This innovative
method allows for a broader exploration of potential designs and
a more efficient optimization process, paving the way for
Another

innovative perspective is the application of reticular structures

advancements in medical device fabrication.
in 4D printing. 4D printing has emerged as a collection of
methods enabling the fabrication of 3D flexible structures
with smart and sensitive materials that transform into new
shapes upon exposure to stimuli such as temperature, light,
humidity, or other environmental changes (Rahmatabadi
et al, 2023a; 2023b; 2023c). The growing interest in 4D
printing and metamaterials within medical devices has led to
studies of responsive implants with shape-shifting properties.
Moriwawa et al. fabricated a stretchable 2D donut-shaped
kirigami device, as shown in Figure 4A, which can be
transformed into a 3D cylindrical shape suitable for use in
numerous spherically or columnar-shaped deformable
biological tissues (Morikawa et al., 2019).

More flexibility, structural design, and compliance attributed to
soft functional materials used in the fabrication of these devices

make them ideal for delicate tasks in fragile in-body environments.
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For instance, an implantable elastic sleeve for right ventricular
failure and monitoring of hemodynamic conditions was
designed by Pirozzi et al. (Pirozzi et al., 2022), as seen in

the inherent
and their
mechanisms

Figure 4B. However, nonlinearity of soft

functional materials anisotropic actuation in

compliant present ongoing challenges in

(TO),
combined with four-dimensional (4D) printing, is a powerful

performance improvement. Topology optimization
digital tool used to achieve optimal internal architectures for
implants. These implants can environmentally transform as
required, offer “self-controllable functions,” extend product
longevity, and facilitate greater structural complexity. The
concept of “self-aware metamaterial implants” was introduced
by Barri et al. (2022), creating a new generation of interbody
fusion cage implants (see Figure 4C) with self-sensing, self-
powering, and mechanical tunability functionalities. Similarly,
the prototype of Teunis van Manen’s 4D printed bifurcation
stents, as shown in Figure 4D, have shape-shifting properties but
they are too large for clinical use, where a size 100 times smaller
is required (van Manen et al., 2021). Whether under the rubric of
space-time behavior or stimuli-responsiveness, these devices
hold immense potential for decreasing the invasiveness of
medical procedures and treatments. However, there are still
structural issues to overcome, such as TO for multiscale
structures versus high computational costs or dynamic loads
versus fatigue life analysis (Mukherjee et al., 2021).

4 Structural design optimization (SDO)
for medical implants

Structural design optimization (SDO) methods (Bendsoe and
Sigmund, 2003) have been established to determine the design
parameters that lead to the highest levels of operating performance
for mechanical structures or systems. Numerous researchers have
proposed optimized implant designs with the aim of mimicking
bone properties by modifying the structure of existing implants,
removing material in specific regions, or adding different features
such as holes, ribs, grooves, etc. For instance, Figueroa et al. (2014)
developed new optimized design concepts based on additive
manufacturing for lumbar cages used in spinal surgeries. The
proposed  design  concepts incorporated cavities to aid
osseointegration. Furthermore, Figueroa-Cavazos et al. (2016)
demonstrated the viability of additive manufactured new design
concepts of intervertebral lumbar cages that were proposed, using
material extrusion (ME) fabrication technology and biocompatible
polycarbonate material. Robles-Linares et al. (2019) worked on AM-
enabled parametric modeling to mimic the natural microstructure of
cortical bone. They developed an innovative algorithm and successfully
demonstrated its applicability by constructing additively manufactured
samples with healthy and osteoporotic bone tissue microstructure.

Topology optimization (TO), shape optimization (SHO), and
size optimization (SO) are three broad categories of structural design
optimization that focus on different aspects of the structure (Miiller
and Klashorst, 2017). TO can realize any shape in the initially
determined design space, while SHO and SO procedures are based
on predefined configurations. Over the past decade, researchers have
considered either one or a combination of these techniques in
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developing various optimization methodologies for medical
implants. Usually, topology optimization is performed first, and
the generated model can be fine-tuned by applying other SDO
techniques. Problems of TO, SHO, and SO have their own
of the
problem optimization type, an SDO problem consists of three

characteristics and challenges. However, regardless
elements: objective function, design variables, and constraints.
Optimization is an iterative process that involves either gradient-
based mathematical techniques or non-gradient-based algorithms
(Hare et al,, 2013) such as genetic algorithm (GA) (Chen and Chiou,
2013), simulated annealing (SA), particle swarm optimization
(PSO), etc. Few of the most used methods for solving SDO
level-set methods (LSM), solid
microstructure  with  penalization  (SIMP), evolutionary
structural optimization (ESO) methods, soft-kill option (SKO),
evolutionary algorithms (EA), etc. There are difficulties in solving
an SDO problem associated with (Miller and Klashorst, 2017)

many variables and the mixture of variable types (discrete,

problems are isotropic

continuous, Boolean). Therefore, the aid of computational tools
becomes crucial in solving an SDO problem. The assistance of
finite element analysis is highly beneficial and essential in
determining the satisfaction of constraints in the problem-
solving process. There are commercial software packages
available on the market such as Abaqus/Tosca, Hyperworks,
etc., for performing structural design optimization.

