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Introduction

Additive Manufacturing (AM), also known as 3D printing, is considered one of the most advanced
and promising production techniques in the industrial landscape. In recent years, the availability of
accessible technologies and biocompatible materials promoted a significant deployment of these
methodologies in high-value industrial segments, among which the medical field.

Nowadays, the healthcare sector keeps evolving, moving from a one-fit-all therapeutic approach
towards strategies prioritising the differences between patients. Concurrently, progresses in AM and
its supporting systems contribute to the trend of personalised medicine by realising medical
applications able to meet the needs of each individual diagnostic case.

The adoption of 3D printing processes and products requires a balance between scientific
advancements, regulatory compliance and practical implementation considerations, such as
production efficiency, cost-effectiveness and alignment with clinical needs and trends. Hence, there
is the necessity to invest in research to facilitate and streamline the integration of AM technologies
into those areas of medical practice that strongly benefit from their utilisation. In this framework, the
present document intends to study AM methodologies, offering an interdisciplinary assessment of the
factors that influence the applicability of these technologies within the medical setting. Starting from
the identification of specific clinical issues, the analysis examines their medical context and
traditional practices to understand how AM can establish itself and transform this environment.
Diverse perspectives, such as medical, technological, process and economic aspects, are covered.
To accomplish the objectives of the research, the current document relies on a specific AM
methodology and technology, Material Extrusion (MEX). The technique fabricates elements by
heating and depositing a feedstock material, usually thermoplastic polymer, from an extrusion head.
The primary focus of the research delves into the adoption of MEX technology for the development
of patient-specific orthoses, namely external medical devices designed to support and correct
impaired physiological abilities of the musculoskeletal system. This research topic involves devising
an innovative manufacturing methodology to address the criticalities deriving from the traditional
techniques. The study proposes a multi-step procedure, based on three integrated activities: capturing
patient data, processing it into a digital model and, subsequently, 3D printing the medical device. A
dedicated software program, based on Python language, is developed to assist healthcare
professionals in the digital modelling process of the device. The procedure generates wrist orthosis
for joint immobilisation and, furthermore, it is adaptable for producing orthoses for various

anatomical regions, demonstrating its efficiency in terms of reliability and flexibility. Alongside,
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these positive outcomes encourage the exploration towards innovative orthosis design solutions,
characterised by an increased level of customisation, improved lightweight for equivalent strength
and durability and greater comfort too. Particularly, the studies evaluate different design techniques,
ranging from simpler methods, able to be combined within the developed software, to more complex
approaches, requiring in-depth mechanical behaviour analysis of the developed orthoses. A
comparative schema, showcasing a collection of distinct orthosis models with varying technical and
clinical features, is elaborated to provide healthcare professionals with a valuable tool to guide
therapeutic decisions when employing this novel methodology. Also, particular attention is paid to
the competitiveness and sustainability of both the AM process and its resulting products, including
observations on the economic and production time dimension.

Recent improvements and increased knowledge in MEX processes have broadened its application to
metal manufacturing too. This emerging technique, known as Metal Material Extrusion (metal MEX),
combines MEX technology with fine metal powders to produce full metal components. The approach
tries to fit into the metal AM industry as a simple, affordable, low-energy consumption and safer
alternative to those already established in the market. Hence, the secondary research topic provides
an insight into the suitability of MEX technology for the production of metal medical components.
This research evaluates the production of AISI 316L metal components via MEX, adapting the
processing strategies from the established AM metal technologies, such as Powder Bed Fusion (PBF)

technologies, to provide knowledge on the MEX-produced samples for medical use.



Chapter 1. Introduction to Additive Manufacturing

1.1 General concepts about Additive Manufacturing

Additive Manufacturing (AM), commonly known as 3D printing, is a relatively new manufacturing
methodology that, integrating advanced technologies, fits into the context of Industry 4.0 to address
the challenges of the fourth industrial revolution [1].

The term Additive Manufacturing (AM) is used to describe a cluster of technologies, whose
manufacturing technique is based on the principle of creating three-dimensional components by
depositing layers of material, one on the top of the other. This distinct production mechanism, known
as layer-based manufacturing, revolutionises the concept of traditional machining and production
processes, that remove/subtract material from a block of raw material or form/cast material into the
desired shape.

Historically, AM was conceived and realised for rapid prototyping and tooling. Indeed, its
dissemination and adoption in the manufacturing industry is typical only of the latest years [2]. Some
of these technologies already existed in the 1950s, but it was not until the 1980s that their
advancement enabled the development of the earliest 3D printing technologies. In fact, the roots of
the very first AM system dates back to the 1980s: the first technology was developed by Charles
‘Chuck’ Hull and consisted of polymerisation of thin layers of photosensitive liquid polymer using a
UV laser. This methodology is known as stereolithography (SLA) and inspired further different AM
approaches and technologies. In the 1990s, Steven Scott Crump developed and patented a process
based on the extrusion of polymeric filament, Fused Deposition Modelling (FDM). This technology
stood out for its low-cost approach and operational simplicity, making 3D printing accessible to a
wider audience. In the same years, Carl Deckard, Joe Beaman e Paul Forderhase developed Selective
Laser Sintering (SLS), an approach based on polymer powder (nylon). This innovation paved the way
for processes involving the use of metal powders, shifting the research towards systems that would
enable to achieve elements with mechanical properties comparable to those obtained using traditional
manufacturing techniques.

The fast growth of AM prompted the diffusion and integration of 3D printed parts even in highly
regulated industrial sectors, such as military, aerospace, automotive, biomedical and, even, food field.
In 2019, the automotive and manufacturing sectors emerged as the most profitable AM segments on
a global scale (Figure 1). In particular, around 40% of the global AM market turnover was generated

by automotive and manufacturing industries, while aerospace industry accounted for 18% of the total
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turnover [3]. This demonstrates how, nowadays, in certain sectors, the utilisation of AM techniques
has evolved far beyond rapid prototyping. These methodologies are being exploited in various
industries with the aim of achieving significant improvements in process and product performance.
In these fields, some AM applications are already at the highest level of technology readiness level

(TRL), thus, including low and/or full rate production.

o

N 18%
= Automobile = Manufacturing/industrial = Aerospace
= Consumer products = Medical/dental Government/military
= Academic institutions = Architecture/construction = Others

Figure 1. Global AM market revenue distribution by industry, 2019 [3].

As technology keeps progressing, AM systems are radically transforming product design, supply
chains and production processes, globally. The increasing spread and adoption of these advanced
manufacturing methodologies for the fabrication of small volumes of products, characterised by
enhanced complexity and geometric customisation, transform the economies of scale into economies
of scope. The industrial landscape is witnessing a transition from the supply chains, designed for
traditional high-volume production and cost optimisation, to the so-called demand chains, oriented
towards mass customisation [4].

Key concepts related to this transition are described in Figure 2. The left-hand graph (a) of Figure 2
highlights how, for small volume production, AM is more cost-effective than traditional
manufacturing techniques, such as forming and subtractive manufacturing methodologies. Although
production costs may vary considerably depending on the specific AM technology employed, the
costs associated to small production volumes still remain significantly low. This substantial economic
advantage partly derives from the elimination of the need to use dedicated moulds and equipment for

the production of the part. Specifically, AM avoids additional tooling costs, which in traditional
4
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manufacturing tend to increase with the complexity, intricacy and size of the components being
produced. Conversely, the cost of the parts produced via AM remains constant regardless of the
geometric and dimensional complexity. Hence, the utilisation of AM techniques suggests the
possibility and affordability of realising extremely customised and articulated geometries that, with
traditional production methodologies, would be prohibitive. This second aspect is pictured in the
right-hand graph (b) of Figure 2.

Looking back to Figure 2a, in contrast to subtractive and forming manufacturing techniques, the cost
per AM unit does not decrease significantly as the number of units increases. This is due to the fact
that, even eliminating the need for initial mould and tooling, the economic benefits of AM do not
change on large production scale owing to process limitation. In this respect, process constraints are

mainly related to speed and build capacity. AM is precluded from benefitting from economies of

scale.

(a) (b)
E E
=9 2y -
5 = Complexity for free:
E_ a, Same costs,
z g higher margins,
&) @] higher profits

Additive Additive
Subtractive Complexity break-even
Traditional

manulacturing
Forming

Number of parts Design complexity

Figure 2. Cost analysis as a function of manufacturing unit (a) and design complexity (b): a comparison

between AM and traditional manufacturing (forming and subtractive techniques).

Hence, the decision on the adoption of the most appropriate production process depends on the
specific requirements of the project in terms of complexity, volume and cost. In essence, AM
distinguishes itself for its ability to create complex and customised geometries, making it ideal for
the production of prototypes. Also, AM is suitable for the development of high value and
technologically advanced products. Furthermore, AM speeds up manufacturing time and reduces time
to market for small production series by preventing unnecessary investment in tooling. In contrast,

mass production of standardised parts is obviously not the domain of AM technologies.
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Figure 3 denotes the positioning of AM technologies compared to conventional production models.

Furthermore, Table 1 summarises and compares the major distinctive features between the AM and

conventional manufacturing techniques.

Design complexity

Additive
manufacturing
Molding
CNC
machining
Casting
Number of parts

Figure 3. Positioning matrix of the different manufacturing methodologies, among which the AM, as a

function of the number of produced parts and design complexity.

Additive Manufacturing

Traditional Manufacturing

Tooling
Resource consumption

Material consumption

Inventory

Geometry

Customization

Production volume

Profitability

Production objective

Not required
Resource-efficient

Minimal, material is added only
where it is needed

Small hands-on inventory

No limitations, flexible and
complex designs are allowed
Rapid and easy small one-off
production runs

Low volume

Independent of the number of
units, efficient for low volume

Mass customisation

Required

Resource-consuming

Higher, material is removed and
discarded

Wide hands-on inventory

Limited

Need for several initial tooling

High volume

High volume-based

Mass production

Table 1. Key characteristics distinguishing AM from traditional manufacturing [5].
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Over the past decade, AM has grown in notoriety and this optimistic trend is expected to last. Indeed,
between 2020 and 2026, the AM market size is estimated to almost triple (Figure 4) [6]. Figure 5
highlights the projected percentages of annual growth rate of AM market from 2020 to 2026. Between
2020 and 2023, the AM industry raised at a compound annual growth rate of about 17%. In the years
2023-2025 and 2025-2026, the global AM market is projected to grow by almost 24% and 20%,
respectively [7]. In parallel, innovative materials continue to be developed on a rapid basis: among
the fastest-growing materials are metals and metal alloys. In particular, metals are likely to drive the
growth of the market, which is currently dominated by polymeric materials. The market for AM

materials is expected to rise and reach just below four billion U.S. dollars by 2026.

N
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Figure 4. Global AM products and services market size (Billion U.S. dollars), 2020-2026 [6].
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1.2 Additive Manufacturing workflow

The process chain for the fabrication of 3D printed elements comprises several activities, each of
which contributes to the quality and functionality of the final product (Figure 6). Regardless of the
selected 3D printing technology, a number of shared activities to all AM processes, with the purpose

of transforming a digital model into its physical prototype, are identified and described hereafter.

(a) (b) () (d)

v

3D model STL file G-code file Prototype
Figure 6. Workflow of the AM activities. (a) Design and modelling of the digital model of the
manufacturing part; (b) conversion of the 3D model to STL file format; (c) processing of the digital
model with rapid prototyping software; (d) manufacturing of the prototype and post-processing

treatments [8].

1. Generation of the digital model of the manufacturing element
The development of a CAD model is based on the reproduction of the three-dimensional
features and characteristics that describe the external geometry of the manufacturing element.
The model is created using 3D CAD modelling software, such as AutoCAD, SolidWorks, or
Fusion360. Alternatively, if an existing physical model is available, Reverse Engineering
(RE) techniques might be used. In this case, the geometry of the physical model is acquired
through 3D imaging and scanning techniques, relying on laser scanners, photogrammetry, or
Computed Tomography (CT) systems. Generally, the data collected through 3D scanning
devices are processed to generate a point cloud, which entails the spatial coordinates
describing the surface of the physical model, and, then, data are further elaborated to achieve
a watertight solid model and refined to obtain the desired tolerance and shape.

2. Conversion of the digital model to STL file format
The digital model of the manufacturing element is converted into a file format which is
compatible with rapid prototyping software. The most commonly used format is STL

(Standard Tessellation Language), a binary or ASCII file format, describing only the
8
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geometric information. This format discretises the continuous surface of the solid part using
a network of triangles (tessellation or triangulation): each polygon is characterised by three
vertices and a normal indicating the outer surface direction. The discrepancy between the
exact geometry of a physical model and its digital approximation introduces discretisation
errors [9]. Hence, the STL conversion influences the quality of the resulting digital model: the
density of the mesh and the distribution of the grid nodal points are the factors that determine
the degree of accuracy and precision with which the digital model approximates the physical
one [10].

Digital model processing with rapid prototyping software

The STL file is transferred to a rapid prototyping software, responsible for arranging the
digital model for its manufacturing. Commercially available rapid prototyping software
packages include Cura, Slic3r or PrusaSlicer.

In the software environment, the model is positioned and oriented on the building platform to
improve the adhesion of the part to the building platform and ensure the successful
manufacturing of the part. Orientation influences mechanical performances of the resulting
parts, including tensile strength, hardness, surface roughness and dimensional accuracy.
Indeed, it is well known that by applying a tensile load parallel to the layers’ direction, vice
versa, by applying a compression load perpendicular to the layers’ direction, the specimen has
a higher strength compared to that bearing the same loads in the opposite direction [11].
Moreover, part orientation plays a key role in the trade-off between product accuracy and
process time [12]. Also, the correct positioning of the part on the building platform affects
material usage and consumption, impacting on manufacturing times and costs.

Besides part positioning and orientation, the model is subjected to a process known as slicing:
the element is segmented into a series of horizontal slices (whose thickness may be either
constant either variable), each representing a deposition layer of material. The approximation
of sloped surfaces by small vertical steps might prompt the edges of each layer to be visible.
This step-like pattern on the surface of the 3D printed element is known as staircase effect
(Figure 7) [13]: it is a topographical defect inherent to all AM methodologies. This effect
induces a geometrical and dimensional deviation between the digital model and the
manufactured prototype [14]. Right from the beginning, significant advancements were made
in the development of slicing algorithms capable of varying and adapting layer thicknesses
based on the inclination of external surfaces (Figure 8) [15].

Besides, the software allows to configure and select the process parameters, thereby tailoring

the manufacturing activity and the resulting prototype. Depending on the specific AM
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technology employed, a unique set of printing parameters is defined. Nevertheless, regardless
of the specific AM methodology, common parameters might be identified: profile settings
(i.e., layer height and width, infill density and pattern), temperature (i.e., printing temperature
and building plate temperature), speed (i.e., printing speed of each line category), cooling,
material and support (i.e., overhang angle) and build plate adhesion settings. Once parameters
configuration and slicing are completed, the software generates a G-code format file,

containing the machine instructions to additively manufacture the part.

Geometric deviations

/N

N
Layer thickness I £ A\

geometry /

Figure 7. Schematic representation of the staircase effect: topographical error resulting from the

mismatch between the digital model and the manufactured prototype [14].

(a) (b)
Variable width
thin sub-layers

;“-‘E Desired \ ——

Desired |7-4
esire 7 geometry
geometry // pd
» 4 /X
— Thick interior
/ Individual layers

/ layers /

|

Figure 8. Strategies for minimising the staircase effect: improvement of the surface accuracy through

the employment of variable layer thickness (a) and adaptive layer thickness (b)[15].
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4. Machine set-up and 3D printing
Completed the configuration of the process parameters on the slicing software, the actual
manufacturing activity takes place. The machine builds the part, layer-by-layer, according to
the instructions provided by G-code file. Although the manufacturing process is fully
automated, it is advisable to monitor the 3D printing activity to prevent, detect and correct the
potential issues that may arise during the process. The timely and efficient detection of defects
during the manufacturing process contributes to the optimisation of material consumption and
manufacturing times and costs. Lately, advances in Artificial Intelligence (Al) algorithm and
cameras, sensors and imaging techniques automated process monitoring to assess the quality

of 3D printed parts and prevent the necessity of re-manufacturing the elements [16].

5. Removal of the manufactured model and post-processing activities
Upon completion of the manufacturing process, the part is removed from the building
platform. Before the element is put in place, post-processing activities may be necessary.
Usually, these tasks involve removal of the support material, sanding, cleaning, polishing,
coatings and other techniques to improve the surface finish. Often, heat or chemical treatments

are essential to improve the desired mechanical properties of the manufactured element.

