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REVIEW ARTICLE
Emerging 3D-printed zeolitic gas adsorbents

Jiazhao Huang', Rocky Gipson?, Chengcheng Wang?, Su Xia Zhang',
Subhash Guddati? and Sharon Mui Ling Nai'*
'Additive Manufacturing Division, Singapore Institute of Manufacturing Technology (SIMTech),

Agency for Science, Technology and Research (A*STAR), Singapore, 636732, Republic of
Singapore

2Entegris Inc., Billerica, Massachusetts, 01821, United States of America

Abstract

The development of zeolitic adsorbents is an essential subject of interest in the realm of
green chemistry, especially in the aspect of gasadsorption.The intrinsic molecular sieving
capacity of zeolites allows them to be widely adopted as effective gas adsorbents. As a
layer-by-layer deposition technology, three-dimensional (3D) printing can achieve more
complex zeolitic gas adsorbent structures than conventional manufacturing methods
by offering flexible freeform construction and controllable 3D structural design. This
review article focuses on the recent development of 3D-printed zeolitic gas adsorbents,
which integrate advanced zeolitic structures and emerging additive manufacturing
technologies for gas absorption. A description of zeolites and their conventional
fabrication methods is given for a basic understanding of zeolitic gas adsorbents. 3D
printing technologies are also introduced and discussed for the fabrication of zeolitic
adsorbents such as monoliths. Next, the recent progress in the fabrication of zeolitic gas
adsorbents using 3D printingisillustrated and summarized, which boosts the application
of 3D-printed zeolite absorbents in different fields of gas adsorption. Conclusions are
given with an outlook on opportunities ahead for future research. It is expected that the
development of advanced zeolitic materials and structures for gas adsorption purposes
will be significantly accelerated through 3D printing technologies.

Keywords: Additive manufacturing; 3D printing; Zeolites; Gas adsorption

1. Introduction

With growing global sustainability issues, substantial efforts have been made to develop
new materials and technologies for green chemistry over decades. Green chemistry
aims at limiting or eliminating the usage and production of hazardous substances
through a good design of chemical synthesis and processing!"?. Gas adsorption is
vital in green chemistry as a promising technology for air pollution prevention and
utilization of carbon oxide (CO,) resources®?.. Zeolite absorbents are widely applied
for gas adsorption because of their unique microporous structures and substantial
active sites. Zeolites are generally described as a class of aluminosilicate materials
that have open microporous crystalline structures”.. Among those micropores, the
relatively large cavities generated by the [Si, Al O,]* negatively charged frameworks
provide sufficient sites for the storage of balancing cations. There are also numerous
microchannels linking the cavities, thus forming a complex network of microporous
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structures®. Such structures can achieve the desired
molecular sieving phenomena for gas separation
technologies by selectively allowing the penetration of
molecules under a specific size!""\. Figure 1 illustrates the
forms and structures of zeolite A, a commonly used gas
adsorbent, at different length scales. Silica-alumina ratio,
crystal structure, surface area, pore structure, and pore
volume are important physio-chemical factors that affect
the adsorption efficiency of zeolite absorbent!'!.

Although multiple approaches have been developed
for the fabrication of zeolite materials and structures,
new scientific technologies are still expected to achieve
cost-effective production™*'®. As a novel manufacturing
technology, it is believed that three-dimensional (3D)
printing can give rise to robust zeolite absorbent for gas
separation!”®l. 3D printing, also referred to as additive
manufacturing (AM), is a cutting-edge technology for
manufacturing products with required customization,
intricate geometry, and high flexibility!">?!l. Therefore, 3D
printing enables the fabrication of complex objects which
are generally challenging to be produced by conventional
manufacturing methods®>**!. The printing process typically
starts with creating a 3D model through digital design
or scanning, followed by generating sliced layers within
special software. The fabrication of the targeted model
is then accomplished by adding each individual two-
dimensional (2D) layer over the prior one\. Due to this
unique building process, 3D printing has been proven to be
a promising method for producing natural materials and
synthetic materials in various fields, including aerospace,
petrochemical, and environment industries®” . For the
fabrication of zeolite absorbents, 3D printing possesses
some distinct advantages when compared to traditional
manufacturing approaches:

e 3D printing enables customized configurations
of zeolitic absorbent to be effectively achieved by
freeform production®..

e 3D printing also allows a complex zeolitic absorbent
interior channel system with desired surface chemistry,
shape, and porosity®!l.

Powder Crystal

mm pm

e 3D printing further offers a convenient and
straightforward fabrication of zeolitic composites for
gas adsorption®.

This review article focuses on the development of
3D-printed zeolite absorbents for gas adsorption purposes,
where the current stage, fabrication strategies, and future
opportunities are outlined and discussed. After a brief
introduction in Section 1, Section 2 provides a general
description of zeolite and its conventional shaping and
structuring methods. The same section also discusses the
basic concepts of different 3D printing processes to reveal
their potential for zeolitic absorbents. Section 3 further
gives a summary of the most recent developments in
3D-printed zeolite absorbent, followed by an elaboration
on its different applications as gas adsorbent in Section 4.
The article ends with conclusions and prospects in
Section 5.

2. Fabrication of zeolite absorbents

The major benefit that 3D printing can bring for the
fabrication of zeolitic gas adsorbents is the high design
flexibility, which allows the production of geometries
with more efficient adsorbent rate®>*. This section
illustrates the basic aspects of zeolite absorbents and their
conventional shaping and structuring methods, followed
by a brief description of 3D printing technologies.

2.1. Basic aspects of zeolites

Together with good chemical and thermal stability, zeolite
absorbents have demonstrated outstanding potential for
gas adsorption. This section gives a general description of
zeolites and the influencing factors for the adsorption of
gases on zeolites.

2.1.1. Structure and type

Zeolites are a class of aluminosilicate materials with a
general chemical formula of M“*X/n[AleiyOZMy]“_wHZO,
where M represents alkali or alkaline earth cation of
valency n, w is the number of water molecules attached
with the zeolite unit. Subscripts x and y represent the

Pore structure

Crystalline structure

Figure 1. Forms and structures of zeolite A across different length scales. Adapted with permissions from Oheix et al."” (crystalline structure and pore

structure) and Praipipat et al.* (powder and crystal).
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number of their corresponding element groups®™!. As
shown in Figure 2, building blocks of zeolites are formed
based on the [SiO4]* and [AlO,]* tetrahedral units,
defined as primary building units. Each tetrahedron unit
is linked to its four neighbors through their shared vertex
oxygen atoms. This leads to a spatial arrangement of simple
geometric forms, such as rings, prisms, and polyhedrals,
also known as secondary building units®®*”]. Within
such an interconnecting framework, voids and pores are
produced in the form of cages and channels between the
adjacent tetrahedra®.

The International Zeolite Association has established a
three-code system to differentiate zeolites based on their
crystal frameworks™!. There are over 200 types of zeolites
according to their silica-alumina ratios. These various
zeolites can be categorized into two major groups: Nature
and synthetic. Nature zeolites are typically of basalt or
volcanic origin. They often appear as crystals in igneous and
metamorphic rocks, while also as small grains embedded
within sedimentary rocks™!. Natural zeolites sometimes
suffer from contamination by other minerals, limiting
their potential applications in fields where uniformity and
purity are critical™'.

Compared to their natural forms, synthetic zeolites are
more likely to be uniform and pure in terms of frameworks,
lattice structures, and pore sizes for industrial applications.
However, professional equipment and clean substrates
are usually required for the synthesis reaction of zeolites,
leading to a higher fabrication cost than the price of natural
zeolites. Natural and waste raw materials are widely used
for the synthesis because they are both cheap substrates.
Due to the high contents of silicon and aluminum, clay

Primary building unit

SiorAl

° 0. f
°/b d\°

AT

minerals such as kaolin are regarded as the natural material
source for zeolite synthesis. By-products of industries such
as coal flying ashes are waste material sources to produce
synthetic zeolites">*!. Some well-known synthetic zeolite
Linda type A (LTA), X and Y, mainly differ in their silica-
alumina ratios, leading to various crystal structures and
molecular sieving properties. Table 1 lists some selected
typical zeolites for gas adsorption applications.

2.1.2. Influencing factors for gas adsorption

Zeolites exhibit remarkable gas adsorption properties,
making them highly sought-after materials for various
applications. As described in the previous section, these
crystalline aluminosilicates possess a unique porous
structure with well-defined channels and cavities, allowing
for efficient gas adsorption. The adsorption of gases on
zeolites is mainly driven by the adsorbent-adsorbate
interaction, where the structural characteristics of zeolites
play a crucial role. The number of exchangeable cations in
zeolites affects the adsorption capacity, as a higher number
of cations provides more sites for interaction with gas
molecules. The size of the pores in zeolites is also essential,
as it determines the accessibility and penetration of gas
molecules into the zeolite structure. The appropriate pore
size allows for effective adsorption, while larger or smaller
pore sizes may limit the adsorption capacity and rate. The
silica-alumina ratio is another structural characteristic of
zeolites which has a significant impact on the electric field
within zeolite structure for gas adsorption. A higher silica-
alumina ratio generally leads to lower electric field strength
and polarity within the zeolite pores. This is because Al
atoms have a higher charge density than Si atoms, resulting

Secondary building unit

JAN

Figure 2. Primary and secondary building units of zeolites.
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Table 1. Properties of selected typical zeolites for gas adsorption

Zeolite Group Silica-alumina ratiol** Application for gas adsorption

Chabazite Natural 1-4 Separation of CO, from natural/landfill gas; removal of NH, gas***l

Clinoptilolite Natural 6 Removal of CO,, H,S, N,, and H,O from natural gas; removal of SO,
from flue gas; removal of NH3 gas/]

Mordenite Natural 5.5 Adsorption of CO,, SO, and xylenel*>*

LTA Synthetic 0.7-1.2 Storage and separation of CO,; dehydration agent™™!

X Synthetic 1-15 Storage and separation of CO, and H,**

Y Synthetic 1.5-7.9 Storage and separation of CO,, H,0, and CH,*

in a stronger electric field when Al is present. Therefore,
zeolites with high alumina content, such as zeolite A
and X, generally have higher adsorption capacities when
compared to zeolite Y57,

Besides the structural characteristics of zeolitic gas
adsorbents, the adsorbent-adsorbate interaction is also
affected by the adsorbates. Adsorbates with a greater
polarity, such as CO,, tend to have stronger interactions
with the electric field within zeolites. This favors their
adsorption, as they can effectively interact with the
surface and pores of zeolites. On the other hand, less
polar adsorbates may have weaker interactions and lower
adsorption capacities. Dimension of adsorbates also affects
their ability to access the available pore space in zeolites.
Zeolite structures usually consist of interconnected pores
of specific sizes and shapes. Smaller adsorbate molecules
that are even smaller than the pore size can easily enter
and occupy the available pore space, leading to efficient
adsorption. In addition, environmental conditions,
such as pressure and temperature, also influence the
adsorbent-adsorbate interaction in zeolites. Pressure
can affect adsorption capacity by limiting the available
pore space, while temperature can affect the strength of
the adsorbent-adsorbate interaction by increasing the
mobility of the adsorbate molecules. Table 2 summarizes
the relation between the above-mentioned factors and the
gas adsorption performance of zeolites.

2.2. Conventional shaping and structuring methods

Zeolites, in their natural form, are typically synthesized in
powder form. However, it is necessary to transform them
into structured materials for their industrial applications
as gas adsorbents. A general introduction to conventional
shaping and structuring methods for zeolitic gas adsorbents
is given in this section.

2.2.1. Pelletization and granulation

Pelletization and granulation are traditional methods
used for adsorbent geometric processing. In pelletization,
the process involves compressing and shaping a powder

mixture into small, spherical particles. This is typically
achieved by applying pressure to the powder mixture using
a pellet press or extruder. The pressure helps to bind the
particles together, forming cohesive pellets'®”. Granulation,
on the other hand, involves the formation of larger,
irregularly shaped particles by agglomerating powder
particles with a binder. The powder mixture is typically
mixed with a liquid binder, such as water or a solvent, to
create a wet mass. This wet mass is then subjected to drying
or spray drying processes to remove the liquid and form
granules®!. These methods offer simplicity and versatility
in material incorporation, allowing for the inclusion of
various components or additives in the pellet or granule
structure.

2.2.2. Die-based extrusion

Compared to granulation and pelletization, extrusion
has been developed for the fabrication of structured
adsorbents with open channels®¢. Such open channeling
can reduce resistance to gas flow, resulting in an improved
gas transfer rate and more efficient adsorption. Unlike
the extrusion-based 3D printing technology, a die is
required for conventional extrusion manufacturing. The
die-based extrusion usually starts with mixing zeolite
with binder materials and water. The mixture is then
extruded into green monoliths in different shapes using
corresponding dies. The final products can be obtained
after drying and firing'. However, the usage of binders
could weaken the support strength and block the pores
of zeolites!®”. Although hydraulic extrusion is applied to
fabricate binderless zeolites, a marginal amount of binding
agent is still required, leading to a zeolite loading lower
than 100 wt%®!, Besides the direct forming of zeolite
monoliths, extrusion is commonly adopted for fabricating
microporous alumina supports where zeolite monoliths or
membranes can be grown through the coating.

2.2.3. Coating

Slurry coating and in situ synthesis are two widely used
methods for coating zeolite monolith onto the monolith
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Table 2. Factors that influence the adsorption of gases on zeolites*®*!.

Factors

Influence on the adsorption of gases on zeolites

Basicity

Exchangeable cations

Silica-alumina ratio

Size of pores

Zeolites with higher basicity exhibit a greater capacity for gas adsorption due to the enhanced electron density of the
framework oxygen.

« Polarizing power: Zeolites with smaller exchangeable cations have higher polarizing power and stronger interactions with
polar gas molecules such as CO,.

« Distribution: The distribution of exchangeable cations within zeolites contributes to the heterogeneous character of the
adsorption process. Different sites within the zeolite structure result in the selectivity of the gas adsorption.

« Size: The energy of interaction between the gas molecules and exchangeable cations is inversely proportional to the size of
cations, influencing the overall adsorption capacity and selectivity.

« Number: A higher number of exchangeable cations can provide more sites for interaction with gas molecules, leading to an
increase in the gas adsorption capacity and selectivity of zeolites

A lower silica-alumina ratio increases the electric field within the zeolite pores, enhancing the adsorption of polar molecules
and resulting in improved gas adsorption properties.

The size of pores within zeolites determines the accessibility and penetration of gas molecules into the structure. The appropriate

pore size allows for effective adsorption, while larger or smaller pore sizes may limit the adsorption capacity and rate.

Polarity of adsorbates

The polarity of adsorbates influences their interaction with the electric field within zeolites, which in turn affects gas

adsorption. Adsorbates with a greater polarity tend to have stronger interactions with the electric field of zeolites, leading to

enhanced adsorption capabilities.

Dimension of adsorbates The dimensions of adsorbates, such as the size and shape of molecules, play a role in their adsorption on zeolites. The

porosity of zeolite cavities is a selective factor for adsorbed molecules, with specific dimensions being more favorable for

effective adsorption.

Pressure

At low pressures, the amount of gas adsorbed is directly proportional to the cationic density in the zeolite pores. In contrast,

at high pressures, the volume of the pores becomes more significant.

Temperature

An increase in temperature can decrease the adsorbent-adsorbate interactions, leading to a decrease in gas adsorption of zeolites.

support surfaces. The slurry coating is often applied for
the fabrication of zeolite monoliths because it is easy to
apply the wash coat. Zeolite crystals and precursors of the
binder are carried by the wash-coat solutions. The bonding
between the crystallites and support is then obtained
through the calcination of coatings®!. In contrast to slurry
coating, zeolite crystals are directly coated on the support
surfaces through in situ coating. Such a coating process
requires the support to be immersed in a clear solution
such as the synthesis gel. The nucleation and growth of
zeolite crystals are intended to occur on the support than
in the solution, leading to the fabrication of monoliths
with higher mechanical strength than those produced by
slurry coating. In this way, dense and homogeneous zeolite
coatings can be achieved for the fabrication of monolith.
Zeolite membrane can also be made through the growth
of zeolite crystals over the support surfaces to form
polycrystalline film™!l.

2.2.4. Drawbacks of conventional methods

Pellets and granules are easier to produce and have a
faster production rate, but they have some disadvantages
compared to extruded structures, such as honeycombs.
These drawbacks include millimeter-sized particles,
leading to a reduced external surface area. Therefore,
pellets and granules are packed into a fixed bed to increase
the bed voidage for gas adsorption. However, the fixed bed

can experience a significant pressure drop as the gas flows
through the bed. This pressure drop can affect the overall
efficiency of the adsorption process and may require
additional energy for gas flow. Furthermore, there is a
possibility that the gas preferentially flows through certain
pathways or channels, bypassing some of the adsorbent
material. This can result in reduced contact between the gas
and the adsorbent, leading to lower adsorption efficiency.

Die-based extrusion lacks the ability to fabricate zeolite
absorbents with very complex geometries rather than
continuous channels or other simple structures. Stuecker
et al. performed a simulation study on the flow velocities
of gas passing through an extruded honeycomb-structured
zeolite monolith and a 3D-printed one”. As shown in
Figure 3, the maximum gas flow velocity achieved by the
straight continuous channel system is found to be over
4 times less than that offered by the interlocking channel
system fabricated through 3D printing. Such a complex
interlocking channel system cannot be manufactured by
extrusion. This is because the nature of this conventional
fabrication method is to create a continuous shape with a
consistent cross-section.

Coating of structured zeolitic gas adsorbents involves
applying a thin layer of zeolite materials onto a support
structure, which can be fabricated into complex interlocking
channel systems through other fabrication approaches,
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such as 3D printing. However, the coating for synthesizing
structured adsorbents has drawbacks that include a
relatively low overall capacity per unit mass due to the
large weight percentage of the substrate, the potential
for nonuniform coating leading to mass transport
limitations, and the lack of rigid binding between the
adsorbent film and the substrate. In addition, the use of a
substrate may introduce additional costs and complexity
to the manufacturing process. Figure 4 summarizes and
compares the characteristics of the above-mentioned
shaping and structuring methods for the zeolitic gas
adsorbents.

A 20mm —> Be—0 20mm —>

Maximum flow velocity ~ Maximum flow velocity

=0.005m/s =0.042m/s

2.3. 3D printing systems

Compared to conventional shaping and structuring
methods, 3D printing has emerged as a promising
fabrication approach for zeolite absorbents by offering
higher flexibility of geometry and versatility of materials.
In general, 3D printing has the potential to achieve high
resolution, down to a fraction of a millimeter (microns), and
can produce intricate and complex structures. Traditional
manufacturing methods, such as die-based extrusion
or coating, can also achieve high precision but may have
limitations regarding interlocking channel systems. It is
critical to achieve gas adsorbent with both high adsorption

UOI}OATP MO[J SeD)

..............................

Figure 3. Comparison between the maximum flow velocities for (A) extruded honeycomb and (B) 3D-printed monoliths. Adapted with permission from

Stuecker et al.l”?.

( Pressure sl h
Pelletization Powdes Granulation
Zeolite loading: 60 — 100 wt% ™ Zeolite loading: 40 — 90 wt%
Production rate: Fast / Production rate: Fast
Granules
Features: Features:
« Simple synthesis Gas @ ® (] « Simple synthesis
« Millimeter-sized granules L 4/ @ ® ®@ « Millimeter-sized granules
« Diffusion problem in fixed bed © L c Pellets ® « Diffusion problem in fixed bed
c© Zeolite gas
- Extruder adsorbents
Die-based Extrusion Coating
Zeolite loading: 50 — 100 wt% Zeolite loading: 4 — 90 wt%
Production rate: Medium Production rate: Fast
Features: Features:
« Simple synthesis « Simple synthesis
* High zeolite loading * Low zeolite loading
* Unable to fabricate complex structures * Weaker combination between
\- Hard to change the shape of adsorbents zeolites and substrates )

Figure 4. Comparison of characteristics of conventional shaping and structuring methods for zeolite gas adsorbents.
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rate and capacity. Since each 3D printing system has its
unique manufacturing process, feedstock materials, and final
products, a suitable system needs to be selected for specific
technical requirements. Therefore, a brief introduction
of 3D printing systems, such as photopolymerization,
extrusion, powder-based, and lamination, is given below
to provide a basic understanding of their applications for
zeolitic gas adsorbent manufacturing.

The origin of 3D printing can be traced back to the 1980s
when photopolymerization was developed to prototype
various materials rapidly. As one of the most commonly
adopted photopolymerization processes, stereolithography
(SLA) was filed for a patent by Charles W. Hull in 1986
for fabricating products with photopolymers”™. Other
common types of polymerization printing technologies
are digital light processing (DLP), two-photon lithography,
and continuous digital light processing/continuous
liquid interface production”. As shown in Figure 5,
the printing principle of such a system is based on the
polymerization reactions of photopolymers to construct
solid 3D objects”!. Photopolymers are generally made
of light-curable resins and stored in a vat for visible or
ultraviolet light treatment. The light treatment would
then trigger the cross-linking of polymers to achieve the
solidification of resins. Photopolymerization has shown
the advantages of fabricating porous ceramic materials in
terms of high printing speed, good geometry accuracy, and
versatile material selections”®””). From these perspectives,
a polymerization 3D printing system is a competitive
candidate for fabricating zeolitic gas adsorbents.

The extrusion-based 3D printing process is another
widely applied fabrication technique due to its simple
operation and affordable cost. Such a process consists of

Lenses

e

Laser source

Scanning mirror

Elevator

Liquid resin . t
Build plate

t
Bath

Figure 5. Schematic of stereolithography as a typical polymerization
printing process.

two main steps: pretreatment of materials and feedstock
deposition through nozzles”**. In 1992, Scott Crump
invented fused deposition modeling (FDM), the first type
of extrusion-based 3D printing process®'l. Thermoplastic
filaments are generally utilized for the FDM process in
which they are preheated to a semi-molten status. The
dispenser nozzle would deposit the materials onto the
substrate in a layer-by-layer manner™!. Figure 6 shows
another extrusion-based process, direct ink writing
(DIW), which shares a similar printing principle with
FDM. However, DIW does not require the drying and
solidification of inks to maintain the shapes by using non-
Newtonian viscous slurry. This fact enables DIW to print
3D objects from a wide range of various materials, such
as plastics, composites, and ceramics. The slurry can be
prepared for ceramic printing by a mixture of ceramic
materials and binders”®l. Therefore, DIW can be adopted
to fabricate structures with complex configurations,
especially the porous monolithic components®#4.

Powder-based 3D printing processes such as binder
jetting and selective laser sintering (SLS) are also suitable
for printing porous ceramic materials because the powder
bed is porous in nature. In the binder jetting process, a
layer of powder is recoated over the powder bed before
spreading. The liquid binder is then selectively deposited
onto the powder bed to glue the powder particles together
in the designed shape. The process is repeated until the
final product is fabricated, as shown in Figure 7. Binder
jetting has been proven to be capable of manufacturing
a wide variety of materials, including polymers, metals,
and ceramics®*. Various binders can be adopted in
binder jetting to create the ceramic-binder composite.
The post-processing makes the printed composite form
into porous ceramic materials. There are many factors,

Compression airl

Ink
Nozzle

/

Build plate

Figure 6. Schematic of direct ink writing as a typical extrusion-based
printing process.
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such as the binder content, sintering strategy, and powder
characteristics, affecting the geometries and mechanical
properties of the final products®!. The feeding process of
SLS is similar to that of binder jetting. SLS employs a laser
which is only sufficiently strong for the fusion of powder
particles. Therefore, the SLS is generally used to print
ceramic materials by coating material with a lower melting
point onto the matrix powder. The coating materials can
be removed later through sintering or left to enhance the
mechanical properties/®.

Besides the groups of 3D systems mentioned above,
laminated object manufacturing (LOM) is also a standard
3D printing technique. In the LOM process, the top layer
cutting is achieved by a blade or laser cutter, followed by the
laminate bonding. Additional machining is often required
to achieve final products in the desired shape. LOM is also
used to produce porous ceramic materials like other 3D
printing systems!®?..

3. Recent advancements in 3D printing of
zeolitic gas adsorbents

As mentioned in the previous sections, 3D printing is a
practical approach to fabricating zeolitic adsorbents in
customized geometry for gas adsorption usage. Both the gas
adsorption performance and fabrication processes of the
3D-printed zeolitic adsorbents are essential to their practical
applications. The recent advances in the development of
3D-printed zeolitic adsorbents are reviewed and discussed
in this section.

3.1. Material selection and development

3D printing has been applied to fabricate porous ceramic or
metal support structures such as scaffolds for the growth of
zeolite crystals™. However, the non-zeolite layers between
the zeolite and the substrate could act as barriers to the
reactants, leading to a reduced adsorption rate. Therefore,
recent research has focused on developing a self-standing
zeolite monolith for gas adsorption through 3D printing.

3.1.1. Self-standing type

In 2016, Thakkar et al. first formulated the printable 13X
and 5A zeolite paste with binding agents for the fabrication
of monoliths through the DIW printing technique. The
printed products were found to achieve a CO, adsorption
capacity comparable to that of their counterparts in
powder formPY. Figure 8 reveals that the 3D-printed
zeolite monoliths can preserve a stable porous network for
gas adsorption without requiring an additional supporting
structure made from a different material.

One critical aspect of material selection for the 3D
printing of zeolitic gas adsorbents is the choice of a zeolite
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Figure 7. Schematic of binder jetting as a typical powder-based printing
process.

Figure 8. Scanning electron microscopy images of self-standing
3D-printed zeolite structure with different magnifications. Reprinted
with permission from Thakkar et al.”"l.

framework. It is because that framework determines the
structural and chemical properties of zeolites, leading to
different selectivity and absorptivity of different gases.
Therefore, the selection of the appropriate framework
is crucial to the fabrication of zeolitic gas adsorbent for
targeted gas through 3D printing. As shown in Figure 9,
different zeolite frameworks contain various tiny openings
that permit molecules of a specific size to pass through. The
size of these pores determines which gas molecules can be
absorbed into a zeolitic gas adsorbent. Any molecules that
are larger than the pore size will be unable to enter and be
absorbed by the pores.

For example, LTA zeolites have a narrow pore size
distribution and a high degree of structural order, which
makes them ideal for separating small molecules based
on size and shape. In contrast, faujasite (FAU) zeolites
have a larger pore size and a more disordered structure,
which makes them better suited for adsorbing larger
molecules. Furthermore, smaller pores tend to have
higher selectivity for specific gases, while larger pores
tend to have higher adsorption capacity. Table 3 shows
some common types of zeolite materials, including
mordenite framework inverted (MFI) and chabazite
(CHA) zeolites, that have been applied for the 3D
printing of gas adsorbent, where the surface area of
the printed adsorbent structure is determined by the
Brunauer-Emmett-Teller (BET) test.
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Pore size around 3 —4 A

Pore size around 5 -6 A

12-T atom ring

Mordenite framework inverted

(MFI) Faujasite (FAU)

Poresize >7 A

Increase of micropores diameter of zeolite frameworks

Figure 9. Schematic of zeolite frameworks with different sizes of pores and channels. Adapted with permissions from Liu et al.*?) (CHA framework) and
Asgar Pour and Sebakhy (LTA, MFI, and FAU frameworks).