4.1 Optimized design for additive
manufacturing

Regardless of the exceptional evolution of AM, the progress on
engineering design field has not fully exploited the vast
offered by 2016).
Furthermore, there are voids in managing the constraints that are

opportunities AM (Thompson et al,
associated with AM within the design process and sometimes
that
(Thompson et al., 2016). For example, a considerable amount of

designs are generated from SDO are not friendly
support structures required for the fabrication of an optimized
design led to increase the fabrication and clean-up costs
(Mirzendehdel and Suresh, 2016). Therefore, incorporating AM
constraints into SDO techniques has drawn increasing attention
(Wang and Kang, 2018) due to the promising benefits. Strategies
that can be used to minimize support structures are classified into
four groups (Mirzendehdel and Suresh, 2016). The first group is
concerned with finding an optimal build position and orientation.
The second group is related to achieving efficiency in support
structures. The third group involves strategies that abide by
design rules for AM. The fourth group contains strategies that go
a step further, by optimizing design rules for AM.

Allaire et al. (2017) introduced a structural optimization with
constraints such that overhang features were efficiently taken care in
the SHO process. Li et al. (2015) presented a level set structural
design optimization method accounting for extrusion constraints
implementing a cross-section projection strategy. Liu and Ma (2018)
worked on developing an innovative level set TO method with
abilities to have control on the length scale of each material phase
using multiple materials. Zhang and Zhou (2018), Johnson and
Gaynor (2018), and Mezzadri et al. (2018) worked on developing TO
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TABLE 1 Classification of assisting design tools for AM.
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Software package

Geomagic Design X (3D Systems, Rock Hill, SC, USA)

MeshLab (ISTI - CNR, Rome, Italy)

Mimics (Materialise NV, Leuven, Belgium)

InVesalius (CTI Renato Archer, Campinas, Brazil)
SolidThinking (Altair Engineering Inc., Troy, MI, USA)
Spaceclaim (Ansys, Canonsburg, PA)

Solidworks (Dassault Systéms Solidworks Corp., Waltham, Ma)

Design tools Main focus
1 To review and process point cloud, CT scans, and
STL/AMF.
2 To generate 3D solid models
3 To create and repair files for AM machines
4 To optimize internal structure of designs

methodologies for designing and generating self-supporting

support structures for additive manufacturing. Adding
manufacturing constraints into structural design optimization
techniques is an active field of research to increase

manufacturability, and optimal designs ready for AM can be
produced with the aid of several commercial software packages
present in the market.

More and more, researchers are working on developing tools for
assisting design theories and methodologies that integrate with
additive manufacturing technologies (Yang and Zhao, 2015). The
assisting design tools for AM can be classified on four groups based
on their focus (Yang and Zhao, 2015): (1) repair and manipulation;
(2) solid modeling; (3) AM process-oriented design; and (4)
structural design optimization, see Table 1. The first group of
design tools is widely used in biomedical applications that such
as the design of medical implants; reconstruction of medical images;
customization of devices that require a perfect fit with the human
body; and other applications that require reverse engineering. Even
though the first three types of design tools enable review and
processing of stereolithography (STL) files; meshing; 3D
modeling; and generation of AM files, they have constraints in
terms of memory usage, computational time, and internal structural
configuration. The fourth group of AM design tools somehow
conquered the limitations of other groups. It can be further
divided into two subcategories based on the geometrical
predictability of interior structures. For unpredictable interior
structure, software packages that are based on finite element
analysis and topology optimization technique are employed, such
as Abaqus/Tosca (Dassult Systémes), HyperWorks (Altair),
Workbench (Ansys), etc. On the other hand, for predictable
interior structures software packages that feature various cellular
structures can be used such as nTopology, Netfabb, Within
Enhance, etc.
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CATIA ((Dassault Systémes, Vélizy-Villacoublay, France)
Materialise Magics (Materialise NV, Leuven, Belgium)
Netfabb (Autodesk, Mill Valley, CA, USA)

HyperWorks (Altair Engineering Inc., Troy, MI, USA)
Within Enhance (Autodesk, Mill Valley, CA, USA)

Abaqus/Tosca (Dassault Systéemes Simulia Corp, Johnston, RI, USA) nTopology (nTopology, New
York, NY, USA)

Netfabb (Autodesk, Mill Valley, CA, USA)

4.2 Size optimization

Size optimization (SO) is a SDO method that is focused on the
physical size of the members such as the thickness of a structure
(Miiller and Klashorst, 2017), without changing the overall shape
and geometry of the structure. Therefore, SO can be beneficially
employed for the optimization of struts in lattice structures. Few
heuristic algorithms that have been effectively used for SO problems
(Ahrari et al., 2015) are Genetic Algorithm, Simulated Annealing,
Artificial Bee Colony, Particle Swarm Optimization, Harmony
Search Algorithm, Reduced Space and Sequential Quadratic
Programming, Big-Bang-Big Crunch Algorithm, etc. For example,
Tang et al. (2015) to improve the performance of lattice structures,
reconstructed the original bidirectional evolutionary SDO by
developing a Bidirectional Evolutionary Structural Optimization
(BESO) based SDO method to optimize thickness distribution of
the lattice struts. The validation of the proposed method was done
through a case study and nearly 75% weight reduction was achieved
with the optimized lattice structure compared to the original design
made from solid material. Sizing optimization can be very useful for
optimization of lattice structures to create organic internal
structures of implantable devices.