1.2.1 Design for Additive Manufacturing (DfAM)

The intrinsic nature of AM virtually allows the creation of complex geometries without the limitations
typically imposed by conventional tooling and manufacturing methods. Nonetheless, this geometric
freedom does not translate into the ability of fabricating any shape without criteria. Indeed, to
successfully achieve the generation of cost-effective parts characterised by improved performance, it
is essential to account for the characteristics of AM processes. Design for Additive Manufacturing
(DfAM) represents a fundamental approach, entailing common rules and best practices, to harness
the full potential of AM.

A critical aspect, already emerged from the previous section, concerns the positioning and orientation
of the part with respect to the printing platform. The building direction, defined along the Z-axis,
often differs from the height of the part. In fact, the component might be printed lying down or rotated
by an angle with respect to its intended operating configuration. This is particularly relevant with
complex geometries, whose orientation might not be trivial, and the choice of their positioning,
inevitably, falls into a trade-off between surface quality, mechanical performance, production cost
and time and the need to use support structures.

Another key factor is the use of supporting structures. Their role consists in providing support during

the printing of critical geometries, such as when the inclination of walls is less than 45° with respect
11
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to the build plate, or with downward surfaces. Generally, it is preferable to minimise the use of support
material as an excessive use may hinder their removal in post-processing. So, it is advisable to rethink
part characteristics as self-supporting geometries. Another function of these structures consists in the
ability to mitigate the risk of distortion and residual stresses (Figure 9). Specifically, in AM systems
relying on high-power energy sources, residual stresses might cause deformation of the part, causing
a curling or warping of the edges and inducing delamination of the part from the substrate (Figure
10). In more severe cases, these stresses exceed the strength of the part causing catastrophic cracks.
Furthermore, in AM methodologies leveraging on high-intensity energy sources, support structures
serve to dissipate heat by transferring it away from surface areas to avoid burning, over-melting,
distortion and discoloration.

In essence, although the nature of AM systems makes them incredibly flexible in terms of feasible
geometries, the characteristics of these processes need to be considered so that manufacturing

efficiency, quality and design intents are not compromised.

w Top layer exhibits more expansion During cooling top N+2 layer cool faster and
= duc to high temperature at the time shrink more than N+1 layer leads to tensile stress
of melting in top layer

Build dsection

Further cooling after adding more layers the top layer
lead to tensile stresses and balancing compressive
stresses in the bottom layers

*ereeeb Compressive stress

veree 9 Tensile stress
s> Expansion / Shrinkage

Build firection

Figure 9. Schematic representation of the mechanism of residual stress formation in AM-produced parts

(LPBF) [17].
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(a) Cantilever building strategy i

Substrate

(b) Support cut from the substrate
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(c) Cantilever distortion after support removed

Figure 10. Schematic representation of an AM-produced cantilever building structure before and after
support removal from the building platform (a); AM-produced samples characterised by residual stress-

induced distortion (b) [18].

1.3 Additive Manufacturing processes

The classification of AM processes has been debated since early systems were introduced onto the
market, to the extent that scientific literature presents various classification about the available
techniques [19].

According to the UNI EN ISO/ASTM 52900:2022 regulation [20], AM technologies are classified
into seven main categories: VAT Photopolymerization (VPP), Material Extrusion (MEX), Powder
Bed Fusion (PBF), Binder Jetting (BJT), Material Jetting (MJT), Sheet Lamination (SHL) and
Directed Energy Deposition (DED). This classification reflects the variety of each unique and distinct
technical approach used to manufacture three-dimensional elements, following a layer-by-layer
methodology.

The subsequent sections discuss in detail each technology identified by the normative. Table 2

summarises the key characteristics of each AM principle.
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AM Process Description Related technologies Materials
Vat Photo- Curing of light-reactive e Stereolithography (SLA) Light-curable
polymerization liquid material (or e Digital Light Processing (DLP) polymer
(VPP) resin), collected inside e Continuous Liquid Interface
a vat Printing (CLIP) or Continuous
Digital Light Processing
(CDLP)
Material Extrusion  Heating and deposition e Fused Deposition Modelling Polymer, metal,
(MEX) of material through (FDM) ceramic
extrusion nozzles
Powder Bed Fusion  Selective fusion (or e Selective Laser Sintering (SLS)  Polymer, metal,
(PBF) sintering) of powder e Selective Laser Melting (SLM)  ceramic
particles in a powder e Direct Metal Laser Sintering
bed through thermal (DMLS)
Cnergy sources e Electron Beam Melting (EBM)
Binder Jetting Selective deposition of Polymer, metal,
(BJT) liquid binder to bond ceramic, sand
powder particles
Material Jetting Selective deposition of e Continuous inkjet (C1J) Light-curable
(MJT) light-reactive droplets e Drop-On-Demand (DOD) polymer, wax
and curing
Sheet Lamination Forming and bonding e Laminated Object Polymer, metal,
(SHL) of sheets of material Manufacturing (LOM) paper
e Ultrasonic Additive
Manufacturing (UAM)

Directed Energy
Deposition
(DED)

Selective deposition of
material as it is melted
by a focused thermal
energy

Laser Additive Manufacturing
DED (LAM-DED)

Wire Arc Additive
Manufacturing (WAAM)
Plasma Arc Additive
Manufacturing

Wire Laser or Electron Additive
Manufacturing (WLAM or
WEAM)

Metal

Table 2. Overview of AM process category, principles and materials according to UNI EN ISO/ASTM

52900:2022 regulation [19].
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1.3.1 VAT Photopolymerization
VAT photopolymerization (VPP) technique consists of a chemical reaction of bonding, enabling the
fabrication of 3D elements from the curing or solidification of liquid-state material. The
photopolymerization process is catalysed by the energy provided through irradiation by a light source
(either visible or UV), striking the surface layer of light-curable resin contained within a transparent
tank (vat).
The starting material, under the form of resin, contains a specific combination of:
e light-reactive monomers and oligomers which, upon exposure to a light source, form covalent
bonds, leading to cross-linking of the molecular structure;
e initiators that, under photochemical and photophysical actions, release radicals and ions,
facilitating and accelerating the polymerization reaction [21].
The photopolymerization process, depicted in Figure 11, is irreversible as polymer cannot be traced

back to its initial liquid molecular composition.

U light

.+.o+.o+
0.0 .

0+o 0+0

Figure 11. Schematic representation of the photopolymerization process. On the left, the photosensitive

liquid composed by monomers (small circles), oligomers (large circles) and photo-initiators (stars). On
the right, the activation of the polymerization process and formation of the desired polymer structure

following the light beam interaction [22].

In VPP systems, the 3D printed part is grown layer upon layer on a building platform, immersed in a
transparent tank filled with resin. Whenever a layer of resin is cured, the building platform lowers or
raises along the Z direction of a constant quantity equal to the layer height (average values are in the
range of 0.025-0.5 mm [23]). The motion direction depends on whether the building mechanism is
top-down or bottom-up. Between the curing of one layer and the succeeding one, some technologies
use a blade, whose movement smooths and homogenises the remaining resin. The process of
photopolymerization is repeated for the subsequent layers until the printing is completed.
According to the curing system, different classes of VPP can be distinguished [24]:

e Stereolithography (SLA) (Figure 12a) was the first AM process to be developed. It is a vector

scanning-based process: a focused laser beam and galvano-mirrors are used to cure the
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footprint of a layer in a point-by-point manner (Figure 13a). The accuracy of the SLA parts is
high and it is associated with the diameter of the laser beam. Typically, the spot dimension is
around 100 um, although size may vary depending on the manufacturer. The fine accuracy of
the curing system inevitably affects the building speed.

e Digital Light Processing (DLP) (Figure 12b) is a mask projection-based process: a digital
micromirror device (DMD) projects a mask of light to cure the footprint of a layer all at once
(Figure 13b). Thus, DLP systems are characterised by an increased scanning speed. Part
accuracy depends on the DMD pixel size, whose minimum dimension is greater than the SLA
laser spot size, thereby making the technology less accurate compared to SLA.

e Continuous Digital Light Processing (CDLP) or Continuous Liquid Interface Production
(CLIP) is a technology based on DLP principle (Figure 13b). Polymerization is achieved
through an oxygen-permeable window that creates a persistent liquid interface (dead zone)
preventing the polymerization between the window itself and the polymerizing part. The
CDLP / CLIP part is continuously drawn out of the resin tank, unlike SLA and DLP processes,
in which the curing of each layer occurs in discrete steps. Compared to DLP, the continuous
polymerization minimises the staircase effect and improves the isotropic behaviour of the

CDLP / CLIP parts. As a result, the CDLP / CLIP technology is extremely fast [25].

(a) (b)

Scanning Yy

mirror o (—

L — 3 Lascr Stepper
motor (+7) —
Elevator (-z) = | _ Buﬂ[.ling 7
- platform “——= 3D Printed part
3D Printed part

Resin tank

\ Gilass window

Resin tank

Liquid
photopolymer

DLP projector

Figure 12. Schematic representation of VAT photopolymerization technologies: SLA with top-down
configuration (a) and DLP (b).
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(a) (b)

Figure 13. Accuracy comparison of SLA (a) vs DLP, CDLP/CLIP (b). The accuracy of DLP and
CDLP/CLIP footprint is limited by the pixel network.

Once 3D printed, the VPP part might be subjected to various post-processing activities. The
treatments involve the removal of unreacted resin elements, part drying (in air or vacuum) and UV

post-curing to ensure full solidification and strengthen of the part.

1.3.2 Material Extrusion

In Material Extrusion (MEX) processes, the production of 3D elements is based on a thermal reaction
bonding. The feedstock material, usually thermoplastic polymer, is fed into the technology and it is
drawn to an extrusion head, where it is melted by a heated liquefier.

Depending on the type of the extrusion head [26,27], MEX mechanism is classified in:

e Plunger-based extrusion, in which the feedstock (rods) is softened, collected into a reservoir
and extruded via mechanical drive system (i.e., plunger).

e Filament-based, the most popular extrusion approach. Feedstock (filament, with a typical
diameter of 1.75 or 2.85 mm), pulled by drive wheels, is softened and extruded.

e Screw-based extrusion, designed for the extrusion of feedstocks other than rods and filaments.
Feedstock (pellets or granules) is softened in a melting zone and a rotating screw forces the
molten material to a feeding zone to be extruded.

The extrusion nozzle, able to move in the X-Y plane, builds the initial layer by depositing the melted
material onto a heated building platform. Suddenly, the material cools down from the glass transition
temperature to the chamber temperature. Once the deposition of a slice is completed, the platform
moves downward to deposit the following layers by an amount equal to the height of the slice. A

schematic representation of the MEX manufacturing process is illustrated in Figure 14.
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Fused Deposition Modelling (FDM) and Fused Filament Fabrication (FFF) are common examples of
prototyping technologies that leverage on MEX principle. FDM was developed by S. Scott Crump
and patented by Stratasys in 1989. In 2009, as the Stratasys patent expired, FFF was developed.
Beyond the legal perspective, FDM and FFF technologies do not differ in technical features.

Build matcrial filament

Feedstock material
| |‘ (filament coil)

Support material filament

Rollers

Temperature
controlled heater

Extrusion nozzle

Building platform

Figure 14. Schematic representation of MEX technology based on filament extrusion.

The quality of MEX products is influenced by various 3D printing parameters, such as infill method
and percentage, raster angle and printing speed. Extrusion head and platform temperatures directly
affect filament bonding and the resulting mechanical resistance [28]. Furthermore, compared to other
AM processes, the accuracy of MEX elements is limited and strictly linked to nozzle dimension.
Extrusion nozzles are available in various diameters, 0.25 mm to 0.8 mm, and determine the range of
feasible layer height and extrusion width. A standard nozzle diameter (0.4 mm) allows to obtain
theoretical layer height and extrusion width resolutions between 0.1-0.32 mm and 0.4-0.8 mm,
respectively. The reduced resolution of MEX makes it ideal for applications where achieving high
surface finishing is not necessary and the ridged effect is neglectable. Defects can be mitigated by
chemical (solvent vapor exposition) and mechanical smoothing. Also, surface coatings might be
applied to improve the surface finish and strengthen the mechanical behaviour of the components
[29]. MEX inferior resolution compared to other AM printing technologies, makes it ideal for
applications in which it is not necessary to achieve high accuracies and superficial finishes.

Besides, the affordability and simplicity of the system make MEX the most versatile technology.
Common processed materials involved a wide range of thermoplastic polymers and plastics.
Frequently used materials include: polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
polycarbonate (PC), thermoplastic polyurethane (TPU) and Nylon. Also, the research literature is

witnessing the successful use of ceramic, bio-glass and metallic materials [30]. Regarding the latter,
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the process is known as Metal Material Extrusion (metal MEX) and the feedstock consists of a
polymeric binder matrix, filled with evenly distributed metal particles [31].
The metal MEX process chain is schematised in Figure 15. Besides the extrusion (or shaping) of the

material, the process comprises few additional activities to obtain the final metal part.

(a) (b) (©) (d (e)
Green part Debinding Debinding Sintering Sintered part
(solvent (thermal
extraction) decomposition)
Core component Backbone Metal particles Ceramic particles

Figure 15. Representation of the material morphology during the shaping, debinding and sintering
(SDS) activities of a metal component 3D printed with ceramic support element. (a) green part, as
printed; (b) debinding, solvent extraction of the main binder component; (¢) debinding, thermal
decomposition of the residual backbone; (d) sintering, thermal densification of the metal particles of the

brown part; (e) sintered part.

Firstly, the deposition process is followed by the debinding activity: removal of the binder polymer
from the green part using solvents, catalysers and thermal decomposition. The main binder
component is removed during the first debinding stage, while the backbone or the binder component
accountable for holding the part shape is thermally decomposed.

Then, the brown parts are sintered through a cycle of thermal treatments applied to increase strength
by bonding particles. The contact formation, known as neck (Figure 16), between adjacent particles
occurs and then consolidation and voids closure take place (Figure 17).

Along with bonding, it is possible to induce densification and obtain a near fully densified metal
component (96.0-99.8 % theoretically dense metal part) [32]. The sintering phase enhances the
mechanical properties of the metal component, achieving values comparable to those typical of the
metal base material. Nonetheless, the densification process might lead to shrinkage, which is highest

along the building direction [33].
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(@)

Neck profile
radius R

Figure 16. Schematic representation of two-particle sintering profile, where X is the neck diameter (a).
Scanning Electron Microscope (SEM) image of neck formation between spherical bronze particles prior

to full densification (b) [34].

Figure 17. Molecular dynamics simulation of sintering process: spherical particles are brought closer
by weak adhesive forces; initial bonds are formed through surface diffusion, causing the necks between
the particles to grow. This leads to the rounding of pores within the element and, during the final grain

growth, pores close [34].

1.3.3 Powder Bed Fusion

Powder Bed Fusion (PBF) processes are based on the concept of selective melting and bonding of
powder particles.

As illustrated in Figure 18, the powder is dragged from the feed region and, through a levelling roller
(blade or re-coater), it is evenly spread over the powder bed. To reduce residual stresses and improve
adhesion, the building platform is preheated. Then, a focused energy source, such as a laser or electron
beam, sinters (heating to a temperature below the melting point) or melts (heating to a temperature at
or above the melting point) the powder particles to build the cross section of the component. The
powder particles are selectively hit by the energy beam, meaning that fused and non-fused powder
coexist on a single layer. Sometimes, un-melted powders serve as support for subsequent layers. The
process takes place in a controlled atmosphere, the chamber is filled with inert gas (e.g., argon or

nitrogen) to prevent oxidation.
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Figure 18. Schematic representation of PBF technology.

After the completion of a layer, the building platform is lowered by an amount equal to the layer
thickness, a new layer of powder is deposited and levelled by the re-coater. Thin layers in the order
of 50-200 pm are achievable, with some PBF systems it is possible to reach even 20-30 pm. Once
the construction of the part is finished, a cooling period must be allowed to avoid deformations and
defects due to uneven thermal contraction and oxygen diffusion. Finally, the component is retrieved
from the powder bed and cleaned of any powder residue. After adequate treatment (i.e., sieving and
drying), the un-melted powder may be added to virgin powder to be recycled. Post-processing
operations (i.e., CNC machining) are required to achieve the desired dimensional accuracy and
surface quality.
Selective laser sintering (SLS) was the first commercialised PBF process. The technology was
patented in the 1980s at the University of Texas at Austin, USA, and was initially developed to
produce polymer- or composite-based prototypes, then was later extended to the processing of metal
materials [35]. Commonly used metal materials are stainless steel and several types of steels, titanium,
aluminium and cobalt-chrome alloys. PBF technologies for metal fabrication can be distinguished in:
e Selective Laser Melting (SLM), in which metal powder particles are melted by a focused laser
beam. The laser power is in the range of 100-1000 W and enables fine size features with good
dimensional accuracy and roughness [36].
e Direct Metal Laser Sintering (DMLS), which employs a focused laser beam to sinter metal
powder. Material particles are not fully melted owing to the fact that temperatures remain

below the melting point. Thus, DMLS allows to combine different types of metal powders
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(metal alloys), even incorporating polymeric powders. Although the DMLS is often referred
to as a sintering technology, modern systems are operated at power levels to achieve full
melting of metal powders [37], blurring the DMLS definition with SLM.

e FElectron Beam Melting (EBM), in which metal particles bonding occurs by means of a
focused electron beam. EBM was introduced to overcome the limitations, in terms of power
and speed, of laser-based PBF technologies (LPBF). Specifically, EBM employs high-energy
electron beam (3000-3500 W) [38]. However, it suffers from poorer dimensional accuracy
and surface roughness [36].