Table 3. Selected types of zeolites used for 3D printing of gas adsorbents

Zeolite Framework Printing Zeolite loading  BET surface  Adsorption capacity (mmol/g)  Targeted usage References
technique (Wt%) area (m?/g)
5A LTA DIW 80 - 90 395 - 543 1.59 CO, removal [91]
5A LTA DIW 92.1 540 3.7 CO, adsorption [94]
5A LTA DLP 70 361 1.6 CO, adsorption [95]
ZSM-5* MFI DIW 75 390 - CO, adsorption [94]
ZSM-5  MEFI DIW 65 261 1.08 for N, €O, CH, and N, [96]
1.41 for CH, separation
2.39 for CO,
ZSM-5 MFI DIW 84 330-339  45.9 - 47.8 for toluene (humidified) Volatile organic [97]
34.1 - 44.3 for toluene (humidified) compounds removal
ZSM-5 MFI SLA - 311 - CO, adsorption [98]
SA* FAU DIW 81.6 96 - CO, adsorption [94]
13X FAU DIW 80 - 90 498 - 571 1.6 CO, removal [91]
13X FAU DIW 64.5 - 66.7 550 - 640 33-35 CO, adsorption [94]
13X FAU DIW 90 767.429 - CO, adsorption [99]
13X FAU DIW 83.3-85 550 - 570 0.7 - 1.6 (dry) CO, capture [100]
0.3 - 0.5 (humidified)
SAPO-34* CHA DIW 50 263/357 1.8-5.41 CO,/N, separation [101]

Abbreviations: BET, Brunauer-Emmett-Teller; CHA, chabazite; DIW, direct ink writing; DLP, digital light process; FAU, faujasite; LTA, Linda type A; MFI,
mordenite framework inverted; SA: South Asia zeolite; SAPO-34: silicoaluminophosphate-34; SLA, stereolithography; ZSM-5: zeolite Socony mobil-5.

Zeolite powder needs to be made into a paste/slurry for
3D printing because it is difficult to extrude the powder
directly. The zeolite-based paste preparation for 3D
printing is usually achieved with the aid of additives, such
as inorganic and organic binders. Inorganic materials such
as bentonite clay, colloidal silica, and aluminophosphate
solution have been investigated as primary binders for the
3D printing of zeolite monoliths. Bentonite clay is a natural
mineral known for its high swelling properties and colloidal
behavior, making it suitable for use as a binder in 3D
printing'®?. Colloidalssilica, on the other hand, is a synthetic

material that has a high surface area and can form strong
bonds with zeolite particles, resulting in good mechanical
strength of the printed monoliths!®!. Aluminophosphate
solution can provide good adhesion between the zeolite
particles and improve the mechanical strength of the
printed monoliths!'*. Lefevere et al. discussed the impact
of the above-mentioned inorganic materials on the quality
of 3D-printed zeolites. The shrinkage of printed zeolites
would be reduced when bentonite was mixed in a 50/50
ratio with aluminophosphate or colloidal silica to form a
binary binder system!*.
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Organic materials are also utilized as binding agents due to
their ability of forming strong bonds between zeolite particles
and water solubility, allowing for easy binder removal during
calcination. Methylcellulose is a commonly used organic
plasticizing binder. It can promote both the gelation and
shear thinning behavior of zeolite mixtures because it can
form a network of hydrogen bonds in the presence of water.
This network can increase the viscosity of the mixture and
promote gelation. However, under shear stress, the hydrogen
bonds can break, causing the viscosity to decrease and
allowing for easier extrusion through the printer nozzle!'*l.
Another type of organic material, polyvinyl alcohol (PVA), is
often added as a co-binder that provides additional binding
strength and stability to the printed structure. PVA also has
a high degree of flexibility, which can help to reduce the
likelihood of cracking or deformation during the printing
process. In addition to its binding properties, PVA can act
as a pore-forming agent in the printed structure. Controlling
the concentration and distribution of PVA in the printed
material makes it possible to create specific pore structures
within the printed zeolitic gas adsorbents1*.

Recent research has focused on the exploration of
alternative additives that can be entirely removed by the
post-processing treatment for the fabrication of binderless
zeolitic gas adsorbents. It is because that the additives, such
as clay binders, cannot be easily removed after printing
because they do not decompose at low temperatures. This
makes achieving 100% pure zeolite structures difficult,
which is necessary for many applications. Wang et al.
adopted a solvothermal bridging technique to create
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binderless NaX zeolite monoliths. However, this technique
was time-consuming and required extensive optimization
to coordinate the various components, as shown in
Figure 10. In addition, it only resulted in a single binderless
zeolite and has not been applied to other zeolite families®”.

Lawson et al. developed a novel 3D printing approach
for producing binderless zeolite monoliths with sacrificial
biopolymers gelatin and pectin. Those biopolymers were
foundtobe fullyremovedby calcination at high temperatures,
resulting in 100% pure zeolite structures without any
residual binder material. Moreover, calcining zeolites
alongside gelatin and pectin led to the narrowing of the pore
windows and gave rise to enhanced adsorption capacities.
The resulting binderless zeolite monoliths demonstrate a
versatile means of 3D printing binderless zeolites for the first
time, with several advantages over traditional methods, such
as greater geometric control during 3D printing and lower
manufacturing costs compared to hydraulic extrusion®.

3.1.2. Polymer-based type

Polymer-zeolitic gas adsorbents are composed of a polymer
matrix with dispersed zeolite particles. Such hybrid materials
combine the properties of both polymers and zeolites,
resulting in materials that have enhanced mechanical
strength. This is because incorporating zeolite particles
into the polymer matrix gives the composite adsorbents
a higher surface area for gas adsorption compared to
traditional zeolite monoliths!®®.. In addition, the polymer
matrix provides a synergistic effect that enhances the
adsorption properties of the zeolite particles. This is

1i: Printi stine zeolite monoliths

Figure 10. Schematic of 3D printing procedure of binderless zeolite. Reprinted with permission from Wang et al.?”..
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because the polymer matrix can act as a support structure
for the zeolite particles, preventing them from collapsing
or agglomerating during use. Thakkar et al. fabricated the
zeolite-embedded polymer monoliths through the DIW
technique!'®. The printed monoliths consisted of Torlon
polymer and zeolites 13X and 5A, with around 31 wt%
zeolite particles incorporated into the polymer matrix. The
composite monoliths demonstrated a compressive strength
of approximately 210 MPa. This compressive strength was
notably higher than that of 3D-printed zeolite monoliths
developed in the previous work, which is below 1 MPal'®!,
The improved compressive strength of the polymer-zeolite
composite monoliths makes them highly robust structures
with outstanding mechanical integrity. This enhanced
strength allows for better resistance to deformation and
attrition during handling and adsorption processes.

In 2017, Wudy et al. investigated using the SLS
technique to manufacture zeolite-filled polypropylene
composites. The properties of printed composite materials
are comparable to those manufactured through extrusion
processes, with the added benefit of improved water
adsorption properties. The addition of 20 wt% zeolite
resulted in a 50% increase in water uptake compared
to unfilled polypropylene. It was anticipated that the
addition of thermally conductive fillers could enhance
the thermal conductivity of the composite, which might
have implications for vapor adsorption. Furthermore,
SLS-manufactured composite is expected to have improved
mechanical properties than its extruded counterpart due
to better interfacial bonding between polymer matrix
and zeolite fillers. The authors stated that the detailed
mechanical strength performance of the printed composite
would be evaluated in their future study!"l.

Zhang et al. explored the fabrication of polymer-zeolite
composite with up to 75 wt% zeolite filler contents through
direct laser writing (DLW), a type of photopolymerization-
based 3D printing. The printed composite can absorb
water and expand, causing the 3D object to change shape.
When the water is removed, the composite returns to
its original shape due to the shape memory effect of the
polymer, resulting in 4D behavior. The storage modulus of
the composites increased by 10-fold compared to that of a
pure polymer. The tensile strength and elongation at the
break of the composites were slightly lower than those of
the pure polymer!"'!l. Table 4 summarizes the composition,
mechanical strength, and gas adsorption properties of the
above-mentioned polymer-zeolite composites.

3.1.3. Metal-organic frameworks-based type

Metal-organic frameworks (MOFs) are a class of porous
materials consisting of metal ions or clusters linked together

by organic molecules, creating a highly ordered network
with a large surface area and high porosity"?. As shown
in Figure 11, zeolitic imidazolate framework-8 (ZIF-8) is
a type of commercialized MOF material that has garnered
significant attention in recent years due to its excellent
gas adsorption properties and affordable price for large
quantities. As a type of MOFs being topologically isomorphic
with zeolites, ZIF-8 has a regular arrangement of pores and
channels that allow for efficient gas transport, making it
attractive for various gas adsorption applications!?!.

Evans et al. adopted FDM for the 3D printing of
ZIF-8 in thermoplastic polymer composites. The MOF-
thermoplastic polymer composites were produced by
incorporating ZIF-8 homogeneously into both polylactic
acid and thermoplastic polyurethane matrices at high
loadings of up to 50% by mass. The BET surface area of
the printed ZIF-8 was not high initially, but it increased
after CH,OH solvent exchange and evacuation, yielding
a BET surface area of 105 m?/g. The specific surface area
increased to 141 + 27 m?/g after printing the filament with
the ZIF-8 to PLA weight ratio of 1.5,

Bible et al. developed composite materials by
incorporating ZIF-8 into acrylonitrile butadiene styrene
(ABS) through FDM!"*\. The authors previously determined
gas adsorption kinetics for 3D-printed pure ABS, which had
a BET surface area of 0.6 m?/g and a total pore volume of
0.002 cm?/g. In contrast, the printed ABS-ZIF-8 composite
had a BET surface area of 1.5 m*/g and a total pore volume
of 0.005 cm®/g, indicating that the incorporation of ZIF-8
MOFs significantly increased the porosity and surface
area of the composite material. The printed MOFs also
maintained their N adsorption capacities within the

2
composites even after soaking in water!'.

Lefevere et al. reported the use of the DIW technique
to synthesize ZIF-8 monoliths with open flow-through
channels. The MOF structures were fabricated layer-by-
layer using a binder recipe containing methylcellulose and
bentonite binder, and thermally treated to remove the organic
binder without destroying the ZIF-8 structure. The resulting
ZIF-8 monoliths exhibited high mechanical stability with
compressive strengths ranging from 0.6 to 1.4 MPa and
high adsorption capacities for CO,, CH,, and N, gases, with
maximum uptakes of 1.5, 0.5, and 0.3 mmol/g, respectively™°l.

3.2. Structural design

The design of the zeolite structures can influence the
diffusion, adsorption, and desorption properties of
the adsorbent. Even zeolite materials with identical
compositions can display distinct structural characteristics
for gas adsorption. Table 5 summarizes some structures
which are commonly adopted for the fabrication of

Volume 2 Issue 4 (2023)

"

https://doi.org/10.36922/msam.1880


https://doi.org/10.36922/msam.1880

Materials Science in Additive Manufacturing

Emerging 3D-printed zeolitic gas adsorbents

Table 4. Comparison of 3D-printed zeolite and polymer-zeolite composite for gas adsorption

Material Printing Mechanical strength Gas adsorption properties References
technique
Zeolite 5A DIW » Compression strength: 0.05 - 0.35 MPa « BET surface area: 395 - 543 m*/g [91]
« Young’s modulus: 1.65 - 9.45 MPa « CO, adsorption capacities: 1.59 mmol/g using
5000 ppm (0.5%) CO, in nitrogen at room temperature
Zeolite 5A + Torlon DIW Compression strength: around 210 MPa « BET surface area: 59 m*/g [109]
« CO, adsorption isotherms: CO,
uptake=1.83 mmol/g at 35°C and 1 bar
Zeolite 5A + PEG- DLW » Maximum storage modulus: 67.3 MPa BET surface area: 626 m*/g [111]
diacrylate (75% zeolite filler)
» Maximum loss modulus: 5.5 MPa
(75% zeolite filler)
Zeolite 13X DIW » Compression strength: 0.3 - 0.69 MPa « BET surface area: 498 - 571 m*/g [91]
« Young’s modulus: 7.5 - 15 MPa « CO, adsorption capacities: 1.6 mmol/g using 5000 ppm
(0.5%) CO, in nitrogen at room temperature
Zeolite 13X + Torlon DIW Compression strength: around 210 MPa « BET surface area: 93 m’/g [109]
« CO, adsorption isotherms: CO,
uptake=1.51 mmol/g at 35°C and 1 bar
Zeolite 13X + PEG- DLW « Maximum storage modulus: Around BET surface area: 834 m*/g [111]

diacrylate 18.5 MPa (50% zeolite filler)
« Maximum loss modulus: 2.48 MPa

(60% zeolite filler)

Abbreviations: BET: Brunauer-Emmett-Teller; DIW: Direct ink writing; DLW: Direct laser writing; PEG: Polyethylene glycol.

A
PY _® Nucleation
* 4 »
Zn(NO;),*6H,0  2-methylimidazole
B

Crystallization

Figure 11. (A) The synthetic procedure of zeolitic imidazolate framework-8 (ZIF-8) catalyst, where zinc nitrate hexahydrate (chemical formula:
Zn(NO,),-6H,0) reacts with 2-methylimidazole (chemical formula: C,H N,) to yield ZIF-8 basic structural units; (B) Scanning electron microscopy (SEM)
images of hexagonal synthetic ZIF-8 particles with an average particle size was about 500 nm. Adapted with permission from Bragina et al.!"'.

zeolitic gas adsorbents through traditional or 3D printing
methods. Researchers have explored various porous
structural designs to optimize the adsorption capacity
and selectivity of the printed zeolitic adsorbents!!”!8,
Compared to traditional manufacturing methods, 3D
printing enables the fabrication of zeolitic gas adsorbent
with complex and intrinsic geometry. The wall thickness,
channel diameter, and channel shape of a zeolite monolith
have a direct impact on mass transfer within the monolith.

Consequently, these factors have a significant effect on the
adsorption performance of the monolith.

In the study by Couck et al., the authors employed DIW
with a fiber diameter of 400 um and an inter-fiber distance
of 500 um to fabricate zeolite monolith for gas adsorption®.
The monolithic structure was characterized by a scanning
electron microscope (SEM) with a CO, adsorption capacity
of 1.6 mmol/g at room temperature and atmospheric
pressure®. The same group of authors used thinner fibers
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Table 5. Comparison of commonly used structured gas absorbents

Feature Structure

Pellet Granule Monolith Membrane

Manufacturing method ~ Die-based extrusion; pelletization Granulation Die-based extrusion; coating; 3D printing  Coating; 3D printing

Common shape Spherical or cylindrical Irregular Honeycomb, cylinder, and cuboid Flat or tubular
Size 0.5-5mm 0.5-5mm 1-10cm 0.1 -1 mm
Porosity Low to medium Low to medium High Low to medium
Surface area Low to medium Low to medium High High
Zeolite loading Low to medium Low to medium High Low to medium
Durability Moderate Moderate High Moderate

with a thickness of around 300 um for the 3D printing of
zeolite monolith with an average channel width of 650 um.
The monolith was tested for adsorption and separation
of CO, and N, through isotherms and breakthrough
experiments. The resulting materials showed CO, adsorption
properties similar to the parent powder SAPO-34, with a
moderate decrease in capacity due to the presence of binder
in the monolithic structures!"™. For extrusion-based 3D
printing, the precision of the structure of zeolite monoliths is
mainly dependent on the size of the nozzle, which limits the
ability to design the structure with finer details. By utilizing
the DLP 3D printing technique, Zhang et al. reduced the
wall thickness of the zeolite monolith to 250 pm, resulting
in improved dynamic adsorption performance®. The
breakthrough width of the printed monolith reached 5.6 min,
which was shorter than 6.8 min for commercial pellets,
indicating that the refinement of the structure improved the
dynamic adsorption rate of the zeolite monolith and showed
fast adsorption kinetics®!. Lawson et al. discussed the effects
of cell density and intrinsic porosity on structural properties
and adsorption kinetics in 3D-printed zeolite monoliths*,
The monoliths were printed with three cell densities of 200,
400, and 600 cpsi, while their wall porosities were in the
range from 0.23 to 0.46 based on the mercury intrusion
porosimetry measurements. The study found that monoliths
made from a macroporous binder had a faster CO, mass
transfer rate, while those with increased cell density had a
reduced CO, mass transfer rate!".

Recent research has also focused on the 3D printing of
zeolites with hierarchical porosity structures, which have
larger pore sizes and higher surface areas compared to
conventional structures such as honeycombs. Honeycomb
structures typically have a uniform pore size distribution,
limiting their ability to selectively adsorb gases based
on size and shape. In contrast, hierarchical porosity gas
adsorbents have a range of pore sizes, including both
micro- and meso-pores, which allow them to capture
a broader range of gas molecules more effectively. The
hierarchical structure also provides a larger surface area

for gas adsorption, which improves the overall adsorption
capacity of the material. In addition, hierarchical porosity
gas adsorbents have the potential to be more durable
and stable under high-pressure conditions compared to
traditional honeycomb structures. 3D printing has been
utilized to create mesoporous zeolite monoliths with
oriented hierarchical mesopores, which exhibit high
adsorption capacity and selectivity. The incorporation of
hierarchical porosity, which consists of both micro- and
meso-pores, can improve the adsorption properties of
the printed zeolitic adsorbents. For the extrusion-based
3D printing technique, the zeolite monoliths printed
through DIW in the study by Li et al. exhibited hierarchical
porosity with pore sizes ranging from 1.5 nm to 1 pm.
The BET surface area of the samples ranged from 17 to
326 m?*/g, while the micropore area and micropore volume
were determined using the t-plot method. The total pore
volume of the samples ranged from 0.27 to 1.02 cm?/g,
with micropore volume ranging from 0.01 to 0.13 cm’/g
and mesopore volume ranging from 0.17 to 1.01 cm?/g1**),
As an alternative to DIW, SLA has high resolution and
superior forming capability, which allows for the creation
of intricate geometries with high accuracy and precision.
Merilaita et al. found that SLA can create hierarchically
porous zeolite structures with porosity on three scales:
printed flow channels for rapid gas transportation, porosity
between primary particles allowing gas to flow into the
structure, and micropores characteristic to the material
itself, where adsorption finally occurs®®.

3.3. Influence of printing process parameters

Besides material development, recent research has focused
on optimizing the process parameters to improve the
performance of the 3D-printed zeolitic gas adsorbents. By
controlling the process parameters, not only can the quality
and precision of the printed adsorbent can be enhanced,
but its utilization efficiency can also be improved.

Chu et al. conducted a study on the extrusion-
based 3D printing of zeolite monolith to optimize the
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printing resolution and mechanical stability of the
printed structures!'®!. The study investigated the effects
of several parameters, including nozzle diameter, nozzle
height, printing speed, and ink viscosity, on the printing
process. A variety of zeolite catalysts with different heights
were prepared and analyzed for their morphology and
mechanical strength. It was found that lower solid content
in the ink resulted in easier extrusion from the nozzle. The
size and morphology of ink deposition were controlled by
adjusting the ratio of extrusion speed to printing speed and
the height of the nozzle. It was found that the ink deflection
was proportional to the span, which was defined as the
distance between two supporting points of the printed
structure. Specifically, the influence of span on deflection
was studied by printing structures whose spans were
1800, 1300, and 950 wm, respectively. The measurement
revealed that fine ink deposition without deflection could
be ensured when the span was < 920 wm. The printed
zeolite monolith experienced roughly a 53% volume
shrinkage and displayed a surface fluctuation of about
100 um, while the sidewalls fluctuated around 200 pm,
indicating a high level of precision in its formation. The
mechanical strength of the structure reached up to 11 MPa
but decreased as the layer height increased. As for the
other printing techniques, most of the existing research
has been performed on the material development for the
zeolitic gas adsorbents, whereas few studies have focused
on the optimization of printing process parameters.

3.4. Post-processing of 3D-printed zeolites

Calcination is another crucial post-processing step in
fabricating 3D-printed zeolitic gas adsorbents, as it can
affect their morphology, crystallinity, and surface chemistry.
Calcination helps remove the organic additives used in
the 3D printing process, leaving behind only the inorganic
zeolite framework. This is important because the presence of
organic materials in the zeolite can significantly compromise
its porosity and adsorption performance!™!l. Calcination
helps to activate the zeolite framework and remove any
residual water molecules or impurities trapped within it.
This process results in an increase in the surface area and
pore volume of the zeolite, which is vital for achieving high
adsorption capacity and selectivity toward the target gas
molecules®™%!. Calcination also improves the mechanical
strength and stability of the 3D-printed zeolite structure,
making it more robust and resistant to deformation or
cracking during subsequent handling®'*l. Calcination
time and duration for 3D-printed zeolite monoliths depend
on several factors, such as the type of zeolite, the type of
binder, and the desired properties and performance of
the final product. Typically, calcination is performed at
temperatures between 400°C and 800°C for several hours

in the presence of air or another oxidizing agent. However,
the specific conditions and duration of calcination may
need to be optimized to ensure that the desired properties
and performance of the 3D-printed zeolite monoliths are
achieved. It is recommended to consult the literature for more
specific guidance on the calcination process for a given zeolite
system. Thakkar et al. made the printed zeolite calcinated at
700°C for 2 — 4 h to remove the organic content, leading to an
increase in both the mesoporosity and mechanical strength
of the final product®. Couck et al. adopted a calcination
condition of 823 K for 3 h to ensure that the printed ZSM-5
monolith retained its crystalline nature®!.

4, Applications of 3D-printed zeolitic gas
absorbents

Recent advancements in 3D printing technology have
enabled the fabrication of complex zeolite structures with
precise control over their pore size and geometry. This has
opened new possibilities for designing and optimizing
zeolitic adsorbents for specific gas separation, purification,
and storage applications.

4.1. Gas separation

3D-printed zeolite monoliths have shown significant
potential for use in gas separation. One typical application
of 3D-printed zeolite structures for gas separation is the
selective removal of CO, from CH, in natural gas streams.
It is because that the existence of CO, would lower the
heating value of gas, leading to corrosion when water is
also present in pipelines!?*!#)l. Lawson et al. measured
the adsorption isotherms for CO, and CH, at 25°C from
0 to 1 bar for four different 3D-printed zeolite structures
that made of 13X, 5A, ZSM-5, and South Asia (SA)®Y. It
was found that the South Asia zeolite monolith exhibited
a CO,/CH, selectivity of approximately 50 with a
corresponding uptake capacity of approximately 3 mmol/g
at a pressure of 0.15 bar®). In the study by Wang et al.,
3D-printed NaX zeolite monoliths were shown to be
highly effective in separating CO, and CH, gases in fuel
gas purification. Dynamic adsorption breakthrough tests
demonstrated the superiority of 3D-printed zeolites over
commercial benchmark ones for flue gas purification and
natural gas upgrading. The equilibrium CO, uptake of the
3D-printed zeolite monoliths reached up to 5.58 mmol/g
at a temperature of 298 K and pressure of 1 bar. The
3D-printed gas adsorbents displayed an ultra-strong CO,
affinity compared to the parental NaX zeolite powders,
particularly at low partial pressure!®.

One promising approach for the removal of CO, from
natural gas streams is the use of electric swing adsorption
(ESA) technology. In the traditional temperature swing
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adsorption process, the adsorbent is regenerated by
increasing the temperature, which causes the adsorbed
gas to desorb from the surface of the adsorbent. In
contrast, the energy expended is delivered directly to the
adsorbent during the ESA process, which implies a higher
efficiency and minimization of lost heat!*!. Regufe et al.
used DIW to print an electrically conductive 3D-printed
zeolitic gas adsorbent for CO, capture in the ESA
process'®l. Zeolite 13X was mixed with activated carbon
and carboxymethylcellulose to formulate printing ink.
At a pressure of 0.15 bar, the CO, adsorption capacity of
the 3D-printed gas adsorbent is 3.49 mol/kg, an increase
of about 40% from its counterpart fabricated by the
traditional die-based extrusion process.

4.2, Gas purification

There are several high-value purification applications for
3D-printed zeolite form factors. Specialty gases are one such
area. Contaminant signatures are unique to many specialty
gases, mainly due to production methods. Still, these
signatures can also be influenced and even determined by
other factors such as geography and raw materials supply.
Purification across this gas landscape involves dozens,
perhaps hundreds of separations, which are complicated by
the inherent reactivity of the gas itself and competition of
contaminants for adsorbent active sites. The semiconductor
industry is a large consumer of ultra-high purity specialty
gases, where sensitivity to contamination often drives purity
needs to 99.999% (5N) or better. Gas-phase processes such
as deposition, etch, epitaxy, and annealing all consume
specialty gases through the use of sophisticated process
tools. Often, these tools employ many different gases in their
operation, and most include small point-of-use purifiers to
ensure both stable process yield and protection of critical
components. Considering the physical space constraints,
gas velocities, and lifetimes required in these ultra-high
purity applications, the purification of specialty gases
represents considerable challenges. For the gas purification
technologist, gaining access to the large variety of zeolite
structural motifs and other sorbents through 3D printing is
a significant solution enabler.

Although contaminant signatures can be specific to
many process gases, many long-standing purification
targets are common across the industry. Atmospherics such
as moisture, CO, CO,, and NO_compounds are ubiquitous
contaminants, usually present due to intrusions in handling
and transportation. Other common contaminants include
the class of volatile organic compounds (VOCs), which can
be attributed to the atmosphere, lubricants used in various
processes, or even cleaning residue. Adsorption of VOCs
is an essential application of 3D-printed zeolite structures
for gas purification. VOCs are a group of organic chemicals

that are emitted as gases from certain solids or liquids.
They can cause a variety of health and environmental
problems, including respiratory issues and the formation of
smog?#1?1. As shown in Figure 12, Wang et al. proposed a
design of the core-shell structure in the 3D-printed zeolite
monoliths to enhance their adsorption and separation
performance. The core of the monolith was a ZSM-5
honeycomb structure with high selectivity for VOCs. After
the ZSM-5 core was printed, a hydrophobic silicalite-1 shell
was grown on the surface of individual ZSM-5 crystals
by introducing colloidal silica into the printing inks. The
breakthrough time for toluene removal over one printed
sample under dry conditions is reported as 357 s/g, while
under humid conditions, it is slightly longer at 442 s/gl*\.