4.3 Shape optimization

Shape optimization (SHO) applies to the geometric layout
(Miiller and Klashorst, 2017), modifying the outer boundaries of
structures in terms of CAD surfaces and curves (Cai et al., 2014).
Therefore, in SHO problem, the domain itself becomes the design
variable (Bendsge and Sigmund, 2003). Under certain constraints
related to geometry, stress, displacements, etc., SHO can accomplish
mass minimization of a structure (Sun et al, 2018). Many
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researchers (Wall et al., 2008; Cai et al., 2014; Wang and Kang, 2018)
to reduce local stress concentrations have developed new strategies
by combining TO and SHO. Zhang et al. (Cai et al., 2014) established
a technique by integrating B-spline finite cell method and level set
function for stress constrained SHO and TO. Wang and Kang (2018)
presented a level-set based method for TO and SHO of structures
with coating layers. Wall et al. (2008) introduced a promising and
highly efficient methodology for design shape optimization using
non-uniform rational basis spline (NURBS).

Shape optimization is used widely in medical implants,
particularly in hip implants. Katoozian and Davy (2000) applied
shape optimization on a femoral component for defining the best
geometrical design variables to evenly distribute the local stresses.
They concluded that the most effective strategy in reducing all the
equivalent stress criteria was to use a strain energy density criterion as
the objective function. Virulsri et al. (2015) developed and proposed a
multi-objective SHO procedure for designing an optimized femoral
hip prosthesis that can also fit a Thai femur while considering safety.
They showed through their study the significance of the prosthesis
cross-section geometry on the development of the stresses around it.
Nicolella et al. (2006) through a prosthesis shape optimization,
reduced the tensile failure of prostheses-bone cement interface by
31.7% and reduced the probability of failure or all performance
functions as well, without involving actual additive manufacturing
in their study. Ruben et al. (2012) developed a multi-criteria shape
optimization to obtain improved uncemented hip stems, considering
the main causes of prosthesis failure such as stress shielding, normal
contact stress, and tangential displacement. Based on their work they
showed that optimization procedures are powerful tools to obtain new
prosthesis design and help surgeons in decision-making process.
Huiskes and Boeklagen (1989) introduced an iterative FE method
for numerical shape optimization to achieve optimal prosthetics
designs and minimize interface stresses. To maximize fatigue life
of the cement in a hip prosthesis, Hedia et al. (1996) presented a
method to maximize the fatigue life of cement in hip prostheses, not
involving AM manufacturing. Their approach combined numerical
shape optimization (SHO) with finite element (FE) modeling to
optimize the longitudinal stem geometry (Hedia et al., 1996).

Besides hip prosthesis, SHO has been applied on other medical
devices. Ribeiro et al. (2012) developed a SHO method to obtain an
improved stent design with minimized stresses in the artery,
contributing to the reduction of restenosis. In addition to that,
Masoumi Khalil Abad et al. (2012) presented a design methodology
based on shape optimization to improve the fatigue safety factor and
increase the radial stiffness of Nitinol self-expandable stent-grafts. A
study aimed to develop a fully automatic procedure enabling shape
optimization and additive manufacturing of removable partial
dentures (RPD), to maximize the uniformity of contact pressure
distribution on the mucosa, thereby reducing associated clinical
complications. A contact shape optimization algorithm was
developed based on biometric data (Chen et al., 2015).

4.4 Topology optimization

Topology optimization (TO) is a SDO method that refers to
the internal member configuration of a structure (Miiller and
Klashorst, 2017) without being limited by the nature of the
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original design. It is a method that identifies the locations where
the material should be added or subtracted in a reference
domain to achieve aimed functionalities for given loadings
and boundary conditions that are applied to the structure
(Thompson et al., 2016). This is the SDO method that has
the most responsibility for the accomplishment of the final
design. TO was introduced in 1988 in a seminal paper by
Bendsee and Kikuchi, and since then it has continuously
evolved in many distinctive directions (Sigmund and Maute,
2013). According to Van Dijk et al. (2013) the most common
TO approaches are density based and level-set based methods
(Wang et al, 2003). In density-based methods such as
homogenization methods, and solid isotropic microstructure
with penalization (SIMP) methods (Li Y. Di et al, 2014),
the geometry is described via a material distribution which
is typically discretized using element-wise constant or nodal shape
functions. Sigmund and Maute (Sigmund and Maute, 2013) presented
a comparative and critical review of different TO approaches by
discussing their strengths, weaknesses, similarities, and dissimilarities.
They concluded that even though the differences between various TO
approaches are small, the TO community seems to diverge creating
separate individual research branches. Therefore, after identifying
the nine main challenges of TO, they suggested the need for collective
work in finding the “optimal optimization approach.”