Process parameters and powder characteristics are considered the most influential factors determining
the quality of the final PBF products. The powder morphologies, such as the particle size distribution
and shape (sphericity and uniformity), have significant effects on the bulk, surface and mechanical
properties of powder as well as the final part. Coarser particles result in a rougher surface and lower
density [39]. In addition, PBF parts are sensitive to beam-related parameters, such as beam size, input
power, scan speed, scan spacing and scan pattern [40].

Besides surface roughness, one of the most critical defects related to PBF technology is porosity, with
both irregular (keyhole or lack-of-fusion) or spherical shape (gas inclusions) defects, promoting early
failure of the component (Figure 19 and Figure 20). Additionally, high residual stress is a widespread
phenomenon, induced by the large thermal gradient during the local rapid melting and solidification

process [36].
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Figure 19. Schematic representation of the generation mechanism of H-induced, keyhole and lack-of-

fusion pores in LPBF [41].

22



Introduction to Additive Manufacturing

Lack-of-fusion pores | Gas Porosity Keyhole pores

g g v 4 . 8
. » "t» o o
. -
. -
s ) ’ ?
7

pores . 10 um

Figure 20. Representation of lack-of-fusion, gas and keyhole pores in AISI 316L. samples produced via
LPBF [42].

1.3.4 Binder Jetting

Binder Jetting (BJT) is an AM process that produces 3D elements starting from material powders, as
in the case of PBF systems. Instead of melting material particles, BJT supports a printing head, also
known as inkjet head, which selectively deposits liquid bonding agent to join powders of materials.
BJT was initially invented in 1993 at the Massachusetts Institute of Technology. Later on, several
industries have developed machines suitable for using a variety of different materials. In this respect,
since BJT technology does not require a controlled atmosphere and high energy source, it offers
considerable flexibility in processing materials, manufacturing a wide range of powders [43]. In fact,
BIJT is virtually compatible with any material powder. The technology provides printability of metal
powders, such as stainless steel, Inconel, copper, nickel, titanium, and cobalt-chromium alloys
[44]. Furthermore, the process is suitable for materials that do not melt and/or are difficult to be
machined, such as ceramics and composite materials.

As depicted in Figure 21, the working principle of BJT is based on a printhead that moves horizontally
(along the X- and Y-axes) over a powder bed and, selectively, releases the binder, which is typically
a polymeric liquid. At the completion of each printed layer, the building platform lowers and a new
layer of powder is spread over the powder bed through a roller. Typical layer thickness ranges from
50 to 300 um [45]. When all the layers are built, the object, known as green part, is taken from the
unbound powder for powder removal and further post-processing. The accuracy and strength of the
resulting parts are closely related to powder and binder properties, printing parameters and subsequent
treatments [46]. To ensure adequate powder-binder resistance during the 3D printing process, powder
pre-treatment is necessary. However, even when powder-binder adhesion is good, the strength of the
green part is relatively low due to the nature of BJT bonding method, which imparts characteristics
to the material that do not always make it suitable for structural parts. Therefore, further processing
is required. Just as in MEX metal production, green parts undergo curing and/or heating processes.

The heat treatment involves sintering, consolidation and, sometimes, infiltration and burning of the
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binder [47]. Indeed, binders are usually not the constituents of a final part and must be separated from

the final part without altering its shape and size. After appropriate treatments, the desired parts are

obtained.
Liquid binder
Printhead
Roller
der bed
powder be New powder
stock
built BJ part
build platform

Figure 21. Schematic representation of BJT technology.

1.3.5 Material Jetting

The AM process known as Material Jetting (MJT) behaves similarly to the two-dimensional ink jet
printing process: it uses arrays of nozzles that, moving horizontally on the build platform, deposit the
material in successive layers, and an ultraviolet (UV) light source to cure or harden the laid material.
Curing of each layer is performed in a single step with the deposition of the material. The described
methodology requires the material to be deposited in droplets, which constrains the range of available
materials, often limited to photosensitive polymers and waxes, due to their droplet-forming ability
and viscosity.

The working principle of MIJT is illustrated in Figure 22 and, depending on the ink-jet technique, the
technology is divided into two main categories: continuous inkjet (C1J) and Drop-On-Demand (DOD)
(Figure 23). In CIJ, droplets of material are ejected continuously; whereas, in DOD, droplets of
materials are ejected at a high frequency only when required, through the application of a thermal or

piezoelectric signal waveform [48].
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Figure 22. Schematic representation of MJ technology.
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Figure 23. Illustration of the droplet formation of a viscoelastic fluid in DOD MJT (piezoelectric signal).
The separation of the tail into two droplets and, thus, the formation of satellite droplets is prevented by

the elastic effect.

The main advantages of MJT lie in the precision and surface quality. This technology allows to
manufacture thin layers (in the tens of microns), resulting in parts with extremely smooth surfaces
and highly accurate details.

As opposed to other AM technologies, the surface finish of MIJT parts is not affected by the presence
of support structures owing to their composition and removal methodology. Particularly, support
structures are made of dissolvable support photosensitive polymers or waxes and are easily removable

using an ultrasonic bath.
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Moreover, MIT represents one of the few technologies capable of producing multi-colour and multi-
material elements. This promotes the possibility of manufacturing more realistic prototypes,
encompassing a variety of features, including diverse functional behaviours.

Though, the technology has some significant limitations related to the inferior mechanical properties
of the resulting parts. This is explained by the inherently low mechanical and thermal performance
of the commercially available photosensitive polymers and waxes [49]. Also, materials are limited in
durability due to long-term aging and mechanical degradation prompted by the exposure to light and
humidity [50]. These aspects constrain MJT suitability for applications where visual feature is
prioritised over functionality and pushes research towards the development of more advanced
materials, with a higher concentration of polymers or particles, and technologies capable of handling

high-viscosity inks.

1.3.6 Sheet Lamination

Sheet Lamination (SHL) is an AM method involving the bonding of sheets of material to form a
three-dimensional part. This is the only AM methodology based on the use of sheets of material
(either paper, metal or polymer films) as feedstock material. Typically, the foil thickness ranges from
0.1 to 0.2 mm [47].

The process is outlined in Figure 24 and it consists of a mechanism that deposits sheets of material
over a build platform and then heats, compresses, and cuts each layer to form the final three-
dimensional element. The production process occurs either through bonding and then forming (bond-
then-form) either through forming and then bonding (form-then-bond). The scrap material is diced
into smaller pieces and left on the building platform acting as support structure.

Among the SHL processes, the most common are Laminated Object Manufacturing (LOM) and
Ultrasonic Additive Manufacturing (UAM).

In LOM processes, polymeric or paper layers are bonded by means of adhesive, which is activated
by heated roller and pressure, as shown in Figure 24. Then, successive layers are precisely cut by a
laser or mechanical cutter. Instead, UAM is a class of LOM processes: the lamination process
combines low-temperature ultrasonic seam welding (via a digitally controlled sonotrode) and CNC
contour milling to manufacture metal components (Figure 25) [51]. The most used metal foils are
aluminium, copper, stainless steel and titanium. The advantage of the process lies in the possibility
of bonding different metals with a low energy request, as the feedstock material does not require to
be melted since it is just subjected to a combination of ultrasonic vibration and pressure that create a
solid-state weld between layers of metal foil. Also, among the benefits, the technique offers low

processing temperature, solid-state bonding, reduced geometric distortion, retaining the surface
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texture and the possibility of producing large scale parts [52]. Still, UAM processes require additional
CNC machining and removal of the unbound metal during the welding process, making the extraction
of unalloyed material quite intricate [53].

In general, SHL techniques are cost-effective, given the affordability of the feedstock material
compared to other AM processes, and they have the ability to produce large scale structures.
Limitations includes anisotropy of mechanical properties (grains are oriented and elongated along the
rolling direction) and poor tensile properties owing to the weak interface joining [54]. Given these

assumptions, SHL represents one of the least adopted technologies in the AM environment.
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Figure 24. Schematic representation of SHL technology.
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Figure 25. Schematic representation of the working principle of UAM, a SHL process.
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1.3.7 Directed Energy Deposition

Directed Energy Deposition (DED) is an AM process in which a focused thermal energy source melts
metal material as it is deposited. The deposition occurs onto a build surface, which can be either the
build platform or an existing part. Owing to this distinct ability, DED technology has established
itself as a tool for repairing and remanufacturing damaged components, as well as for applying
coatings to existing surfaces [55].

The operating principle of DED process is illustrated in Figure 26. The technique leverages on a
nozzle, which is mounted on a multi-axis appendage (4- and 5-axis machine) and it deposits the
material from any angle by moving in different directions. The nozzle focuses on a substrate and its
heat source (such as laser or electron beam or plasma/electric arc) delivers a high energy density,
which generates a small melt pool. The molten pool is formed by the simultaneous melting of the
feedstock material (powder or wire feedstock, Figure 26), delivered into the melt pool, and the
substrate material. Then, the melt pool undergoes a rapid cooling, generally it ranges from 10° to 10°

°C/s [56], concurring to the solidification of the layer.
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Figure 26. Schematic representation of DED technology. (a) Powder feeding DED system, the input
material is metal powder; it allows greater precision and control of the final material properties. (b)
Wire feeding DED system, the input material is a metal wire that is fed into the melting pool, allowing

a reduction in material waste.

According to the distinct material feeding system and thermal energy source, several DED
technologies are commercially available. The most popular ones are reported in the Table 3. All the
mentioned DED processes typically take place in hermetically sealed chambers: LAM-DED, WAAM
and WLAM use a protective gas to prevent oxidation during material deposition, while WEAM uses
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a vacuum furnace. The 3D printing speed and layer thickness of wire-fed DED processes (WAAM,
WLAM and WEAM) are significantly higher than those of powder-fed DED systems (LAM-DED);
on the contrary, the dimensional accuracy and residual stress of the parts produced with wire-fed

DED techniques are lower than those of powder-fed DED systems [56].

Material Feedstock Thermal Energy Classification Deposition Mechanism
Powder Laser Laser Additive Manufacturing ~ Cladding
Directed Energy Deposition
(LAM-DED)
Wire Electric Arc Wire Arc Additive Welding
Manufacturing (WAAM)
Plasma Arc Welding
Laser Wire Laser Additive Cladding and Welding
Manufacturing (WLAM)

Table 3. Classification of the most popular DED technologies.

Materials commonly used in DED processes include a variety of high-performance metals, such as
stainless steels, steel alloys, titanium-based alloys, cobalt-based alloys, nickel-based alloys,
aluminium alloys, high-entropy alloys, intermetallic, shape memory alloys (SMAs), ceramics,
composites and functionally graded materials (FGMs) [57].

In this regard, DED and PBF methodologies represent the most widely used AM techniques for the
manufacturing of complex metal components, although they differ in terms of both manufacturing
mechanism and material feeding systems, both production performance and quality. Compared to
powder bed-based AM systems, DED processes operate at high printing rates, depositing huge
volumes of material in extremely reduced times, thus allowing for large-scale printing [58].
Conversely, DED systems tend to have lower dimensional resolution and surface accuracy than PBF
technologies. In fact, typical layer thickness and minimum feature size of LAM-DED elements are
200-500 pm and 380-1000 pm, respectively [56]. In addition, DED systems handle powders with
larger particle sizes (in the order of 50-150 um), which is an advantage in both economic and safety

terms, although their recovery and reuse is more problematic and less effective than PBF systems.
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Chapter 2. Additive Manufacturing and the medical sector

2.1 The evolution of Additive Manufacturing in the medical sector and its fields
of application

Since the scientific innovations developed by Charles 'Chuck' Hull and successive researchers, the
industrial landscape has been revolutionised. With its earliest introduction, in 1990s, AM has been
widely studied and applied in a variety of fields, including the medical sector.

The historical evolution of the main AM techniques and technologies is illustrated in Figure 27 and

it is complemented by several significant innovations in the healthcare field.
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Figure 27. Milestones in the development of AM methodologies applied to the medical [59].

The progresses and potentialities of 3D printing over conventional manufacturing techniques provide
the healthcare industry with new tools and therapies that are able to transform the way patients are
being cured, moving towards a medicine that is tailored to the individual diagnostic case.

Several are the purposes of manufacturing medical applications leveraging on AM techniques.
According to the Additive Manufacturing / 3D Printing (AM3DP) Medical Annual Report provided
by the American Society of Mechanical Engineers (ASME) [60], between 2020 and 2022, there was

a significant deployment of AM in the medical industry (Figure 28). In particular, an extensive use
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of AM technologies for the production of anatomical models and for rapid prototyping was recorded.

However, it is evident that more specific areas are showing increasing interest too.
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Dental industry
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Figure 28. Adoption rate of AM in different medical applications by members of the AM3DP community
[60].

AM presents a broad range of uses and purposes in the medical industry. Numerous classifications
have been proposed in the literature, with some research identifying five major classes of 3D printed
medical [61,62]. These include prototypes for surgical planning and educational intent, implants,
prosthesis and orthosis devices, surgical instrumentation and biomanufacturing. The following

sections focus on each item of the mentioned classification.

2.1.1 Anatomical models

Anatomical models are three-dimensional prototypes designed to reconstruct the patient's
physiological or pathological morphology. The possibility of realising extremely accurate three-
dimensional models of the interested anatomy allows the physician to identify and simulate the best
surgical strategy in the pre-operative stage, as well as to train medical students. In addition, the
possibility of having AM-printed anatomical models represents a preferred alternative to cadaver
training, which is critical in terms of availability of the corpses and cost-effectiveness of the practice
[63].
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Although AM techniques enable to reproduce almost the exact copies, in terms of dimensional and
geometric accuracy, of real anatomic districts and structures, the haptic perception of 3D printed
models continues to pose significant challenges. The correspondence between the real model and 3D
printed one, in terms of tactile and sensory characteristics, is not trivial and might be hampered if the
3D printed models lack material properties that closely replicate those of real human tissues [64]. For
instance, in the process of reproducing an anatomical model of a blood vessel, whose modulus of
elasticity might vary from 1 MPa to 10 MPa, the use of AM technologies such as MEX is not
appropriate. This technology manufactures elements with significantly different mechanical
properties, excessively rigid compared to the characteristics required for an accurate representation
of blood vessels. This suggests that, not only the tactile sensation is compromised, but the behaviour
of the model with respect to mechanical stresses does not correspond to that of real human tissue too.
Instead, technologies, such as MJ, delivering softer and rubbery materials, might offer new prospects:
multi-colour and multi-material abilities promote the creation of human anatomical models
comprising diverse range of tissues [65].

In addition to the educational and surgical planning intent, anatomical models are visual and tangible
solutions for informing the patient and his family too, making them aware of the diagnostic-
therapeutic process and compliant to the medication schedule.

Figure 29 illustrates the percentage value of the different medical purposes of 3D printed anatomical
models [66].

W
o

45

N
[}

40

N
S w» O

23
20

(=

17
14 14 14

Distribution (%)
[\®} L[\h) w W

—_ =
S WD
-

6

Education Pre-surgical planning  Simulated operation Surgical training Other

S WD

Field of application

| Soft tissue Hard tissue

Figure 29. Distribution of AM-produced anatomical models for soft tissue and hard tissue applications
[66].
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2.1.2 Implants

As emerged from the previous section, there is a strong need to design and produce elements that not
only perfectly reproduce the appearance of anatomical districts but provide adequate functional
responses too. Hence, besides anatomical models, the integration of AM, imaging approaches,
Reverse Engineering (RE) and digital modelling techniques, allows the production of almost any
conceivable geometry of implant and implantable prosthesis.

An implant is a medical device designed to be surgically inserted into the human body, usually,
permanently. This device replaces and supports a missing or damaged part of the body. Additively
customised implants are widely spread in the orthopaedic field, especially in oncology and
traumatology, where bone voids, resulting from the removal of primary and secondary skeletal
tumours, are reconstructed through the insertion of patient-specific metal prosthetic implants [67]. In
this way, the efficient and rapid design and production of custom-made prosthetic implants through
AM techniques solves an obvious and persistent problem, namely when standard implants are no
more satisfactory. Often, prosthetic implants are available in a small range of sizes and shapes, with
medical professionals choosing the structure that best suits the clinical case under investigation. This
situation may be appropriate in some cases, however, there are several circumstances in which
implant customisation and the implementation of advanced geometrical features found to be highly
advantageous. For instance, when patients have unique pathological features or complex conditions,
or when the implant is required to fit the patient's anatomy perfectly, as in cranial or maxillofacial
surgery [68]. In the case of the surgical operation dealing with fractures of the facial bones,
traditionally, to adapt standard prosthetic implant to specific clinical requirements, it is necessary for
the physician to manually manipulate the implant on the patient's bone during the surgical procedure
itself. This, in turn, leads to a longer duration of the surgical procedure and an increased risk of
complications [69].