As a typical zeolite-like structure, 3D-printed ZIF-8
monoliths have also been adopted for the removal of
VOCs. Pellejero et al. formulated the ZIF-8 on ABS
filament to adopt dimethyl methylphosphonate (DMMP),
a type of VOC used as a simulant for nerve agents in
research and testing!'?*. The formulation involved low-
temperature atomic layer deposition of ZnO on the ABS
matrix and subsequent hydrothermal conversion of ZnO
to ZIF-8 on the ABS support to prepare the filament. The
printed ABS/ZIF-8 fillers were found to have an adsorption
capacity of 20.4 mg of DMMP per gram of ZIF-8!'%,

4.3. Gas storage

The storage of gases such as CH, for energy sources is a
key application for 3D-printed ZIF-8 gas adsorbents that
possess MOFs and zeolites properties. The high porosity
and stability of 3D-printed ZIF-8 gas adsorbents make them
suitable for gas storage, as they can provide high storage
capacity and stability under a wide range of operating
conditions. Dhainaut et al. studied the formulation of several
types of MOF inks, including ZIF-8, for 3D printing and
the creation of robust microporous solids for high-pressure
gas storage. The SEM examination in Figure 13A showed
that the 3D-printed ZIF-8 monoliths contain numerous
pores induced by the rapid drying process, leading to a
compressive strength slightly lower than that of dense ZIF-8
pellets by a factor of 10-100 times. Figure 13B shows that
high-pressure CH, adsorption/desorption isotherms were
measured at ambient temperature on 3D-printed ZIF-8
monoliths up to 55 bars. The results revealed that 3D-printed
monoliths were able to store 59 g/kg of ZIF-8 at 298 K and
30 bars. Such capacity was close to that of commercial
ZIF-8 powder, which was reported to store 68 g/kg at
the same temperature and pressure level. It was pointed
out that further optimization of printing parameters and
MOF crystal loadings was required to improve mechanical
properties and prevent partial sagging on the edges of the
printed monolith for gas storage application!?!.
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Figure 12. Schematic diagram for the additive manufacturing of core-shell structure zeolite composites for gas purification which consists of four major
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V.45 (8/kg of 3D-printed solid) gy

g

Pressure (bar)

Figure 13. (A) Fragment and (B) high-pressure methane physisorption isotherms at 298 K of 3D-printed ZIF-8 monoliths. Reprinted with permission

from Dhainaut ef al.!'),

5. Conclusions and outlooks

In conclusion, 3D-printed zeolite monoliths have proved
to be promising for gas adsorption, storage, and separation
applications. They have several advantages over traditional
methods of synthesizing zeolites, such as precise control over
pore size and geometry and the ability to tailor the material
for specific applications. Meanwhile, material limitation
and production cost are the two major challenges that need
to be overcome for the 3D printing of zeolite gas adsorbents.
Zeolitic materials can be limited in their suitability for 3D
printing methods. Such material limitation also makes 3D
printing sometimes more expensive and time-consuming
for large-scale production when compared to traditional
manufacturing approaches. It is expected that 3D-printed
zeolite monoliths can be fabricated with high resolution
and precision, leading to improved performance in gas
adsorption, storage, and separation applications.

The future research will focus on the development of
3D printing technology for zeolitic gas adsorbents and
will continue to focus on producing printed components
with improved properties for gas adsorption. This may
involve the development of new zeolite materials with
optimized pore structures and surface chemistries, as well
as improvements in the 3D printing process itself, such as
faster printing speeds and the ability to print larger and more
complex structures. Such material limitation also makes 3D
printing sometimes more expensive and time-consuming
for large-scale production when compared to traditional
manufacturing methods. Multi-material 3D printing is also
a promising approach for fabricating zeolitic gas adsorbents
with complex geometries and highly customized material
properties. Thompson et al. adopted a multi-material DLP
technique to create a multi-functional composite for CO,
adsorption with embedded resistive heating capability by
co-printing non-conductive and conductive zeolite sorbent
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inks together. It can be foreseen that the combination of
zeolite with polymers or MOFs enables the fabrication of
multi-functional components with enhanced gas adsorption
performance. In addition, there is a greater emphasis on
using sustainable and environmentally friendly materials
for 3D-printed zeolitic monoliths, such as biodegradable
polymers and renewable energy sources for printing. With
continued research and development, 3D-printed zeolitic
gas adsorbents will become an increasingly important
component in the transition to a more sustainable and
clean energy future.
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Metal additive manufacturing of orthopedic
bone plates: An overview

Weiting Xu, Aydin Nassehi, and Fengyuan Liu*

School of Electrical, Electronic and Mechanical Engineering, University of Bristol, Bristol, United Kingdom

Abstract

Orthopedic bone plates, traditionally made from materials such as stainless steel
or titanium alloy, have been pivotal in treating fractures. However, the disparity in
modulus between these metals and natural bone leads to challenges, especially
stress shielding, which can hinder optimal healing and cause issues such as bone
resorption. In addition, the increase in complex fractures due to osteoporosis and
demographic changes also points to the limitations of standard bone plates. This
evolving landscape underscores the growing need for patient-specific solutions. This
review delves into the advantages and challenges concerning the material choice,
design, and production processes for the additive manufacturing (AM) of bone
plates. AM offers the potential to customize bone plates using detailed computerized
tomography scans or topology optimization, paving the way for unparalleled
customization and potentially more effective bone regeneration. However, the
intricacies of AM, from choosing the right materials to final production, add layers
of complexity. An innovative methodology in the field of laser-metal Additive
Manufacturing, known as Material-Structure-Performance Integrated AM (MSPI-AM),
is at the forefront of tackling existing challenges, with the goal of enhancing the
overall process in this domain. This strategy seamlessly blends material properties,
structural components, and functional performance. Enriched by the analytical
capabilities of artificial intelligence, this comprehensive method aims to enhance the
AM process. It envisions a future where orthopedic treatments are not just functional
but also are personalized masterpieces that reflect individual patient needs and
address a variety of fracture scenarios.

Keywords: Orthopedic bone plate; Additive manufacturing; Biomaterial; Patient-specific
implant; Stress shielding

1. Introduction

Bone fractures represent a significant concern in orthopedics, stemming from
various causes such as injuries, osteoporosis, and overuse!!l. Remarkably, the natural
regenerative capacity of bone tissues allows for a high success rate in fracture healing,
with approximately 90 — 95% of fractures achieving successful recovery!. Nevertheless,
the healing process is complex as it involves a series of interconnected cellular events
over a prolonged timel*?.

Two primary mechanisms underpin fracture healing are the primary and secondary
healing processes!®. Primary healing is a direct, although rare, and self-repair process
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where mesenchymal cells transition into bone-forming
osteoblasts in a stable post-fracture environment®. In
contrast, secondary healing is a more common and efficient
mechanism, encompassing a series of stages, namely,
hematoma formation, granulation tissue formation, callus
formation, and finally, bone remodeling”*. These stages
are graphically depicted in Figure 1.

When a fracture occurs, the immediate response in the
vicinity is inflammation of the soft tissues, which leads to
the formation of a hematoma®. This hematoma serves as
a hub where immune-related cells release bioactive factors,
setting in motion the fracture healing process”. As days
progress, a transformation occurs: chondrocytes and a
subset of osteoblasts, derived from osteoprogenitor cellsand
bone mesenchymal stem cells, begin to differentiate. Their
collective action results in the formation of a cartilaginous
callus, replacing the earlier hematoma!.. This soft callus is
temporary. As the differentiated osteoblasts work to fill the
fracture gap with woven bone, they also lay down a hard
bone callus within the periosteum. Over time, this leads
to the emergence of a hard callus tissue, taking the place of
the cartilaginous callus®'!. The healing journey concludes
with the coordinated actions of osteoclasts and osteoblasts,
ushering in the phase of bone remodeling!"?. This phase
is characterized by the transformation of the callus tissue
into the more structured lamellar bone. The intrinsic
healing capabilities of bone are impressive, but they do
not operate in isolation. For optimal bone regeneration,
specific external stimuli are crucial. The cells involved in
bone healing thrive in a specific environment marked by
biomechanical load, stiffness, topography, and controlled
movement of bone fragments”'?l.

With the recognition of the critical role external stimuli
play in bone healing, the research community has shifted
its focus. Current investigations are centered on the
transduction mechanisms of mechanical stimuli and how

Day 0-5

they influence cellular behavior!®. This interest stems
partly from the extensive use of external implants in medical
treatments. The choice of implant materials and design is
pivotal as they shape the mechanical microenvironment
at the fracture site”'¥, Through tailored implants, one can
modulate cellular activities, influencing the trajectory of
bone fracture healing™.

Bone plates, integral to fracture treatment, have an
illustrious history dating back to the late 19" century™®.
However, the initial designs faced considerable challenges,
notably their limited mechanical strength and a pronounced
vulnerability to corrosion”. A pivotal moment in the
evolution of bone plate design came in 1956, when Bagby and
Janes introduced the concept of elliptical screw holes!™®!. This
seminal innovation enabled the screws to apply axial pressure
upon tightening, thereby ensuring effective compression of
the fractured bone fragments. This marked the advent of what
came to be known as “‘compression plates”!'*. Over time, the
category of compression plates has diversified, encompassing
variants such as fusion plates, tension plates, and dynamic
compression plates!". The primary objective of these plates
remains consistent: to compress fractured fragments, limit
movement, and facilitate primary bone healing. However, as
with many medical innovations, compression plates present
their own set of challenges. Among the most significant are
an extended healing duration and the potential risk of bone
resorption beneath the platel.

Modern research has pinpointed excessive plate-
to-bone contact as a key contributor to bone loss under
traditional compression plates®*!l. In response, the design
ethos shifted to minimize this contact area. The limited
contact plate and point-contact fixation plate emerged
as embodiments of this philosophy, offering benefits
such as easier insertion and reduced post-operative
complications??l. However, the specter of osteoporosis due
to prolonged implantation remained.
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Figure 1. Stages of bone healing: from hematoma formation to complete remodeling. Modified from Einhorn and Gerstenfeld%l.
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The revelation of the role of inter-fragmentary motion
in fracture healing ushered in a new design paradigm.
Bone plates with elliptical screw holes, allowing slight axial
movement, were crafted to encourage secondary healing
and minimize fibrous tissue formation!"**. Locking plates,
with their design promoting a gap between bone and plate,
further advanced this cause, preserving blood supply, and
ensuring secondary healing®*..

However, a significant challenge - stress shielding
— persisted. The stiffness of traditional bone plates far
exceeded that of natural bone, inhibiting the transfer
of biomechanical stimuli and potentially leading to
bone resorption near the fracture®. Addressing stress
shielding has been at the forefront of contemporary
bone plate development. Strategies span novel materials,
refined structural designs, and cutting-edge fabrication
techniques?. With the challenges of secondary surgeries
and long-term fatigue in mind, ongoing research is
zeroing in on materials and designs that biodegrade post-
healing”?.

Additive manufacturing (AM) is an advanced
manufacturing technology that creates parts from three-
dimensional (3D) model data by layering materials, a
process outlined by ISO/ASTM standards 52900:2021%.
Metal AM (MAM) extends this principle, using metal
powder or wire as feedstock, to fabricate parts with complex
geometries that are often challenging for conventional
subtractive and formative manufacturing methods. In the

medical industry, MAM has become crucial for producing
medical implants, particularly those aimed at repairing
or replacing diseased or damaged components of the
bone musculoskeletal system™-*?. MAM facilitates the
realization of innovative bone plate designs, employing
advanced design strategies such as topology optimization,
lattice design, and generative design™®-*l. This approach
not only enhances processing accuracy and efficiency
but also effectively addresses critical issues like stress
shielding. Moreover, advancements in MAM technology
have significantly expanded the range of bone plate
designs, catering to highly specialized medical procedures,
including mandibular reconstructions and patient-specific
osteotomies**,

In summary, the evolution of bone plate development
can be delineated into three significant phases, as
illustrated in Figure 2. The introduction of locked
compression plates marked a transformative phase,
transitioning from primary to secondary healing.
This change resulted in expedited healing processes
and diminished post-healing defects. At present, the
emphasis is on identifying materials that align more aptly
with clinical requirements, paired with the adoption
of advanced manufacturing techniques to produce
customized, intricate bone plates. This review delves not
only into the contemporary advancements in bone plate
development using AM across all stages but also highlights
potential challenges that may emerge. The content is

1900 1956 1987 2001 Current
g 4 g 4 Year
’
¢
y '
Locking )
Bone Plates Used for Compression  PC-Fixator Compression 3D Printed Plates Generatively Designed Plate
Fracture Healing Plate Plate Plate with Auxetic
Structure

Lattice Functional Plates

Primary Healing

Patient-specific
Radius Plate

Topology Optimized Plates

- Secondarz Healing

Figure 2. Evolution and diversity of bone plate designs. Adapted from Al-Tamimi et al., Vijayavenkataraman et al., Kanagalingam et al., Dobbe et al., and

Teo et a7,
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organized to cover the entire spectrum of manufacturing
phases through AM, from material evolution and
bone plate design to prevailing technologies and post-
processing methodologies for the additive manufactured
bone plates. Furthermore, insights into potential future
directions associated with AM in bone plate development
are provided.

2. Essentials of bone plate integration

Bones are fundamental to the structural integrity and
mobility of vertebrates. Among them, long bones, such
as the femur, tibia, fibula, metatarsals, humerus, ulna,
radius, metacarpals, and phalanges, play a crucial role
in providing support and facilitating movement®. Due
to their prominence and function, these bones are often
susceptible to injuries, commonly resulting from accidents
or physical trauma.

To address such injuries, medical professionals resort
to a range of treatments. One prevalent method involves
the use of internal implants to stabilize fractured bone
fragments. Depending on the specific location and
function of the injured bone, various implants ranging
from bone plates and intramedullary nails to K-wires
and screws are employed”. Among these, osteosynthesis
plates, which facilitate the healing process, are particularly
significant. Their vital role in ensuring the proper fusion of
fractured bone segments has made them an indispensable
tool in orthopedic treatments!'*!.

Orthopedic plates play a pivotal role in the healing
process of fractures, but their design and material
composition are crucial for optimal patient outcomes. The
ideal materials for these implants should be non-toxic,
biocompatible, non-immunogenic, and bioactive, ensuring
both effective healing and patient comfort™. As outlined
by the Arbeitsgemeinschaft fiir Osteosynthesefragen, the
key principles of internal fixation include meticulous
alignment of fractured fragments, secure stabilization,
preservation of blood supply, and early initiation of
functional movement™!.

However, a significant challenge in the realm of
orthopedic plates is the discrepancy in stiffness between
metal plates and natural cortical bones. Metal plates,
commonly used in medical applications, often possess a
stiffnessmuch higher than that of bones. This differential can
lead to undesirable consequences, such as stress shielding,
manifesting as bone loss beneath the plate, or osteoporosis
in the regenerated bones">*!. To circumvent this issue,
the design focus has shifted toward creating bone plates
with materials that mimic the stiffness of natural bones.
Such designs foster a conducive mechanical environment,
promoting effective bone fracture healing!*+4l,

The process of fracture healing is protracted, typically
spanning 3 - 6 months. Recognizing this, some bone
plates are engineered as permanent fixtures, obviating the
need for subsequent removal surgeries™’**. These plates,
especially those for load-bearing bones, must be resilient to
endure the healing process and accommodate the specific
biomechanical loads! .

When designing or selecting bone plates for medical
applications, it is crucial to address a multifaceted set of
requirements. These encompass not only the choice of
material composition, ensuring compatibility, and durability
but also the mechanical and biomechanical properties
that guarantee optimal performance under physiological
conditions. In addition, the biomedical implications, including
biocompatibility, potential inflammatory responses, and
long-term outcomes for the patient, are equally significant in
determining the success of the bone plate.

3. Overview of MAM

AM, often referred to as 3D printing or rapid prototyping,
has transformed the landscape of manufacturing since
its pioneering introduction in 1984F%. Unlike traditional
manufacturing methods that subtract material, AM adds
material layer by layer, hence its nomenclature. This
method not only optimizes material usage but also offers
unparalleled design freedom.

The journey of an additive manufactured product begins
in the digital realm. A product design is first conceptualized
and then rendered into a digital 3D model using computer-
aided design software or through 3D scanning of an
existing object. This digital model is saved in the.stl format.
Before printing can commence, this model is processed
using slicing software. The software breaks down the model
into hundreds or thousands of horizontal layers, creating a
G-code file. This G-code serves as the instruction manual for
the AM machine, dictating every precise movement it must
undertake. Guided by this code, the printer systematically
deposits or solidifies the chosen material layer upon layer,
gradually giving shape to the desired object.

While the foundational concept of AM remains
consistent, the technologies driving it have proliferated into
diverse paths. At present, over 20 distinct AM technologies
have been acknowledged®™. Standardizing bodies such as
ASTM and ISO classify them into seven primary categories:
Binder jetting (BJT), directed energy deposition (DED),
material extrusion (MEX), material jetting, powder bed
tusion (PBF), sheetlamination, and vat photopolymerization
(VPP)?*32], These categories encompass various techniques,
materials, and applications, with certain methods such
as BJT, DED, MEX, and PBF specialized in fabricating
metallic products. The MAM sector prominently features
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two technologies: DED and PBE. Their market presence
is substantial, with DED accounting for 16% and PBF a
dominant 54% of the 2020 market sharel®!l.

The DED and PBF techniques, as depicted in Table 1,
have distinct methodologies and parameters. DED stands
out for its adaptability, offering a range of feedstock
options, including powders and wires. Moreover, its
versatility extends to energy sources, encompassing lasers,
electric arcs, and electron beams. This flexibility results
in accelerated printing speeds, but often at the expense of
finer layer resolution.

PBE in contrast, is distinguished by its precision. While
it primarily utilizes powders and has a more constrained
set of energy sources, it excels in delivering superior layer
resolutions. A noteworthy advantage of PBF is its integral
powder bed. This not only provides the material base but also
serves as an intrinsic support structure. This dual functionality
facilitates the creation of complex designs, eliminating the
need for supplementary, and sometimes cumbersome,
support structures. Such an attribute endows PBF with a
design adaptability that often surpasses that of DEDP!.

4.The comprehensive journey of AM-based
bone plate production

4.1. Selecting materials for orthopedic implants

Orthopedic implants play a crucial role in addressing bone
defects. Over the years, they have undergone significant

Table 1. Comparative analysis of key parameters for DED and PBF

evolution, especially in terms of their constitutive
materials. Conventionally, these materials are grouped
into metals, bioceramics, and polymers®?. Metals, due to
their robust fixation capabilities and their resilience against
daily mechanical loads, particularly in long bones, have
become the primary choice for bone plates. For a detailed
comparison of these metallic materials in orthopedic
contexts, refer to Table 2.

Initially, vanadium steel was the preferred material for
orthopedic implants. However, its limitations, particularly
its subpar corrosion resistance and inadequate load-
bearing capacity, led to a search for better alternatives!'”.
This search culminated in the adoption of stainless steel
(316L SS) and titanium alloy (Ti-6Al-4V). Characterized
by improved corrosion resistance, mechanical strength,
stiffness, and biocompatibility, these materials have since
become staples in the orthopedic implant domain®.
Furthermore, their versatility is evident in their
compatibility with modern AM techniques. Both can be
processed as powder or wire feedstock, aligning well with
PBF and DED methodologies®®*.

While these materials have revolutionized orthopedic
treatments, the biomechanics of bone healing introduces
new challenges. Mechanical stimulation and microinter
fragmentary motion play pivotal roles in optimal bone
regeneration. However, materials such as stainless steel
and titanium alloy have a stiffness considerably surpassing

Techniques General process Subcategory Feedstock Thermal Typical layer Deposition  References
form energy type thickness (um) rate (kg/h)

DED Metal powder or wire is consistently Laser additive Powders  Laser 200 - 500 <0.50 [107,108]
introduced into the nozzle and subjected  manufacturing
to a heat source (laser, electric arc or DED
electron beam). This results in the material
being melted to create a molten pool, Wire and Wires Electric arc 1000 - 2000 1.0 - 4.00 [107,109]
which conforms to the designated layer arc additive.
configuration, and subsequently solidifies _Manufacturing
onto the substrate. This iterative process ~ Wire and Wires Laser >1000 0.10-2.88 [107,109-111]
is reiterated to generate successive molten laser additive
pools layer upon layer until the printing  manufacturing
procedure reaches its culmination Wire and electron Wires  Electron <3000 <19.80 [107,112]

beam additive beam
manufacturing

PBF A roller uniformly applies metallic powder ~ Selective laser Powders  Laser 25-75 0.10 - 0.30 [37,43,47,93,113]
onto a substrate, followed by controlled melting
melting using a laser or electron beam. Selective laser Powders  Laser 80 - 500 0.10 - 0.20 [79,114]
Subsequent layers are added using the roller, sintering
leading to the gradual fabrication of the
product. This iterative process continues Electron beam  Powders  Electron 50 — 100 0.10 - 0.20 [7,35]
until the final desired structure is achieved melting beam

with integrity

DED: Directed energy deposition, PBF: Powder bed fusion
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Table 2. Summary of orthopedic bone plate materials

Material category  Specific materials Pros Cons References
Practical plate « Stainless steel 316L « High mechanical strength « Stiffness mismatch with bone [52-54,60]
material o Titanium alloy Ti-6A1-4V  « Corrosion resistance o Low fatigue life
« Biocompatibility
Low-modulus alloy e« Ti-35Nb—7Zr-5Ta « Resembles cortical bone modulus « Inconsistency in the fabrication process [7,61]
(B-Ti alloys) o Ti-35Zr-28Nb « Low toxicity » Mechanical property deviations
» Good mechanical attributes
« Corrosion resistance
Smart alloy o Ni-Ti « Low stiffness » Not mechanically superior [43,48,60]
« Biocompatibility « Nickel release concerns
« Super-elasticity
Biodegradable metal « Iron-based « Good mechanical strength « Uncontrollable degradation rate [28,64-71]

» Magnesium-based
« Zinc-based

« Enhances bone formation

« Hydrogen gas formation (magnesium)

Bioceramic and
polymer

« Nano-hydroxyapatite
« Polyetheretherketone

« Biocompatibility
« Biodegradability

« Drug loading capability

« Insufficient bone healing support
» Low mechanical strength

[15,27,52,72,73]

that of cortical bones. For instance, Youngs modulus for
316L SS ranges between 190 and 205 GPa and for Ti6Al4V
between 110 and 112 GPa, while cortical bone has a
much lower modulus ranging between 11.6 and 20.8 GPa.
Similarly, while 316L SS has a yield strength of 343 - 535
MPa and an ultimate tensile strength of 557 — 661 MPa,
Ti6Al4V displays higher values, with a yield strength of
795 - 1051 MPa and an ultimate tensile strength of 860
- 1116 MPa. In comparison, the cortical bone’s yield
strength is between 53.4 and 132.4 MPa, and its ultimate
tensile strength is between 72.8 and 175.2 MPal*>*,
This disparity can hinder beneficial mechanical cues,
potentially affecting the healing process or even leading
to conditions like osteoporosis®!. Notably, due to to the
superior strength and reduced stiffness of Ti6Al4V bone
plates compared to 316 L SS, they are becoming a popular
alternative to traditional plates. However, they still faced
challenges like poor fatigue properties, which can result in
plate loosening or fractures!*.

Addressing the stiffness mismatch in orthopedic
implants calls for exploring materials with a more
appropriate modulus. A promising avenue has been the
development of biocompatible B-Ti alloys, especially
with the incorporation of P stabilizing alloy elements
such as molybdenum (Mo), niobium (Nb), silicon (Si),
tantalum (Ta), tin (Sn), and zirconium (Zr). The alloys,
Ti—-35Nb-7Zr-5Ta (TNZT) and Ti-35Zr-28Nb (TZN),
have garnered particular attention due to their modulus
being akin to that of cortical bone!®". A study by Li et al.l?
illustrated the potential of TZN for bone scaffolds using
selective laser melting (SLM). Although the mechanical
propertiesvaried based onthe employed porosity structures,
the scaffolds showcased promising biocompatibility and

corrosion resistance. However, a notable challenge in this
domain is the sensitivity of these alloys to AM parameters.
For instance, variations in energy density can lead to
significant changes in the mechanical properties of TNZT
samples®. Similarly, scanning strategies during the AM
process have been observed to influence the porosity and
modulus of the resultant implants®.

Another intriguing development is the incorporation
of titanium into the nickel-titanium (NiTi) shape memory
alloy. Boasting low stiffness, superior biocompatibility, and
superelastic properties, NiTi alloys present a strong case
for orthopedic applications, especially in fracture plates.
Recent studies have underscored the potential of these
alloys, highlighting their consistency and mechanical
appropriateness for bone plate manufacturing®*.
However, there are concerns regarding the release of nickel
(Ni) elements into the human body™®.

It is evident that while metals such as stainless steel and
titanium-based alloys offer robust mechanical support for
bone healing, their finite lifespan poses another challenge.
These materials often necessitate subsequent removal
surgeries. Consequently, the spotlight is shifting toward
biodegradable or smart materials, which not only support
bone healing but also degrade over time, obviating the
need for removal.

The evolution of materials for orthopedic implants now
emphasizes biodegradable options. Such materials should
ideally exhibit adequate mechanical strength without
inducing stress shielding. They should also degrade at a
rate that aligns with the bone healing process, ensuring
continuous mechanical support®. In addition, it is
imperative that these materials avoid elements such as Al,
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V, Cr, and Ni to mitigate risks associated with allergies or
inflammation due to degradation by-products/®>°..

Current explorations primarily revolve around three
metallic categories: iron-based, magnesium-based, and
zinc-based materials'”. Magnesium alloys, for instance,
have been proposed as potential substitutes for permanent
metals. Chaya et al.!®® noted their beneficial role in fracture
healing and bone formation. However, concerns arise from
their swift degradation, sometimes resulting in inadequate
support during crucial healing stages. Moreover,
by-products like hydrogen gas from their degradation can
potentially hinder bone formation?*¢7L. Solutions like the
ZX11 magnesium alloy have been explored to tackle these
challengest!..

Zinc-based materials, with their moderate degradation
rate, have emerged as potential alternatives to their
magnesium-based counterparts'”l. Their strength lies in
the absence of hydrogen gas in their degradation products
and complete absorbability. He et al.l® showcased an
innovative biodegradable iron scaffold coated with
zinc that demonstrated promising bone formation and
controlled degradation.

The exploration is not confined to metals. Non-
metallic materials, particularly bioceramics and specific
polymers, have garnered interest due to their superior
biocompatibility and biodegradability">*). Mo et al.?
highlighted the potential of nanohydroxyapatite (n-HAp)
orthopedic implants, emphasizing their role in drug
delivery and healing enhancement. However, materials like
polyetheretherketone, despite their promise in reducing
imaging artifacts, face challenges in ensuring adequate
support during bone healing”.

To recapitulate, while strides have been made in the
evolution of materials for orthopedic implants, challenges
persist. The quest continues for materials that can provide
robust, biocompatible, and timely degrading solutions for
bone healing®?.

4.2. Crafting ideal bone plates with AM

AMhasspurredadesignrevolution, enabling the fabrication
of intricate structures that traditional manufacturing once
deemed challenging. With the manufacturing constraints
diminished, designers are now empowered to prioritize
product functionality and structural robustness. This shift
in design philosophy has profoundly impacted multiple
sectors, such as aerospace, mobile technology, and notably,
biomedical engineering. Specifically, in orthopedics,
the potential of AM to craft innovative and optimized
orthopedic implants has attracted significant research
attention, aiming to address prevalent issues like stress
shielding seen with conventional metallic implants.

A notable advancement in orthopedics, highlighted
by AM, is the emphasis on bone plate design, with
topology optimization at the forefront. Pioneering
work by Al-Tamimi et al.® initiated this exploration,
delving into patient-specific bone plates tailored for
distal tibia fractures. Building on this foundation,
subsequent research sought to alleviate stress shielding, a
recurrent challenge in bone fracture interventionsl. The
complexity of the design process was further accentuated
by Wu et al”, who integrated a time-dependent TO
approach to accommodate bone remodeling dynamics.
Notwithstanding the promising outcomes of these studies
in curbing stress shielding and enhancing graft longevity,
they often hinge on intricate algorithms necessitating
considerable computational prowess. In a significant stride
toward practical application, Zhang et al.”! showcased
the practicality of SLM in producing bespoke biological
fixation plates, underscoring the potential of SLM in
advancing high-performance biological fixation plates.