SIMP is one of the most well-known and widely used FE-based
TO method which is also found in the literature under different names
“density method,” “power law,” etc. (Rozvany, 2008). In this method,
the stiffness of the material is assumed to have a linear relationship
with the material density of each element which is used as a design
variable and normalized between zero (void) and one (solid). The
converged algorithm of SIMP (Bendsoe and Sigmund, 2003) is
controlled by a penalization parameter (P), which is increased
from 1. The relation between the design function “density” p(x)
and properties of an isotropic material E?jkl is given by power law
(Bendsge and Sigmund, 2003) as follows:

Ejju (%) = p(x)" x Efjy, P>1 M

The density interpolates between material properties
Eiju(p=0)=0 and Ejju(p=1)= E?jkl, and the volume of the
structure is evaluated by:

Jp(x)dWSV; 0<p(x)<1, xecy (2)

1

Where, v is the reference domain (ground structure). A general
form of a TO problem (Bendsoe and Sigmund, 2003) can be written as:

14
min: F = F(u(p).p) = [ £ (u(p). p)av 3
0
v
9o (P)=deV—V0 <0
subject to:
gi(u(p).p)<0 withj=1,...,m

o o

(x) =00r1Vx ey

Where F is a vector objective function over the feasible design
space. Vector u contains design variables. The g; are referred to as
constraints.
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4.5 Case studies using structural design
optimization

Structural design optimization techniques have been
employed for the reduction of stress shielding and other
purposes, see Table 2. Al-Tamimi et al. (2017) explored TO
using SIMP method in order to minimize stress shielding and
create lightweight orthopedic implants with reduced stiffness.
The objective function of the TO problem is to decrease the strain
energy. However, due to the high percentage of volume
reduction, there was observed a decrease in equivalent
stiffness resulting in the reduction of weight and stress
shielding as well. Fraldi et al. (2010) worked on setting up
guidelines for prosthesis design with maximized reliability.
The strategy that was applied incorporated a maximum
stiffness TO problem employed for a non-linear static FEA.
He et al. (2018) proposed a methodology that was composed
by topology and lattice optimization for designing a hip
prosthesis with reduced stress shielding while meeting fatigue
requirements. It achieved more than 50% stress shielding
reduction while satisfying ISO ISO 7206-4: 2010 fatigue
requirements and manufacturability via PBF. The proposed
methodology can be further adapted for prosthesis design
customization.

Besides stress shielding reduction, stimulation of bone ingrowth
is another important aspect that needs to be addressed when
designing orthopedic implants. According to Chang et al. (2012)
TO of dental implants leads to increasing of bone integration due to
the additional concavities in the optimized structure. Therefore, TO
influences sustaining implant stability, reducing implant
displacement, and lowering implant material costs as well.
Scaffolds used in bone tissue engineering must provide adequate
structural support and diffusivity as well (Dias et al, 2014).
Therefore, researchers have worked on proposing techniques
using topology optimization to design scaffolds that meet specific
requirements for mass transport and mechanical behavior (Xiao
et al,, 2012; Almeida and Bartolo, 2013; Dias et al., 2014) including
some open-source tools for such design based on periodic equations
(Dinis et al., 2014).

Personalization of medical implants is another significant
accomplishment that comes from the integration of optimization
techniques and AM. Chua and Chui (2016) investigated patient-
based design methods to tailor ears, nose, and throat (ENT) implant
design and material composition to the patient’s anatomy. The
objective was achieved by developing an intelligent design system
to perform multi-objective optimization for AM. Jiang et al. (2017)
showed the potential of SIMP based TO toward the personalization
of medical implants by creating an innovative design of an aneurysm
implant while satisfying functional and structural requirements. In
addition to that, Sutradhar et al. (2016) proposed a recent
multiresolution TO method to achieve efficient and functional
craniofacial implants with good aesthetics. Feasibility was
successfully demonstrated via mechanical testing. Peto et al.
(2019) proposed a methodology for the design and optimization
of a tibia intramedullary implant for an 8-year-old osteosarcoma
patient. Employing topology optimization achieved a weight
reduction of the implant by 30% compared to the originally
designed biomodel.
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5 Lattice structures for AM
medical implants

Cellular materials (Gibson et al., 2010) are used increasingly in
biomedical applications due to their unique combination of
properties, which depend directly on the shape and structure of
cells in cellular solids (Gibson and Ashby, 1999). A key advantage
offered by cellular materials is high strength accompanied by a
relatively low mass. Furthermore, they can provide good energy
absorption and good thermal and acoustic insulation properties
(Rosen, 2007). Typically, cellular solids have a low relative density
which allows large strains to happen before compression (Gibson
and Ashby, 1999), and the unit cell geometry is modified to tailor the
mechanical properties of the required component (Mahmoud and
Elbestawi, 2017). Typical examples of natural cellular materials are
foam, sponges, folded materials, honeycomb, and non-natural
mathematical lattice structures. Cellular materials are employed
in building scaffolds that are used in tissue engineering for
purposes of substitution or regeneration of tissues in the human
body (Gibson et al., 2010). They are typically classified based on their
building unit cell order (stochastic or non-stochastic arrangement),
based on level of anisotropy (cubic, orthotropic, etc.) (Garcia-Avila
et al., 2022a), and their porosity type (open or closed) (Mahmoud
and Elbestawi, 2017), with either 2-D or 3-D cell configuration.