Moreover, the ability of AM systems to generate implantable devices that exactly fit the morphology
of the patient bridges the gap between biological matter and engineering design, producing devices
that combine biocompatibility and biomechanical behaviour. This optimises the integration between
the implant and the restoration of the surrounding tissue. In fact, in load-bearing implants, the
mismatch of mechanical properties occurring between the prosthetic implant and the surrounding
bone tissue results in an unbalanced load distribution in human kinematics [70]. The continuous
uneven distribution of load stimulates bone resorption, which leads to osteoclast-driven alteration of
the bone shape and dimension [71].

Bones are not static structures: they undergo continuous processes of change and adaptation

throughout life. In response to an increase in load, bone progressively remodels itself to strengthen
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and resist such stresses; conversely, a reduction in load induces a remodelling process that results in
resorption of bone tissue. It is in the presence of an inadequately designed prosthesis, which does not
ensure proper load distribution on the surrounding bone, that such resorption occurs. This
phenomenon is known as stress-shielding effect: it is described by Wolff's law as the long-term
adaptation response of bone structure and bone density to meet new mechanical demands, due to the
alteration of the mechanical stimuli in the overall system [72]. Stress-shielding phenomenon induces
various clinical complications, ranging from general pain and discomfort, to a reduction in the quality
of the remaining bone or, even, to the fracture of the prosthetic implant.

As shown in Figure 30, the extreme variation in biomechanical behaviour of a healthy femur and a
femur with prosthetic implant (titanium alloy) during a simulated walking gait highlights the necessity
to develop solutions that are geometrically and functionally as similar as possible to the original

structure.

(2) (b)

<+~ Max. Principal

-« Min. Principal

Figure 30. Finite Element Analysis (FEA) of a femur with an intact bone compared to a Total Hip
Arthroplasty (THA) implant: simulation of the maximum loading experienced during a walking gait
condition. (a) Principal stress projections in the intact bone and THA models (b) Drucker-Prager
equivalent stress: THA model reveals that the proximal lateral section experiences high stress, while the

distal lateral section experiences low stress [74].

The phenomenon of stress shielding is often induced by the different mechanical properties between
the prosthetic implant and the bone. As shown in Table 4, the elastic moduli of metal implantable
materials and the one of cancellous or cortical bone differ significantly. This is especially true in
metal implants made of titanium, stainless steel, and cobalt chrome molybdenum alloys. Since metal

alloys are ten times stiffer than human bone, they potentially absorb most of the mechanical load and
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bring to a drastic reduction in the forces experienced by the bone, needed to maintain bone density
and structure. As mentioned earlier, this leads to loss of density and weakening of the bone [73].
Remarkably, as opposed to traditional permanent metal implants, there are materials with bone-like
properties. Specifically, magnesium alloys distinguish themselves for their higher mechanical affinity
resulting from their ability to be reabsorbed by the human organism. However, the use of such

materials is still limited as material resorption occurs at a higher rate than bone healing.

Young’s Modulus Yield Strength Cosmtr z fs:;lon Tensile Strength
(GPa) (MPa) (MPi) (MPa)

Cortical bone 7-30 100-230 164-240
Cancellous bone 0.01-3 2-12

Ti6Al4V (casted) 114 760-880 895-930
Ti6Al4V (wrought) 114 827-1103 8961172 860-965
Stainless steel 3161 193 170-310 480-620 540-1000
CoCrMo Alloy 240 500-1500 9001540
Mg (99.9%, casted) 41 21 40 87

Mg (99.9% wrought) 41 100 100-140 180

Table 4. Mechanical properties of metal material for implants compared to bone tissue (cortical and

cancellous bone) [75,76].

In this framework, AM is successful in generating microstructural designs on the surface of the
implant to decrease its stiffness.

An example of these kinds of surface structures is shown in Figure 31, the image shows the external
surface of a titanium acetabular cup, the upper part of a total hip arthroplasty (THA) prosthesis,
inserted into the cotyloid cavity at pelvis level. Another example is depicted in Figure 32 and Figure
33, representing respectively a pelvic implant and a magnification of its design structure.

These design elements are referred to as lattice, reticular, cellular and porous structures and,
depending on the organisation of the baseline unit cell within the overall network, they distinguish
into periodic or aperiodic geometries. The objective of these structures is to replicate the bone cellular
matrix and, particularly, the aperiodic structures closely approximate the trabeculae of the bone.
Aperiodic structures, also known as stochastic structures, are characterised by a random arrangement
of the beams (struts) that compose the reticular network, creating an unordered lattice system. Among
the most popular aperiodic structures is the Voronoi lattice, which is dependent on parameters such
as the thickness of the Voronoi strut, the average distance between struts and a seed value to generate

the points randomly.
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a)

Figure 32. SLM-produced metal pelvic implant for Ewing's sarcoma surgery: (a) digital models of the
implant on pelvic 3D scanning models (b); SLM-produced solid and reticular structures; (c) post-

operative radiography of the applied prosthetic implant [77].

15mm

Figure 33. Detail of the structure implemented on the SLM-produced pelvic implant (a). The oblique (b)

and top (c) views of the structure highlight the fundamental dimensional parameters: strut size, unit cell

size and pore size. SEM image of the of the structure [77].
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Hence, leveraging on AM methodologies, fine and intricate reticular structures are achieved. These
possess numerous advantages in the field of implantable prostheses. First of all, lattice structures
introduce the modulation of the elasticity (at a macroscopic level) of the solid implantable prosthesis
and so, counteracts the stress-shielding effect induced by the greater stiffness of the solid implant
compared to the natural bone. In addition, porous structures are able to promote osteointegration,
namely the structural and functional connection between bone and implant [78]. In this respect, the
porosity (intended as the volume fraction occupied by voids in relation to the total volume) and the
pore size are factors that significantly influence cell invasion and angiogenesis, so the
osteointegration activity [79].

Taking into account load-bearing prosthetic implants, especially THA acetabular cups or femoral
stems, the optimal porosity values for bone growth is between 70% and 90% [80,81]. From the
biological perspective, high porosity and pore connectivity favour cell migration and ingrowth into
the prosthetic reticulum, promoting capillary formation and further facilitating cell migration and
differentiation. In addition, enhanced porosity exhibits greater roughness, which stabilises the
connection between the bone and the implant, preventing failure of the implant itself. Although the
biological benefits appear potentially unlimited as porosity increases, the mechanical properties may
be adversely affected. Specifically, the compressive strength of the implant decreases exponentially,
making it more susceptible to failure under repeated stresses. Similar to porosity, also pore size and
shape have direct influences on the osseointegration capacity of the implant, affecting nutrient
transport, oxygen diffusion and metabolic waste elimination. Research studies agree that a pore size
between 200 um and 400 um is an optimal range for bone growth [82—84]. Excessively small pores
might hinder nutrient transport and prevent capillary growth and cartilage mineralisation, thus
compromising implant stability. Moreover, scientific studies indicate that a pore diameter of at least
100 pm ensures adequate nutrient exchange [79,85].

Within the present context, PBF technologies, especially laser-beam PBF, are promising techniques
for the fabrication of customised implants with intricate architectures and fine lattice structures

[86,87]. Optimisation of the process parameters is essential to obtain high-performance implants.

2.1.3 Prostheses and Orthoses

A further medical application benefiting from AM technologies concerns prostheses, intended as the
devices designed to be worn in contact with the patient's skin with the purpose of aesthetically
substitute missing parts of the human body or replace impaired functions. This category includes, for
example, the devices commonly used to restore the mobility of the upper and lower limbs, like sockets

and artificial limbs. Also, the prosthetic segment comprises appliances such as eye and hearing aids.
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Soft tissue prostheses can be produced too. Miechowicz et al. [88] produced a prototype of epitheses,
an orbital prosthesis, with SLA and polyurethane (PU) photosensitive resins, after digitizing patient's
face. Although SLA offered significant advantages in prostheses manufacturing, such as reduced time
and cost, it has not completely solved the aforementioned issue, suggesting that further research in
material science is required to optimise the fit to the defect.

Unlike prostheses, orthoses are external devices that do not substitute or replace body parts and their
functionalities but rather sustain them. Specifically, orthoses are designed to support and correct the
impaired physiological abilities. This category includes, for example, orthopaedic braces and insoles.
Within this framework, MEX represents the predominant technique associated to AM-based
customisation of orthoses; the most commonly used materials are thermoplastic polymer filaments,
with recent experimentation with composite materials [89].

Conversely to implantable prosthetic systems, prostheses and orthoses are readily removable and
replaceable. Their non-invasive nature makes them subjected to a less restrictive regulatory regime,
thus, fostering experimentation with 3D printing technologies. This encourages the exploration
towards innovative design solutions, characterised by an increased level of customisation, captivating
designs, superior lightweight for equivalent strength and durability and greater comfort too. These
personalised products are delivered in shorter production and consultation times, making them
advantageous over the traditional process. Further confirmation of these statements comes from
scientific studies, Ali et al. [90] demonstrated how ankle joint orthoses, manufactured from polymer
and carbon fibre reinforced polymer (CFRP) using AM, offered superior performance at a lower cost

than traditional materials.

2.1.4 Instruments

AM is also used to produce surgical and diagnostic instrumentation. Two are the major drivers for
producing medical instrumentation by 3D printing. First and foremost is design freedom:
conventional instrument designs might be revisited or completely revolutionised to accommodate the
need for rare and uncommon medical operations. This aspect plays a key role since it provides the
medical practitioners with improved tools and ensures safe and effective surgical operations.
Additionally, the scientific literature justifies the choice of using AM methods given the considerable
reduction in manufacturing costs [91,92]. This aspect brings to the cost-effectiveness of producing
disposable, on-demand and patient-specific instruments. Customisation and cost-effectiveness,
together, account for 50% of the reasons behind the choice of AM over conventional techniques for
the production of medical instrumentation [91]. In addition to the growing trend of increased

customisation, complexity and technical possibilities of AM-produced medical instruments, a further
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application emerged: the production of tools designed to support people in developing countries or

remote areas [91,93].

2.1.5 Latest trends

Biomanufacturing represents the latest application and the most advanced frontier of AM in the
medical field. It is defined as the integration of AM technologies and tissue engineering [94]. This
approach, originally called cytoscribing, was inspired by two-dimensional inkjet printers, as the ink
droplets appear similar in form to biological products [95]. Then, technological advancement led to
the development of bioprinters, namely 3D printing technologies capable of producing artificial and
engineered biological tissues. These bioprinters are able to replicate cell aggregates ranging from
small tissue constructs to complete organs and anatomical districts. The feedstock material used for
these applications is known as bio-ink and consists of cells, taken directly from real organs, embedded
in a matrix of biocompatible material, generally, hydrogel [96].

Biomanufacturing has the capability to transform the way transplants are performed, literally
eliminating the necessity to conduct transplants from living donors or cadavers. Nonetheless, owing
to its inherent complexity, bioprinting presents considerably more challenges than traditional 3D
printing methods. A critical aspect concerns the need for the bio-ink to be cytocompatible, meaning
that the bioprinted-produced element should not trigger harmful response in the host organism in
order to maintain cell survival and viability. So, the effective production of bioprinted artificial organs
relies on the appropriate selection of the bio-ink [97]. Another matter regards bioprinting conditions:
it is essential to prevent contamination and ensure the purity of the process and so, the resulting
product. The optimal management of printing parameters is vital to avoid inducing inappropriate
stress conditions, such as excessive shear stress for cell survival.

The AM fields of application keep expanding and the technology itself is progressing, revolutionising
its operating principle. Beyond traditional AM, technological innovation introduced the concept of
4D printing, where the fourth dimension is time [98]. 4D printing is defined as the 3D printing of
smart materials (SMs) that, under the action of external or internal stimuli and within a required time
frame, are able to control their geometric (shape, dimensions), structural (strength, stiffness) or
functional properties [99]. SMs are designed to self-transform under thermal, mechanical, electrical
or magnetic stimuli. This approach allows to produce medical applications able to automatically adapt
to the patient's physiological conditions. Among the most popular applications are stents (expandable
cylindrical nets that are inserted inside blood vessels to keep them leaky) and drug delivery systems,

dynamically releasing pharmaceuticals based on the modification in patient's vital conditions [100].
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Zhou et al. [101] showed that 4D printing can successfully produce drug-loaded vascular stents,
capable of self-expanding in vivo.

Despite the positive progress, 4D printing is still limited with few SMs responding to a small range
of triggers. Further research is required to better assess SMs interaction in the human environment.
To conclude, Figure 34 provides a glimpse on the discussed historical trends of AM technology

applied to the medical field, outlining the future directions towards which it is heading.
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Figure 34. Roadmap of AM-produced medical applications, from non-living structures towards bio-

intelligence [102,103].

2.2 Advantages and barriers

The present section examines the key advantages and opportunities of 3D printing in the field of
medical production. The analysis includes the barriers and controversies associated with its
implementation too.

Among the primary benefits of AM in medical applications, it stands out the ability to produce
extremely customised solutions and equipment [104]. The high degree of personalisation attainable
with AM is the aspect that initiated and stimulated the earliest research and experimentations in the
clinical field. Customisation of medical applications allows medical solutions to be tailored to the
patient's individual condition, offering significant advantages both for the patient, through reduced
treatment times and recovery periods, and for the physician and hospital facilities, by improving the
overall effectiveness of the diagnostic and therapeutic pathway.

Furthermore, beyond customisation, understood as the ability to produce patient-tailored prostheses

and surgical instrumentation, AM enables the generation of intricate and articulated features. The
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reachable degree of complexity is so high that these features are hardly feasible or economically
viable using conventional manufacturing techniques. In addition to this, AM enables the design of
optimised structures, improving the distribution of material within the element itself to meet specific
constraints and performance requirements. In this way, medical devices show high robustness even
with a significant reduction in weight [105].

Besides generating free-form and complex geometries, a further advantage of 3D printing is its ability
to produce cost-effective medical elements. Although, as emerged, conventional manufacturing
methodologies are convenient for large-scale volumes and standardised products, AM is becoming
increasingly competitive for small series production and value-added products. This is beneficial in
customised medical applications, which require single or limited production quantities [106].
Compared to traditional methods, AM significantly improves productivity, by fastening processing
and delivery times. Cycle time is greatly reduced as a result of the flexibility in part modelling and
design without having to invest time and resources in the preparation of customised equipment and
tooling for the production of personalised medical devices. Whereas a prosthesis takes about a week
to be manually produced and adapted to the patient anatomy, 3D printing reduces the time to one day,
demonstrating the significant advantage of AM over conventional techniques [107].

Connected to this perspective, AM contributes to the reduction of production expenses by optimising
the use of resources and minimising waste. In particular, AM is known for its aptitude in reducing
waste and scarp materials. Indeed, the material is inherently used only where it is actually needed,
the waste and scraps derive solely from the eventual use of support material (material that facilitates
the truthful production of overhanging features and prevents part deformations during the 3D printing
phase) and any post-processing treatments for finishing the element. As anticipated, the freedom of
modelling allows to create lightweight designs, characterised by areas where the material is totally
absent or lightened by advanced designs (reticular structures), and this aspect positively influences
material savings.

Despite the numerous potential benefits associated with 3D printing, the over-optimistic expectations
placed on this technology, at times, prevents from realising that there are several challenges
associated with AM adoption in the clinical environment.

The healthcare industry is heavily regulated and requires rigorous testing by the regulatory
authorities, like the Food and Drug Administration (FDA), for the certification of medical devices
and instruments [108]. Clinical regulatory approval is a mandatory and critical step in the process of
technological dissemination and adoption. Although some of the simpler additively produced medical
devices have already been certified, meeting stricter regulatory requirements might hamper the

diffusion of advanced medical applications. The need for extensive clinical and biological studies and
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ethical and legal assessments further hinders the large-scale adoption of AM technologies and their
solutions.

Commonly, regulation focuses on the final product. Nevertheless, AM methodology presents unique
considerations that must be addressed to ensure the safety and effectiveness of the resulting parts,
whether customised or mass-produced. This highlights the importance to take into consideration
aspects such as the necessity to regulate, from a normative viewpoint, the AM processes.