Despite the transformative potential of AM and TO in
bone plate design, it is crucial to acknowledge the existing
challenges. The computationally intensive nature of TO,
as pointed out by Wu et al.”¥, may hinder its broad-scale
adoption. Zhang et al.”* provided promising insights into
the viability of SLM-produced plates, but the long-term
clinical implications remain underexplored. Moreover, the
seemingly boundless design freedom granted by AM and
TO is often tethered by practicalities, like screw placement
constraints, as elucidated by Park et al.”! Hence, while the
horizons of bone plate design have expanded, realizing the
full potential of these technologies necessitates addressing
these limitations.

Pivoting to recent innovations, AM has catalyzed
the advent of unique design structures targeting stress
shielding mitigation. Subasi et al."”! pioneered a finite
element (FE)-rooted design of experiments to discern
the mechanical nuances of lattice-augmented bone
plates. Their manipulation of design variables achieved
a substantial stiffness reduction, hinting at better
osteosynthesis outcomes. Emphasizing biomechanics, Xu
et al.” showcased AM lattice bone plates, reinforcing
the need for biomechanical synchronization for
optimal healing. Diverging from conventional designs,
Vijayavenkataraman ef al.® delved into auxetic structures
in bone plates, highlighting their potential in attenuating
stress shielding. Finally, the generative design approach
of Kanagalingam et al.® for patient-specific high tibial
osteotomy plates stands as a testament to the adaptability of
AM in orthopedics. However, amidst these advancements
lies a significant lacuna: the absence of comprehensive
biomedical testing for cellular compatibility. While these
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designs display mechanical prowess, their biocompatibility
remains a question, underscoring the need for a holistic
evaluation.

The emergence of patient-specific bone plates through
AM, driven by 3D imaging-based models from technologies
such as computed tomography, magnetic resonance
imaging, and 3D scanners"””, has marked a transformative
era. Such plates promise greater precision in screw
placements, decreased surgical durations, and enhanced
patient outcomes. For instance, studies like those from
Steffen et al.®® and Dobbe et al.®! testify to the mechanical
robustness and superior pain alleviation associated with
these plates. Despite these benefits, challenges persist.
Advanced imaging, while improving accuracy, can inflate
time and financial costs”. The manufacturing timeline, as
highlighted by Teo et al.*”), could introduce surgical delays.
Moreover, a conspicuous gap in the literature pertains to
the long-term efficacy and biocompatibility of these plates.

Transitioning from the fully patient-specific
realm, semi-patient-specific bone plate designs offer
a harmonious blend of mechanical optimization and
time and cost efficiency. This approach, which involves
tweaking features of a foundational design, synergizes
well with AM. Jabran et al.™ exemplify this by optimizing
features like screw distribution. Yet, many studies in this
domain, such as those by Yan et al.®"], often eschew clinical
validation for mechanical assessments. The introduction
of mechanobiological elements, highlighted by works
like Subasi et al.”), brings added intricacy. While AM has
undoubtedly expanded the horizons of bone plate design,
realizing its full potential mandates a more integrated
research approach. Holistic studies that amalgamate
mechanical, clinical, and biocompatibility aspects are the
need of the hour.

4.3.Technological innovations in bone plate
fabrication

Commercially available bone plates predominantly utilize
subtractive manufacturing techniques. This method
encompasses various stages, beginning with raw material
formation, and culminating in finishing tasks such as
hole drilling and surface polishing!®*). The integration
of computer numerical control (CNC) technology into
the machining phase offers notable advantages, including
accelerated production, minimized tolerances, and
enhanced repeatability — qualities that align well with mass
production objectives.

However, the rigidity of subtractive manufacturing
becomes evident when confronted with the need for
nuanced alterations in bone plate geometry. Specifically,
it falls short in addressing the diverse and intricate design

requirements tailored to individual patients or specific
fracture types. Asaresult, this traditional approach struggles
to truly realize patient-specific solutions, underscoring the
need for innovative manufacturing strategies.

In the dynamic landscape of orthopedic manufacturing,
AM techniques, especially PBE have emerged as a
transformative force. They offer both design flexibility
and the potential for tailored solutions. For instance, Kim
et al." leveraged a metal laser melting system to craft a
unique fixation plate tailored for distal radial fractures. In
biomechanical assessments, these AM plates outperformed
conventional volar locking plates, showcasing their
potential to better match individual anatomical
requirements and reduce stress shielding. A comparative
study by Xie et al® revealed the biomechanical edge
of plates produced through direct metal laser sintering
(DMLS) over CNC-manufactured plates. Although there
was a slight compromise in fatigue performance, DMLS
plates comfortably met clinical standards.

From an economic perspective, Ballard et al.®! shed
light on the potential cost-efficiencies of AM models.
Their findings underscored the benefits of reduced
surgical time and fewer revision surgeries, translating to
substantial savings for healthcare institutions and patients.
Yet, as Teo et al.®”! pointed out, the real-world feasibility
of these AM techniques often hinges on the availability of
both sophisticated infrastructure and skilled personnel.
In a bid to innovate further, Vijayavenkataraman et al.
unveiled an orthopedic bone plate incorporating auxetic
structures. This design innovation not only curtails the
stress-shielding effect but also offers the flexibility of
intraoperative bending.

The realm of bone plate manufacturing is witnessing
transformative changes, particularly with the melding
of additive and subtractive manufacturing techniques.
AM brings to the table its prowess in crafting intricate
geometries, although often with subpar surface finishes.
This necessitates post-manufacturing processes to
enhance surface quality, such as drilling and surface
modifications®*!. On the other hand, subtractive methods
like CNC machining excel in achieving superior surface
finishes but grapple with the complexities of detailed
structures.

To harness the strengths of both worlds, the fusion of AM
and subtractive manufacturing has gained traction®!. For
instance, Da Cruz Gomes et al.l*¥ employed AM-assisted
investment casting to fabricate NiTi shape memory
alloy bone plates, unveiling notable enhancements in
mechanical properties and biocompatibility. Another leap
in this hybrid domain is the work by Lu et al.®), where the
synergy of laser- DED with laser shock peening was shown
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to markedly bolster the microstructural and mechanical
attributes of Ti6Al4V alloy samples.

Hybrid manufacturing presents a constellation of
advantages, including elevated efficiency, improved product
quality, and a marked reduction in material wastage!.. Yet,
as a nascent technology, it grapples with hurdles. Limited
accessibility to specialized machines, intricate integration
demands, and an augmented necessity for rigorous quality
assurance stand out as prominent challenges.

In the domain of bone plate manufacturing, the
evolution from traditional subtractive methods to
revolutionary AM techniques, and ultimately to hybrid
approaches, showcases the industry’s relentless pursuit of
innovation. Subtractive manufacturing, while proficient in
mass production, often encounters limitations in crafting
patient-specific solutions. AM techniques, especially
PBE, introduce unparalleled flexibility in crafting
intricate, customized designs, although with its own set
of challenges, such as high costs and post-processing
demands. The most recent stride in this journey is the
advent of hybrid manufacturing, which marries the
strengths of both subtractive and additive processes. This
synergistic approach aims to produce bone plates that boast
the structural complexity enabled by AM, while retaining
the superior surface finish typical of subtractive methods.
However, the nascent state of hybrid manufacturing means
that its full potential is yet to be realized, necessitating
further research and optimization, particularly given
the critical nature of bone plate applications where
structural integrity and biocompatibility are of paramount
importance.

4.4, Perfecting additive manufactured bone plates
with post-processing

AM has substantially expanded the horizons of medical
device production. However, the creation of a bone plate
does not end with the completion of the printing process.
Post-processing - the series of operations performed after
the initial AM process — plays a pivotal role in ensuring
that the bone plates are not only structurally sound but
also biocompatible.

As the initial phase of AM often leaves parts with surface
roughness or residual stresses, post-processing techniques
such as heat treatment and surface modification become
indispensable. These treatments can profoundly impact
the mechanical properties of the printed parts, enhancing
their strength and fatigue resistance, which are paramount
for bone plates subjected to significant mechanical loads
during their life cyclef®l.

Equally significant is the impact of these treatments
on the biomedical properties of the bone plates. Surface

integrity, which can be tailored through post-processing,
determines how a bone plate will interact with the
biological environment. An optimized surface can reduce
corrosion, minimize bacterial adhesion, and promote
osseointegration, ensuring the long-term success of the
implant®". On the other hand, a compromised surface can
have severe repercussions, including implant failure®®.

Research findings emphasize the nuanced role of post-
processing. Jahadakbar et al.’s work® on porous nitinol
bone fixation plates illustrates the efficacy of chemical
polishing in removing unmelted powder residues while
preserving intricate geometries. The scanning electron
microscopy analysis of their study specifically found that
an etching solution composed of 10% HE 40% HNO,, and
50% H,0, applied for an effective time of 4 min, was optimal
for removing unmelted powder particles. Such meticulous
post-processing is essential, especially when catering to
patient-specific needs that require high precision.

Heat treatment plays a pivotal role in refining the
mechanical attributes of AM components. Research by
Gupta et al.® showcased the potential of this method,
focusing on Ti-6Al-4V plates produced through SLM.
When juxtaposed with plates machined from wrought
sheets, the value-add of AM in orthopedics becomes
evident. Nonetheless, while the immediate benefits
are clear, queries regarding the long-term stability and
dependability of such treatments persist. These concerns
become especially pertinent when AM techniques are
compared with traditional manufacturing methods.

Furthermore, heat treatment can significantly enhance
material properties, making them more suitable for
biomedical applications. As elucidated by Hou et al.!,
materials like the ZX11 magnesium alloy, although
promising, are subjected to rapid degradation. This raises
concerns about the longevity and stability of such implants.
Their study compared the degradation rates of the alloy in
two states: as-rolled and annealed at 400°C. Their findings
revealed that while the annealed alloy exhibited relatively
lower strength, it benefited from a significantly reduced
degradation rate and demonstrated stable elongation in the
initial weeks of immersion, underscoring the importance
of heat treatment in optimizing material performance for
biomedical implants.

Another significant facet of post-processing is surface
modification, which has been thoroughly studied
concerning its impact on biocompatibility and cellular
interactions. Surface characteristics, from roughness to
chemical composition, can profoundly influence cell
adhesion, proliferation, and differentiation, as highlighted
by Gittens et al® and Stepanovska et al®”. While
these alterations can bolster implant performance, they
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simultaneously introduce challenges related to quality
control and standardization.

Post-processing techniques, while offering potential
enhancements for AM bone plates, bring forth a series
of variables that necessitate rigorous oversight. Current
literature, whileilluminating, underscores the need for more
nuanced research. The objective remains clear: optimizing
these processes, especially when the stakes involve critical
applications like bone plates where mechanical robustness
and biocompatibility are of paramount importance.

5. Navigating challenges in AM-based bone
plate creation

5.1. Material challenges

In AM for orthopedics, selecting the right materials is
crucial but challenging. The limited availability of materials
specifically tailored for orthopedic applications like bone
plates is a significant concern!®®!. These materials need
to balance critical properties, such as biocompatibility,
mechanical strength, and controlled degradation rates,
which are essential for successful orthopedic applications!*,

5.2. Design challenges

Designing bone plates for AM involves computational and
clinical challenges. The complexity and computational
intensity of topology optimization algorithms can hinder
their adoption”. Moreover, the lack of long-term clinical
data for AM-based bone plate designs raises questions
about their clinical validity®®*7]. Practical design
constraints, such as the number and positioning of screws,
also impact the flexibility and functionality of the final
products”®l,

5.3. Manufacturing challenges

The manufacturing process of AM bone plates faces several
hurdles. High costs, particularly for techniques like PBE,
are a primary concern®. In addition, post-processing
steps essential for achieving desired product quality
are often time-consuming and complex®# !l Hybrid
manufacturing, which combines additive and subtractive
methods, introduces further complexities®.

5.4. Other challenges

Beyond material, design, and manufacturing, there are
additional hurdles in AM-based bone plate creation. Many
advanced AM designs have not undergone comprehensive
biomedical testing, a critical step to ensure efficacy
and safety®778l Patient-specific plates, while offering
customization, may lead to increased surgery costs and
duration, and necessitate specialized equipment and
expertisel**3#72%l Moreover, research in this field often

focuses narrowly on specific parameters or aspects,
limiting broader applications®8:7-],

6.The road ahead in additive manufactured
bone plates

6.1. Emerging biomaterials for orthopedics

Future advancements in orthopedic implants, especially
bone plates, hinge on the expansion of suitable biomaterials
tailored for AM. The current material palette for commercial
metallic AM - comprising options such as stainless steel,
mild steel, and titanium alloy - is notably restricted. Even
among these, only a handful meet the stringent demands of
biomedical applications. Challenges with existing materials,
such as the potential screw detachment or the release of
undesirable elements during prolonged use, underscore the
urgent need for innovative solutions.

Machine learning (ML) emerges as a transformative
tool in this quest. By assisting in the discovery and
optimization of nanobiomaterials, ML can significantly
expedite the material development process. This data-
driven approach, as outlined by Suwardi et al.?”], offers
a streamlined methodology for biomaterial design
optimization, harnessing MDs capacity to analyze vast
datasets and unveil intricate patterns. The ML-driven
biomaterial development typically encompasses three
pivotal phases: (i) Analysis of synthesis, structure, and
properties; (ii) optimization of surface and interfaces;
and (iii) comprehensive material screening coupled with
integrated manufacturing.

The merits of integrating ML into biomaterial
development are manifold, promising accelerated
development timelines, enhanced material performance,
cost reductions, and heightened efficiency. In essence, by
leveraging ML, the future of orthopedics could witness the
emergence of biodegradable materials that expertly balance
mechanical robustness with controlled degradation rates,
heralding a new era of safer, more effective bone plates.

6.2. Future design strategies for bone plates

The horizon of bone plate design, particularly within
the realm of AM, is being reshaped by the material-
structure-performance integrated AM (MSPI-AM)
concept. This integrated approach seeks to revolutionize
the AM landscape, prioritizing concurrent optimization of
material selection, structural design, and manufacturing
methodologies. Such an approach stands in stark contrast
to the traditional “series mode” AM, which frequently
grapples with a time-intensive, trial-and-error process’..

A vparticularly intriguing facet of MSPI-AM is its
facilitation of parametric design. This enables agile
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customization of generic bone plate features, paving the
way for the creation of semi-patient-specific plates with
remarkable efficiency®”. The transformative potential of
this approach is further amplified when integrated with
artificial intelligence algorithms, which can swiftly analyze
patient-specific data to guide design alterations.

Beyond mere design benefits, MSPI-AM extends its
promise to the domain of multi-material printing. This
capability heralds the prospect of functionally graded
material design for bone plates. Lima et al'%!, through
their pioneering work using laser-engineered net shaping
(LENS), showcased the feasibility of orthopedic implants
designed with graded stiffness. Such an approach directly
addresses the long-standing challenge of stress shielding,
promising to enhance the longevity and eflicacy of
orthopedic implants. The ripple effect of such innovations
could resonate beyond the medical sphere, influencing
sectors such as aerospace and automotive engineering.

In essence, the MSPI-AM framework is set to
revolutionize AM design, presenting a more cohesive,
efficient, and tailored pathway to the development of high-
caliber, bespoke bone plates.

6.3. Optimizing bone plate manufacturing processes

The future of bone plate manufacturing in the realm of
AM is increasingly leaning toward the integration of ML
techniques for process optimization. One of the most
pressing challenges in MAM is the management of complex
thermal fields generated during the printing process.
These thermal fields can significantly vary depending
on the geometry of the part, leading to inconsistent
mechanical properties even when using the same machine
and material’®. Traditional mathematical modeling
approaches often fall short of capturing these complexities
and can be time-consuming. In contrast, ML can offer a
more efficient and accurate solution by learning from
prior experimental data to find correlations between input
process parameters and output geometrical parameters!'®l.

A study by Le et al." utilized an ML algorithm in
conjunction with the Gurson-Tvergaard porous plasticity
model to predict the flexural strength of fused deposition
modeling bone plates made of PLA. The study found
that ML algorithms could accurately predict mechanical
behavior, thereby reducing the time and cost associated
with experimental testing. This not only reduces the
time and cost associated with traditional trial-and-error
methods but also improves the accuracy of predicting
mechanical properties at a macro scale!!%,

However, the integration of ML in the AM is not
without challenges. The development of advanced ML
algorithms requires large, accurate datasets, and significant

computational power. The training data, often obtained
from high-fidelity simulations, must be reliable and account
for all influential factors at specific levels of resolution!'*?.
These challenges highlight the need for further research to
ensure the robustness and transferability of ML algorithms
in AM.

7. Conclusion

Bone fractures are a leading type of traumatic injury in
humans and frequently necessitate the use of bone plates
for optimal recovery. The evolution of these plates has been
remarkable, encompassing improvements in the principles
ofhealing, selection of materials, and design advancements.
Modern bone plates not only facilitate secondary healing
but also effectively relay mechanical stimuli to fracture
segments, thereby reducing complications such as
non-union, infections, and secondary reduction loss.
Nonetheless, certain issues remain. A prominent concern
is that the rigidity of metallic bone plates often surpasses
that of natural bones, initiating a process known as stress
shielding. This can lead to bone thinning and eventual
osteoporosis. This article probes the latest progress in the
fabrication of metallic bone plates, with a specific emphasis
on AM techniques. These methods have been instrumental
in overcoming hurdles related to material selection, design,
manufacturing, and post-processing.

Recent advancements in biocompatible materials,
including B-Tiand smart alloys, have improved the crafting
of bone plates, although challenges like implant loosening
persist. The exploration of biodegradable materials that
align with bone recovery phases is ongoing, but ensuring
their decomposition rate matches natural bone healing
is complex. Al might provide insights into designing
materials that degrade appropriately and support healing.
AM offers enhanced design flexibility, with techniques
such as TO and FEA enabling the production of bone plates
with sophisticated, less rigid structures. Conventionally,
bone plate manufacturing relied on subtractive methods
for mass production, but the shift to AM allows for more
intricate, customizable structures. Despite the challenges in
optimizing AM settings for diverse designs, AI's analytical
capabilities could help in fine-tuning these parameters
to create plates with balanced rigidity and strength,
addressing issues like stress shielding.

The primary objective of current metallic bone plate
research is to reduce stress shielding and potential risks
linked to permanent fixtures. AM has risen as a pivotal
tool, enabling the creation of intricate designs tailored to
individual patients. As the field advances, Al appears well-
positioned to further refine material and design choices
and fine-tune AM procedures.
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Abstract

Electrodes serve as essential tools for both acquiring and stimulating electrical
signals, pivotal in monitoring human health through electrophysiological signals
and playing a significant role in disease management and treatment. Notably,
Young's modulus of flexible electrodes is similar to that of tissues and organs, thereby
avoiding tissue or organ damage arising from mechanical mismatch. Thus, flexible
electrodes become the fundamental devices for ensuring the stable, long-term
acquisition of electrical signals and delivering reversed electrical stimulation to
guide disease treatment. Reducing the size of flexible electrodes and increasing
the number of electrode channels are significant for improving the sensitivity and
accuracy of signal acquisition. In comparison to traditional manufacturing methods,
3D printing technology is able to fabricate products with higher resolution at a much
faster speed. It is customizable and provides a novel approach for preparing flexible
electrodes. Many conductive materials have been developed and applied to prepare
flexible electrodes, and some have been integrated into 3D printing techniques,
driving forward the development of 3D-printed flexible electrodes in medical fields.
This article reviews recent research advances concerning the combination of these
materials with 3D printing technology to prepare flexible electrodes and categorizes
the materials into four main groups, namely metallic materials, carbon-based
materials, conductive polymers, and other materials. In addition, we outline the
future directions regarding the application of 3D-printed flexible electrodes in
clinical research and medical translation.

Keywords: 3D printing; Biomaterials; Flexible electrodes; Conductive materials

1. Introduction

Electrophysiological signals usually arise concomitantly with human physiological
activities. The acquisition and analysis of electrophysiological signals can be used
to monitor human body status and guide the treatment of some diseases!. Given
their important roles in extracting electrophysiological information directly from the
human-body interface and providing feedback, electrodes are in great demand in the
clinical and medical fields®. In addition to acquiring electrophysiological signals,
external electrical signals can be transmitted to the cerebral cortex or even deeper
brain regions through electrodes, assisting in controlling limb movement and other
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physiological activities and improving human health®*.
In traditional rigid electrodes, hard metal materials with
good electrical conductivity are mostly used as conductors.
However, the shortcomings of these electrodes, such as
poor adherence to the human body and propensity to
cause skin and tissue contusion, make long-term stable
human monitoring a challenging endeavor®". Thus, it is
of utmost importance to develop flexible electrodes with
stable electrical conductivity, excellent tissue adhesion,
and good biocompatibility, which also possess the ability
to prevent mechanical damage to tissues. These flexible
electrodes can be utilized in various medical applications,
such as brain-computer interface, signal monitoring,!?
and tissue regeneration and repair”*'?. Nevertheless, the
preparation of flexible electrodes with properties such as
high sensitivity, high adhesion, small size, high specific
capacity, long cycle life, and excellent human compatibility
is still a great challenge!"®'".

Compared with traditional manufacturing technologies,
3D printing is an additive manufacturing technology
that transforms digital models into physical models
with complex shapes!'®2!. With the advantages of high
resolution, fast printing speed, and low cost, 3D printing
provides a new strategy for preparing personalized, high
precision, and multichannel flexible electrodes?*24,
Several studies have applied 3D printing technology to
prepare flexible electrodes for use in medical applications
(Figure 1). Light-curing 3D printing is a printing
technology that scans photosensitive materials with a

(-_a(bon—baSEd Materjy

Figure 1. Materials and 3D printing technologies for flexible medical
electrodes. (The middle image was generated by an Al tool, while other
images were created using BioRender.com.)

specific wavelength of light beams and stacking multiple
layers to prepare 3D structures®.. It can prepare high-
precision flexible electrodes with printing accuracy down to
the micron level®*?). Direct-ink-writing (DIW) can utilize
mechanical or pneumatic pressure to extrude and shape
highly viscous or solid-liquid mixed ink materials, which
is suitable for the preparation of large flexible electrodes
in vitro®3. Compared to DIW printing or digital light
processing (DLP)-based 3D printing, fused deposition
modeling (FDM) printing requires lower material fluidity
and eliminates the need for post-processing, such as
drying or freeze-drying®***. It simplifies the printing
process and maintains the mechanical properties of
the material, allowing more materials to be used in the
manufacture of wearable devices and bionic electronic
skin products®®*¢. Electrospinning can obtain nanoscale
fibers by applying a voltage to the needle and collector
and using static field forces to pull out the polymer-
based liquid, which is advantageous for the preparation
of multichannel, stretchable, and flexible electrodes® .
Inkjet printing (IJP) creates patterned thin films or stacked
3D structures on media by spraying nano-sized solutions,
which can be used to prepare miniature, multichannel
flexible electrodes, or arrays for sensitive acquisition of
electrical signals®*?. The rapid development of different
3D printing technologies in recent years has provided
additional strategies for preparing flexible electrodes.
However, the lack of advanced materials limit the medical
applications of 3D-printed flexible electrodes!’. Materials
used to prepare flexible medical electrodes need to be
conductive, biocompatible, ductile, and stable*I. To
advance the development of conductive materials in 3D
printing, various strategies for the preparation of flexible
electrodes have emerged, as shown in Figure 2.

This article provides an overview of recent research
advances in materials used for 3D-printed flexible
electrodes, including metallic materials, carbon-based
materials, conductive polymers, and other materials
(Figure 1). Through intensive efforts in improving 3D
printing technology and material properties, as well as
combining multiple materials, a range of flexible medical
electrodes with good performance has been created,
displaying great application prospects in medicine, such
as physiological signal acquisition, biochips, soft robotics,
tissue regeneration, and biosensors.

2. Metallic materials

Metallic materials are known for their good ductility,
thermal conductivity, and electrical conductivity.
Electrodes made with metallic materials, such as gold,
silver, and platinum, have a wide range of applications
for neural recordings, typically seen in animal studies
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and human clinical devices. For example, Utah electrodes
and Michigan electrodes use metal as conductors
and are utilized as invasive electrodes for intracranial
applications™®*”. Nevertheless, conventional hard metals
are often subjected to mechanical mismatches at biological
tissue interfaces, resulting in irreversible damage and
inflammatory reactions™*!. These issues greatly limit
the use of metal electrodes in animal research and human
clinical neurological recording devices.

Recent years have seen the emergence of several
strategies for combining flexible polymer materials
with metallic materials, effectively mitigating the
abovementioned problems. Hui et al prepared an Ag-based
ink for extruded 3D printing by mixing silver with hydrogel
and showed that the ink can be printed in a hydrogel-
support matrix to form a 3D conductive structure that
can be stretched and compressed®. Electronic devices
prepared in this way can be used as biomedical electrodes.
Ma et al. reported the optimization of a drop-on-demand,
high-resolution electrohydrodynamic-based jet-printing
method for generating 3D gold (Au) micropillar electrode
arrays on flexible substrates (Figure 3A)**. The electrode
array showed mechanical flexibility under planar, concave,
and convex conditions, and its sensing capability remained
virtually unchanged®!. Another study conducted by a
research team from Carnegie Mellon University reported
the formation of shanks with a diameter of only a few
tens of micrometers by stacking atomized metal ink as
an aerosol on a two-dimensional (2D) substrate. A high-
density microarray electrode with 2,600 shanks per square
centimeter was obtained. This microarray electrode caused
very minimal gross tissue damage and yielded an excellent
signal-to-noise ratio given the low impedance of the
metal inkP*. On the other hand, Morgan et al. attempted
to integrate 3D microarrays on flexible polyimide or
parylene C films through two-photon lithography and
modify the metallic platinum on arrays to obtain flexible
microarray electrodes™!. The microarray electrode with
flexible substrates significantly reduces tissue damage
caused by hard metals. This electrode can be used for signal
acquisition inside tissues to enhance the spatial resolution
of physiological electrical signals and hold immense
promise for use as implantable brain-computer interfaces.

Compared to common metals, metal nanoparticles
(NPs)/nanowires/nanosheets have relatively small sizes
and more interactions between grains®**®. A recent
study used CuO NP inks for electrospinning, as shown in
Figure 3B. After post-processing, a Cu wire with a width
of 50 um, a thickness of 1.48 um and a resistivity of only
5.46 uQ-cm was obtained™. Moreover, the high surface
area to volume ratio of metal nanomaterials allows them
to adsorb small molecules to achieve better chemical

stability and processability by modification’®?. Thus,
metal nanomaterials become the preferred materials for 3D
printing of flexible electrodes for medical applications. In
another study, Im et al. added multifunctional thiols to AuNP
ink to modulate the cohesion of AuNP by inducing strong
interactions between the thiol groups and the gold surface
so that microcracks and pores are not easily generated in
the AuNP film after heat exposure (Figure 3C)M". The
modified AuNP ink is more structurally stable during
processing and can form stable, flexible conductive devices
by IJP onto flexible substrates. These flexible electrodes
are stable in high humidity and salt-rich liquids and can
maintain stable conductivity after more than 1,000 bending
cycle tests'!l. The improvements of the ink properties are
made possible only after the tremendous advancements in
materials science, which further spawn the development of
various flexible and elastomeric materials with mechanical
properties equivalent to those of human tissues and organs,
and lay solid foundation for preparing flexible medical
electrodes based on metal materials.