Lattice structure is one type of cellular material (Mahmoud and
Elbestawi, 2017), and its structure geometry can be modified to
achieve the required levels of component performance (Beyer and
Figueroa, 2016). Lattice structures have been widely implemented
into the design of orthopedic implants (Mahmoud and Elbestawi,
2017; Jetté et al, 2018) mainly to achieve two approaches: to
stimulate bone ingrowth and consequent osseointegration of
bone-implant (Dinis et al, 2016) and also to reduce stress
shielding in devices like plates for bone fracture consolidation.
Lattice structures on meso-level can be divided into three main
types based on the degree of an order (Tang et al, 2015). A
disordered cellular structure contains various shapes and sizes of
lattice unit cells that are arbitrary distributed within the structure.
Periodic lattice structures are made of the same unit cell that is
repeated throughout the structure. This category can be further
divided into two subcategories based on the strut thickness variation.
The two subcategories are homogeneous and spatially graded
heterogeneous structures for uniform and non-uniform strut
thickness respectively. In the third type, which is pseudo-periodic
lattice structure, the size and shape of each lattice unit cell can be
changed due to specific design requirements, while they all share the
same general topology.

Optimization methods used for predictable internal topology,
such as lattice structure, requires more human interference and
knowledge to interpret objectives (Yang and Zhao, 2015). Since the
optimized results depend much on the chosen patterns, researchers
are focused on finding improved lattice patterns by optimizing
design variables of lattice structures including strut thickness, cell
topology, orientation, material, lattice skins, etc. According to
research papers (Giannitelli et al, 2014; Wang et al, 2016;
Mahmoud and Elbestawi, 2017) the lattice structures used in
biomedical applications, such as tissue engineering and bone
scaffolds, are classified by means of the unit cell design. Based on
this classification, the main groups of unit cell designs are CAD-
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TABLE 2 Examples of case studies using structural design optimization for improvement of 3D printed medical implants.

Optimization method

Application

Purpose

AM method/
Material

Findings/
Achievements

Multiresolution TO using SIMP
method

TO using SIMP Method

Craniofacial implants

Locking Compression

To design stable
craniofacial implants with
good aesthetics

To create lightweight

Material extrusion/ABS
thermoplastic

AM in general/Titanium

- Great adaptability in designing
complicated bone
replacements

Demonstrated feasibility of
bone design replacements
using TO and AM.

Decreased equivalent stiffness

Sutradhar
et al. (2016)

Al-Tamimi

Plate for orthopedic implants with reduced alloy et al. (2017)
applications stiffness - Minimized stress shielding
occurring during bone fracture
healing
TO and Shape Optimization Bi-material coated To propose a level-set based =AM in general/Multiple - Effectiveness of the proposed | Wang and

using level set method

structures

TO for the design of
structures with coating
layers

materials

method in 2- D and 3-D
structures

Direct relation between level
set and coating geometry
facilitates sensitivity analysis

Kang (2018)

Multi-objective optimization
using rule-based methods, GA,
and material knowledge

TO using SIMP method

ENT implant (tracheal
implant)

Hip prosthesis

To create patient-specific
methods to tailor implant
design and material
composition to the patient’s
anatomy

To maximize prosthesis
reliability

AM in general/Multiple
materials

AM not mentioned/
Titanium alloy and cobalt
chromium

- Proposed intelligent design
system to aid the design for
better ENT implants

- Feasible design optimization
method

Enhanced efficiency and
effectiveness of medical device

Optimized prosthesis with
(maximum) strength/weight
ratio

Better dynamic behavior

Reduces stress shielding
phenomena

- The stress state in the
prosthesis never reaches more
than about 30% of the titanium
yield strength

Chua and
Chui (2016)

Fraldi et al.
(2010)

TO using SIMP method

TO using variable density

Aneurysm Implant

Dental Implants

To create an innovative
aneurysm implant that
satisfies fluidic and the
structural design objectives

To achieve redundant

Material extrusion/ABS
thermoplastic

AM not mentioned/

Innovative high-performance
implants for aneurysm
treatments

Potential of proposed method
towards personalization of
medical implants

Reduced volume of the

Jiang et al.
(2017)

Chang et al.

method in ANSYS material distribution on a Multiple materials used traditional implant by (2012)
dental threaded implant for FEA approximately 17.9%, while
with improved maintaining similar
biomechanical functions biomechanical parameters
compared to the traditional
implant
- More bone ingrowth due to
increased space
- Achieved implant stability and
less material used
SHO using a modified method of | Femoral component of = To smooth stresses along AM not mentioned/Cobalt = - Possible substantial Katoozian
feasible directions (MFD) a hip replacement with the local interface ina | chromium improvements from increasing | and Davy
hip replacement the cross-section of the (2000)
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proximal stem

- Decrease of differences in
stresses

(Continued on following page)
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TABLE 2 (Continued) Examples of case studies using structural design optimization for improvement of 3D printed medical implants.