Hence, it can be concluded that AM need strategic vision, economic investment and time to fully
develop and reach its full potential [104]. Surely, 3D printing is democratising the design and
production of medical application thanks to its increasing accessibility in terms of technological
affordability and advances in engineering and material field. While recognising that the biomedical
sector represents one of the most promising areas for 3D printing innovations, it is essential to
appreciate the progress already achieved and move forward in an effort to facilitate the adoption of

these technologies and products in the medical market.
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Chapter 3. Material Extrusion and its application in the medical

industry

In the current chapter, the AM technique known as Material Extrusion (MEX) is reviewed. The
discussion focuses on exploring its applicability in the field of medicine, while, for details on the
operating principles and technical characteristics, refer to Chapter 1, section 1.3.2.

Since the engineering of early MEX-based AM systems and, especially, over the past decade,
significant technological advancements have occurred. MEX methodology widely expanded and it is
being adopted by a broad spectrum of users, from amateurs (desktop 3D printers) to large-scale
industrial professionals (industrial 3D printers). The growth in the adoption of MEX technology is
such that, in 2021, the predominantly adopted 3D printing technologies found to be FDM and FFF,
both based on the principle of extruding thermoplastic material from a nozzle [109]. There is a 100%
prevalence among respondents who use or plan to adopt this technology. These data, complemented

by those on the adoption rate of other AM techniques, are reported in Figure 35.
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Figure 35. Distribution of the adoption of AM technologies distinguished by the modality of use (in-

house, external service, both and considering AM adoption) and AM methodologies [109].

MEX distribution among diverse application areas is displayed in Figure 36. In 2020, the biomedical
sector had a fair share, accounting for 21% of the US MEX market share [110]. The specific needs

of biomedical applications, including high complexity, customisation and specific patient-physician
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requirements, ease of processing, single or individual production quantities of high-value goods, are

the driving forces behind MEX technology diffusion [111].
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Figure 36. US Market share of MEX technology in various application areas [110].

3.1 Polymeric MEX-based medical components

Material Extrusion (MEX) technology was specifically conceived and designed for the extrusion of
thermoplastic polymeric materials. Today, a wide range of polymers, especially under the shape of
filament feedstocks, is available on the market.

Due to its affordability, ease of printing and biomechanical properties, such as biocompatibility and
biodegradability, polylactic acid (PLA) still remains the dominant feedstock material in MEX
manufacturing compared to other polymers.

PLA is a thermoplastic polymer with an elastic modulus between 2.5 and 3.4 GPa, suggesting a good
stiffness. Typically, its tensile strength ranges between 45 and 70 MPa and it has a low elongation at
break, usually less than 10%. With a 46% share of utilisation rate, PLA far exceeds all other polymers
and composite materials; the second highest share is that of acrylonitrile butadiene styrene (ABS),
with 27% [112].

Recent improvements in MEX printing equipment have expanded the range of available materials
(Figure 37). Polymeric applications manufactured via MEX technology are widely adopted in the
medical field, particularly for the creation of educational models and prototypes for surgical planning

and training.



Material Extrusion and its application in the medical industry

Commercially available

. Scientific literature
m Not available for
PTFE extrusion-based AM

PA12

PLA TPE

PET PBT TPU
POM-C eIVED PCE PAG

UHMWPE

(HDPE|

amorphous semi-crystalline

Figure 37. Amorphous and semi-crystalline polymeric materials, distinguished on the basis of their

adoption in MEX-based AM: commodity, engineering and high performance use [113].

In these frameworks, there is an increasing demand for combining MEX with other techniques to
integrate softer materials, such as silicones, within the thermoplastic rigid prototype. Again, this
explains the thrust toward innovation in process and materials science. Additionally, Dave et al. [114]
highlighted the potential of MEX technology as support or tooling process, i.e., for the production of
moulds, dies, or negatives from which the positive model is subsequently derived. Indeed, MEX-
based moulds are filled with softer materials in order to obtain prototypes with different properties.

In recent years there has been great interest in MEX-produced pharmaceutical dosage forms, such as
tablets. In fact, the technology may deliver personalised and on-demand pharmacological products.
Although the technology has the potential to produce personalised and on-demand pharmaceutical
products, it must overcome numerous challenges to gain acceptance. These include the reduced
availability of pharmacological polymers and biodegradable polymers, limited drug-polymer
miscibility, the need for controlling printing temperatures to avoid drug degradation and the slow and
partial drug release [115]. Despite these difficulties, McDonagh et al. [116] demonstrated how
printing parameters, such as infill density and layer pattern, modulate drug release by successfully
manufacturing dual-drug loaded polypills with simultaneous (paracetamol) and delayed (delodipine)
release. While, Patel et al. [117] proved the feasibility of refining drug-polymer miscibility while
significantly lowering the extrusion temperature of filaments by applying the principle of acid-base

supersolubilisation to MEX-produced haloperidol tablets.
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Nonetheless, in the context of technological innovation in the healthcare sector, one of the most
promising applications of MEX is the engineering and manufacturing of prostheses and orthoses. The

discussion on this latter topic is comprehensively addressed in the subsequent section.

3.1.1 Orthoses

As discussed in section 2.1.3, Chapter 2, orthoses are external devices designed with the purpose of
supporting and ideally restoring the compromised functions of the human musculoskeletal system
[118]. These medical devices are also commonly referred to as braces or splints.

Patients suffering from physical dysfunctions or disabilities, caused primarily by bone defects or
muscle impairments (such as arthropathy and tendinopathy), as well as neurological disorders
involving the brain, spinal cord and peripheral nerves, might require to use and wear orthoses.
Depending on the individual clinical condition, orthoses for the upper limb (i.e., wrists, hands and
elbows), lower limbs (i.e., hips, knees, ankles and feet) and orthoses for the spine (i.e., cervical,
thoracic, lumbar and lumbosacral regions) are recommended. Based on this, the American Orthotics
and Prosthetics Association adopted a scheme of naming orthoses according to the involved joints or
spinal segments [119].

As established by current regulations [120], shared and standardised definitions of the therapeutic
objectives and functional specifications associated with the design of orthoses are stated in Table 5.
Beyond the categorisation, based on the involved body segment, orthoses distinguish themselves in

prefabricated and customised.

Clinical objectives of orthotic treatment

Functional requirements of orthoses

Relieve pain

Manage deformities

Prevent excessive range of joint motion
Increase range of joint motion

Compensate for abnormalities of body segment
length and shape

Manage abnormal neuromuscular functions
Protect tissues

Promote healing

Prevent, reduce and stabilise deformities
Modify range of joint motion

Alter length and shape of a body segment
Compensate and control for muscle inactivity
or hyperactivity

Redistribute or reduce pressures and loads on

tissues

Table 5. Fundamental therapeutic objectives and categories of functional specifications in orthotic

treatment, according to ISO 8551:2020 [120].
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Prefabricated orthoses are standardised medical device designed according to predefined
specifications and they are readily available on the market to fit on a large population scale. They are
available in a limited number of sizes and might be equipped with modular components, able to
slightly adjust the device to patient anatomy. These aspects contribute to the cheapness of off-the-
shelf orthoses [121]. Nevertheless, these solutions rarely adhere to the individual patient morphology
optimally, requiring adjustments that are not always feasible. Besides, modifications may
compromise the functionality of the orthosis and, consequently, hinder the therapeutic objectives. For
instance, research related to orthotic therapy for wrist joint treatment [122—124] reported that the
partial or total lack of control over wrist angle positioning in prefabricated orthoses resulted in adverse
outcomes.

In response to the major disadvantages associated to the off-the-shelf orthoses, healthcare operators
fabricate customised or personalised orthoses, tailor-designed and -made medical devices intended to

perfectly fit the singularity of the patient.

Customisation procedure

The production of personalised orthoses, leveraging on conventional manufacturing methodologies,
is a relatively demanding and cumbersome process, involving multiple steps to obtain the ultimate
medical device [107]. It is performed by a trained medical professional and, sometimes, it may require
the assistance of a second operator to ensure the correct positioning of the patient's body. The time
required to design and produce an orthosis is primarily influenced by the extent of the anatomical
area to be treated and the severity of the pathological condition. Yet, there are additional factors, such
as patient requirements and preferences, that play a crucial role; for instance, in the case of high-
performance athletic orthoses, the design, functionality and material superior requests may extend the
processing timings. Generally speaking, the time required to complete this procedure might vary
significantly, from a minimum of few days to several weeks, depending on the specific post-
processing requirements too [125].

In the simplest conventional manufacturing instance, orthoses are developed from low-temperature
thermoplastic (LTT) film of materials, softened in hot water (60°C to 80°C temperature), trimmed
and directly moulded on patient’s body. However, it is often necessary to make a plaster cast of the
anatomical region to obtain a negative mould from which a positive model of the anatomy is
subsequently derived [126]. Plaster fluid fills the voids of the negative cast, left by the imprint of
patient’s anatomy. Then, the positive model is adjusted to resemble the actual morphology of the
patient and form the basis on which the detailed design of the orthosis takes place. Orthosis shaping

is done entirely manually or leveraging on techniques like vacuum forming.
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Although the fabrication of customised orthoses provides a unique and specific therapeutic treatment
for the patient compared to the prefabricated orthoses, the approach is not free of flaws. The
customised splinting process is strictly dependent on the preferences, expertise and experience of the
healthcare operator [127], jeopardizing the entire quality of the medical device [122,128]. In fact,
orthoses resulting from such procedures are often unsatisfactory, prompting thermal injuries and
pressure-related complications (i.e., cutaneous diseases, compartment syndromes, bone and joint
injuries) and difficulties in patient’s adherence to the medical prescription [129]. Moreover, it is
demonstrated that these complications are prevalent when the orthotic development is executed by
less experienced practitioners [129].

Therefore, in the process of developing customised orthoses, it is evident that the design activity as
well as the manufacturing process and materials exert a considerable influence on the effectiveness
and overall performance of an orthosis [130].

In this framework, the introduction of 3D printing technologies and its auxiliary systems, such as
Reverse Engineering (RE) and modelling systems, has the potential to bring significant benefits,
while overcoming the drawbacks associated with the conventional manufacturing technologies.
Indeed, AM offers the ability to capture the patient anatomical information with extreme precision,
providing orthoses that exactly fit the specific clinical condition. Furthermore, it enables a rapid and
cost-effective fabrication of mass-customised orthoses. Despite the promises, significant challenges
need to be addressed. AM technology in the orthotic field is still in its preliminary development phase
and extensive research is needed to explore and consolidate its potential.

The AM technologies that experienced the earliest utilisation in the orthotic field are based on MEX,
VPP and PBF mechanisms [131,132]. Specifically, MEX technique found to be the most commonly
adopted AM technique for the fabrication of customised orthoses. According to the literature revision
conducted by Choo et al. [107], above the 73% of the analysed research articles, pertaining to orthotic
manufacturing using AM technologies, employed MEX systems. The other adopted technologies
were VPP, powder-based methods and systems whose methodology was not disclosed. From a
clinical perspective, the review showed a predominant focus on limb function recovery, with a
significant concentration on the lower limbs, accounting for 59% of the analysed studies, followed
by the upper limbs at 36%. These results reflect the main areas of interest and progress in AM-based
orthotic engineering. Moreover, the analyses compared personalised orthoses produced by traditional
and AM techniques, stating that, generally, MEX-based orthoses are perceived as equivalent or
superior to traditional solutions. Although there is still no unanimous consensus, opportunities and
prospects, driving and supporting the research and development of MEX-based orthoses, emerged.

These aspects are exhibited in detail below.
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Manufacturing material

First and foremost, the choice of manufacturing material is a critical factor in the fabrication of
orthoses, whether this process is performed via conventional or AM techniques.

In traditional manufacturing, material selection is often driven by orthosis affordability, availability
and medical preferences. Nonetheless, to ensure that the orthoses meet functional and clinical
requirements, there are numerous additional material properties that must be evaluated [130]. These

characteristics are all reported in Table 6.

Material property Description

Strength Material quality to withstand an applied load without undergoing plastic
deformation or failure. Orthoses characterised by higher degrees of strength
are strong and resistant to great stress values. This characteristic is essential for
medium and large orthoses, to adequately support joint weight, as well as for
small orthoses, to ensure better stabilisation of the joint.

Stiffness Stiffness is referred to the elastic modulus of a material, or the elastic response
to an applied load. It measures the extent to which an orthosis is able to resist
deformation in response to an applied force.

Hardness Material quality to withstand localised (plastic) deformation provided by
penetration or indentation. The choice of the hardness level of the orthotic
device involves a trade-off: the inner part of an orthosis should exhibit a softer
behaviour to increase patient comfort, while the outer part should exhibit
increased hardness.

Durability Material ability to maintain its properties within its lifecycle, without
deteriorating, under ordinary conditions. In some orthotic instances, it is
estimated via fatigue testing.

Processability Material ease of handling, machining and working. Processability is intended
both as formability and printability. In the first case, it is the ability of
effortlessly shaping the material into an orthotic element while preserving
quality standards. In the second case, it is the ability to smoothly extrude the
material filament and reliably reconstruct, layer-by-layer, the orthosis.

Moisture resistance Material ability to not alter its properties when exposed to moisture and liquids.
Orthotic material should resist the effect of moisture, avoiding humidity
absorption and material degradation.

Biocompatibility Material ability to safely interact with the human body tissues, minimising the

likelihood of cytotoxicity, sensitisation and irritation (intracutaneous
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reactivity). This definition of biocompatibility is in accordance with the

intended material use and current medical standard for orthotic use [133].

Table 6. Definition of the material properties evaluated in the production process of customised orthoses.

In the production of conventional orthoses, the materials used in clinical settings are thermoplastic
polymers, predominantly, semi-crystalline polypropylene (PP) and polyethylene (PE). They possess
low density, thermal stability and chemical resistance. PP, having a slightly higher softening
temperature than PE, is stiffer and more durable than PE [134]. Due to its superior mechanical
properties, PP is commonly used for corrective orthoses.

The current personalised care trend, towards which medicine is heading, requires more precise
modulation of material characteristics to better meet clinical objectives and patient satisfaction. It is
not conceivable to identify a universal ideal orthotic material. In the long-term perspective, it is no
more sustainable to rely solely on few traditional thermoplastic polymers. Likewise, it is not
practicable to establish a unique optimal combination of parameters that accommodates every
orthosis. As a matter of fact, the mechanical properties of distinct orthoses might require to vary
significantly. For example, orthotic insoles are accommodative orthoses, designed to be comfortable
and alleviate plantar pain, therefore they are made of soft and shock-absorbing materials; whilst, spine
orthoses must provide support and correct spinal defects and, so, they are rigid in nature.

In the production of MEX orthoses, the most common used materials are thermoplastic filaments,
including primarily PLA, ABS, and thermoplastic polyurethane (TPU) [135]. ABS is known for its
high impact resistance, making it suitable for orthotic applications that require rigidity and robustness,
and ease of processing [136]. TPU offers superior mechanical properties, like flexibility, tensile
strength and abrasion resistance compared to similar thermoplastic elastomers [137]. Also, polyamide
(PA) is becoming more and more popular given its enhanced strength, prolonged stability, chemical
resistance and great versatility [138,139]. Particularly, Nouri et al. [130] proved that polyamide-12
(PA12) orthoses are a viable alternative to injected-moulded polyamide-6 (PA6) orthoses: the AM-
finished items demonstrate competitive properties, in terms of robustness, adaptability and durability,
compared to moulded elements.

Fibre-reinforced thermoplastic filaments constitute a more recent class of orthosis materials,
providing practical and flexible solutions to improve the properties of thermoplastic filaments.
Common synthetic reinforcements include glass, carbon and Kevlar fibres [130].

In this framework, it becomes more and more evident that MEX-based technologies have the potential
to effortlessly manage a fair range of materials and modulate orthotic characteristics, offering well-

defined and superior performances compared to traditional manufacturing processes and materials.
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Furthermore, advances in material engineering and design made MEX-printed elements suitable for
applications other than prototyping. These developments improved the functionality and reliability

of MEX-produced orthoses for end applications too.

Contact interface and material selection

In conjunction with the benefits of using MEX technologies and thermoplastic filaments for orthotic
manufacturing, another crucial aspect is the contact interface between the orthosis and the human
body surface.

In most conventional custom orthoses, the fitting of the orthosis is done manually and human error
might adversely affect it. The provision of an adequate offset is mandatory to avoid direct surface
contact with bony protrusions or sensitive regions of the human body. If the therapeutic arrangement
is not acceptable, the effective distribution of pressure on the involved skin and joints is endangered
and, so, it is patient comfort. Under these circumstances, modifications to the orthosis to readjust the
device to patient morphology must be made. To prevent undesirable effects, the healthcare
professional has at his disposal few materials characterised by varying degrees of conformability,
which is the ability of the material to adapt to the patient anatomy with minimal manual adjustments.
Hence, when selecting the material for the manufacturing of the conventional personalised orthoses,
the healthcare operator must critically balance its choices. The selection of less stiff materials
facilitates shaping and prevents the need to apply excessive pressure on patients, who may have
painful or compromised clinical conditions. However, these materials are not always suitable for all
clinical conditions. Moreover, their processability tends to be problematic over large anatomical
areas. As anticipated, erroneous shaping leads to inaccurate contact surfaces and uneven pressure
distribution, in turn, hindering proper care and requiring further design modifications. In most cases,
even if the traditional manufacturing process is flawless, orthoses still require post-fabrication
adjustments.