In addition to the traditional solid metal,
room-temperature liquid metals represented by gallium
(Ga)-based alloys have good room-temperature mobility
and low toxicity. The liquid metals can reach a conductivity
of 3.8 x 10° S/m, making them ideal materials for
manufacturing flexible electrodes®**!l. However, it is still
challenging forliquid metals to form a continuous and stable
conductive structure due to their highly oxidizable surface,
large surface tension, and low viscosity®*"l. Wu et al.
printed liquid metal in an acrylamide/nanoclay support
bath with oxidizing properties, forming a viscoelastic
oxide skin instantaneously on the extruded liquid metal
surfacel®. It allows the formation of continuous liquid
metal filaments (150 wm) with tensile strains up to 1400%,
as shown in Figure 3D!"l. This flexible electrode can be
used as a strain sensor and a passive resonant sensor, which
has potential applications in wearable biomonitoring
and untethered robotics. In addition, a common method
for fabricating flexible electrodes based on liquid metals
involves the preparation of liquid metals into nano-sized
particles, followed by printing and molding through
annealing or other operations®7.,

This section summarizes the research on metallic
materials used in the preparation of 3D-printed flexible
medical electrodes. These studies have facilitated flexible
metal-based electrodes in implantable neural interfaces,
sensors, and wearable devices by improving 3D printing
techniques or modifying the materials. The involved
methods not only allow better machinability while
maintaining the good properties of the metallic material
but also increase the mechanical properties of the flexible
electrodes, such as tensile and flexibility.
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permission of Springer Nature.
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3. Carbon-based materials

In addition to their ductility and stable cycling performance,
carbon-based materials are more widely available and less
expensive than metal materials, making them attractive
topic of research in the domain of flexible electronic
devices in recent years”"72. Some examples, such as carbon
nanotubes (CNTs), graphene, and other polymer-derived
carbon materials, are widely used as functional materials
for flexible medical electrodes.

CNTs are one-dimensional quantum materials
with a special structure consisting of several layers of
hexagonally arranged carbon atoms in a coaxial circular
tube™.. The unique structure of CNTs gives them strong
physical properties with single-walled CNTs reaching
tensile strengths of about 800 GPa and elastic moduli of
up to 1 TPa*”. Thus, CNTs not only have a hardness
close to that of diamond but also have good flexibility,
making them a preferred material for preparing flexible
medical electrodes. There are two main strategies for
prepare CNTs-based conductive elastomers. The first
strategy is to use CNTs as fillers uniformly dispersed in
the polymer matrix. For example, Sun et al. composited
CNTs with polydimethylsiloxane (PDMS) to prepare
flexible piezoresistive tactile sensors”. However, this
approach tends to affect the mechanical properties of the
polymers and limits the sensitivity of the sensor devices”..
The second strategy is to coat the CNTs on the surface of
the polymer matrix. Kim et al. deposited CNT film onto
polystyrene (PS) substrates and transferred CNT film
to PDMS to form flexible thin-film pressure sensors”,
which are highly sensitive. Nevertheless, the CNTs may be
detached from the surface of the polymer matrix during
the deformation of the sensor, which is unfavorable for the
long-term monitoring of physiological electrical signals
in vitro). To overcome these problems, Yu et al. adopted
a strategy to embed CNTs into the surface of FDM-printed
thermoplastic elastomer (TPE), as shown in Figure 4A®,
The CNTs are encapsulated by the melted TPE on the
surface through a high-temperature heating process. This
flexible electronic sensor has a sensitivity of up to 136.8 kPa!
at an applied pressure of <200 Pa while compressing and
recognizes human facial activity at a thickness of only
2 mm. Its potential application extends to monitoring and
recognizing various human physiological signals.

First discovered in 2004 by Andre Geim and Konstantin
Novoselov, graphene has a high carrier mobility
(~10000 cm?/V-s) and a high Young’s modulus (~1 TPa) at
room temperaturel®#!, Some studies have been conducted
to apply graphene to prepare conductive devices, such as
sensors and supercapacitors. Yang et al. integrated patterned
graphene on PDMS film to prepare graphene/PDMS

electrodes with excellent stability and reusability, which
has comparable sensitivity to commercial wet Ag/AgCl
electrodes®™!. In another study, Qian et al. demonstrated
that reduced graphene oxide (rGO) and elastomeric resins
formed a composite material that could be prepared as a
flexible strain sensor using DLP 3D printing (Figure 4B).
This sensor has high mechanical stability of more than
10,000 stretching-relaxing cycles and a sensitivity of 6.723
over a linear strain detection range from 0.01% to 40%®.
In addition, there are studies on graphene materials to
prepare biological scaffolds with conductive properties.
For instance, Fang et al. mixed rGO with polycaprolactone
(PCL) and printed it into an orderly arranged microfiber
layer by melt electro-writing technology (Figure 4C)®l.
Incorporating rGO enhances the mechanical properties
of the PCL scaffolds while conferring better electrical
conductivity on the scaffolds, which is essential for the
functional recovery of peripheral nerves. The experimental
results showed that the nerve guidance conduits with
conductive carbon-based materials could promote nerve
regeneration, myelin sheath formation, and functional
regeneration of nerve tissues®.

MXene is a novel 2D carbon nanofiber material, mainly
composed of carbon (C), nitrogen (N), titanium (Ti),
niobium (Nb), and tantalum (Ta)®). MXene was first
used as a contact layer for electrochemical biosensors
in 2014, The unique layered structure gives MXene a
conductivity similar to that of metals, which exhibit good
sensitivity in sensors®*". In addition, MXene has other
excellent properties, including controllability in elemental
composition and structure, as well as favorable optical and
mechanical properties (Young’s modulus ~0.4TPa, fracture
strength ~26 GPa)®*’l. These properties give MXene
materials a significant advantage in sensing elements for
flexible sensors. Cui et al. prepared a wearable MXene-
polyurethane mesh (MPM) electronic skin (e-skin) by
embedding or wrapping MXene nanosheets into porous
polyurethane (PU) nanogrid scaffolds generated by
electrospinning (Figure 4D). With ultra-low electrode-
skin contact impedance (4.68 kQ at 1 kHz) and high
signal-to-noise ratio (16.5 dB), MPM e-skin demonstrated
good stability and signal acquisition accuracy in long-
term electrocardiographic testing. The fiber film produced
by electrostatic spinning allows the MPM e-skin to be
breathable, minimizing the risk of adverse effects as a
result of blocked sweat evaporation®. It has also been
studied to make composite gels of MXene with conductive
polymers, which can be used for DIW 3D printing.
The incorporation of MXene nanosheets enables the
connection of disconnected structural domains between
neighboring conductive polymer molecules, facilitating
ion/electron transport in the gel. The composite gel exhibits
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excellent energy storage performances and is resistant and is achieved through methods such as doping®®*’.
to deformation and low temperature, making it a good Conductive polymer materials offer the advantages of easy
flexible electrode element®!. processing and production, low density, and corrosion

resistance compared to traditional metal conductors!**1%,
Meanwhile, the conductivity of the conductive polymer
can be adjusted by tinkering with the electrochemical
reversible reaction!*''%l, offering flexibility to practical
applications. Polyaniline (PANI) was the first-discovered
conductive polymer, whose electrical conductivity
could change with the degree of hydration and acid-base
parameters of different derivatives!**1%). The application of
PANI to IJP for the preparation of flexible and patterned
electrochromic devices (ECDs) has been reported'®). In the
wake of the serendipitous synthesis of polyacetylene with

Many carbon-based materials have been applied to the
preparation of flexible medical electrodes. In these reports,
carbon-based materials can be directly used in 3D printing,
encapsulated or embedded in structures created by 3D
printing, or composited with other materials to form inks
that can be used for 3D printing. The combination between
carbon-based materials with excellent conductivity and
ductility and flexible substrates with great mechanical
properties may lead to the creation of conductive materials
with high sensitivity. Characterized by low toxicity
and thermal conductivity, carbon-based materials are

regarded as potential substitutes for metal materials in the a met.allic luster, a wave of studies aiming to enhance the
preparation of future flexible medical electrodes and have electrical conductw?ty of polyacetyflene has emerged“‘”'?”l.
promising application prospects in various facets, such as Subsequently, a series of conductwel polymers, including
biosensing, physiological signal detection, and biological polypyrrole  (PPy)t®!2, polythiophene!"**%,  and
scaffolds. PEDOT:PSS!¢ 118 were developed, significantly expanding
the selection of materials available for the preparation of
4. Conductive polymers flexible medical electrodes.
The conductivity of conductive polymers lies within PEDOT:PSS has good electrical conductivity,
the range between semiconductors and conductors biocompatibility, and water solubility. With the help of
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3D printing technology, PEDOT:PSS with 3D microscale
structure finds diverse applications in wearable and
implantable electrodes, biochips, and other similar
fields!1921121201 Yuk et al. developed a paste-like PEDOT:PSS
ink by altering the rheological properties of PEDOT:PSS
to enable direct use in 3D printing (Figure 5A). In this
particular study, directly 3D-printed conductive polymers
could reach a resolution of 30 um and could be used to
prepare high-density flexible electronic circuits with
soft nerve probes!?!l. Tomaskovic-Crook et al. used 3D
printing to construct a heart-on-a-chip platform that
anchors tissue, evaluated continuous contraction force,
and employed micropipettes to 3D-print PEDOT:PSS
column electrodes in an array form, integrated with 3D
printed flexible, quantum dots/TPE nanocomposite
microwires (Figure 5B)!'*. The height-to-diameter aspect
ratio of the PEDOT:PSS columns was =5.7, allowing for
mechanical stability in cell culture media and biogels.
Moreover, the conductivity of PEDOT:PSS columns was
significantly better than that of PEDOT:PSS films, which
facilitated in situ cell stimulation and promoted the growth
of 3D tissues in vitro!'?2.

In addition to directly printing conductive polymer
molding, mixing conductive polymers with stretchable
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hydrogels is also a common method to prepare conductive
polymers-based flexible electrodes. For instance, Li et
al. attempted to mix PEDOT:PSS, MXene, and ethylene
glycol (EG) into a composite gel, which is targeted to be
used as an ink for DIW 3D printing (Figure 5C). In the
printable ink, uniformly distributed MXene nanosheets
could improve the printability of the PEDOT:PSS solution
and modulate the interconnected electronic structure
of PEDOT:PSS to undergo a micelle-to-linear structure
transition®). Conductive polymers-hydrogel electronics
typically have well-organized mechanically compatible
interfaces, which help in eliminating electrochemical
instability caused by severe mechanical mismatches.
However, the addition of hydrogels significantly reduces
the overall conductivity, and increasing the content
of conductive polymers will impair the mechanical
properties of hydrogels!'*1?*1> In recent years, several
studies have been conducted to improve the molding
method or components of PEDOT:PSS ink to enhance the
conductivity of conducting polymer-hydrogel composites
and to maintain the mechanical properties of hydrogels.
For example, as shown in Figure 5D, Xie ef al. utilized the
strong hydrophobicity of PEDOT:PSS to form an elastic
film at the liquid-liquid interface by combining it with a
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Figure 5. Conductive polymers for 3D-printed flexible electrodes. (A) A paste-like PEDOT:PSS ink for 3D printing!™?!. Copyright © 2020 Springer
Nature. Reprinted with permission of Springer Nature. (B) Printing of PEDOT:PSS column electrodes using micropipettes’2.. Copyright © 2019
Wiley-VCH. Reprinted with permission of Wiley-VCH. (C) PEDOT:PSS-MXene composite gel for direct ink writing 3D printing®. Copyright © 2023
Wiley-VCH. Reprinted with permission of Wiley-VCH. (D) PEDOT:PSS inks for liquid-liquid 3D printing formed in an oil environment!'*”.. Copyright ©
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PDMS surfactant in an oil environment to prepare liquid-
liquid 3D printable ink!?!. With an electrical conductivity
of up to 301 S/m, the ink was formed by combining the
light-curing hydrogel with ionic liquids that can enhance
its stretchable properties and conductivity. The viscosity
of the ink and the concentration of PEDOT:PSS can be
adjusted to within a certain range, increasing the versatility
of the ink in 3D printing technology. Zhou et al. reported
a phase-separated ink consisting of an electrical phase
(PEDOT:PSS) and mechanical phase (hydrophilic PU),
which was prepared to obtain a bi-continuous conducting
polymer hydrogel (BC-CPH). BC-CPH has high electrical
conductivity (over 11 S/cm), elongation (over 400% ), and
fracture toughness (over 3300 J/m?). It can be prepared
as an all-hydrogel bioelectronic interface using extrusion
3D printing!?!. The viscosity of BC-CPH inks can also be
adjusted to be used in electrostatic spinning technology
for long-term stable electrophysiological recording and
stimulation.

Despite the excellent properties of conductive polymers,
the lack of stability still limits their application in daily life.
In future research, there is a need to explore strategies to
improve the conductivity of existing CPs and focus on
ways to enhance their structural stability. At the same time,
new types of conductive polymers with extended recycling
life for flexible medical electrodes should be developed to
cater to a broader range of applications.

5. Other materials

In addition to the aforementioned materials, an increasing
number of novel material systems are being employed
to 3D-print flexible medical electrodes, including ionic
gels and composite hydrogels. In addition, conductive
polymer-doped elastomers possess continuous conductive
phases and excellent stretchability and transparency,
attributes that facilitate more direct applications in flexible
and wearable electronics.

Ionic gels are solid mixtures with ionic conductivity,
usually a mixture of polymeric organic polymers and
ionic liquids!"?’l. The polymer molecular chains are
interconnected or entangled to form a spatial mesh
structure, and the structural voids are filled with anions
and cations that act as a dispersing medium, giving the
ionic gel a continuous conductive phase!™**132. To enable
ionic gels to be used in 3D printing technology, Huang
et al. designed a self-regulating ink consisting of poly
(ionic liquid) networks, ionic liquid monomers, and
free ionic liquid. By adjusting the ratio, the rheological
properties of the ink can be modified, and the printability
of the ionic gel can be increased to realize efficient DIW
printing (Figure 6A)1%,

Increasing the content of ionic liquids is the primary
approach to improving the electrical conductivity of
ionic gels, often accompanied by a sharp decrease in the
mechanical properties of the gels!*'%]. Liquid leaks can
be toxic in the body, limiting the application of ionic
gels!* 138 Yao et al. utilized granular amphiphilic ionic
particles to synthesize ionic gels, as shown in Figure 6B.
The dissolved ionic particles increased the mechanical
properties of the ionic gels due to electronic interactions
or physical crosslinking, resulting in double-network
ionic gels with high stretchability (>600%) and ultrahigh
toughness (fracture energy >10 kJ/m?)!"*.. Zhang et al.
used a phase separation strategy to improve the mechanical
properties of the gels by doping lithium salt into the
ionic gels!"”. The addition of lithium salts increased
the electrical conductivity of the ionic gel and led to the
formation of a phase-separated microstructure within
the ionic gel. Lithium ions establish lithium bonds with
hydroxyl groups present on the polymer network, which
make up the rigid regions of the ionic gel and enhance the
toughness of the ionic gel (mechanical strength in the range
of 2.29 to 5.19 MPa). The polymer chains and ionic liquid
form the soft region of the ionic gel, which improves the
elongation of the gel (>1000%). Through DLP 3D printing,
this ionic gel can be fabricated into microcircuits with
complex structures and microarrays for self-powered tactile
sensing, which has considerable potential for applications
in the field of human-computer interaction!*”! (Figure 6C).

Hydrogels are moisturizing, flexible, and biocompatible
materials. However, due to the lack of an effective energy
dissipation mechanism, hydrogels are prone to fracture or
breakage during repeated stretching or compression. To
satisfy the requirements for long-term applications of flexible
electrodes, hydrogels with excellent mechanical properties
(flexibility, resilience, efc.) and high stability need to be
designed. Xiong et al. indicated that acrylated 3-cyclodextrin
could undergo precise host-guest recognition with bile acids
and form polymerizable pseudorotaxane by self-assembling
the two molecules!!). Polymerizable pseudorotaxane can
be mixed with photo-polymerizable acrylamide hydrogel
to obtain conductive polymerizable rotaxane hydrogels
(PR-Gel), as shown in Figure 6D. The topological network
of pseudorotaxane enhances the mechanical properties
of hydrogels, with a maximum tensile ratio of 830% and
good flexibility in the temperature range of -20°C to 60°C.
Furthermore, this method improved the poor fatigue
resistance of the hydrogel, and no significant hysteresis was
observed after 500 cycles at 300% strain. This report utilizes
DLP 3D printing to fabricate PR-Gel into flexible sensors
with complex geometries that can better adapt to the surface
structure of the human body and can be used for real-time
monitoring of human electrocardiographic signals!4!.
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Figure 6. Other materials for 3D-printed flexible electrodes. (A) A self-regulating ink for direct ink writing printing!"**. Copyright © 2023 John Wiley and
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Hydrogels can be deformed and adhered to tissues.
However, hydrogels are water-swellable crosslinked
polymers, and the loss of water inevitably leads to
deterioration of mechanical properties, making prolonged
use in an anhydrous environment challenging. Elastomeric
materials formed by crosslinking polymer chains exhibit
better mechanical properties and environmental stability
without relying on solvent swelling. Thus, elastomeric
materials are more suitable for 3D printing technologies
such as FDM, which rely on high-temperature conditions
for printing and molding. Thermoplastic PU (TPU) is
a common polymer used in FDM printing due to its
excellent flexibility and stable melting temperature!'*. In
Hu et al.’s study, TPU-based electrode filaments that can be
used for FDM printing were prepared by mixing different
active materials (lithium iron phosphate, lithium titanate,
nickel cobalt manganese oxide, or graphite) with TPU and
conductive additives in dimethylformamide (Figure 6E).
The flexible electrodes with complex structures prepared
by FDM printing exhibit excellent print stability and
mechanical properties!*!,

6. Conclusion and perspectives

Flexible electrodes serve diverse purposes in both
medical research and clinical practice. Extracorporeal
flexible medical electrodes enable the monitoring of
human electrocardiographic signals for early diagnosis
and risk prediction, allowing patients to receive timely
cardiovascular interventions and reducing the occurrence
of emergent cardiovascular events. Implantable flexible
electrodes allow real-time transmission of electrical signals
within the brain and are an important component of brain-
computer interfaces. They serve diagnostic and therapeutic
purposes and contribute to the study of functional brain
regions. Furthermore, flexible electrodes have been
explored in studies involving nerve conduit scaffolds to
promote tissue repair and regeneration.

The continuous optimization of materials and
improvement of manufacturing technology is significant
for generating advanced medical flexible electrodes. In
terms of materials, more comprehensive research on
existing materials is required. For example, through doping,
modification, and material composites, it is possible to
enhance the conductivity and stability of electrically
conductive materials or the flexibility and tensile properties
of flexible materials. In addition, we need to improve
the processability of materials and broaden the range of
materials compatible with 3D printing technologies. At
the same time, we also need to continually develop new
conductive materials with excellent biocompatibility and
cyclic stability, which can be used to create more flexible
electrodes for in vivo implantation and prolong the lifespan

of the electrodes. We believe that continuous explorations
will give rise to flexible electrodes with higher resolutions
and more channels, which can facilitate the delivery of
precise and sensitive data.

In terms of technology;, it is necessary to continuously
improve the resolution and material compatibility with
3D printing technology to meet the growing demand for
using 3D-printed flexible electrodes in various medical
scenarios. In addition, combining 3D printing technology
with photolithography and screen printing provides an
impetus to the development of high-precision, multi-
channel flexible electrodes, which are promising tools for
acquiring and stimulating refined physiological signals.
Future research could also consider optimizing the
structural design of flexible electrodes to make 3D-printed
flexible electrodes more personalized and compatible with
clinical needs and applications.

In the future, clinical trials should be conducted to
investigate innovative materials, technologies, and designs.
It is also necessary to promote the adaptation of flexible
electrodes into clinical use by improving the performance of
flexible electrodes, expanding the function of electrodes, and
reducing the production cost. These desirable features will
also indirectly broaden their applications in the medical field.
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Abstract

Hybrid additive manufacturing (HAM) processes combine the advantages of both
additive and non-AM processing to achieve an improvement on quality, cost, and a
good quality-cost balance. The non-additive manufacturing process is able to build
the physical component of a computer-aided design model from zero or an existing
relatively simple subvolume, called base shape in this paper. Hence, if the processing
start point is an existing subvolume, how to determine an optimal base shape to
save printing time, avoid manufacturing constraints and ensure component quality
is an open question in the process planning. Nevertheless, this topic has rarely
been investigated. Therefore, in this paper, we propose an optimization method
using model skeleton-based decomposition and evolutionary computation. A set
of generic evaluation criteria are defined for alternative evaluation. We also present
two case studies in this paper for validating the proposed method and conclude that
sequential HAM processes have a wide application potential.

Keywords: Base shape; Process planning; Hybrid additive manufacturing

1. Introduction

As the process and material development continues to advance, additive manufacturing
(AM) emergesasakeytechniquein functional manufacturing!'l. Its capacity to manufacture
parts with complex surface and internal geometries by adding layers of materials without
the use of tooling or fixtures enables it to be a promising processing candidate for high-
value component fabrication, and the non-linear relationship between its printing cost
and the component complexity makes it an attractive avenue for manufacturing parts®. In
addition, AM also provides freedom to design, offers mass personalization to consumers,
removes the need for parts shipping and warehouse storage, and reduces waste and energy
consumption®*. However, compared with traditional processing technologies, limitations
still exist in additive manufacturing processes, such as poorer dimensional accuracy
and surface quality®®], limited materials, and relatively long printing time for some
applications), especially for metallic AM processes. It is not realistic to use AM only for
select attributes such as high accuracy and superior performance in fabrication while not
considering the feasibility and high-cost problems this technique is tied to. For example,
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reducing the layer thickness to achieve a better surface
quality may extend the printing time. On the contrary, the
advantages of traditional manufacturing processes, such as
high speed and high quality of finish surface, can greatly
compensate for the disadvantages of AM. In light of this,
the combination of additive and subtractive manufacturing
processes is regarded as a hybrid solution to compensate
the limitations of both AM and traditional processes®,
spurring a variety of new applications®. The combined
approach is now increasingly employed for producing or
remanufacturing functional parts'®.

The term “hybrid” has been widely used in many
areas of manufacturing!’. It is used to describe several
hybrid techniques: (i) hybrid processes; (ii) hybrid
machines, which refer to the machine platform rather
than the constituent processes; and (iii) hybrid materials,
structures, or functions, combining one or more materials
to yield a product with hybrid composition, structure,
or function™'?. The definition of hybrid additive
manufacturing (HAM) was proposed by Sealy et al.l*"
as follows: “The use of AM with one or more secondary
processes or energy sources that are fully coupled can
synergistically affect part quality, functionality, and/
or process performance” The authors also defined the
three key features of HAM: (i) fully coupled processes,
(ii) synergy, and (iii) part and/or process improvement.
More descriptions and definitions have also been
proposed in the literature®'>!*]. In this paper, we consider
HAM as a type of specific hybrid process, where AM is
the principle process, and other processes, integrated in
one machine with AM or separated as modular processing
units, are assistive processes involved in shape formation
procedure with AM working in a sequential, parallel, or
iterative fashion.

Although the hybridization idea of the two types of
processes seems simple, the process of combining them
is more difficult than imagined since both of the existing
constraints of AM and non-AM (NAM) processes are
introduced and couple with each other. Therefore, the process
planning for HAM is critical for the implementation of process
combination. A few researchers noticed the importance
of this and had already conducted a set of investigations as
reviewed in Nassehi et al."*l. However, a plethora of problems
remain to be resolved, such as the selection of candidate
process for combination, manufacturability analysis,
processing from zero volume or existing volume, hybrid
operation sequence planning, hybrid toolpath planning for
AM, and NAM, efc. In this paper, we focus on the question
of manufacturing from zero or an existing subvolume since
this rarely discussed topic is important for the feasibility
and efficiency of HAM. Based on the analysis of industrial

application needs, we define this problem as the base shape
generation and optimization for the process planning in
HAM. At present, this problem is handled manually with
many uncertainties, but there is no decision support tool to
help automatically generating an optimal base shape for a
given computer-aided design (CAD) model to be processed
by a HAM process in the process planning. To solve this
problem, this paper introduces a geometric computational
method that automatically generates an optimal base
shape, taking into account the processing cost, quality, and
manufacturing constraints.

The contents of this paper are organized as follows:
Section 2 reviews the related woks; Section 3 introduces
the proposed method in detail; Section 4 demonstrates
the method with computation examples; and Section 5
concludes the paper with perspectives on future work.

2. Related work

In the domain of manufacturing, the crux of process
planning is about how to organize and make a full use of
the existing processes and the corresponding machines with
appropriate parameters!'¥. In AM, there are some differences
since the printing planning is usually done for one machine,
the AM printer, if post-processing is not considered. The
main function of the so-called process planning for AM is
actually to transfer a design model, such as a CAD model,
into a processing model, called the printing toolpath model,
to complete the AM processing chain\. Four main planning
tasks were defined as the model transformation steps for
rapid prototyping, the initial form of AM!"®. Recently, with
the rapid development of AM technologies and increased
availability of material options, the process planning for AM
has become widely explored. Some researchers proposed to
include the manufacturability analysis, process selection,
model clustering, and printing prediction as additional
planning tasks to adapt to the AM evolution">'7*! since
these tasks are critical for analyzing the feasibility and
suitability of using AM before printing™”l. In general,
these planning tasks are divided into two main classes:
macroplanning and microplanning™. Microplanning not
only includes the four classical planning tasks, namely,
orientation determination®”, support structure design!,
slicing,”? and toolpath planning®®! but also contains two
additional new tasks, namely, part clustering/grouping and
nesting, to meet the needs of simultaneous printing for
group components?*2],

In conjunction with the emergence of HAM, more
NAM processing operations and machines are introduced
in the processing chain. Hence, the process planning
contents should be adjusted again. However, the current
computer-aided process planning (CAPP) in AM domain
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is still focusing on the macro- and microplanning tasks as
introduced above, but there are not so many systematic
researches on CAPP for HAM in the past. HAM has been
proposed and investigated for more than two decades.
Karunakaran et al.””? have conducted intensive research
on the HAM process development, through which the
concept of HAM processing chain has been implicitly
mentioned, but the idea of adopting CAPP for HAM and
the main challenges of adopting CAPP in HAM have
never been formally discussed in their works. Later, after
a research on HAM process development, Liou et al., for
the first time, proposed an integrated process planning for
their developed multi-axis HAM process™*. Kerbrat
et al.®V also conducted manufacturability analysis related
to CAPP for HAM according to the two-level CAPP
concept definition proposed in Zhang and Bernard™.
Subsequently, Newman et al.*>*! proposed systematic
CAPP solutions for HAM process at a relative generic
level. More recently, in face of the development of and
increasing application demand for HAM processes, the
research on CAPP for HAM is booming. A couple of
researchers investigated how to connect AM with NAM
process with automatic CAPP solutions®***!. These works
mainly focused on how to decompose a CAD model into
two processing sets of subvolumes, called features, for AM
and NAM processing modules. They discussed more about
the decomposition strategy, feature assignment scheme,
and the processing sequence determination. There are also
some researchers focusing solely on toolpath generation
with consideration of AM or NAM constraints, for example,
collisions, to obtain an automatic full HAM processing
chain®®*). These studies focus more on the micro planning
stage, where processing model transformation is the
priority. Recently, a CAPP platform at a generic level
that enables a more general planning for HAM has been
proposed®. However, they are still situated in the micro
processing chain level even though they added monitoring
unit in their CAPP loop. In a very interesting work, Liu
et al.®! discussed a very microplanning task for iterative
HAM, where the switch moments between the two
processing modules need to be analyzed and optimized
according to processing constraints, time and cost. Except
for full CAPP solution development for HAM, some
critical planning tasks in the macro or microstages also
attracted research attention since they are important for
the processing chain. How to plan for HAM starting from
an existing part has also been extensively discussed®*,
with a particular focus on how to reuse existing parts/
legacy products to save cost for HAM process. Researchers
applied HAM for remanufacturing existing physical
components in adherence to this logic!**!. Gradually, the
benefits of starting the HAM processing from an existing

volume, called base, base plate or substrate, attracted the
attention of a group of researchers. Eldakroury et al.!*!
attempted to use primary shapes, cylinder, and cuboid
to approach the initial CAD model’s subvolume through
a set of simple sequential rules to help process planners
identifying optimal candidate substrate. However, they did
not analyze the solution space of the substrate, nor applied
any optimization tools to enable automatic searching. The
results presented in the paper may not be comprehensive,
covering only the local optimal candidate substrates. In
addition, the word, “substrate,” may cause confusion to
the NAM processing module’s planning. More recently,
Chen and Frank™! proposed a method to optimize the
stock size for component families or groups and use the
stock as the processing starting point for the following
HAM processing. In their method, manufacturing begins
with a base plate, where a set of subtractive steps will first
create a portion of the design geometry. Next, the additive
manufacturing process will be planned to create geometry
on the machined base plate in two opposite directions,
to minimize support structure, and build height. Finally,
a secondary machining process is planned to produce
finished surfaces on the additively manufactured near
net shape geometry. However, there is no work about
how to identify an optimal stock for a given CAD model
in their paper. On the other hand, Reichler et al® did a
similar work, but they tried to extract a subvolume from
the initial CAD model as starting base for incremental
manufacturing, where AM is applied to add customized
features for variant part. However, they did not explain
how to obtain an optimal base volume automatically for
the start point.