AM method/
Material

Optimization method  Application

Purpose Findings/

Achievements

TO Bisection method used for Scaffolds for tissue To obtain appropriate Not mentioned/ - Best topological arrangement | Almeida and

TO algorithm engineering topological architectures of | Polycaprolactone achieved considering several Bartolo (2013)
scaffolds, maximizing its scenarios, combining loading
mechanical behavior and and constraint conditions on
porosity vertices, edges, and faces
TO using SIMP method Scaffolds for bone tissue | To design scaffolds that Powder bed fusion/ - High potential to produce Dias et al.
engineering satisfy functional polycaprolactone-4% scaffolds for bone tissue (2014)
requirements hydroxyapatite engineering
- Origination of customized
scaffolds for different clinical
applications
TO using SIMP method Metallic biomaterial To seek the microstructure =~ Powder bed fusion/Pure - Obtained 3D microstructures | Xiao et al.
scaffolds of maximum stiffness with = titanium with maximized stiffness (2012)

fraction

the constraint of volume

- Accurate fabrication of
intricate titanium scaffolds

Verified that SLM process is
suitable for the fabrication of
biomaterial scaffolds

Multi-objective shape Femoral hip prosthesis

To discover a new safe

AM not mentioned/ - Achieved a new design that fits | Virulsri et al.

optimization for Thais optimal design for femoral = Stainless steel and well the small-sized Thai femur | (2015)
hip prostheses that fits Thai | poly(methyl methacrylate)
femur - Implant performance within
safety parameters for
maximum walking loads of
sixty-kilogram patient
Shape optimization Short fibers for bone To present a procedure for = AM not mentioned/ - Improved load transfer Zhou et al.
cement reinforcement structural SHO of short Alumina and poly(methyl efficiency between the fiber (2005)
reinforcement fibers methacrylate) and PMMA matrix
using FEA.
- Improved mechanical
properties of the reinforced
bone cement
TO using SIMP method Tibia intramedullary To propose a methodology = Powder bed fusion/ - Weight reduction by 30% Peto et al.
implant for the design and Stainless steel compared to originally (2019)

implant

optimization of an AM knee

designed biomodel

- Proposed layout for material
removal and incorporation of
lattice structures for
osseointegration

based design (Sun et al., 2005; Wettergreen et al., 2005; Kemmoku
et al,, 2010) image-based design (Feinberg et al., 2001; Hao et al,
2011) TO unit cells (Huang et al, 2011; Xiao et al,, 2018) and
implicit surface modeling (Rajagopalan and Robb, 2006). The CAD-
based design group (Wang et al., 2016) consists of library of Platonic
and Archimedean polyhedral solid (Li S. et al., 2014; Giannitelli
etal., 2014) bio-inspired designs (Sun et al., 2005), and other designs
generated using CAD software packages (Murr et al., 2010). Bucklen
et al. (2008) proposed a library based on the assembly of regularly
oriented unit primitives to aid in the development of scaffold design
for orthopedic tissue engineering applications. Image-based design
is generated by the intersection between 3D binary images
(representing the shape of defect to be reproduced) and the
stacking of a binary unit cell (3D patterning) (Giannitelli et al,
2014). Scaffold architectures via implicit surface modeling, are
defined simply by using a single mathematical equation with the
freedom to introduce different configuration features and pore
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shapes (Giannitelli et al., 2014). Topology optimization has been
used by many researchers as an effective method in designing
optimized unit cells that lead to several structural and functional
improvements of an implant. A general computational flow chart of
structural design optimization is shown in Figure 5.

5.1 Case studies using lattice-based
structures

Lattice structures have been widely used by researchers for the
improvement of medical implants, see Table 3. Jin et al. (2018)
proposed a methodology for generating non-uniform lattice
structures with improved stiffness while maintaining the same
weight reduction ratio as the initial uniform lattice structure.
Additionally, the methodology was ensured the manufacturability
using powder bed fusion (PBF) technology. Huang et al. (2011)
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FIGURE 5

Flow chart of porous hip stem optimization methodology.

presented a new approach based on BESO techniques for designing
periodic microstructures of cellular materials with maximum bulk
or shear modulus. Compelling topological patterns resulted from the
developed approach. Arabnejad Khanoki and Pasini (2012) designed
an innovative implant with lattice microstructure and non-
homogeneous material properties to address instability and bone
resorption issues, by using a multiscale mechanics and design
optimization technique. Hollister et al. (2002) demonstrated a
successful image-based homogenization optimization approach
for bone tissue engineering scaffolds which have conflicting
design goals in terms of design requirements for mechanical
support and enhancing tissue regeneration. Chen et al. (2011)
explored the effect of scaffold design on the mechanobiological
evolutions of tissue-scaffold systems by using the finite element-
based homogenization technique and TO approach. Jetté et al.
(2018) implemented lattice structures with diamond cubic unit
cell configuration in a hip prosthesis to address stress shielding
and bone tissue ingrowth aspects. It was demonstrated numerically
and experimentally that the stiffness of the optimized porous stem
model was 31% lower than the original fully dense model.
Several techniques have been employed for the fabrication of
scaffolds. Based on the technique used the properties of the
scaffolds vary since the porosity and the pore size changes from
one technique to another. The development of additive
the of
improved fabricated scaffolds with moduli varying from soft

manufacturing techniques facilitates achievement
to hard tissues (Loh and Choong, 2013). Many researchers are
combining different technologies to further improve the
mechanical properties of scaffolds. Lara-Padilla et al. (2017)

combined fused deposition modeling and electrospinning
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using a controlled cooling system to obtain improved
scaffolds in terms of mechanical properties and delivery
characteristics. The proposed bimodal scaffolds displayed
better mechanical properties and appropriate morphology
compared to polycaprolactone extruded strands (Lara-Padilla
et al.,, 2017).