Instead, the utilisation of MEX-based technologies prompts the optimisation of the contact surface
between the orthosis and the interested body region. This possibility is facilitated by intensive
experimentation in AM material and processing: optimisation of process parameters allows to
produce MEX-based elements with distinct properties. Beyond that, the improvement in the
adaptation of the custom orthosis to the morphology of the patient is certainly determined by the
intrinsic nature of AM methodology: MEX orthoses, being precisely designed on the exact anatomy,

do not require any adjustment to adapt to the patient morphology, theoretically.
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Contact interface and Reverse Engineering techniques

In recent years, the introduction of various contactless acquisition systems of 3D anatomical surface
information accelerated the dissemination of patient-specific AM orthoses [140].

In the field of orthosis modelling, Reverse Engineering (RE) initially used advanced medical imaging
technologies, such as computed tomography (CT) and magnetic resonance imaging (MRI). However,
because of the issues related to exposure to ionizing rays and the high cost of these assets, alternative
solutions, not rigorously present in hospital settings, have been introduced.

RE of the human body segments might be accomplished via photogrammetry: it captures multiple
images from different angles and merges them together to generate a complete representation of 3D
models. A significant advantage of photogrammetry is the relatively reduced scanning time compared
to other technologies, like structured light scanners or laser scanners, that requires that the patient
remains motionless for a prolonged time [141,142]. Hence, photogrammetry is advantageous for
critical categories of patients, such as paediatric individuals. Nevertheless, the processing time and
computational requirements to reconstruct the 3D model might be quite elevated [140]. Whereas,
structured light scanning projects patterns of light to capture the superficial coordinates of an element,
it acquires textures too. Similar to laser scanner, structured light scanning provides higher-resolution
data, such that it was found to be able to accurately reproduce fine anatomical features, even the
complex curvature and nuances of the vertebral column [143]. However, since structured light
scanning consists in capturing multiple images from different angles in a continuous flow, even minor
motions of the body might hinder the quality of the resulting 3D model. Then, laser scanner represents
another technology used for high-resolution surface scanning and it effectively supports the
production of customised orthoses. Specifically, research is moving toward the development of 360-
degree laser scanning systems able to capture the anatomy of the human upper and lower limb in a
single shot, thus, extremely reducing scanning timings [140]. Early apparatus [144—146] encompass
multiple cameras arranged in a circular frame. A similar approach [147] involved a single camera
attached to a robotic arm rotating in a circular motion around the patient’s limb.

Paoli et al. [148] demonstrated that optimal surface reconstructions, especially in terms of RE of
upper limb extremities, were performed using handheld scanners, given their fast acquisition time.
As discussed previously, in relation to materials for the development of MEX custom orthoses, the
selection of the adequate methodology to acquire anatomical surface information strictly depends on
the specific orthotic application and its requested level of accuracy [149,150]. Regardless of the
adopted RE methodology, the deviation between digital geometry and 3D printed geometry is greatly
reduced, if not totally nullified, when compared to orthoses obtained via traditional methods. Thus,

enabling to accurately estimate the behaviour of the orthoses under ordinary conditions and predict
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any inappropriately stressed anatomical area. This means that the responses and performances of the
MEX-printed devices are predictable. This aspect, on the other hand, cannot be underestimated in the
case of traditional custom orthoses.

Despite the benefits introduced by the integration of AM with RE systems, several challenges emerge
and might limit the adoption of these technologies. These difficulties are related to the digitisation of
the patient anatomy and orthotic modelling activities. As Baronio et al. [143] stated, AM represents
only the final step of the whole process of orthotic customisation. RE is essential and, in the study,
they emphasised the timing of this activity. As a result, although scanning (structured light scanner)
and image alignment took 2 and 10 minutes, respectively, the modelling of a hand orthosis took 1.5
hours, highlighting the need to automate these operations to reduce overall process time. Similarly,
Palousek et al. [151] digitised a full patient arm using passive photogrammetry in 12 minutes,
however, the activities of polygon data processing and modelling took 3 and 6 hours, respectively.
The study showed that this process requires a good knowledge of RE and a deep knowledge of CAD
modelling software. Also, Kim et al. [152] reported that an expert CAD operator took 2.7 hours to
model the frame of an arm orthosis. Moreover, as pointed out by Blaya et al. [153], the necessity of
using multiple CAD software, to manage the conversion of the anatomical surface into a 3D printable
orthosis model CAD, is not uncommon.

Given the discussed challenges and the potential advantages, the progresses in RE technologies are
leading to faster, simpler, less invasive, affordable and more efficient tools [154]. Beyond that, the
development of software able to support the integration of all of these technologies is required
[155,156]. To avoid discouraging the implementation of AM in clinical settings, technological
advances must be oriented towards the integration and automation of anatomical surface management

and modelling activities.

Lightness and additional requirements

When developing patient-specific orthoses, beyond technical performances, it is essential to consider
aspects valuable to the patient and whose relevance has a direct impact on patient acceptance,
satisfaction, and compliance with his wearing schedule, rather than on pure technical characteristics.
One of these factors is the material mass density and, consequently, the thickness and weight of the
orthoses. A lightweight orthosis facilitates freedom of movement or simplifies wearing, improving
the comfort during daily activities. Conventional customised orthoses might be shaped starting from
perforated sheets of LTT materials, thus presenting patterns of micro- or/and macro-holes. Although
these orthotic solutions promote lightness and air ventilation, these materials are difficult or

pernicious to be processed. The uncontrolled hole enlargement and stretching, performed manually,
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make the orthosis mechanical behaviour unpredictable [157]. On the other side, with 3D printing, the
process of medical device lightening, though, for example, the modelling of uniform or topological
optimised holes, provides predictable outcomes.

It is well known that AM supports a range of light-weighting approaches, including generative design
techniques such as topological optimisation. Topological optimisation (TO) is a mathematical method
extensively used in civil and mechanical engineering to design physical systems and mechanical
structures by iteratively optimising the material distribution within a given design space. Driven by
design engineering advances, TO has the ability to address diverse requirements, including the
medical needs [158—163] related to the customisation of orthoses basing on the forces exerted on the
device during its use [164]. TO explores diverse design solutions with organic forms that mimic the
efficient natural structures.

Nonetheless, there is still a discrepancy between TO potentialities and its actual implementation in
the medical field. The hindered adoption is not a consequence of the lack of data documenting
functional outcomes and biomechanical performance of highly customised medical solutions. For
example, Khan et al. [165] showed that the use of TO in ankle-foot orthoses (AFOs) led to significant
weight reduction and improvements in terms of strength and flexibility, compared to standard
orthoses. Similarly, Reis et al. [164] proposed a TO model of a resting hand orthosis that improved
mechanical strength and reduced weight, the model provided thermal comfort too. As argued by
Geoffroy et al [160], in the research on TO cranial orthosis for infantile plagiocephaly, it is essential
to consider all the activities of the entire manufacturing process. This perspective highlights that, once
the advantages of advanced modelling have been achieved, attention should shift towards prioritising
production feasibility and process simplification. Indeed, according to Ambu et al. [166], research
commitment should focus on developing a procedure, able to easily adapt patterns of predetermined
TO ventilation holes to each unique design of orthosis. Moreover, it is erroneous to assume that
functional designs, once modelled, can be effortlessly printed [167,168]. Although it is feasible to
fabricate nearly any shape generated by TO software, if the optimisation is solely based on lightness,
the risk is to compromise the overall efficiency of the AM process.

Hence, the hindered adoption is prompted by the absence of multi-factorial studies examining the
integration of TO tool within the AM process chain. Furthermore, although the benefits arising from
the creation of customised devices are supported by scientific evidence, it remains unclear whether

the integration of this tool is compliant with existing systems, platforms, and infrastructure.
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3.2 Metal MEX-produced medical components

The most popular techniques for producing AM metal components are powder fed and powder bed
systems, which allow the manufacture of complex geometries with high density and precision.
Especially, as exposed in Figure 38, the predominant adopted technology in the metal AM industrial
market is Powder Bed Fusion (PBF) [169].
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Figure 38. Adoption rate of metal AM technologies in 2020 [169].
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Figure 39. Maturity index of metal AM technologies, 2019-2023 [170].
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In addition, Figure 39 presents a framework of the evolution and maturity of each distinct metal AM
technology. This approach allows discernment between established and widely adopted technologies,
emerging systems with potential for cost optimisation and niche technologies that are likely to
maintain limited specialization. Recent improvements and increased knowledge in MEX processes
have expanded their application to metal manufacturing, transforming MEX into an emerging and
powerful alternative to powder bed and powder fed systems. Owing to the inherent simplicity of the
extrusion process, MEX technology is characterised by a reduced technological investment, absence
of high-power heat sources, reduced energy consumption and lower health and environmental risks
associated with handling metal powders [171].

To manufacture metal components, MEX employs filaments, pastes or granules feedstocks based on
metal powders combined with polymeric binders. Generally, the binder is multi-component to meet
the required physical and mechanical properties for the printability of the green part. Besides binder
formulation, the content, particle size and distribution of metal powders have an influence too.
Furthermore, the powder particle type plays a crucial role in determining either the processability of
the material either the properties of the final element. Kukla et al. [172] reported that, in filament
feedstocks produced with the same amount and kind of polymeric binder, the choice of powder affects
the mechanical properties of the filaments. As shown in Figure 40, filaments containing stainless steel
particles demonstrated the highest ultimate tensile strength (UTS) and elongation at break.
Conversely, titanium powders resulted in lower tensile strength and flexibility, which adversely

affected the spooling, feeding, and printability of the filament.
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Owing to the complexity deriving from the feedstock formulation, a limited number of alloys have
been developed and commercialised for MEX. As illustrated in Figure 41, among the most widely

used alloys are AISI 316L and AISI 630, followed by Ti-6A1-4V and Nickel superalloys.
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Figure 41. Metal alloys employed in MEX-based processes. Others include H3, M2, Ni-Cu and AZ91.

Despite efforts in the optimisation of feedstock shaping, generally, MEX-based components exhibit
lower dimensional accuracy and strength compared to powder bed and powder fed AM technologies
[173,174]. This phenomenon is mainly attributable to the lower density achieved in the final product.
Carrozza et al. [175] distinguished two kinds of defect in MEX-produced specimens: micro-pores, or
randomly distributed voids, and elongated macro-pores, characterised by a triangular or quadrilateral-
shaped core periodically distributed throughout the specimen.
A critical factor in enhancing the physical and mechanical properties of MEX-fabricated metal
components is to analyse the printing process targeting the elimination or reduction of the printing-
induced voids.
To date, few methodologies have been investigated in scientific literature to improve densification:
e Control of the layer height, namely the thickness measurement along Z-direction of the
deposited material layer. The influence of layer height on porosity is controversial in the
literature. Some studies find little or no variation [176,177], while some others suggest an
inverse relationship in which green part density tends to increase with smaller values of layer

thickness [178,179].
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e Increase of flow rate multiplier, parameter responsible for the volumetric amount of material
extruded during printing. The default flow rate multiplier is set to 100%. In the research study
conducted by Singh et al. [179], statistical analysis identified flow rate multiplier as the most
relevant process variable influencing the void generation. An increase of this factor, bringing
the value above 100%, reduced the gap between adjacent strands of extruded material and the
overall porosity, improving the density of the green part. Likewise, Meng et al. [180] found
that a high flow rate multiplier, over 100%, is essential to obtain highly dense components in
the green state.

e Generation of an overlap between following strands of material. According to Coté et al.
[181], an overlap of up to 5% reduced defects that were traditionally mitigated by lowering
layer height. Increasing the overlap between 15% and 20% eliminated interlayer rhomboidal
voids and minimise element dimensional deviations. While, overlap above 25% favoured the
formation of macroscopic defects, reducing part quality.

e Control of printing speed, or feed rate parameter. Singh et al. [179], observed that reducing
the printing speed facilitated a uniform extrusion and deposition of the feedstock, thereby
decreasing the occurrence of large voids both within the strands and between consecutive
layers.

e Regulation of raster angle, also known as hatch angle. It is the angle with which each strand,
composing a layer, is deposited with respect to the X-axis of the building plate (Figure 42). It
is denoted as the orientation angle of layers. Default raster angles are + 45°, however variable
or alternating angles are allowed too [182,183]. Numerous studies [176,183—185]
demonstrated that the raster angle, together with part orientation, significantly impacts the

mechanical properties of the component.
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Figure 42. a) Representation of the raster path and raster angle in a cross section of a circular specimen,
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Therefore, it is imperative to thoroughly consider all these variables to ensure optimal print quality.
In addition to the parameters directly affecting void generation, it is advisable to study additional

factors influencing the whole metal MEX process (Figure 43).
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Figure 43. Ishikawa diagram of metal MEX process parameters.

This perspective is especially relevant when the application targets high-value industrial segments,
such as the healthcare field, which requires compliance with stringent regulations. Therefore, it is
critical to push research toward innovation and continuous improvement of MEX technology.

Currently, metal manufacturing via MEX represents an interesting approach for biomedical
applications [31]. Indeed, recent studies [173,186,187] experimented Ti-6Al-4V manufacturing of
diverse geometries with MEX. The sintered Ti-6Al-4V components exhibited a tensile strength of
875 = 15 MPa and an elongation of 17 £+ 3% with a relative density of 94.1 £+ 0.1%, comparable to
metal injection moulded (MIM) parts [188]. The promising results drive research toward medical
applications such as customised implants. Shaikh et al. [189] investigated the feasibility and
suitability of Ti-6Al-4V MEX-printing for patient-specific maxillofacial implant prototypes.
However, the complexity of such geometries represented a significant obstacle in obtaining high-
quality parts. In particular, a pronounced stair-step effect was observed contributing to high surface
roughness at the macroscopic level. The surface roughness (Ra) corresponded to 18 + 5 um. In the
sintered components, a relative density of 81 + 4% was found, indicating a total porosity of 19%, of
which 11% was interconnected open porosity. In addition, a Rockwell hardness of 6.5 +£ 0.8 HRC
was observed. Similarly, Garcia de la Cruz et al. [190] explored MEX-produced CoCrMo alloys for

prosthesis fabrication. Specimens showed high relative density, around 96%, and remarkable wear
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resistance. Wear tests indicated that the obtained results are compatible with custom knee prostheses,
offering enhanced wear resistance.

In conclusion, it is evident that research in the field of metal MEX is oriented on the in-depth analysis
of the process and its printing parameters to optimise the mechanical properties and surface quality
of the resulting MEX-based elements. This approach is vital for gaining detailed knowledge to
facilitate, at a later stage, the development and production of intricate geometries, like those intended

for medical applications.

3.3 Research Issue

The objective of the present manuscript is to provide an in-depth analysis of Additive Manufacturing
(AM) methodologies and their applications in the healthcare industry. To this end, the study aims to
evaluate, through an interdisciplinary approach, the factors influencing the integration of 3D printing
technologies and the resulting solutions within medical settings. Specifically, the aspects include:

e Technical feasibility — This aspect concerns the capability of Additive Manufacturing (AM)
technologies and their auxiliary systems to produce medical components with the required
characteristics. Particular attention is given to alternative medical-grade materials and their
processability with advanced AM technologies, as well as to the manufacturability of highly
innovative designs that are often unattainable through conventional production methods. It
should be noted that technical feasibility extends beyond the evaluation of AM technologies
and their products, encompassing all operations within the AM process chain, with a specific
focus on Reverse Engineering (RE) and modelling activities

e Process robustness — This element regards the flexibility of the AM process in addressing
diverse clinical cases. It examines whether the investigated AM technology can reliably adapt
to meet the specific needs of various patient and treatment scenarios, ensuring reliable
outcomes across a range of medical applications.

e Economic sustainability — This aspect refers to the ability of the AM process to remain
economically viable while continuously delivering medical device of high quality. The total
costs of implementing the technology are considered, including both the initial investment
associated with the acquisition of the necessary equipment and the recurring operating costs.

e Operational compatibility — Beyond the simplest form of compatibility, which concerns the
consistency between the considered AM materials and their intended use (biocompatibility),
other factors are taken into consideration. The integration of AM technology within existing
clinical production and operational processes is evaluated. This aspect includes examinations

of the consistency of the activities related and/or involved in the AM processes with respect
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to the traditional clinical protocols. Moreover, the importance of analysing production times

1s observed too.