As reviewed above, research addressing the question
about HAM processing starts from zero or existing
volume is scarce. If the process starts from an existing
volume, how to identify an optimal starting volume is a
fundamental question to be solved. This study is aimed
at filling this knowledge gap. We started from an existing
volume and proposed a generic solution to automatically
generate an optimal starting volume, called base shape,
for HAM processing. The proposed method is expected to
meet the needs of different multi-axis HAM processes by
adapting related processing constraints as the boundary
conditions of optimization. The following section gives a
detailed explanation about our method. A CAD model of
a relatively complex tree structure is adopted to illustrate
each key step in the calculation procedure.

3. Proposed method

HAM  processes combine the advantages of
additive processing and subtractive processing or other
traditional processing such as casting and stamping.
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The hybrid processing can start from zero or an existing
volume as discussed above. Processing from existing
volume can help save material and processing time. The
non-additive manufacturing process is able to build
the physical component of a CAD model from existing
relatively simple shapes, which could be subsections
of the physical model, called base shape in this paper.
However, how to determine an optimal base shape to
save printing time, avoid manufacturing constraints, and
ensure component quality is an open question for the
process planning and has rarely been investigated. To
address it, this paper proposes a model skeleton-based
decomposition method to generate alternative base
shapes. A set of generic evaluation criteria are defined
for alternative evaluation. In this paper, we also present
the application of the proposed method, together with
cold spraying coupled to computer numerical control
machining (as post-processing in a sequential way
after printing), for the determination of base shape in a
hybrid AM process. Certainly, the proposed method can
be adopted for other hybrid AM processes after specific
manufacturing constraints are taken into consideration.

3.1. Method overview

The proposed method includes three main steps, as shown

in Figure I:

(i) Voxelize a given CAD model in the format of STL to
obtain a voxel model. Then, generate a skeleton, the
medial axis, from the voxel model to represent the
general topological relationship of the original CAD
model. The skeleton allows defining the “material
deposition directions,” which is used when searching
“decomposition” of basic volumes into “subparts.”

( CAD model (STL) >
v

[ Voxelize the model & B

51) Generate skeletons

( + N\ PR

(2) Optimize branch set ( Objective: Material h
~ ~ use rate )

v

(( )Generate & evaluate ) < [Constraint 13 Angular\

base shapes divergence

[ Constraint 2:

v J
COptimal base shape) \ Adjacency )

Figure 1. The proposed workflow of base shape generation.

(ii) Generate the optimal branch set, which has the largest
volume of the corresponding volume of the original
CAD model. Decompose the skeleton into a set of
branches and the CAD model into original subparts
using the intersection points on the skeleton. If
necessary, remove a set of non-important sub-branches
and extract the key branches, but all branches are kept
in this research. The optimal branch set is a group of
branches which are adjacent, and coplanar, as well as,
with the largest volume of the corresponding subparts
of the CAD model.

(iii) Generate alternative base shapes based on a set of pre-
defined 2D cross-section profiles (primary shapes,
e.g., circles and polygons) sweeping along the optimal
branch set to generate 3D volumes. Based on the various
sizes of selected 2D cross-section profiles, generate
numerous base shapes, which are known as “candidate
base shapes” Search the “optimal candidate base shape”
using evolutionary computational methods. The material
use rate is used to obtain the optimal base shape.

3.2. Method implementation

The implementation details of the above-mentioned three
steps entailed in the proposed global method are given below:

3.2.1. Step 1: Voxelization and skeleton generation

For voxelization, the method proposed in the literature!*!
was adopted. This method allows efficient conversion of
polygonal solid models into voxel format with a maximum
resolution of 1000 (1 billion voxels) in <2 min. In this
research, the voxelization algorithm was used to convert a
solid model obtained from a CAD system in STL format.
The voxel size is determined by dividing the maximum
dimension of the bounding box of the STL model with a
desired resolution. The voxelization process essentially
passes rays along the X-axis in a preset order (increments
along Y axis first, then along Z axis) and finds their
intersections with the facets. The number of intersections
for any ray is always even if the STL file is free of errors
and the rays completely extend beyond the model on
both sides, as shown in Figure 2. The voxelization process
essentially passes rays along the X-axis in a preset order
(increments along the Y-axis first, then along the Z-axis)
to find their intersections with the facets. The process was
carried out in a layer-by-layer fashion from the minimum
to the maximum Z coordinate of the model, as depicted in
Figure 3.

Figure 4 illustrates the examples of CAD models
with complex tree shape structure. The tree structure
was modeled using a parametric CAD tool called Rhino,
a commercial parametric CAD software based on the
NURBS mathematical model. To obtain a topology
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skeleton from a voxel model, we applied to this study
a parallel 3D medial surface/axis thinning algorithm
proposed in literature(*, which is an efficient 3D parallel
thinning algorithm for extracting both the medial
surfaces and the medial axes of a 3D object (given as a
3D binary image). Based on this method, the voxel model
was processed by the adopted algorithm; the initial
skeleton obtained is shown in Figure 4C. However, since

Figure 2. Solid model representation by voxel layers. (A) The selected voxel
distribution for a solid model in one layer; (B) 3D voxel configuration for

the solid model.

the skeleton is generated by connecting the voxel centers,
it does not have very smooth surface and the accuracy
could be influenced by the voxel resolution. Therefore,
the initial skeleton cannot be directly used for generating
base shape as post-processing is required. In this research,
slightly curved skeleton branches or small bent poly
branches were simplified and replaced by straight line
segments to facilitate the following base shape generation.
The simplified skeleton of the tree structure is shown in
Figure 4D.

3.2.2, Step 2: Original subpart generation and branch
set optimization

The base shape was generated by decomposing the skeleton
and then sweeping some simple cross-sections like circles,
along the selected branch set. Moreover, the corresponding
volume of each branch was used to optimize the candidates;
therefore, the model needs to be decomposed as well. The
decomposition of original subparts, as shown in Figure 5,
was based on the skeleton and CAD model, and the end

90101019 010)¢

Figure 3. Voxelization by ray intersection for a model with different resolution. (A) Voxel meshing based on a bounding box; (B) center points generation;
(C) internal point identification; (D) assembly of identified pixels; and (E-H) voxelization with a higher resolution.

Figure 4. (A) CAD model of a tree structure; (B) a voxelized result; (C) initial generated skeleton; and (D) a post-processed skeleton replaced by straight

line segments.
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Figure 5. Workflow of the generation of original subparts based on the
skeleton.

[ Decompose the CAD ]

points of each extracted branch were obtained. Meanwhile,
the CAD model was deconstructed in Grasshopper (GH),
so the necessary curves could be selected manually in
this research. With the branch end points and the points
of selected curves, the split planes were determined and
moved to the corresponding branch points, and then, the
CAD model was decomposed into many original subparts
by these split planes.

The tree structure with 25 skeleton branches presented
in Figure 4A is taken as an example. The structure was
decomposed into 25 original subparts, as illustrated in
Figure 6. Figure 6A depicts the whole part which has
been decomposed, and a partially enlarged structure was
selected to show the generation process of split planes.
The split planes were determined by the intersection point
in the skeleton and the points manually selected on the
surface of the entity (Figure 6C and E). The plane depicted
in Figure 6D was obtained by one plugin called plane fit
in Grasshopper and the planes were generated by three
selected points, as shown in Figure 6F. All of these planes
were translated through the intersection in the branches
of these corresponding subparts. Then, these planes were
used to cut the CAD model for the generation of original
subparts. The branches of the skeleton and the original
subparts were applied to generate and optimize base shapes
in the next step.

3.2.3. Step 3: Base shape generation and evaluation

Genetic Algorithm (GA) is a typical evolutionary
algorithm, which is a good choice for solving discrete

combinatorial optimization problems. It is a stochastic
optimization method that mimics natural evolution,
whereby individuals in each generation go through the
processes of crossover, mutation, and selection!*!. During
the search, the branches can be randomly selected to form
a combination. Hence, this is a discrete optimization
problem since non-connected branches may be selected.
In the encoding, if a branch is selected, a digital value, 1,
is assigned; otherwise, another value, 0, is assigned. The
objective function is the whole volumes of the subparts
in a combination, which is randomly generated from the
original branches.

V=2V, U

where V_is the Boolean union sum of selected subparts,
and V.(i=1,2,3..)is the volume of each subpart in
a generated combination. Theoretically, selecting all the
branches is the optimal solution, if we do not consider
manufacturing constraints. However, to facilitate the
manufacturing of the base shape, two generic constraints
are set as examples in this research. We assume that
the base shape should be a continuum volume, and less
radiation of volume segments in different directions
would be better for manufacturing since there should
be fewer fixtures used and less reorientation required,
if machining is applied to manufacture the base shape.
A continuum volume also means less manufacturing
operation. Hence, in the following subsections, we
explain the proposed two constraints or criteria — angular
divergence and adjacency - for consideration in the
optimization process.

(A) Angular divergence

The first criterion is angular divergence, which is used to
describe the coplanarity extent of different branches in a
skeleton of a candidate base shape. The coplanarity extent
can be calculated using the vectors of skeleton branches. For
example, if given two branches, i and j, and their vectors,
V. and V, and their cross product V., is used to form dot
product with the vectors of all other remained branches
V, (k=1,2,3...) of the left skeleton. Theoretically, if there
are more branches in a candidate base shape, it would
be easier to fabricate the base shape and the subsequent
AM or NAM processing would also be less challenging
since collision detection is simplified and reorientation
of the base shape is reduced in the processing. Hence,
there is a need to define a coplanarity extent to describe
the criterion of angular divergence. However, the size
of the cross-sections of the original CAD model should
also be paid attention to since branches with big volumes
primarily affect the values of the waste material function
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Figure 6. The decomposition process and the results of tree model decomposition. (A) 25 original subparts; (B) a partially enlarged structure; (C and E)
intersection curves selected from the CAD model; (D and F) split planes; (G) cut sections; and (H) original subparts.

(to be introduced later below). Hence, we need to use a
coeflicient of these branch volumes, C, to differentiate the
impact of each branch in the skeleton. The value of C can
be assigned empirically or using a ranking scheme, where
big branches gain bigger weights. Therefore, the degree
of angular divergence can be described by D, as shown in
Equations II and III.

V,= V,x V(i j=12,...n) (10)
D=(V,x V)xC,(i,j,k=12,...,n) (111)

Hence, the mean of these D values can be used as an
index value to describe the angular divergence of the
skeleton combination of a candidate base shape.

2D
e S (m=n-2,k=12,....m) (Iv)
m

To simplify method demonstration, we only consider
the coplanarity, except the size and volume of each branch.
The branches are not only approximately coplanar but
also need to connect to each other as discussed above,
encapsulating an attribute known as adjacency.

(B) Adjacency

Since the candidate volume is generated using a
GA operator to extract a random combination of
branches, disconnected branches may occur sometimes.
Disconnected branches will generate more than one
base shape sections, increasing the complexity for the
subsequent AM and NAM processing (more build
orientations, assembly interfaces, fixtures, reorientations,
etc.). Hence, an evaluation criterion called adjacency
is proposed. It can be estimated using the number of
common knots and the number of branches. If the
number of knots and branches meet a formulation, N,
N, < 1, we can say that the branches are adjacent and
connected. Skeletons with disconnected branches will be
assigned penalty in the evaluation of individuals in the
GA.

A B

Figure 7. (A and B) A tree model and the position of its branches in a
chromosome during encoding.

To illustrate the encoding, we used a simpler
tree structure with only five branches, as shown in
Figure 7A and B, for explanation. In the encoding, each
branch takes a gene position in the chromosome. We used
binary numbers to describe whether a branch was selected
to generate a sub-skeleton set (already mentioned above).
The value 0 (means the branch is not selected) and 1 (means
the branch is selected) were used. Hence, a chromosome can
be represented by five connected binary codes (Figure 8).

Based on the binary encoding scheme, we can design
different GA operators. Figure 8 gives an example of
crossover operation, where chromosomes are switched at
a selected crossover point. The decoding of representative
crossover operation results is shown in Figure 9.

According to the adopted encoding scheme, the
chromosome length, indicated by the number of binary
values, equals to the number of branches of a structure
skeleton. For the tree structure model, the length of
chromosome is 25 (Figure 10A). A representative decoding
(implemented in a Rhino plugin, GH) with one candidate
branch combination of the complex tree model is shown
in Figure 10B.
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Figure 8. Chromosome and crossover operation.
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Figure 9. Decoding for the representative genetic algorithm chromosome
in Figure 8: (A) Parent 1; (B) Parent 2; (C) Child 1; and (D) Child 2.
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Figure 10. (A) Binary encoding in Galapagos and (B) the corresponding
branches of tree structure.

With the defined fitness function and evaluation criteria,
the implementation of GA was carried out in a CAD tool
plugin called Grasshopper Galapagos editor. Table 1 shows
the parameters for the initialization of algorithm. In detail,
max. stagnant is 50, population is 50, initial boost is double,
maintain is 5%, and inbreeding is 75%.

Once obtained, the equivalent cross-section profiles
were used as reference to sweep along the corresponding
optimal branch set to generate 3D volumes (Figure 11).
The size and shape of profiles determined the final volume
and the shape of the base shape. For this tree model, a
base shape composed by a set of cylinder branches with
different diameters was defined.

Since the basic GA is very slow for iterations, based
on the results of coplanar branches, Particle Swarm

Optimized Original
/ CAD model / / skeleton / / subparts /
Configure dlfferent sizes
of cross-section randomly
Select ske]eton branches
randomly

weep Cross-: sectlon along
the bra.nches

Generate branch geometry
No

& perform Boolean union

Calculate objective Coplanarity &
function adjacency analysis

Convergence?

Yes
Obtain optimal coplanar
and adjacent branches

Figure 11. The workflow of base shape generation based on the coplanar

and adjacent constraints.

Initialize particles with random
positions and Velocity vectors

Record and update Presi and pegs

[ Calculate fitness value ]4—
Calculate and update the velocity
of pamcles False

particles

Meet stop criterion?

True

4
[ Output the optimal solution J

[Calculate and update position of ]

End

Figure 12. The basic steps of the Particle Swarm Optimization algorithm.

Optimization algorithm (PSO)™” was adopted to optimize
the size of cross-sections. The flow chart of PSO is
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illustrated in Figure 12. This step is intended to evaluate
and search for the optimal base shape. Since the material
waste rate determined by volume could directly impact
the AM and NAM processing time, we only focused on
the volume of material in this research. To facilitate the
searching process, an objective function concerning waste
material volume is defined in Equation V:

min: F, =, (f-f N f) + o, -f,Nf) V)
where F is the material use rate, fi is the base shape
(Figure 13A), and f is the volume of the finished part
volume. Figure 13B shows the base shape after machining
from the casting shown in Figure 13A. Figure 13C
shows the subparts which need to be added through
AM processing (CS spraying AM module is used as
example in this research) to the qualified base shape. w,
and o, are the weights assigned to the cost of AM and
NAM processing, respectively, in terms of subtractive
manufacturing processes and materials. Here, @, and
o, are related in an equation, that is, @, + @, = 1. In this
research, the weights were set at 0.95 and 0.05, respectively.
This objective function could be directly used as fitness
function in the PSO. In this research, we defined two main
evaluation criteria for illustration and general application.
In industrial application, different specific criteria can be
defined according to HAM processing constraints and
other objectives related to time, cost, and quality.

4, Case studies

In this section, we use two examples manufactured by a
cold spraying-based HAM platform in different complexity
levels to demonstrate the proposed method.

4.1. Case study 1

The model described in this case study was derived from a
study on cold spraying process!**. Using this method, the
authors built the whole model from zero volume, causing
wastage of many materials. After analyzing the CAD
model, we learn that a quite large volume can be fabricated
by traditional method easily and only very small complex
structure, like the four feet, can be fabricated by iterative or
sequential AM and NAM processes. Hence, we generated
a base shape with an aim to save material and time for this
case. The CAD model of this case is shown in Figure 14.
It is a reproduction of the example CAD model used in
Lynch et al.!8!,

Based on the CAD model of the bracket, the voxelization
and generation of skeleton were operated in accordance
with the above-mentioned method in MATLAB, as
illustrated in Figure 15A and B. A modified skeleton was
adopted to replace the original one. The original subparts
can be decided by the branches based on the joint points,
similarly with the tree model. The subparts of the bracket
are shown in Figure 16.

The selected branch combination after GA calculation
is shown in Figure 18A. The following optimization
is conducted by the mentioned PSO algorithm with
consideration of the above-mentioned constraints and
material use rate. The optimization procedure is depicted
in Figure 17, which shows that the optimal solution is
found after 32 iterations.

To simplify the whole process, circle was used as cross-
section in this case study, and ball shapes were used as
joints to connect the adjacent branches, as illustrated in

Table 1. Parameters for Genetic Algorithm (GA) in Galapagos editor

Option Max. stagnant Population

Initial boost Maintain (%) Inbreeding (%)

Description 50 50

2 5 75

Cc |

|
/,
i

k

~

Figure 13. (A) Base shape of the tree structure; (B) qualified base shape after machining; and (C) cold-sprayed subparts.
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Figure 18B. Then, a plane cutting and an extrusion cutting
operations were performed as post-processing to make the
base shape meet the coplanar criterion and approximate to
the subpart shape of the original CAD model, as illustrated
in Figure 18C. Figure 18D illustrates the subparts, which
need to be deposited through the CS AM module onto the
optimized base shape. For this case, it is obvious that if the
CS deposition can start from the proposed optimal base
shape, a lot of materials and much processing time could
be saved.

Figure 14. (A and B) Bracket computer-aided design model with different
perspectives.

Figure 15. (A) Voxelization and original skeleton of the computer-aided
design model and (B) modified skeleton.

A

Figure 16. (A and B) Subparts of the bracket.

4.2, Case study 2

The CAD model described in the above case is not so
complex that we can even identify the optimal base shape
based on our experiences. However, HAM is usually
used in complex and high-value manufacturing, through
which complex models are often made. In this case, we
used a more complex CAD model to demonstrate the

17320
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ve

Object

17240
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17200

17180 1 . 1 . 1 N 1 N 1 . 1
20 40 60 80 100

Iterations

o

Figure 17. The optimization process of base shape with Particle Swarm
Optimization.

A B

§

Figure 18. (A) Optimal initial skeleton; (B) optimal base shape;
(C) optimal base shape; and (D) remaining subparts for CS AM module.

Figure 19. The computer-aided design model of case study 2.
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validity and necessity of the proposed method. The model
has many features and no obvious bases as well as many
radial subvolumes in different directions (Figure 19).
Similarly, the CAD model in STL file was voxelized

A B

Figure 20. (A) Voxelization and skeleton in MATLAB; (B) modified
skeleton.

Figure 21. The subparts of case study 2.
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Figure 22. The optimization process of base shape with Particle Swarm
Optimization.

and a coarse skeleton was obtained (Figure 20A). After
simplification, the approximate skeleton was generated
(Figure 20B).

In this case, all the branches are important since they
have similar volumes. Hence, the subparts of the original
CAD model, as shown in Figure 21, were generated using
the joint points of branches of the simplified skeleton
(only smoothing process applied). The optimization
calculation of base shape considers the constraints
mentioned above and the material use rate as the
objective function is calculated using the PSO algorithm
in Silvereye, one plugin of Grasshopper. The result of each
iteration was obtained, as shown in Figure 22. It can be
found that the convergence occurred at the 7™ iteration
(Figure 22). The optimization results of case study 2 are
presented in Figure 23.

5. Conclusion

In this research, we analyzed a key process planning
problem, called base shape generation and optimization,
for the CAPP of HAM. This problem is important for
the industrial application, although it has rarely been
investigated. For sequential HAM processes, where
there is no iterative AM and NAM processing, the
determination of an optimal base shape directly affects
the final manufacturing complexity, time, cost, and
quality. To address the problem at the generic level, this
paper introduces an optimization method and presents
two examples for demonstration purposes. The case
studies show that the proposed optimization method
can well resolve the base shape determination problem
for complex geometries, for example, the tree model and
bracket model in the paper. The expected advantages are
obvious, especially in terms of material saving in the CS
HAM process. It is can also be adopted for other similar
sequential HAM processes, such as wire arc AM and
cladding-based HAM process. However, the method still
has room for improvement. For instance, the skeleton
generation and CAD model decomposition algorithms can
be improved with more consideration of the constraints of
manufacturing the base shape, which are not discussed in
this paper. We intend to address this gap by developing a
CS HAM platform to further verify the proposed method
and its application value.

Cc

Figure 23. (A) Optimized skeleton by genetic algorithm; (B) optimized base shape by Particle Swarm Optlmlzatlon and (C) remaining subparts for CS

AM module.
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Abstract

Titaniumisawidely used metalin biomedical applications due toits low toxicity, butits
mechanical properties need to be tailored for different applications. Efforts are called
for to search for effective and yet non-toxic elements to be alloyed with Ti to improve
its strength. Fitting in this category, Mn and Mo are two such alloying elements. In
this study, Ti-6Mn-4Mo alloy was manufactured by laser-directed energy deposition
(DED) through in situ alloying of Ti, Mn, and Mo elemental powders. This study was
intended to not only demonstrate for the first time the printability of the Ti-Mn-Mo
ternary system by laser DED but also investigate the basic mechanical properties
and corrosion resistance of the obtained alloy. Under the as-built condition, the alloy
consisted mainly of B phase, while after heat treatment it was transformed into o
phase. The average ultimate tensile strength under as-built condition was 706.0 MPa,
lower than similar alloys from conventional methods. However, the average hardness
reached 421.1 HV for the as-built condition, much higher than the similar alloys made
through conventional methods. On the other hand, the corrosion resistance of the
obtained alloy was found to be relatively low compared to similar alloys produced
with traditional methods. In addition, heat treatment was not able to significantly
change the tensile properties or the corrosion resistance. In essence, the exploratory
study indicates that the DED-produced Ti-Mn-Mo alloy could be deposited without
cracks and major voids, and shows that its high hardness and modulus are attractive
to applications for high wear resistance. However, further investigation is needed to
improve strength, ductility, and corrosion resistance of the alloy.

Keywords: Ti-Mn-Mo alloys; Laser-directed energy deposition; Tensile properties;
Hardness; In situ alloying

1. Introduction

To be suited for biomedical applications, metal alloys should possess certain properties.
The alloys should be nontoxic, non-carcinogenic, and ideally highly resistant to wear
and corrosion. To date, the most used metallic biomaterials have been stainless steels,
Co-Cr alloys, and Ti-based alloys!". Stainless steels are often used due to their corrosion
resistance and relatively low price. Co-Cr alloys are hard and wear-resistant metals and
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are often used as knee and hip replacements. However,
those materials exhibit certain weaknesses when implanted
in the human body. For instance, despite its corrosion
resistance, SUS316L steel has been reported to suffer from
localized corrosion. Furthermore, austenitic stainless steels
contain a significant amount of Ni known to cause allergic
problems. Implants made of Co-Cr alloys may release ions
of Co, Cr, and Mo, which increase the risk of inflammatory
reactions and other complications®. Ti alloys, on the other
hand, have better suitability due to their lower toxicity and
balanced properties. Commercially, pure titanium (CP-Ti)
and Ti-6Al-4V were originally designed to be used as
structural materials and now are among the most used
Ti-based biomaterials®. However, the mechanical strength
of CP-Ti is relatively low compared to other alloys such as
Co-Cr alloys, thus limiting its applications where intensive
wear use or high strength is expected. Ti-6Al-4V has
much better mechanical performance than CP-Ti, but it
is known to release cytotoxic elements such as V and Al
which may cause health issues®®*.. Some new Ti alloys with
good biocompatibility and no toxic elements, as well as
improved performance, have been investigated”, but these
alloys often contain expensive elements, such as Nb and Ta.

Ti-based alloys exist in two allotropic forms. Below
882.3°C, hexagonal-close-packed (HCP) o phase is stable;
above this allotropic transformation temperature, body-
centered-cubic (BCC) B phase is formed. The temperature
at which either o or § phase is stable can be modified
by addition of interstitial and substitutional elements.
Therefore, phase composition and thus mechanical
properties of Ti alloys can be controlled by the addition
of alloying elements. The P phase Ti alloys generally have
higher strength and lower elastic modulus compared to
the Ti alloys with o or o + P alloys. For that reason, the
research in Ti-based biocompatible alloys has paid close
attention to [-stabilizing elements, such as Nb, Ta, Mo,
and Mg". Another strong [-stabilizer is Mn which is also
not expensive and has low toxicity compared to other
B-stabilizers®™!. Ti-Mn alloys with Mn concentrations
between 8% and 13% were found to possess not only
mechanical properties similar to Ti-6Al-4V but also
cytotoxicity and cell viability close to CP-Ti"". The addition
of a third element with weaker B-stabilizing effect can
simplify the control of Mn addition". For this reason, the
previous studies investigated the effect of Mo addition to
Ti-Mn alloy™®'?. Mo is a trace element found in the human
body and less cytotoxic than V, Fe, and Co. The addition
of Mo to Ti-Mn system may also activate twinning, thus
improving balance between strength and ductility.