6 Al and machine learning in future
research directions

The integration of artificial intelligence (AI) and machine
learning (ML) techniques has significantly impacted the field of
topology and lattice-based structural optimization for additively
(Nasiri

Khosravani, 2021). These techniques have enabled researchers

manufactured implantable medical devices and
to explore complex design spaces and develop highly optimized
structures that can adapt to the unique requirements of
individual patients, enhancing both the performance and
durability of the devices. One notable application of AI and
ML in this field is the use of generative algorithms, such as
Genetic Algorithms (GA) and Generative Adversarial Networks
(GAN), for the design of patient-specific lattice structures or
automatic generation of implant geometry (Wu et al, 2022).
These algorithms have been employed to optimize the
mechanical properties of functionally graded porous
Burch-Schneider cage (Xu et al, 2022), such as stiffness,
strength, or specific anisotropic behaviors. Another significant
development in the use of AI and ML techniques is the

implementation of machine learning algorithms for predicting
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TABLE 3 Examples of case studies using lattice structures for improvement of medical implants.

Lattice structure

design method

Application

Purpose

AM method/
Material

10.3389/fmech.2024.1353108

Achievement

TO using the asymptotic
homogenization method

Orthopedic hip
implant

To propose a novel design that
addresses issues of bone resorption
and bone-implant interface stresses

Material jetting/
polypropylene

- -Reduced bone resorption of
cellular implant by 70% and 53%
compared to titanium implant and
foam implant

- Reduced max stress of cellular
implant by 50% and 65% compared
to the titanium implant and foam
implant

Arabnejad
Khanoki and
Pasini (2012)

Topology and lattice

Hip prosthesis

To propose a methodology for

Powder bed fusion/

- Reduced stress shielding by more

He et al. (2018)

optimization prosthesis design considering fatigue  Titanium alloy than 50%
conditions and reduce stress shielding
- More than 107 life cycles survival
rate
Homogenization Bone Tissue To design scaffold microstructure that = Material jetting/ - Customized scaffolds matching Hollister et al.
approach scaffolds meet design requirements and ensure | hydroxyapatite constraints on scaffold porosity, (2002)
adequate cell/gene delivery can be material and fabrication
introduced using a minimum porosity
threshold - Achieved excellent agreement
between native bone properties and
designed scaffold properties
Finite element-based Biodegradable To study the effects of scaffold AM in general/ - Tissue growth within the voids Chen et al.
homogenization technique | scaffolds configuration on tissue regeneration biodegradable (2011)
and TO approach polymer - Scaffold configuration impacts

tissue regeneration

Topology Optimization
using BESO technique

Topology optimization of
lattice structures using
SIMP

Replacement of solid
volumes by diamond cubic
lattice structures

Microstructure of
cellular materials

Non-uniform lattice
structure

Total hip prosthesis

To design micro-structures of cellular
materijals with maximum bulk or shear
modulus

To find and propose a design and
modeling method for improved non-
uniform 3D lattice structures while
ensuring manufacturability using SLS.

To create a stem with reduced stiffness
and bone tissue ingrowth

Not mentioned/
cellular materials in
general

Powder bed fusion/
nylon

Powder bed fusion/
Titanium alloy

- Successful 2D and 3D
demonstrations of methodology

- Generated interesting topological
patterns

- Presented an optimal design and
modeling method for 3D non-
uniform lattice structures

- Improved mechanical performance
compared to uniform lattice
structures

- Ensured manufacturability

- Reduced stiffness by 31%

- Increased porosity

Huang et al.
(2011)

Jin et al. (2018)

Jetté et al.
(2018)

the performance and mechanical properties of additively
manufactured lattice structures. These algorithms, such as
Support Vector Machines (SVM) and Artificial Neural
Networks (ANN), have been used to establish relationships
between design parameters, manufacturing conditions, and the
resulting mechanical properties, allowing for more effective AM
optimization processes (Izonin et al., 2022).

Moreover, the combination of AI and ML techniques with
multi-objective optimization algorithms has further expanded the
potential for designing highly optimized implantable medical
devices. These multi-objective optimization methods, such as
the Non-dominated Sorting Genetic Algorithm II (NSGA-II)
and the Technique for Order of Preference by Similarity
(TOPSI), have been employed to simultaneously optimize
multiple conflicting objectives during AM process, including
build time and the surface roughness as the objective functions
(Khodaygan and Golmohammadi, 2018). One study by Valiollah
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et al. (Panahizadeh et al., 2022) utilized the NSGA-II algorithm to
Optimization of LB-PBF process parameters to achieve best
relative density and surface roughness for Ti6Al4V samples. In
conclusion, the integration of AT and ML techniques in topology
lattice-based for additively
manufactured implantable medical devices has opened new

and structural  optimization
opportunities for improving the performance, adaptability, and
durability of these devices, which can significantly enhance the

quality of life for patients in need of such treatments.