To systematically address the established objectives, the research activities focused on a distinct AM
methodology, namely Material Extrusion (MEX) technology, available at the laboratories of the
Department of Management, Information and Production Engineering of the University of Bergamo.
MEX systems are widely adopted in the processing of polymeric materials and recent
experimentations broadened its applicability to the printing of ceramic and metallic materials too. For
this reason, the analysis of the applicability of MEX methodologies within the clinical framework
develops along two strands. The first research branch, representing the most substantial and structured
area of the study, focuses on the investigation of Material Extrusion (MEX) technology for the
production of polymer-based medical applications. The second branch, which is still at an early stage
of development, explores the flexibility of the technology for the fabrication of metal medical
components.

In the first branch of the research activity, the objectives are addressed through the identification of
a targeted clinical application, representing one of the most promising and strategic research
directions: the production of patient-specific orthoses.

With regard to the topic of customised AM-produced orthosis, Figure 44 identifies the major areas of
interest and gaps in existing research, as well as outlines potential future directions. The picture
reports an analysis of the main research terms (keywords co-occurrence analysis), conducted on a
final cluster of 132 engineering scientific articles. The analysis highlights the relevance of AM within
the current scientific landscape, emphasizing its central role around which numerous equally
significant research topics are developed. Moreover, the temporal distribution of the investigated
subtopics, largely concentrated from 2016 onward, confirms the relatively young and rapidly growing
nature of this research field. In particular, the most recent subtopics, such as “upper limb orthosis”,
“process optimisation”, “polymer”, “3D scanning” and “human machine interface”, reflect the rise of
innovative outlooks and facilitate the understanding of the thematic areas on which this study is
structured.

In light of the foregoing discussion, the research focuses on the development of customised orthoses
with an approach that, in a first step, aims at defining an alternative methodology to the traditional
fabrication of orthoses and, specifically, orthoses for the treatment of upper limb joints. In this
context, a multi-step procedure is proposed, laying the groundwork for evaluating the manufacturing
feasibility of these devices. The process chain includes 3D scanning of the hand-wrist-arm district,
semi-automated modelling of the anatomical surface into an orthotic model and, at last, fabrication

of an orthotic prototype using MEX and biocompatible filaments.
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Figure 44. Keyword co-occurrence map based on bibliographic data (overlay visualization). The
analysis was conducted using VOSviewer (version 1.6.19), a software for visualizing and analysing

bibliometric networks, by considering the relationships between differ.

Alongside the delineation of the process chain to produce personalised upper-limb orthoses, a cost
model is proposed. This provides an initial estimate of the costs associated with the devices obtained
through the proposed methodology and enables an economic benchmark with traditional
manufacturing processes.

Subsequent studies focus on expanding the analysis domain by experimenting with different
materials, such as ABS, nylon, and PLA, and also estimating the technical performance of the devices.
The heterogeneity of factors included in the evaluation aims at providing data and tools for healthcare
operators to make informed and effective choices. In addition, the analyses encompass different
anatomical structures, thereby verifying the stability and repeatability of the proposed methodology
and its suitability for implementation across diverse clinical scenarios.

Ultimately, the integration of an advanced modelling technique into the AM process chain is
presented. The impact of Topological Optimisation (TO), understood as a strategy of extreme

customisation and lightening of medical devices, is studied. While technical analyses are often the
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exclusive focus, this latest research evaluates economic, operational and practical aspects, offering a
holistic perspective.

The second strand of the research activity is prompted by the recent advances in the combination of
MEX technology, traditionally employed for 3D printing thermoplastic filaments, with metal
powders. This integration opens new opportunities in the production of metal components, matching
the versatility and cost-effectiveness of MEX technology with the high-performance potentialities of
metals.

Compared to other metal AM methodologies, metal MEX is still in its early stage and its industrial
application remains severely limited. The need to study and understand the relationship that links
process parameters to the final behaviours and properties of metal MEX-produced elements is
fundamental. This is even more important in the healthcare field, where strict regulations require
medical devices to be performant, effective and safe.

Taking into consideration these assumptions, the research is oriented towards an initial technical
evaluation of AISI 316L MEX-produced elements. Precisely, the optimal printing conditions that
characterise the predominant AM technologies in the production of metal medical devices, namely
Powder Bed Fusion (PBF) systems, were adapted and applied to MEX technology. This provides a
deeper understanding of the research objectives: the feasibility of producing metal components for
medical applications via MEX technology.

To conclude, the research project focuses on the analysis of MEX technology for medical
applications, exploring both polymeric and metal components.

Nonetheless, the recent installation of a laser-based PBF (LPBF) system at the laboratories of the
Department of Management, Information, and Production Engineering at the University of Bergamo
has opened new research directions. Given that, to date, research on this topic has not yet produced
sufficient results, it could not be included in the main body of this document. Therefore, the potential
research directions regarding the suitability of LPBF for medical device manufacturing are briefly

outlined in the concluding section.
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Chapter 4. MEX-based manufacturing of customised medical

applications: orthoses

4.1 Definition of the Additive Manufacturing workflow for the production of

customised upper limb orthoses

This chapter is derived from the article “Sala, F.; Carminati, M.; D’Urso, G; Giardini, C. (2021). A

feasibility analysis of a 3D customized upper limb orthosis”.
DOI: 10.1016/j.procir.2022.06.038

I am grateful for the support received from my co-authors. I bear full responsibility for all the

variations from the published version reported in the current chapter.

The present study contributes to the current research framework by proposing a standardised and
structured procedure for the fabrication of customised upper limb orthoses for the management of
chronic and non-acute conditions.

The proposed procedure is based on a multi-step methodology that integrates three main phases:
Reverse Engineering (RE), digital modelling and Additive Manufacturing (AM).

In the existing scientific literature, several studies [143,151-153] have investigated the traditional
fabrication process of customised upper limb orthoses and have examined the potential of advanced
manufacturing techniques. Specifically, these contributions explored different methodologies to re-
engineer medical devices for the treatment of acute conditions affecting the joints and bones of the
hand-wrist-arm district. Although these technologies offer clear advantages, their benefits can be fully
realised only when they are integrated within a structured workflow that enables rapid, automated,
and consistent orthosis modelling.

Therefore, within this context, the present work revisits conventional manufacturing approaches for
orthotic devices, aiming to overcome limitations related to comfort and functionality that characterise
traditional orthoses. Moreover, the methodology seeks to reduce the variability associated with
disparate levels of medical expertise too. Simultaneously, the work addresses the current challenges
associated with modelling procedures, as identified and emphasised in the related scientific literature.

A software program, based on Python language, is developed with a user-friendly interface and a set
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of intuitive commands that grant physicians a fair degree of arbitrariness in orthotic designing without
requiring technical knowledge about CAD modelling.

The study is supplemented with a feasibility analysis, including an assessment of the time and cost of
the implementation of the new methodology within the clinical framework. Specifically, the study

includes the formulation of a cost model dedicated to the production of AM-based orthoses.

4.1.1 Methodology

Scanning Operation

High-speed data acquisition represents a critical step in ensuring accurate orthosis scanning, as the
patient is required to remain motionless in the same position throughout the entire procedure. The
optimal set-up involves positioning the patient in a seated posture, with the arm raised anteriorly to
shoulder level. A support was placed under the middle phalanxes and the thumb was kept separately
from the hand. The acquisition of the 3D shape was performed by means of the Hexagon Absolute

Arm 7-Axis, equipped with RS6 Laser Scanner (Figure 45).

Figure 45. Optimal configuration of the 3D limb geometry acquisition with the Hexagon Absolute Arm

7-Axis equipped with RS6 Laser Scanner.
The scanning procedure was preceded by preliminary operations accomplished with Polyworks

Inspector. A clipping plane, used to define and limit the region of interest, was established using a 6

mm touch probe. A point cloud was selected as extraction data type and a standard resolution was
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chosen since details smaller than 1 mm in size were not necessary for the purposes of the activity.

Then, a single 360° scansion around the patient’s arm was acquired.

Surface elaboration

With PolyWorks Modeler, the digitised point cloud was transformed into a surface-based polygonal
model, which is more accurate and less noisy. The software automatically detects and corrects the
most evident topological errors, reconstructing the mesh and refining the surface triangulation. All
the gaps and holes with a diameter lower than a target value were individually closed and all the
detached elements were removed manually. The effectiveness of the described procedure largely
depends on the operator’s proficiency in using the software.

Thereafter, the STL file was exported to a commercial CAD software, where the limb surface-based
model was manually processed into an orthotic solid-based model. Given the absence of a specific
orientation in the exported model, the limb surface was aligned in a defined coordinate system. A
smoothing action was applied to the limb surface and two offsets were generated. The first creates
the 3D solid geometry, while the second ensures sufficient ease between the arm and the orthosis.
Cut operations were applied to the orthosis extremities to preserve the shape of interest. A parametric
pattern of holes was included to lighten the structure and the model was divided into two shells along

the arm centre line.

CAD modelling

The procedure described in the previous section is not compatible with the time and cost constraints
associated with the clinical production of orthoses. Furthermore, the process heavily depends on the
operator’s skill in converting the scanned point cloud into a printable STL file. These limitations
highlight the need to develop an automated system that can reduce production time and facilitate the
clinical workflow during the creation of the orthotic device. Hence, a CAD modelling system was
designed and it was conceived as a simple and straightforward Graphical User Interface (GUI),
composed of different commands that produce an accurate STL model of the orthosis from the 3D
scanned forearm. Python language libraries such as PyQt5, Vtk and PyMeshLab were involved to
automate the CAD modelling process.

The new modelling procedure requires the polygonal model to be imported into the GUI workspace.
As opposed to the previously described procedure, the steps leading to the generation of an
orthopaedic model are standardised and automated through the creation of functions, integrating

multiple algorithms.
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The function fix mesh translates the model to the origin of the global reference system created in the
environment and removes duplicated vertices and faces. The Quadric Edge Collapse Decimation
algorithm simplifies the number of triangles in the textured mesh. The Ball Pivoting algorithm
reconstructs surfaces using existing points without creating new ones. All the detached points are
deleted and holes with diameters up to a defined measure are closed.

The function smooth_mesh enhances the surface of the model leveraging on the Laplacian Smooth
feature, which is iterated with a sufficiently low number of repetitions to prevent mesh degeneration.
After the levelling operation, the function expand mesh creates an offset towards the outside of the
surface model, fulfilling both the wearability and the immobilisation aspects of the orthotic device.
The function hollow mesh creates a new mesh, which is a resampled version of the current one, using
the Marching Cube algorithm that generates a solid shape with a customisable thickness.

The function rotate_mesh is responsible for the arbitrary rotation of the solid along the three Cartesian
coordinates. This operation is exploited in conjunction with the function crop_mesh, The function
rotate_mesh is responsible for the arbitrary rotation of the solid along the three Cartesian coordinates.
This operation is exploited in conjunction with the function crop_mesh, utilised to remove the useless
anatomic regions of the orthosis. Both operations are kept manual to allow the clinical staff to adjust
the most critical anatomical areas.

The orthotic structure is emptied via ventilation holes, by means of the function addholes mesh. The
procedure necessitates the execution of a Boolean difference between two meshes, the current one
and the one representative of the gaps shape. A library containing different holes designs is available
and their actual positioning is performed manually at the discretion of the specific clinical case.
Furthermore, the clamp mesh function manages the arbitrary insertion of the fastening systems,
designed to join the two shells of the orthopaedic orthosis. The operation consists of a Boolean union
among the current orthosis meshes and the joint system mesh (selected from a dedicated library).
Finally, the function fork mesh divides the model into two orthotic shells, generating two STL files,

each representing a half of the orthosis.

Additive Manufacturing
The customised orthosis can be fabricated using Material Extrusion (MEX), which is particularly
suitable considering the complex geometry of the orthotic device and the constraints related to
production cost and time.
The manufacturing process was carried out using an Ultimaker S5 printer equipped with a 0.8 mm
nozzle, extruding an Acrylonitrile Butadiene Styrene (ABS) filament as the primary manufacturing

material for the orthosis. ABS was chosen according to factors, including biological compatibility.
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Given the alleged purposes and, in accordance with the standard [133], the materials required to be
compatible only in terms of cytotoxicity, sensitization and irritation (or intracutaneous reactivity).
Considerable attention was paid to the aspects of ease of printing and low purchase cost of materials.
Ultimaker Breakaway was selected as the support material since it can be removed easily and
manually from the orthosis after the end of the printing process.

The selected printing parameters for the ABS filament are a 250°C nozzle temperature and a printing
speed of 60 mm/s. A layer height of 0.6 mm ensures a considerable time reduction of the printing
process. The infill density rate was set to 100%.

The Ultimaker Cura 3D printing software was used to prepare the model and generate the G-code file

to print.

Cost model

Based on existing cost assessments and valuations found in the literature [191,192], a comprehensive
model for estimating the manufacturing costs of an AM orthosis was formulated. The parameters
included in the analysis comprise the 3D printing (P) and 3D scanner (S) purchase costs and the costs
related to their power consumption (E), the manufacturing material costs (M) and operator labour
costs (L).

As shown in Eq. 1, P parameter was calculated as the product of the entire production time (Tp) and
the purchase cost (Pp), standardised over its useful operating time, given by the utilisation rate (Kp)
and useful life (Yp) of the technology. In particular, Tp corresponds to the deposition time (Td) plus
non-deposition times (Tnd) or other times related to pre-print and post-print preparation (warm-up

(Twu), set-up (Tsu) and cooling (Tc¢) times).

o T Xh

=_r_P Eq. 1
K, X Y,

The preceding mathematical expression was suitably modified to define S factor, as presented in Eq.

2. The scanning time (Ts) is a single component, directly assessed during the arm measurement

activity.
T, X P,
S= Eq.2
K X Y d
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As shown in Eq. 3, E parameter is the energy consumption cost related to the 3D printing and 3D
scanner technologies. Particularly, Pe stands for the cost of electricity and Ci for the power

consumption measured during specific time intervals Ti (where i = {Td; Tnd; Ts}).

E:Pex(TdXCTd+TTldXCTnd+TSXCTS) Eq3

The M factor depends on the characteristics of the two extruded elements, the material (m) and the
support material (ms). As displayed in Eq. 4, the parameters involved in the calculations are infill
percentage (in), component volume (V), material density (p) and material cost (Pm and Pms).
Specifically, Vm and Vms were derived from the values of the extruded wire length multiplied by

the wire section surface.

M = ing X (P X Vin X By) + i X (Ps X Vins X Ps) Eq. 4

Lastly, Eq. 5 expresses the cost of labour parameter (L), simply given by the product of the hourly
wage (P1) and the working time (T1) of the operator.

L=TlXPl Eq5

The overall cost to produce an AM orthosis is determined by the sum of the previous five equations

as reported in Eq. 6.

CAMOTthOSiS:P+S+E+M+L Eq6

4.1.2 Results

Scanning procedure and CAD modelling

The contactless acquisition of the arm shape, accomplished by an experienced operator following the
procedure described in the methodology, took slightly less than 2 min (Table 7).

The developed GUI (Figure 46) is organised into five areas: menu, view bar, status bar, workspace
and task bar. The menu (upper area) handles actions related to file management, such as uploading

and saving the file. The view bar (right area) allows to interact with the virtual camera and display
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the object from different perspectives. The status bar (bottom area) shows real-time information such
as the execution time of the current operation, the coordinates and the number of faces and vertices
of the model. The workspace (central area) represents the environment in which the polygonal model
is processed. The generation of the final orthotic model is accomplished by nine primary commands
reported in the operations bar (left area): model translation and pre-adjustment, surface smoothing,
solid generation, rotation, cutting, ventilation holes creation, fastening systems implementation and

model partitioning.
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Figure 46. GUI.

Orthotic modelling operations are summarised in Table 7. The first operations that were performed
on the limb scan concerned its translation in the workspace origin and the optimisation of the mesh
(e.g., the closure of holes with diameter less than 50 mm). During surface smoothing, the Laplacian
algorithm was iterated 50 times to avoid mesh degeneration. Two adjustable offsets were created: the
first offset of 2 mm eases orthotic wearability, the second offset between 2-4 mm corresponds to the
thickness generating the solid. The cutting operation, along with the rotation function, removed the
upper and lower extremities and refined the area around the thumb. The orthotic solution was
characterised by a ventilated structure, lightening the device and providing easy access to
rehabilitative therapies (e.g., electrostimulation). Holes of rhomboidal shapes were selected to
prevent material collapse during deposition, minimising support material usage to surface overhangs
only and speeding up the time required for the support removal. In the present model, four rows of
holes (spaced 10 mm apart) were introduced in the areas of the hand and forearm. Ultimately, the
orthotic model was divided into two complementary shells joined by 12 fastening systems (6 per
shell) enabling quick removability during medical inspection of the injured area.

The times of the operations to generate a new orthotic model via GUI are reported in Table 7. Standard
deviations, computed on the execution of three tests, are provided as an indication of repeatability

and reproducibility of the developed modelling system. The GUI procedure lasts approximately 15
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min, reducing the elaboration times compared to the manual modelling executed by a CAD expertise

(this one lasting more than 2.5 h).