Until recently, biocompatible metallic alloys have
been fabricated by traditional fabrication methods, such

as forging, casting, hot rolling, and machining. However,
additive manufacturing methods offer an alternative
method for producing biocompatible parts!™. Industry
can benefit from additive manufacturing technology due to
its distinctive advantages, such as customized small batch
production, simplification of the manufacturing process,
capability of handling complex geometries, as well as waste
and cost reduction. As a result, many biomedical products
can benefit from implementing additive manufacturing
technology to obtain products of novel and complex
shapes and with functionally graded compositions. Various
additive manufacturing technologies are available for
obtaining metal components. The predominant processes
are powder bed fusion (PBF) such as selective laser melting
(SLM), and directed energy deposition (DED) techniques
such as powder-blowing laser DED!"*'*l. The majority of
additive manufacturing studies on biocompatible Ti alloys
are based on PBF processes. Such processes are usually
better controlled and thus more accurate. However, DED
processes are more efficient and often less costly compared
with PBF processes. More importantly, DED processes
are more potent in terms of material synthesis capability
based on the in situ alloying mechanism®l. This is because
many DED systems are able to dynamically adjust the alloy
composition through multi-channel powder feed control,
while the alloy composition is generally fixed in PBF
processes.

In recent years, numerous studies have employed
PBF processes to obtain Ti-6Al-4V materials to address
various research issues. A major goal of those studies
has been on how to control the elastic modulus and cell
adhesion of printed parts by induced porosities!’*!. For
instance, Tseng et al.* used a PBF method to produce
Ti-6Al-4V lattice structures suitable for the growth of
bone cells. Furthermore, the corrosion behaviors of
Ti-6A1-4V produced by PBF?! as well as the effects
of PBF process parameters on corrosion resistance of
the resultant Ti-6Al-4VI'7?21 were investigated. Other
biocompatible Ti-based alloys produced by PBF methods
have been widely investigated. For instance, binary alloys
such as Ti-Nb synthesized by laser PBF were studied for
mechanical properties™?!, and the effects of pore size on
mechanical and shape memory properties were studied on
porous NiTi scaffolds®!. Furthermore, next-generation
biomaterials such as Ti-Nb-Ta*?*l and Ti-Nb-Zr®®! were
evaluated for biocompatibility, printability, and possibility
to tailor elastic modulus by build orientation"\.

Researchers have also employed DED methods to
study the biocompatible Ti-based alloys. For Ti-6Al-4V,
investigations in recent years were focused on the
mechanical properties®®'*?, the influence of thermal cycling
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on microstructure evolution™!, the biocompatibility,™
as well as the evolution of electrochemical properties®!.
More importantly, DED techniques have been also adopted
to study other Ti-based alloy systems, but the efforts have
been limited. In this regard, Gong et al.®™ evaluated Ti-Mn
alloy for laser DED technique using a high throughput
method. Yang et al.®® studied the Ti-20 wt% Mo by coating
prepared by in situ alloying of pure Ti and Mo powders
during laser cladding. Kang et al.’” investigated the effect
of the thermal cycle during the in situ DED production of a
Ti-Mo alloy with functionally varied composition.

Based on the literature survey, we learned that while
additive manufacturing-produced Ti-6Al-6V has been
extensively studied, the investigation of AM-produced new
Ti alloys with Mn or Mo additions is still in the infancy
stage. To date, very limited research has been conducted on
using additive manufacturing methods to produce Ti-Mn
or Ti-Mo binary systems, while the Ti-Mn-Mo ternary
system has not been fabricated by either PBF or DED
methods to the best of our knowledge. As such, this study
intends to bridge the gap, by investigating the feasibility
of using laser DED technique to synthesize a Ti-Mn-Mo
ternary alloy through in situ alloying of elemental powders,
and exploring the mechanical properties and corrosion
resistance of the obtained alloy.

2. Materials and methods
2.1. DED experiment

Elemental titanium (Ti), manganese (Mn), and
molybdenum (Mo) powders with particle size ranges
from 50 to 150 um were used in this study. Ti and Mo
powders were spherical while Mn powder was of an
irregular shape. Elemental powders of Ti, Mn, and Mo
were mixed in 90:6:4 proportion, respectively, in a low-
energy ball milling machine for 2 h. This composition
was chosen due to the promising mechanical properties
(such as high strength) reported in literature™'", in which
conventional manufacturing processes were employed.
The powder mixture was dried in an oven for 90 min at
110°C immediately before use. Figure 1 shows the scanning
electron microscopy (SEM) images of the resultant powder
mixture. The diameter of powder particles is in the range
of 30 to 150 pm. While most particles are spherical, some
irregular shape particles are present in the mixture, and
they are identified as Mn particles. Ti-6Mn-4Mo deposits
were obtained using the InssTek MX-Lab AM system
equipped with a CNC 3-axis stage, a fiber laser with
maximum power of 300 W and spot size of 0.4 mm. The
powder mixture was loaded into the hopper and deposited
on a Ti-6Al-4V substrate through a coaxial powder feeding
nozzle together with argon as a shielding gas.

00 20 0%t £ ——
Figure 1. Micrographs of Ti-6Mn-4Mo powder mixture for directed
energy deposition experiment. (A) Low-magnification scanning electron
microscopy image at 50x; (B) close-up view for the minor irregular Mn
particles at x800.

Pilot trials were conducted to determine the optimal
parameters for the DED process, involving variations
in laser power and scanning speed. A summary of the
different combinations of laser power and scanning speeds
is presented in Table 1. Basically, the laser power was
systematically increased from 200 W to 300 W (the highest
possible level for the DED machine) in 50 W increments
while maintaining a constant scanning speed of 500 mm/
min. The final test run (Condition 4) was performed at
the highest available laser power of 300 W but with an
increased scanning speed of 1000 mm/min. Evaluation of
the deposited material from each condition included an
assessment of porosity, supported by optical micrograph
images of cross-sections as illustrated in Figure 2. Both
Conditions 2 and 3 exhibited notable pores and voids, while
Conditions 1 and 4 displayed significantly lower porosity.
Ultimately, Condition 1, with the least void content, was
chosen for all subsequent experiments.

The selected process parameters used for producing
Ti-6Mn-4Mo are listed in Table 2. Samples were deposited
in two shapes: (i) rectangular blocks of 12 x 60 x 4 mm
and (Figure 3A-3D) (ii) disks with a diameter of 25 mm
and a height of 2.5 mm (Figure 3E-3F). For the scanning
strategy, a unidirectional scan with 180°-layer rotation was
utilized during deposition for the blocks (Figure 3A), while
a spiral strategy was used for disk specimens. The deposited
materials were separated from the build plate using a wire
electrical discharge machine. Tensile test samples were cut
out of the rectangular blocks such that their tensile axis
was aligned with the scanning direction (Figure 3B). Half
of the samples were heat-treated in an induction furnace
with Ar atmosphere by heating with a rate of 10°C/min up
to 1000°C, which was maintained for 1 h before furnace
cooling with the rate of 10°C/min. The heat treatment
strategy was directly adopted from the literature®" for
similar Ti alloys and is summarized in Figure 4.

2.2. Material characterization

The specimens for optical and SEM observations were first
ground using silicon carbide sandpaper with granulation
down to 1200. Ground samples were then polished with
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Figure 2. Porosity observation of Ti-6Mn-4Mo deposits for process parameters selection: (A) Condition 1, (B) Condition 2, (C) Condition 3,

and (D) Condition 4.

Figure 3. Directed energy deposition-produced Ti-6Mn-4Mo deposits.
(A) Scanning strategy used for all deposited samples; (B) orientation
of the tensile samples relative to build direction; (C) image of an
as-deposited rectangular block before tensile samples were extracted
(mm); (D) dimensional specifications of the tensile samples (mm);
(E) an as-built disk for corrosion test; and (F) dimensional specification
of the disk samples.

A, O, suspension with 1 um and 0.3 wm. The microstructure
was obtained by etching with Kalling’s #2 solution (2 g
CuCl, 40 ml HCI1 60 ml C,H,O) for 60 seconds. The surface
morphology and chemical composition of deposited
samples were studied using an optical microscope
(AMScope ME400TA-FMA050) and a SCIOS dual-beam
SEM (Thermo Fisher Scientific) equipped with energy
dispersive spectroscopy (EDS). Phases present in the
deposited materials were identified with X-ray diffraction
(XRD) using Rigaku Smartlab with Cu-Ko source of
wavelength 1.54056 A. XRD analysis was performed with
tube voltage and current of 40 kV and 44 mA, respectively,
using the step size of 0.01° in the 20 range of 25 - 100°.
Tensile test was performed by a Shimadzu AGS-X 50 kN
material testing system at a rate of 0.5 mm/min. Elongation
was measured using an axial extensometer (model
3542-025M-100-ST, Epsilon Tech), which meets ASTM
E83 class B-1 accuracy requirements. The density of the
printed parts was measured in accordance with ASTM
B926-15. The specimens were first weighed in air using

Table 1. Process parameters used in the DED test runs

Process Condition Condition Condition Condition
parameter 1 2 3 4
Laser power (W) 200 250 300 300
Scanning speed 500 500 500 1000
(mm/min)

DED: Directed energy deposition

Table 2. Selected laser DED process parameters used for
making Ti-6Mn-4Mo samples

Process parameter Description

Laser power 200 W

Scanning speed 500 mm/min

Hatch spacing 300 um

Scan strategy Unidirectional, 180° rotation
Shield gas flow rate 0.8 L/min

Powder flow rate 0.70 g/min

Substrate Ti-6Al-4V

DED: Directed energy deposition

an electronic balance with accuracy of 0.1 mg and then
reweighed when immersed in water, and its density was
calculated based on Archimedes’ principle.

For corrosion resistance test, disk samples were
first ground by 600 grit silicon carbide sandpaper and,
then, exposed to the 3.5 wt% NaCl saline media at room
temperature using a three-electrode cell. The cell consists
of a silver chloride (Ag/AgCl) reference electrode, a Ti wire
as the counter electrode, and a disk sample as the working
electrode. Electrolyte was exposed to an area of 2.85 cm?.
Open circuit potential test was conducted for 60 min to
ensure a steady-state potential. Tafel potentiodynamic
polarization curves were obtained with a scan rate of
5 mV/s using by a potentiostat (Pine WaveDriver 100 EIS).

3. Results and discussion
3.1. Density of obtained Ti-6Mn-4Mo

The density of deposited materials was measured using
Archimedes’ principle before and after heat treatment. The
results are shown in Table 3 in terms of absolute values and
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Figure 4. Heat treatment scheme for Ti-6Mn-4Mo samples.

relative values normalized to the theoretical density for
Ti-6Mn-4Mo alloy. The theoretical density was calculated
using the rule of mixture for the given alloy composition.
As can be seen, DED deposition with the chosen process
parameters resulted in dense materials. The density values
of the as-built and heat-treated samples were measured to
be above 99.2%. Since the as-built material already has high
density close to the theorectical value, it is not a surprise
that the effect of heat treatment in densifying the as-built
material was not observed.

3.2. Microstructure analysis

Figure 5 shows the XRD spectra of the powder mixture
as well as additively manufactured Ti-6Mn-4Mo samples
before and after heat treatment. In the case of the powder
mixture, the pattern corresponds to simple mechanical
mixture of elemental Ti, Mn, and Mo phases. The peaks
of Mn and Mo have low intensity which agrees with
a low concentration of these elements in the mixture.
On the other hand, the two cases of deposited samples
demonstrate the mixture of o and  phases. The as-built
Ti-6Mn-4Mo consists mainly of 3 phase. Very small peaks
that correspond to o phase can also be seen. This suggests
that a small amount of o phase was also formed during
the cooling stage of DED process. In the literature, similar
XRD spectra were observed in Ti6554 consisting of o.and 3
phases®.. By contrast, the XRD pattern of the heat-treated
Ti-6Mn-4Mo contains strong peaks that correspond to o
phase while some small f§ phase peaks are still present.
Besides o and  phases, the heat-treated Ti-6Mn-4Mo
contains intermetallic Ti .., Mo ,. phase (ICDD # 04-013-
0263). Although XRD peaks of this phase are close to those
of B-Ti, it has a very good fit with the following three peaks:
39.44°, 57.16° and 71.70°, which match the locations of
Ti,,.Mo, . phase peaks with the strongest intensity. Note
that the homogeneity of the powder mixture could be
implied from the presence of Mn and Mo peaks in XRD
observation on the powder mixture. Since the peaks were
detected in the small samples (1 — 2 g) randomly taken

. o o-Ti (00-044-1294)
= B-Ti (04-003-7272)
+ Ti-Mo (04-013-0263)

+
: f o4 | " es Heat-treated
A J‘L s A
LX)
+ Mn (04-002-9906)
» Mo (04-004-8483)

£ b f e g Powder

L o

As-built

Intensity (a.u)

#Ti (04-003-5533)

g
Sy

30 40 50 60 70 80 90 100

20 (deg)

Figure 5. X-ray diffraction analysis of powder mixture and additively
manufactured Ti-6Mn-4Mo before and after heat treatment. The
corresponding PDF card numbers are included in parentheses.

Table 3. Density of DED-produced Ti-6Mn-4Mo materials
under as-built and heat-treated conditions

Condition Density (g/cm?) Relative density (%)
As-built 4.596+0.05 99.2740.02
Heat-treated 4.593+0.05 99.20+0.02

DED: Directed energy deposition

from the prepared mixture before deposition, it is believed
that both Mn and Mo elements were homogeneously
distributed in resultant powder mixture.

While DED deposition ensures 3 phase in Ti-6Mn-
4Mo alloy under the as-built condition, high cooling rates
associated with the DED process may also lead to formation
of the metastable phases in Ti-alloys™). As the study by
Kang et al.’”! suggests, metastable phases form initially
during cooling. During layer-by-layer manufacturing,
however, the previous layers experience reheating cycles as
new layers are being deposited. This leads to an “in situ”
heat treatment, causing the unstable phases to transform
into 0. and P phases. In the present study, combination of
high cooling rate, “in situ” heat treatment, and the presence
of a given amount of Mn and Mo in Ti matrix result in the
formation of Ti-6Mn-4Mo alloy. The alloy predominantly
consists of f phase with a small amount of o phase. After
the as-built sample was heat-treated, 3 phase partially
transformed into o phase such that o phase became the
dominant one.

The microstructure analysis of the deposited Ti-6Mn-
4Mo alloy reveals the presence of long grains oriented
along the build direction, as shown in Figure 6A. In this
figure, several boundaries of such long grains are indicated
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by dashed lines. The existence of long grains along the
build direction is supported by the similar observations in
the literature, such as DED-produced Ti-6Al-4V by Tan
et al.®¥, and DED-produced Ti-Mo alloy by Kang et al.*”)
Some partially melted powder particles can be found in
the bulk of material, as shown in Figure 6. As seen from
the figure, as-built alloy is composed of predominantly
B phase grains. However, o + 3 lamellar microstructure
is also present mostly near the bottom of melt pools
(Figure 6C). This observation agrees with the XRD results,
which show that (3 phase is the dominant phase while a
small amount of o phase is also present. Alshammari
et al.™ indicated that the number of o + P lamellar
microstructure present in Ti-Mn alloy depends on the
amount of Mn. As Mn increases from 1 to 5%, the amount
of B phase becomes more abundant. At 10% Mn, the
microstructure is entirely composed of 3 phase rather than
o + B lamellar microstructure. An increase in the volume
fracture of B phase along with an increase of Mn was also
reported for Ti-Mn produced by laser DEDP?!. From these
observations, it can be assumed that as-built Ti-6Mn-4Mo
consists of mostly § phase, but a small amount of o phase
is also present.

Several elongated patches of about 100 um long can
be visible at the bottom of melt pools (Figure 6B). The
microstructure within these patches is different from the
matrix. It consists of a long and fine-needle-like structure.
The presence of such patches is a sign of inhomogeneous
distribution of alloying elements. Depletion of alloying

Figure 6. Scanning electron microscopy micrographs of the
microstructure of as-built Ti-6Mn-4Mo alloy. (A) Observation at x65
magnification. Arrows point at the partially melted Mo powder particles,
and the black box represents the close-up view area for the next higher
magnification level; (B) observation at x120 magnification. The black box
represents the close-up view area for the next higher magnification level;
(C) observation at x500 magnification. Black box represents the close-up
view area for the next higher magnification level; and (D) observation at
%2000 magnification.

elements in certain regions can be explained by the
unmelted or partially melted powder particles. This is
especially relevant for Mo, which is hard to melt due to its
very high melting temperature. In addition, the deposited
Ti-6Mn-4Mo samples are overall free of apparent cracks
and only a few micropores can be found in the cross-
section. This, further, confirms the soundness of the
selected DED process parameters.

After the heat treatment, the microstructure undergoes
a noticeable change (Figure 7). A dual-phase o + 3 lamellar
microstructure was formed within the primary phase
grains. A similar microstructure was observed in Ti-5.8wt%
Mn produced by laser DED®). In such a microstructure,
darker lamella is an HCP a-Ti while brighter lamella is
BCC B-Ti (Figure 7D). This observation is consistent with
XRD results, which show that heat-treated Ti-6Mn-4Mo
consists mainly of o phase. As beta alloy with metastable
B phase undergoes heat treatment, oo phase starts to
precipitate from the B matrix. Such transformation from
B to o + P during aging is a slow process, during which
o plates grow in B matrix through a diffusion-controlled
mechanism.

3.3. Elemental composition analysis

Figure 8 shows the EDS mapping results for a region
of 550 x 550 um on the cross-section of as-built
Ti-6Mn-4Mo. It is evident that Ti and Mn elements
are distributed homogeneously. Although there is a
distinct segregation of Mn from melt pool boundaries

——— 400 pm ——y

Figure 7. Scanning electron microscopy micrographs of the
microstructure of directed energy deposition-produced Ti-6Mn-4Mo
after heat treatment. (A) Observation at 65x magnification. Black box
represents the close-up view area for the next higher magnification
level; (B) observation at 120x magnification. The black box represents
the close-up view area for the next higher magnification level; (C)
observation at 500x magnification. The black box represents the close-up
view area for the next higher magnification level; (D) observation at
2000x magnification.
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Figure 8. Energy dispersive spectroscopy mapping directed energy
deposition-produced Ti-6Mn-4Mo alloy. (A) Backscattering scanning
electron microscopy image; (B-D) distributions of Ti, Mn and Mo,
respectively, portrayed within the yellow box in (A).

(Figure 8C), no apparent change in the concentration
of Mn is visible within melt pools. Mo, on the other
hand, shows a tendency to accumulate in certain
regions (Figure 8D). These regions with a higher
amount of Mo are visible in backscattering images as
white areas (Figure 8A). As seen in Figure 8D, some
melt pools have a distinctively lower amount of Mo
(bottom left), while other melt pools are richer in
Mo (top right). The dark elongated features in the
backscattering image of Figure 8A are regions of pure
Ti. One such region is shown in higher magnification,
as shown in Figure 6B. Microstructure in this region
consists of fine-needle-like plates, and its composition
is pure Ti. Such regions are formed due to insufficient
concentration of alloying elements in a melt pool.
This might be a consequence of inhomogeneous
distributions of Mn and Mo powder particles in the
mixture.

3.4. Electrochemical corrosion

The corrosion resistance performance of Ti-6Mn-
4Mo under both as-built and heat-treated conditions is
presented in Figure 9 in terms of open circuit potential and
linear sweep voltammetry curves. Open circuit potential
decreases first and approaches the minimum value
between 15 and 20 min for both conditions. Thereafter,
it starts to gradually increase toward a steady state value
of =225 mV and -230 mV for as-built and heat-treated
conditions, respectively. The initial decrease in open
circuit potential curve is due to removal of the oxide
formed in air, while the subsequent increase indicates
the formation and growth of a new passive oxide layer™!l.
Tafel potentiodynamic polarization curve is shown in
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Figure 9. Corrosion resistance performance of Ti-6Mn-4Mo. (A) open
circuit potential and (B) linear sweep voltammetry.
Abbreviation: SCE: Saturated calomel electrode.

Figure 9B. There is a very small difference in polarization
curves of the two conditions. Cathodic branches are in
the potential range between —1250 mV and —500 mV.
Anodic branches are in the range of —500 - 100 mV.
A short plateau of passivity is observed in the range from
100 mV to 200 mV. After the plateau, a breakdown starts
where current density increases exponentially. Such a
breakdown indicates the formation of pits®®¥. The system
stability was evaluated by the value of potential denoted
as corrosion potential (E_ ) at the dip of the curve in this
figure. Corrosion susceptibility in the corrosion medium
is lower when E__ is higher (or less negative)*?. The
obtained E_ values are —528.1 + 8.9 mV and -520.6
+ 10.6 mV for the as-built and heat-treated conditions,
respectively. Note that the biocompatible Ti alloys
obtained by conventional manufacturing methods usually
have higher corrosion resistance in terms of E__. However,
metallic materials from additive manufacturing processes
such as PBF and DED processes usually exhibit lower
corrosion resistance. For instance, corrosion potentials of
Ti-6Al-4V were reported to be in the wide range of -474
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mV to —116.2 mV, depending on many factors such as the
P g y
selection of process parameters!!7:21:22:3443:44],

Figures 10 and 11 show the SEM observations and EDS
mapping results after corrosion test for the sample surfaces
of as-built and heat-treated conditions, respectively. At the
low magnification, although the difference in corrosion
morphology is not apparent, the as-built sample surface
contains a slightly higher number of corrosion products
as indicated by arrows. The higher-magnification images
(Figures 10B and 11B) reveal the flake-like corrosion

="

Qt
EETE

products of about 60 wm accumulating on sample surface.
The EDS mapping images suggest that these features are
oxides formed after the corrosion test.

3.5. Mechanical properties
3.5.1. Tensile properties

Figure 12A shows the representative tensile stress-strain
curves of the as-built and heat-treated Ti-6Mn-4Mo samples.
Figure 12B shows the corresponding values of ultimate tensile
strength (UTS) and vyield strength (YS). Figure 12C shows

20 um

Figure 10. Micrographs of the as-built sample surface after corrosion test. (A) Backscattering scanning electron microscopy image; (B) close-up view of a
selected area of energy dispersive spectroscopy mapping; and (C, D, E, F) elemental distributions of Ti, Mn, Mo, and O, respectively.

20 um

Figure 11. Micrographs of the heat-treated sample surface after corrosion test. (A) backscattering scanning electron microscopy image; (B) close-up view
of a selected area of energy dispersive spectroscopy mapping; (C, D, E, F) elemental distributions of Ti, Mn, Mo, and O, respectively.
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Figure 12. Tensile properties of the as-built and heat-treated Ti-6Mn-4Mo materials. (A) Representative tensile stress-strain curves; (B) comparison of

ultimate tensile strength; and (C) comparison of elongation at break.
Abbreviations: AB: As-built; HT: Heat-treated.

elongation at break. The UTS of as-built material is 705.98
+ 18.92 MPa, but the material appears to be brittle because
the as-built tensile samples fractured before even reaching
1% elongation. Since premature failure of as-built samples
happened before plastic deformation was reached, YS and
UTS for the as-built condition were measured to be at the
same level. The UTS of the heat-treated material was found
to be at 777.42 + 3.09 MPa, which was also not significantly
higher than its YS at 746.61 + 0.73 MPa. However, the
elongation improved slightly and reached around 1.66 +
0.38%, as compared to 0.58 + 0.04% for the as-built condition.
In addition, limited influence of the heat treatment on Young’s
modulus of Ti-6Mn-4Mo was observed.

In this study, the average UTS of DED-produced
Ti-6Mn-4Mo appears to be relatively low, as compared
to the UTS of alloys made by other fabrication methods
reported in literature. For example, metal injection
molding (MIM) and plasma arc manufacturing produce
Ti-6Mn-4Mo with high UTS values of 1093 MPa® and
about 900 MPal!, respectively. It is commonly believed
that higher concentration of Mn and Mo increases the
solid solution strengthening effect, which enhances
UTS of the obtained ternary alloy. Thus, unmelted
Mo particles in the deposits are likely a contributing
factor to the reduction of UTS for the present study.

Furthermore, many conventional methods achieved
higher elongation-at-break values than methods used in
this study. It is worth noticing that similar low elongation
at break (2 - 5%) was observed in Ti-Mn-Mo alloys
produced by MIM®), in which elongation improved
with higher concentration of Mn and Mo elements. In
fact, the absence of Mo leads to a significant decrease in
elongation compared to Ti-Mn-Mo alloy®. Therefore,
the lower concentration of alloying elements due to
unmelted Mo particles in this study is believed to be
responsible for the lower ductility. Moreover, Ti-Mn-Mo
alloys with lower concentration of alloying elements
also exhibit a brittle-like behavior. This was attributed
to a high amount of athermal ® phasel®). While this
detrimental phase was not observed in the present study,
the presence of such phase cannot be ruled out. This is
because ® phase is difficult to detect by XRD. On the
other hand, the Young’s modulus values obtained in the
present study range between 130 and 147 GPa, which
are significantly higher than those of Ti-Mn-Mo alloys
obtained by cold crucible levitation melting (CCLM)
and MIMP#. Furthermore, the Ti-Mn alloys produced
by laser DED demonstrated that the modulus values
varied between 100 and 130 GPa (with 2 - 12 wt% Mn
content)®), which are closer to the values observed in
the present study. It is suspected that the existence of
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unmelted Mo in the resultant alloy in the present study
weakened the [ stabilizing effect and lead to higher
modulus. In addition, lower concentration of Mo element
might contribute to formation of ® phase, which also
increases Young’s modulus. The microstructures of the
Ti-Mn-Mo alloys produced by MIM and CCLM consist
of equiaxed grains, which vary in size from 37 um to
165 - 216 um, respectively®*!!. The average grains in
the current study are much less equiaxed and highly
elongated, and can reach as long as 500 um (Figure 6).
It is believed that this grain morphology contributes to
the low UTS compared to that of Ti-Mn-Mo produced
by MIM and CCLM reported in the literature.

3.5.2. Hardness analysis

Figure 13 shows the Vickers hardness obtained on the
vertical cross-sections of the AB and HT Ti-6Mn-4Mo
samples. The hardness of as-built sample is 421.1+8.8
HV . Compared with the wrought Ti-6Al-4V (325 V)8!,
the as-built Ti-6Mn-4Mo is significantly harder. Hardness
of other Ti-Mn-Mo alloy compositions produced by
CCLM and MIM methods vary from 312 to 392 HV®!1,
In comparison, the hardness of the as-built Ti-6Mn-4Mo
in the present study is significantly higher. Hardness
in Ti-Mn-Mo alloys depends on a few factors, such as
presence of carbides, pores, ® phase, and solid solution
hardening effect of alloying elements. Hardness tends to
decrease in Ti alloys with lower amount of ® phase®!.
Consequently, as mentioned earlier, unmelted Mo
particles in the present study could lead to higher amount
of o phase, which, in turn, increases the hardness. The
unusually high hardness of as-built Ti-6Mn-4Mo provides
potential benefits in biomedical applications where
wear resistance is desired. On the other hand, the heat
treatment resulted in a noticeable decrease in hardness to
348.14+9.0 HV . The lower hardness value compared o

that of the as-built condition can be explained by higher
amount of o phase, as was demonstrated by XRD and
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Figure 13. Vickers hardness of as-built and heat-treated Ti-6Mn-4Mo
samples, and indentation images.
Abbreviations: AB: As-built; HT: Heat-treated.