6.1 Case study on data-driven design of
architected metamaterial implants

The data-driven design process for creating metamaterials-

based implants is a multifaceted approach that progresses
through data acquisition, ML-guided design of unit cells, and
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FIGURE 6

(A) Integrated design and fabrication workflow for high-performance architected materials, featuring a neural network proposing novel design
candidates, an ML algorithm employing FEM for design refinement, a 3D printing technique for material fabrication, culminating in the discovery of
superior architected materials, with statistical data indicated. (B) Bone implant design process for a significant tibial defect in a New Zealand rabbit,
showcasing Micro-CT imaging for accurate modeling, FEM simulations to compare ML-inspired, topology-optimized, and uniform designs, and
experimental validation highlighting the superior performance of the ML-inspired design with an inset of von Mises stress distribution under deformation.

multiscale design synthesis. A general case is shown in Figure 6A,
underscoring the gyroid scaffolds enhanced mechanical properties
when compared to cubic ones. This process is facilitated by a 3D
Convolutional Neural Network, which predicts material properties,
and a 3D convolutional autoencoder that enables efficient geometric
reconstruction. The first stage of this process is generative
architecture design (GAD), which utilizes the encoder-decoder
structure of the neural network (autoencoder) to produce a set of
architectures with previously unknown properties. By learning to
represent high-dimensional data effectively in an unsupervised
manner, the autoencoder simplifies the exploration of a vast
design space into a more manageable one, a technique that has
significantly advanced materials discovery. Following this is the
multi-objective active learning loop (MALL), which assesses the
selects  high-performance

generated dataset and

architectures through the repeated application of the finite

iteratively

element method (FEM). The final stage involves 3D printing the
ML-designed materials using laser powder bed fusion technology
and experimentally validating their mechanical properties, thereby
closing the loop from theoretical design to practical application. The
practical application of this methodology was demonstrated with a
large, irregular bone defect in a rabbit model in Figure 6B for bone
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grafting implants. The challenge of fitting a scaffold to such complex
shapes is met by adapting an ML-designed cubic scaffold to the
defect’s contours. FEM studies and experimental validation confirm
that the ML-inspired designs offer significant improvements in load-
bearing capacity, up to 20% over uniform designs, without
sacrificing stiffness (Peng et al., 2023). This suggests the ML
approach’s capability to deliver enhanced mechanical support in
real-world clinical scenarios, proving the method’s effectiveness in
creating large, intricate structures with greater load-bearing capacity
for bone implant integration.

7 Conclusion

This paper presented a literature review on topology and
lattice-based structural design optimization for development of
additively manufactured medical implants. In order to provide
robust designs that contribute to better life quality for patients, it
becomes necessary to perform structural optimization of medical
implants for the reduction or elimination of stress shielding
problems, promotion of osseointegration, customization, and
weight reduction. The content of optimization techniques in
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this paper is organized in two main sections based on the interior
structure predictability: (1) unpredictable interior topology
and (2)
topology (lattice-based optimization). Prior to introducing

(topology-based-optimization), predictable inner
structural optimization strategies that are used by different
research works, a brief summary of findings and relevancy of
additive manufacturing in medical areas is presented. Based on
analysis of data generated from Scopus, it was found that the
trend of the research in topology optimization and lattice
structures have grown in order to fully exploit the capabilities
that additive manufacturing offers for the fabrication of medical
implants. TO and lattice structures for AM medical implants are
recent and ongoing research areas, and there is a continuous
increasing trend in the last 10 years, with a significant growth
especially in the last 5 years. Combining topology optimization
of

manufactured medical implants is another strategy referred as

and lattice structures for improvement additively
“hybrid optimization” in this paper, which was implemented by
many researchers starting from 2011.

Structural design optimization combined with additive
manufacturing opens up a new option for the manufacturing
of optimized and efficient medical devices. The topology-based
optimization is an effective strategy in achieving medical implants
with improved performance. The integration of topology
optimization in the process chain for the development of AM
medical implants is explained schematically in this paper. In
summary, the main achievements presented from the reviewed
research papers from applying TO and SHO for medical implants
are related to minimization of stress shielding, weight reduction,
customization, stimulation of bone ingrowth, material cost
reduction, efficient bone replacements with good aesthetics and
structural function, and increased feasibility of complicated bone
replacement designs. In addition, based on papers that have used
predictable inner topology strategies, it can be concluded that
replacing solid volumes with lattice structures, also creates
potential to generate lighter medical implants while offering
suitable mechanical and supporting the flow of tissue fluids
that carry nutrients. However, despite the benefits of these
lightweight optimized medical implant designs, it is crucial to
understand the constraints of AM and carefully consider them
throughout the design process in order to fully exploit the

advantages that AM offers.
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