SEM observations. Hardness of o phase is typically lower
than that of B phase®47],

3.6. Fracture surface analysis

To gain a deep understanding of tensile fracture
mechanism, fracture surfaces of both as-built and heat-
treated samples were analyzed using SEM and EDS,
as shown in Figure 14. Figure 14A indicates that the
fracture surface of the as-built material is dominated by
large areas with smooth surface and large cleavage-like
facets. The higher-magnification SEM image reveals
that the smooth surface is covered with a river pattern
(Figure 14C). Such fracture morphology suggests a brittle
fracture, which agrees with the observed low elongation
of the as-built sample. The fracture surface of the heat-
treated samples contains large cleavage-like facets as well.
However, its area contains more dimples compared to
the fracture surface of the as-built sample. This explains
the slight improvement of ductility after heat treatment
for Ti-6Mn-4Mo. However, the elongation value of 1.6
% is still low in comparison to other Ti-Mn-Mo alloys
reported in the literature. This can be explained by
the lower concentration of Mo element and potential
presence of embrittling ® phase in Ti-6Mn-4Mo samples.
The third factor might be the presence of intermetallic
phases formed during solidification. An example of such
intermetallic phase is shown in the inset of Figure 14B.
It shows a large, fractured particle of about 100 wm with
smooth flat facets. EDS analysis revealed that it consists
of only Ti and Mn. The presence of Ti-Mo compound
(T,Mo) in the heat-treated sample was also confirmed
by XRD in this study. Similarly, intermetallic compound
of T,Mo was previously observed in Ti-Zr-Hf-Mo high
entropy alloy!l.

Figure 14. Scanning electron microscopy fracture surface images of
(A and C) as-built and (B and D) heat-treated Ti-6Mn-4Mo. Yellow boxes
in (A) and (B) are the areas to be magnified, with the higher-magnification
images shown in (C) and (D), respectively.
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4, Conclusions

In this study, Ti-6Mn-4Mo alloy was successfully
synthesized by in situ alloying of elemental powders
using laser DED technique. Both as-built and heat-
treated materials were analyzed for resultant density,
tensile properties, hardness, microstructure, elemental
distribution, and corrosion resistance. The key findings are
summarized in the following:

(i) As-built Ti-6Mn-4Mo consisted mainly of § phase,

while there were signs of o phase presence in a

small quantity. In contrast, the heat-treated material

mostly consisted of o phase with traces of § phase still
present. EDS mapping revealed that the distributions
of elements were overall uniform.

The densities of both as-built and heat-treated

Ti-6Mn-4Mo were close to the theoretical density for

this composition, which was calculated by the rule of

mixture. Furthermore, no cracks or major voids were
detected, while some Mo powder particles failed to
melt completely.

(iii) The difference in corrosion resistance between the
as-built and heat-treated materials was insignificant.
However, the corrosion resistance of both conditions
was lower than the reported performance for
Ti-6Al-4V  alloys obtained through additive
manufacturing techniques.

(iv) The DED-produced Ti-6Mn-4Mo materials appeared
to be hard and brittle. It is possible that the high
hardness and modulus were caused by the low
concentration of alloying elements and the presence
of o phase.

(ii)
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Abstract

Auxetic structures have negative Poisson’s ratios (NPR). Due to the unique deformation
mechanism, auxetic structures possess extraordinary mechanical properties, such as
indentation resistance, shear resistance, fracture toughness, and energy absorption
capability. However, the stiffness and load-bearing capacity are the weak points for
auxetic structures. 3D printing of continuous fiber-reinforced composite enables the
fabrication of lightweight and highly stiff complex structures, providing a perfect
manufacturing method to remedy the shortcomings of auxetic structures. This work
investigated the mechanical properties of 3D-printed continuous fiber-reinforced
composite auxetic structures. In this study, we utilized continuous fiber-reinforced
composite 3D printing to fabricate two types of auxetic structures. The fiber path
configurations were varied among the test specimens to explore the effect of fiber
distribution on mechanical properties. A uniaxial tensile test was performed to
evaluate the tensile properties and Poisson’s ratio of continuous fiber-reinforced
composite auxetic structures. Results showed that the tensile modulus and strength
have been dramatically improved with a minor mass increase. The auxetic behavior
can be strengthened by properly allocating the reinforcing fibers. However, the
addition of continuous fiber led to different performances on the selected auxetic
structures. In summary, two out of the five specimens demonstrated simultaneous
improvements in stiffness, strength, and auxeticity across the conducted tests.

Keywords: Auxetic structures; Continuous fiber-reinforced composites; Additive
manufacturing

1. Introduction

Auxetic materials are materials that have a negative Poisson’s ratio (NPR). Applying
stretching (compressive) load on the auxetic material results in a lateral expansion
(contraction). The unusual deformation mechanism gives them excellent mechanical
properties, such as resistance of indentation!"], resistance to shear, fracture toughness™*
and energy absorption capability”™. Due to its superior properties, auxetic materials
have potential applications in different fields, such as aerospacel®, sports!), medicine!”,
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and energy absorbers®. It has been found that skins!",
ceramics, graphite, zeolite, metals, and other natural
auxetic materials exhibit natural auxetic behaviors!"'l.
Inspired by natural architectures, several types of
artificial auxetic structures have been designed, which
can be classified into three types: re-entrant type, chiral
type, and rotating rigid type®. With the advancement of
additive manufacturing, auxetic structures are fabricated
as mechanical metamaterials endowed with fascinating
physical properties!'*°l,

Due to the porosity and deformability, auxetic
structures generally have lower stiffness and load-
bearing capacity. To enhance the mechanical properties
of auxetic materials, auxetic composites are developed.
The auxetic chiral structure can be 3D-printed with
thermoplastic polyurethane elastomer (TPU) and
then filled with polyurethane (PU) foam, producing
a foam-filled chiral structure that is significantly
reinforced in terms of stiffness and specific energy
absorption capacity”. A study by Xue et al.'® showed
that the composites fabricated by combining aluminum-
based auxetic lattice structure with polymer fillers
exhibited higher elastic modulus, compressive strength,
and energy absorption capacity, as verified in the
compressive experiment. Another study showed that the
printed auxetic chiral structures fabricated from high-
performance composites added with chopped carbon
fibers manifested enhanced tensile modulus, strength,
and energy absorption!'’l.

Continuous fiber-reinforced composites encompass
several desirable advantages, such as lightweight, high
strength, and stiffness. They have been widely used in the
fields of automobile, aircraft, and space!***°. 3D printing of
continuous fiber-reinforced composites provides a feasible
avenue to bridge the gap between advanced materials and
innovative structures. Hou et al. have demonstrated the
design and fabrication of a novel corrugated structure and
discussed the correlations among the process parameters,
structure parameters, density, fiber content, and final
performance of the printed specimens®". Besides that, the
manufacture of sandwich structures in different shapes
using a continuous carbon fiber 3D printer has also
been attempted™. Considering the requirement on path
continuity, Liu et al.® proposed a path-driven design
method to generate lattice structures with designable
anisotropy and close-to-zero mean curvatures for 3D
printing of continuous fiber-reinforced composites. In
addition to improving mechanical properties, accentuating
the multi-functional properties of continuous fibers such
as sensing®¥, shape morphing,®??! and electromagnetic
interference shielding® provides a new direction for
developing smart structures.

The 3D-printed continuous fiber-reinforced
composite auxetic structures possess the unified
advantages of both continuous fibers and auxetic
structures. Given these desirable benefits, Dong et al.
developed continuous fiber-reinforced auxetic composite
structures for reusable energy absorption applications?!.
Another study fabricated continuous fiber-reinforced
re-entrant auxetic honeycomb structures through the
3D printing technology by tailoring the printing path
to ensure better fiber path continuity®®!, and concluded
that adding continuous fibers led to dramatic increases
in compressive stiffness, energy absorption, and smaller
NPR. As disclosed earlier, the auxetic behaviors come
from different types of deformation mechanisms, and
due to the high and anisotropic stiffness/strength of
continuous fibers, their addition would not result in
consistent performance on different types of auxetic
structures.

This study aimed to investigate the mechanical properties
of 3D-printed continuous fiber-reinforced composite
auxetic structures. Auxetic test specimens with different
topology and fiber path configurations were fabricated
and evaluated for mechanical properties, including tensile
modulus, tensile strength, and Poisson’s ratio, using uniaxial
tensile test. The effect of adding continuous fibers on the
properties of the structures is discussed.

2. Materials and methods

To investigate the mechanical properties of continuous
fiber-reinforced composite auxetic structures, we designed
and fabricated a group of test specimens and evaluated
their mechanical properties through a uniaxial tensile test.

2.1. Design of specimens

Three types of structures are selected as test specimens
(Figure 1). Two of them are auxetic structures: the rotating
rigid® and the re-entrant types®'.. The other is a structure
with a positive Poisson’s ratio named rhombus. The
dimensions of the unit cell of the three specimens are 16 x
16 mm. The rotation angle of a single square in a rotating
rigid structure is 15°. The width of rods in re-entrant and
rhombus structures is 2 mm.

Figure 2 displays the dimensions of the test specimen.
The test specimen is composed of a 4 x 7 array of unit
cells and two holders. To capture a more obvious auxetic
behavior and shorten the manufacturing cycle, the
thickness of specimens was set as 2 mm. The test specimen
was fixed on the test machine through holders, and the
uniaxial tensile loads were applied along the y direction.

Due to the property anisotropy of continuous fibers,
the distribution of fiber paths has a great impact on the
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Figure 2. Dimensions of the test specimen.

mechanical properties of composites. As shown in Figure 3,
different types of fiber distributions were designed for
each type of specimen. To better differentiate between the
staggered fiber paths, the continuous fiber paths, as shown
in Figure 3, were colored orange or blue. For rotating
rigid, the first distribution contains fiber paths along the x
direction and y direction (Figure 3A). In the second design
(Figure 3B), only fibers along the y direction will infill the
structure. The third design (Figure 3C) contains only fibers
along the x direction. The fiber paths in re-entrant FR1
(Figure 3D) are distributed along the y direction, and the
fiber paths in re-entrant FR2 (Figure 3E) are distributed
along the x direction. The rhombus FR is designed with
fiber paths along the y direction.

2.2. Fabrication of specimens

The test specimens were fabricated using the Anisoprint®?
A4 3D printer (Figure 4A). There are two nozzles in the
printer; the plastic nozzle extrudes Smooth PA, which is a
thermoplastic polymer material filled with chopped carbon
fibers, whereas the other nozzle simultaneously feeds

thermoplastic polymer called CFC PA and continuous
fiber-reinforced composite into the nozzle. As shown in
Figure 4, the left nozzle is used for fabricating the plastic
external shell (Figure 4B) and the right nozzle is used to
extrude continuous fiber composites (Figure 4D). The
reinforcing fiber is a 1.5K composite carbon fiber with
a diameter of 0.36 mm and a tensile strength of 2130 *
230 MPa. Smooth PA, CFC PA, and composite carbon
fiber were obtained from Anisoprint®?. The mechanical
properties of the printing materials are listed in Table 1.
The printing temperature of both nozzles is 240°C, and the
building plate temperature is 60°C.

Figure 5 illustrates the printing layers of the specimen
during fabrication. For the composite specimen
(Figure 5B), there are 15 layers in total. The height of
the first layer is 0.2 mm, while the height of other layers
fabricated with Smooth PA is 0.12 mm. The layer height
of continuous fiber-reinforced composite is three times
that of the external shell, i.e.,, 0.36 mm. It should be
noted that there are interlaced and overlapping regions
in the designed fiber path (e.g., Figure 3A and E). The
3D printer is capable of handling local overlaps of fibers.
As shown in Figure 4D, the composite extruder presses
the fiber composites to fill the matrix. The local overlaps
are compacted for controlling layer height (Figure 4E).
Due to the high stiffness of fibers and the excessive
force from the nozzle®, the 3D-printed fiber bundles
cannot build sharp corners, as shown in Figure 4C. The
specimens without reinforcing fibers utilize the same path
pattern for the plastic nozzle but lack the fiber composite
extruder, thereby transforming the fiber space into a void
(Figure 5A). The 3D-printed test specimens are displayed
in Figure 6. Compared with specimens fabricated by
Smooth PA, there was a minor increase in the weight of
the continuous fiber-reinforced composite structures.

2.3. Evaluation of mechanical properties

Uniaxial tensile tests were performed on the WDW-20M
universal test machine with a maximum 20 kN load
(Figure 7A). The loading speed was set to 5 mm/min. The
load and displacement data derived from the test machine
were used to plot the stress-strain curves. The tensile
modulus E was extracted from the linear stage of stress-
strain curve using Equation I:

E =2 (1)

F
where G is the stress calculated by " in which A is the

cross-section area. The peak stress of the stress-strain
curve is regarded as tensile strength.

Volume 2 Issue 4 (2023)

https://doi.org/10.36922/msam.2159


https://doi.org/10.36922/msam.2159

Materials Science in Additive Manufacturing

3D-printed composite auxetic structures

e
PN

RS

LTS
Pl
AV‘V:_@V V:
V»‘.év»‘.év
PIVATA
= ey —

Rotating rigid FR1
D E

Rotating rigid FR2

Rotating rigid FR3

Y
| Re-entrant FR1
X

Re-entrant FR2

Rhombus FR

Figure 3. (A-F) Design of fiber paths.

A digital camera was used to record the deformation
during the tensile test. The axial and lateral strains
(¢, and €, respectively) can be derived from the images
(Figure 7B). The Poisson’s ratio v was calculated using
Equation II:

v, =-2x (10
g}’

3. Results and discussion
3.1. Deformation behaviors of structures

The test specimens were evaluated in uniaxial tensile
tests. The deformation behaviors were captured by
the digital camera. It was shown that the topology of
the structure had a great impact on the deformation
behaviors and the mechanical properties. Figure 8

displays the deformations of the test specimens under
tension. All the specimens depicted in Figure 8 were
fabricated using only Smooth PA, allowing for the
characterization of mechanical properties in the absence
of reinforcing fibers.

Due to the difference in topology, the deformation
mechanism varies between structures, thus leading
to different values of Poisson’s ratio. The observed
deformations of the three types of specimens are shown in
Figure 8A. The rotating rigid structure consists of a group
of squares with different angles, which are connected with
each other by the intersection of vertices. When the tensile
loads were applied, the movements of individual vertices
drove the rotation of all squares. Afterward, the rotation
enlarged the space between the squares, and the whole
structure started to exhibit auxetic behavior. The re-entrant
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structure has a different way of exhibiting auxetic behavior.
When the structures were under tension, the re-entrant
struts stretched out and pushed the horizontal ribs nearby
outward, leading to the extension of the whole structure.
Different from the other two auxetic structures, the
rhombus structure has a positive Poisson’s ratio. When
the tensile loads were applied, the rhombus structure was
elongated and transversely contracted. In summary, the
test specimens undergo two types of deformation, namely
tensile deformation and mechanism-type deformation.
The latter involves rotation in the rotating rigid and angle
change of struts in the re-entrant and rhombus structures.
Of note, the Poissons ratio of the structures exhibits a
broad range of variation mainly due to the mechanism-
type deformation.

Table 1. Mechanical properties of printing materials

Materials Young’s modulus (MPa) Tensile strength (MPa)
Smooth PA 5.82x10° 15.2

CFCPA 1251.45+282.43 41.05£1.20
Reinforcing fiber 135+£15%10° 21304230

2mm

Figure 4. Fabrication of test specimens. (A) Continuous fiber-reinforced
composite 3D printer. (B) Plastic extruder. (C) Display of fiber layer. (D)
Composite extruder. (E) A close view of continuous fiber composite.

The difference in the deformation mechanism leads
to different values of Poisson’s ratio. In this study, the
tensile tests were terminated when failure occurred. The
Poissons ratios under different strains were calculated
and summarized in Figure 8C. The rotating rigid and
re-entrant structures have a similar Poisson’s ratio at the
initial stage of the tensile test. However, because of the
different deformation mechanisms, they have opposite
variation tendencies. The auxetic behavior of the rotating
rigid structure was induced by the rotation of squares.
Along with the increase of tensile strain, the rotation angles
also increased, continuously enlarging the spaces between
squares until the rotation angle reached 45°. The failure
occurred before the rotation angle reached the critical
degree. Therefore, the rotating rigid structure presented
a continuous decreasing trend of Poisson’s ratios. As for
the re-entrant structure, the application of tensile loads on
the structure led to less obvious re-entrant characteristics
along the stretching. Thus, the lateral extension slowed
down while the longitudinal extension remained, leading
to an increasing Poisson’s ratios along with an increase in
tensile strain.

The stress-strain curves of three specimens are shown in
Figure 8B. It can be observed that the re-entrant structure
has the maximum tensile modulus and tensile strength.
As shown in the von Mises distribution (Figure 9B), the
vertical struts are the major load-bearing components.
The stress-strain curve of the re-entrant structure can
be divided into three stages: linear elastic stage, plateau
stage, and plastic stage. In the linear elastic stage, the
stress increased proportionally with the strain. Plastic
deformations or small fractures occurred at some locations,
especially the stress-concentrated areas (Figure 9B).
Such behaviors led to mechanism-type deformation,
marked by the angle change of the re-entrant struts.
In theory, the mechanism-type deformation produces
lateral displacement output. The stress-strain curve was
said to be in the plateau stage when the stress ceased to
increase. In the plastic stage, both tensile deformation
and mechanism-type deformation happened. Both the
rotating rigid and rhombus structures lack components to
directly bear the tensile loads and the stress concentration
at the joints. Thus, they were underperforming in terms

A B

External shell  Infill structure  External shell
2mm Void 2mm
} 0.36mm
0.12mm
0.2mm

Infill structure  External shell

External shell

} 0.36mm

CFC PA
0.12mm I Carbon fiber
0.2mm B Smooth PA

Figure 5. Illustration of printing layers. (A) Specimens without reinforcing fibers. (B) Specimens infilled with reinforcing fibers.
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Figure 6. Display of printed test specimens.

Figure 7. Evaluation of Poisson’s ratio via tensile test. (A) Uniaxial tensile
test. (B) Images of deformation of the test specimen, from which we can
obtain the axial and lateral strain.

of tensile modulus and strength. As shown in Figure 10,
the location of failure is consistent with the layout of stress
concentrations.

3.2. Effect of continuous fibers on tensile behavior

The continuous carbon fiber has prominent performance
in stiffness and strength. In this work, only two layers
of continuous carbon fibers were infilled in the auxetic
structures. The tensile modulus and tensile strength were
calculated based on stress-strain curves (Figure 11B,
Figure 12B, Figure 13B) and summarized in Table 2.
Results showed that a weight increase of less than 20%
resulted in a significant increase in tensile modulus and
tensile strength. The reinforcing effect was conspicuous,
especially for rotating rigid and rhombus structures,

which had weak regions at joints. With a 4.75% increase
in weight, rotating rigid FR1 was endowed with 2.69 times
tensile modulus and 2.77 times tensile strength, compared
with the specimen without reinforcing fibers. Similar
improvements can also be found in rotating rigid FR2 and
rhombus FR.

Due to the anisotropy of carbon fiber, the printing
direction has a great impact on the tensile properties of
specimens. This can be illustrated by the comparison
between re-entrant FR1 and re-entrant FR2. Although
re-entrant FR2 was infilled with a higher percentage of
fibers, the tensile strength of re-entrant FR2 was lower
than that of re-entrant FR1 because the fiber direction in
re-entrant FR2 was perpendicular to the loading direction,
while the fiber direction in re-entrant FR1 was parallel
with the loading direction. On the other hand, the tensile
modulus was weakly correlated to the printing direction.
The addition of fiber composites increased the tensile
modulus of re-entrant FR2, which had the highest tensile
modulus of 189.25MPa among the specimens since it has
the highest fiber composite content. A similar trend also
happened to rotating rigid FR3. Although infilled with
2.27% fiber composites, the rotating rigid FR3 achieved a
tensile strength increase of only 13%, which is much lower
than the strength improvements observed in the other two
reinforcing specimens.

The continuous reinforcing fibers significantly
improved the tensile properties of test specimens.
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Figure 8. Test results of three types of lattice structures without reinforcing fibers. (A) Deformation of test specimens. (B) Stress-strain curves of three
specimens under tensile loads. (C) Plots of Poisson’s ratio versus strain of three specimens.

Rotating rigid

Re-entrant

Rhombus

Figure 9. (A-C) von Mises distributions of three types of structures. The finite element analysis was conducted using the commercial FE software called
Abaqus. The boundary condition used in this analysis aligned with the conditions set in the physical experiment. The upper holder was fixed, and a
displacement-load boundary condition was applied to the bottom holder. Homogeneous nylon materials, with Young’s modulus of 5.82GPa and a Poisson’s

ratio of 0.3, were adopted as the finite element model.

Rotating rigid Re-entrant Rhombus

Figure 10. (A-C) Fractures in three types of structures.

Moreover, the addition of fibers also successfully
prevented the sudden failure of the test specimens.
Our results showed several sudden drops in the stress-
strain curves of fiber-reinforced specimens (Figure 11B,
Figure 12B, Figure 13B). Since the composite fiber
is composed of 1.5K carbon monofilaments, a small
portion of the failed fibers will not lead to the failure of
the whole structure unless the fiber bundle is broken.

Nevertheless, the stress curve will fluctuate within a
certain range.

3.3. Effect of continuous fibers on auxetic behavior

The auxetic behaviors of different types of structures varied
because they were deformed by different deformation
mechanisms. The addition of fiber composites had
discrepant effects on structures formed by different
deformation mechanisms. In addition, the distribution
of reinforcing fibers also contributes to such a difference.
The test results comparison between different auxetic
structures and fiber reinforcement patterns is shown in
Figures 11 and 12.

As shown in Figure 11C, the changes in Poisson’s
ratio of the fiber-reinforced specimens share similar
trends with the specimens fabricated with pure Smooth
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Figure 11. Test results of rotating rigid structures. (A) Deformation of test specimens. (B) Stress-strain curves of three specimens under tensile loads.

(C) Plots of Poisson’s ratio versus strain of three specimens.
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Figure 12. Test results of re-entrant structures. (A) Deformation of test specimens. (B) Stress-strain curves of three specimens under tensile loads. (C) Plots

of Poisson’s ratio versus strain of three specimens.

PA. The auxetic behavior of rotating rigid structure was
engendered by the rotation of squares, and the addition
of fibers has little influence on such deformation. Despite
the similar trends, Poisson’s ratios of the fiber-reinforced
specimens and the specimens fabricated with pure
Smooth PA were inherently different, a disparity caused

by the different patterns of fiber reinforcement. Rotating
rigid FR2, which was infilled with four continuous fibers
along the axial direction (Figure 3), had the smallest
Poisson’ ratio. Due to the high stiffness, the reinforcing
fibers limited the tensile deformation of the structure,
causing a decrease in Poisson’s ratio (according to
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Figure 13. Test results of rhombus structures. (A) Deformation of test specimens. (B) Stress-strain curves of three specimens under tensile loads. (C) Plots

of Poisson’s ratio versus strain of three specimens.

Equation II). Rotating rigid FR3 was infilled with lateral
fibers that had little influence on the auxetic behavior, and
thus, the Poisson’s ratio of rotating rigid FR3 was roughly
the same as that of rotating rigid. The rotating rigid FR1
was reinforced by both axial and lateral continuous fibers.
The fiber composites (highest percentage) increased the
rigidity of joints in rotating rigid FR1, whose rotating
deformation at the initial stage was less pronounced than
that of other specimens. This illustrates the reason why
rotating rigid FR1 had the highest Poisson’s ratio under
low strain.

When rotating rigid FR2 was stretched and horizontally
expanded, warpage (out of plane) deformation occurred
due to the squeezing of the squares (Figure 14B). In
contrast, fracture occurred in the test specimens without
infilled continuous fiber (Figure 14A) before stretching to
warpage. Both of the above-mentioned failures can lead to
degradation of the auxetic behavior.

As shown in Figure 12C, the re-entrant FR2 infilled
with lateral continuous reinforcing fibers (Figure 3E)
exhibited less auxetic effect than the other two specimens

as a consequence of the weakened mechanism-type
deformation. There were some overlaps in the fiber paths
of re-entrant FR2 (Figure 3E). The overlapped fibers
and excessive binding materials (CFC PA) increased the
rigidity of joints, thus weakening the mechanism-type
deformation of the re-entrant structure. For re-entrant
FR1, the infilled reinforcing fibers along the axial
direction had little effect on lateral deformation but had
a constraining impact on axial deformation. This led to a
lower Poisson’s ratio in re-entrant FR1 as compared with
specimens without fibers.

A structure named rhombus, having a positive Poisson’
ratio, was also evaluated as a supplement to other test
specimens through the tensile test. As shown in Figure 13C,
the Poison’s ratio of rhombus FR is similar to rhombus
without fiber. The existence of axial reinforcing fibers in
rhombus FR limited the axial deformation, which gives
the structure a greater inclination toward rotation. On the
other side, the intersections of fiber paths increased the
rigidity of joints, thus restricting the rotation-dominated
deformation. Since these two factors mutually negate each
other, rhombus FR and rhombus ended up with similar
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Figure 14. Failures in test specimens. (A) The fracture occurred in the test specimens without infilled continuous fiber. (B) The warpage deformation

occurred in the fiber-reinforced test specimens.

Table 2. Properties of test specimens

Structures Tensile Tensile Weight Carbon fiber
modulus  strength (g) ratio (%)
(MPa) (MPa)
Rotating rigid 22.45 1.039 9.03 0.00
Rotating rigid FR1 60.55 2.883 9.48 4.75
Rotating rigid FR2 51.68 2.891 9.39 3.83
Rotating rigid FR3 30.65 1.180 9.24 2.27
Re-entrant 114.19 2.836 5.92 0.00
Re-entrant FR1 150.02 5.781 6.52 9.20
Re-entrant FR2 189.25 4.229 7.30 18.90
Rhombus 13.64 1.109 5.68 0.00
Rhombus FR 49.58 2.742 6.61 14.07

Poison’s ratios. Along with the increase in tensile strain, the
fibers were found to straighten and separate from the base
material, as shown in Figure 13A.

In summary, the addition of fibers does influence the
auxetic behavior of both rotating rigid and re-entrant
structures. The auxetic behavior can be strengthened by
allocating axial fibers to limit axial deformation, thereby
making the mechanism-type deformation the dominant
form of deformation. On the other hand, the inappropriate
addition of continuous fibers may weaken the auxetic
behavior as a result of the accumulation of too many
materials at the joints, causing high rigidity that blocks
mechanism-type deformation.

4, Conclusion

In this work, we successfully investigated the mechanical
properties of 3D-printed continuous fiber-reinforced
composite auxetic structures in the uniaxial tensile test.
The major highlight of this study is that the addition of
continuous fiber can significantly enhance the tensile
properties of auxetic structures. With only a 3.83% mass
increase, the tensile modulus and tensile strength of
rotating rigid FR2 almost tripled as compared with the
specimens without infill fibers. Owing to the anisotropy
of continuous fibers, the direction of the fiber path plays
a key role in the tensile properties. The auxetic behavior
can be strengthened by limiting axial deformation caused
by axial reinforcing fibers. Our findings also showed that
rotating rigid FR2 and re-entrant FR1 similarly achieve
improvements in stiffness, strength, and auxeticity
following the addition of continuous fibers. However, the
inappropriate addition of continuous fibers can weaken the
auxeticity behavior due to the increasing rigidity of joints.
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