Scanning procedure and modelling steps Time and std [s]

Acquisition of a single 360° scansion 110.0
around the patient’s arm

Primary processing 9.43 +0.05
(translation and pre-adjustment)

Surface smoothing 0.73 £0.01
Offset creation 48.67+0.38
Rotation and cutting 3.94+0.73
Creation of ventilation holes 737.31+50.31
Implementation of fastening systems 63.92+10.72
Model partitioning into two shells 2.23+0.59

Table 7. Scanning procedure and operations for generating an orthotic model.
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Orthosis fabrication

For the creation of the orthosis prototype (Figure 47), 85.5 cm® of ABS material was used. An
additional 1.04 cm?® of support material was added only in the upper region of the hand, for overhangs
exceeding 88°. This angle reduced to a minimum the consumption of the support material and
simultaneously provided the correct realisation of the product. No finishing treatment was performed,
the study focused on assessing the feasibility analysis of the medical device realised with a semi-

automated process.
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Figure 47. Early prototype of the limb orthosis.

As reported in the methodology, a layer height of 0.6 mm was selected to lower the deposition time.
Tensile tests [193] and three point bending tests [194] were carried out to verify a possible inverse
relationship between the layers height of the samples and their mechanical properties. For each test,
three samples with 0.1 mm layer height and three samples with 0.6 mm layer height were printed.

An analysis of variance (ANOVA) was performed and Table 8 reports the p-value obtained after the
ANOVA. It is possible to observe that the layer height affected both the tensile and flexural strengths
of the samples. Moreover, the layer height of 0.6 mm ensured higher levels of tensile and flexural

strength (Table 9).

Tensile strength Flexural strength
p-value 0.000 0.016

Table 8. Influence of the layer height on the tensile and flexural strength.
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0.1 mm 0.6 mm
Mean tensile strength [MPa] 313 39.5
Mean flexural strength [MPa] 85.1 96.8

Table 9. Mean tensile and flexural strength as a function of the layer height.

Time-cost evaluation

The main parameters affecting the 3D printing cost are summarised in Table 10. Tp was derived from
two contributions: the time spent actually extruding the material and the time required for all other
operations. The deposition time (1.92 h) resulted from a 3D printer slicing program and it was
dependent on the complexity of the STL file and the printing process parameters (e.g., layer height,
layer width, printing speed). The non-deposition times, including warm-up (0.12 h), set-up (0.03 h)
and cooling (0.13 h) times, were dependent on the properties of the selected material.

In addition to the 3D printing cost, which amounts to 0.60 €, the cost associated with the 3D scanning
was similarly calculated, resulting in 0.24 € per orthosis. The detailed breakdown of the cost

components of the latter is reported in Table 11.

Parameter Symbol [unit] Value
Production time Tp [h] 2.20
Technology purchase cost Pp [€] 6,000.00
Technology deployment Kp[1] 0.50
Technology useful life Yp [y] 5.00
3D printing cost P [€] 0.60
Table 10. 3D printing parameters and cost.
Parameter Symbol [unit] Value
Scanning time Ts [h] 0.03
Scanner purchase cost Ps [€] 70,000.00
Scanner deployment Ks[1] 0.10
Scanner useful life Ys [y] 10.00
3D scanner cost S [€] 0.24

Table 11. 3D scanner parameters and cost.

The energy cost depends entirely on the 3D printer parameters and resulted to be 0.14 €. The non-
deposition phase is responsible for both nozzle and build plate heating and, consequently, requires

higher power supply values than the actual deposition phase. On the other side, the scanner energetic
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contribution can be considered negligible. The power supply parameters Ctd, Ctnd, and Cts were all

measured with an electricity consumption sensor and are displayed in Table 12.

Parameter Symbol [unit] Value
Electricity cost Pe [€/kWh] 0.26
Technology power consumption during 7d Ctd [kW] 0.23
Technology power consumption during 7nd Ctnd [kW] 0.31
Scanner power consumption Cts [kW] 0.19
Energy cost E [€] 0.14

Table 12. Energy parameters and cost.

The parameters of material cost are shown in Table 13. The volume of a component was derived from

the information on the wire area and the extruded wire length, obtained from the 3D printer slicing

program. The extruded wire lengths were 13.51 m for the ABS and 0.16 m for the Breakaway. The

overall material cost is 4.71 € while the cost of the support material is negligible.

Parameter Symbol [unit] Value
ABS infill percentage inm [1] 1.00
ABS component volume Vm [cm’] 85.54
ABS density pm [g/cm?] 1.10
ABS cost Pm [€/kg] 50.00
Breakaway infill percentage inms [1] 0.1
Breakaway volume Vms [cm’] 1.01
Breakaway density pms [g/cm?] 1.22
Breakaway cost Pms [€/kg] 72.67
Material cost M [€] 4.71

Table 13. Material parameters and cost.

Parameter Symbol [unit] Value
Labour time Tl [h] 0.50

Labour wage P1 [€/h] 40.00
Labour cost L [€] 20.00

Table 14. Labour parameters and cost.

The cost of labour is 20.00 € per orthoses (Table 14). Tl included the scanning time, non-deposition

times and a fraction of the deposition time since the continuous presence of the operator is
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unnecessary. Pl is a rough estimate and it is strongly dependent on the health care operator role and
the facility in which he operates.

Combining P, S, E, M and L contributes, the total cost of a customised orthoses fabricated by means
of AM results equal to 25.84 €. The analysis of the costs shows that the greater part of the orthotic
fabrication cost is determined by the labour cost, accounting for 78% of the whole cost. The second
most impactful parameter is material cost, representing 18% of the whole cost. Although the proposed
approach requires dedicated equipment (high-speed and accurate 3D scanner, 3D printer and
modelling software), the cost analysis highlights that this solution is competitive with respect to
traditional customised orthoses. The total fabrication time (2.46 h) is given by the sum of the scanning
acquisition, GUI modelling and 3D printing times. Time analysis shows that the most time-consuming
phase is 3D printing, which lasts slightly more than two hours. Beyond that, the timing of the
procedure proposed in the current study is compatible with the intended clinical practices: the
treatment of non-emergency conditions affecting the joints and bones of the hand-wrist-arm district.
In particular, the approach is advantageous with respect to vacuum forming, which may take up to
several days owing to the negative and positive mould generation activities involved for fabricating

a customised orthosis.

4.1.3 Conclusions

The present study was developed, proposing an alternative methodology to fabricate orthosis for the
treatment of non-acute conditions of the hand-wrist-arm district via Reverse Engineering and
Additive Manufacturing. The suggested methodology involved the design of a GUI, integrating a
series of standardised and semi-automatic commands to support the healthcare operators in the
modelling of the medical device.

The results of the analysis demonstrated the feasibility of the developed approach in terms of time
and cost-effectiveness and, therefore, the viability of implementing the solution in clinical practice.
An early prototype of the limb orthosis was printed using ABS by means of a desktop MEX machine.
The proposed set-up ensured the fabrication of orthotic device even in healthcare facilities. The device
cost was estimated to be around 26 €, requiring 0.03 h, 0.23 h and 2.20 h for its scanning, modelling
and printing phases, respectively.

Future works will provide further evidence on the appropriateness in terms of cost, time and
mechanical behaviour of the proposed medical solution by conducting experimental analyses aimed
at expanding the portfolio of biocompatible materials that can be used for 3D printing orthoses.
Besides, further information on patient acceptance and clinical efficacy of the AM customised

solutions should be investigated too. Consideration should also be given to the aspect of comfort:
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specific solutions to promote wearability should be investigated (e.g., orthotic surface smoothing

treatment or development of soft sleeves internal to the orthosis).

4.2 Comparative evaluation of MEX-based orthoses for wrist immobilisation:

efficiency, cost and technical performance

This chapter is derived from the article “Sala, F.; D’Urso, G; Giardini, C. (2023). Customized Wrist
Immobilization Splints Produced via Additive Manufacturing—A Comprehensive Evaluation of the

Viable Configurations”.
DOI: 10.3390/prosthesis5S030056

I am grateful for the support received from my co-authors. I bear full responsibility for all the

variations from the published version reported in the current chapter.

The methodology reported in the previous study, namely the AM procedure for producing customised
upper limb orthoses, and its findings are further explored in the present chapter. In fact, the present
research refines the objectives and outlines the innovative methodology to fabricate patient-specific
wrist immobilisation orthosis.

Upper extremity orthoses might be classified according to descriptive criteria, such as the primary
purpose [195,196]. In compliance with the therapeutic target and clinical protocol established for a
given pathological condition, orthoses distinguish themselves in mobilisation, immobilisation,
restriction and torque transmission devices. The wrist is one of the upper extremity regions most
frequently treated with orthotic devices. The use of wrist orthoses is often recommended for clinical
conditions involving carpal tunnel syndrome, radial nerve injuries, tendinitis and tenosynovitis,
rheumatoid arthritis, wrist fractures and sprains, complex regional pain syndrome type I and joint
contractures. In treating these pathologies, therapists rely on a range of wrist immobilisation orthoses
able to maintain wrist joint in the correct alignment while, concurrently, allowing a certain grade of
finger mobility [197].

Once again, the proposed fabrication methodology addressed the variability induced by disparate
levels of medical expertise by structuring and standardising the custom splinting process through the
integration of advanced techniques and technologies in the traditional medical practice. The benefits
from prefabricated and custom orthoses were brought together, so as to obtain devices characterised

by a steady, high standard of quality and a great degree of customisation.
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The emphasis was posed on the relevance of delivering optimal care by enhancing the individuality
of the patient’s requirements with non-traditional methodologies: lightness, strength, comfort,
availability and affordability of the splint solutions were concomitantly valued and balanced in an
effort to provide satisfactory outcomes. The analysis presented in the current study was built on this
perspective. Accordingly, these factors were systematically evaluated on MEX-produced orthotic
models, which differed in terms of thickness and manufacturing material (ABS, Nylon, PLA, PC,
PA6-GF25, PA6-CF20).

A comprehensive analysis is performed to assess the applicability of the proposed methodology and
the derived products in the clinical practice. The adequacy of the process is measured in terms of time
and cost analyses, by focusing the attention on the minimisation of production times and material
costs. Moreover, the compliance of the prototypes resulting from the discussed manufacturing process
was assessed via a Finite Element Analyses (FEA): stresses and displacement distribution maps were
presented. As anticipated, the FEA results were discussed in relation to the performance
characteristics typically sought by clinicians during the splinting process.

Lastly, the present research quantified and displayed the outcomes of the conducted analysis as a
comparative collection of distinct wrist immobilisation orthotic solutions that the physician has at his
disposal in the treatment of the pathological wrist condition. The proposed approach represents a
valid and effective tool to support informed clinical decision-making in the selection of wrist
immobilisation orthoses. The heterogeneity of the factors considered in the benchmark resulted in a
comprehensive evaluation of the wrist immobilisation orthoses configurations and, to date, such an

assessment was not yet discussed in the literature.

4.2.1 Methodology

Reconstruction of the wrist geometry

The scanning procedure was performed using Hexagon Absolute Arm 7-Axis equipped with RS6
Laser Scanner. The contactless acquisition system consists of a handheld scanner (technical
characteristics are shown in Table 15) set on a portable measuring arm.

The orientation and positioning of the patient's wrist depend on the diagnosis and therapeutic goals.
In the present study, a neutral resting wrist position was adopted, as commonly recommended for the
treatment of carpal tunnel syndrome. In practice, the patient was instructed to remain seated and
motionless, with the arm raised anteriorly in such a way that the anatomical reference points of the
shoulder and wrist joints were aligned along the same axis. The stability of the configuration was

fostered by placing two supports of equal height in the proximity of the elbow joint and under the
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fingertips. The conceived configuration optimally exposed the external geometry of the patient’s
upper limb, preventing shape distortion associated with arrangements that, instead, involve resting
the arm on a surface. Additionally, the contactless systems avoid exposing the patient's limb to
additional stresses and helped the patient in holding the correct position comfortably.

The position of the patient's during the reconstruction of the wrist morphology is represented in Figure
48. The scansion was executed as a single 360-degree acquisition around the patient’s upper limb,
avoiding unnecessary complications in merging multiple scans.

Several acquisition attempts were performed before selecting the finest result. Files presenting minor
misalignments and/or discontinuities in the point cloud were further processed and properly
elaborated. Whereas severely compromised files were discarded. The average scanning time required
to acquire the current anatomical district was around 110 s but it is worth mentioning that this value

may vary as it relies on the expertise of the operator.

Figure 48. Position of the patient during the reconstruction of the wrist geometry. The blue rectangles

identify the position of the supports providing stability.

RS6 Laser Scanner

Scanning technology blue laser

Scanning accuracy 0.026 mm

Point acquisition rate max. 1.2 million points/s
Points per line max. 4000

Line rate max. 300 Hz

Line width 150 mm

Table 15. RS6 Laser Scanner characteristics.
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Design of the wrist immobilisation splint model

Starting from the 3D acquisition of the patient’s wrist, an STL model of a circumferential splint was
designed using a novel CAD software based on Python libraries. The software system, conceived to
address the specific needs and challenges of the field, was introduced by the authors in a previous
article [198]. The program optimises and streamlines the manual modelling workflow by translating
it into a set of intuitive and user-friendly commands (Figure 49), specifically developed for use by

clinical practitioners.

1. Preliminary adjustments: 2. Offsets (thickening and 3. Removal of unnecessary
translation, repair and widening) parts
smoothing

4. Ventilation holes 5. Model division 6. Closures

Figure 49. Flowchart of the guided modelling operations.

The first operation automates the translation of the model to the origin of the workspace reference
system, the repair of mesh geometry defects (such as holes, gaps, intersections, and floating triangles)
and surface smoothing operations. These activities improve the quality of the mesh, by addressing
potential artefacts resulting from the 3D scanning process and by preparing the file for the subsequent
modelling operations. Once the mesh geometry has been corrected, two offsets are applied: the first
one expands the surface outward and is designed to ensure clearance between the arm and the inner
surface of the device, while the second one defines the solid geometry by assigning a surface
thickness. The user is required to input the offset values to ensure that the resulting orthotic device is
tailored specifically to the needs of the patient. The cut and rotate commands refine the splint model,
removing the non-functional areas. To accurately orient and section the model, the operator relies on
the numerical values displayed by a protractor and millimetre grid. Ventilation holes are created to

lighten the structure while providing sufficient strength. From a library that includes ventilation holes
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with distinct shapes, the user selects the preferred geometry and applies it to the model either by
clicking on a specific location or by generating a pattern of evenly spaced holes. In the final stages of
the modelling activity, the splint model is divided into two complementary shells and integrated with
fastening systems. Given the circumferential design of the medical device, these operations are
necessary to ensure that the patient is able to fit the splint and lock it in place. The algorithms and,
consequently, the interfaces of the division and closure commands are conceptually consistent with
those used for removing unnecessary regions and generating ventilation holes, respectively. The
outputs of the modelling activity consist of two STL files representing the two halves of the medical

device.

Production of the splint prototype

The splint prototype was conceived to be realised with an instrument able to easily fabricate
customised and intricate geometries. Material Extrusion (MEX) represents the appropriate process
for the intended purpose, as well as being easily implementable in any health care setting. The
considered printer was an Ultimaker S5 desktop-FDM, with a working chamber of 330 x 240 x 300
mm. The technology is equipped with a dual-extrusion print head: one extruding the primary material
and the other extruding the support material. Different set of print cores were used depending on the
print material.

The manufacturing materials were chosen in compliance with the biocompatibility requirements.
Splints are medical devices that interface superficially with the patient’s body, maintaining prolonged
contact with intact skin. The indications to which this type of medical device is subjected during the
biological evaluation include assessing issues related to cytotoxicity, sensitisation and intra-
cutaneous irritation or reactivity [133]. For this type of medical application, some materials identified
by the FDA as low-risk materials do not require any testing for pre-market submission [199] and,
consequently, were considered in the study. Additional materials, not included in the aforementioned
category, were also considered. In particular, composites such as glass-fibre- and carbon-fibre-
reinforced polymers, were included in the study given their enhanced properties: high stiffness and
strength combined with low weight.

ABS, Nylon, PLA and PC filaments were provided by Ultimaker, while PA6-GF25 and PA6-CF20
filaments were provided by Polymaker. The chosen support material was Ultimaker Breakaway, a
filament composed of a mixture of PLA and TPU. Besides being compatible with the majority of the
selected materials, Ultimaker Breakaway is quickly and manually removable at the end of the printing

process.
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Polymeric filaments, including the support filament, necessitated the utilisation of a regular print core
(AA-type), which comes with a nozzle size of up to 0.8 mm. Conversely, composite filaments
mandate the use of hardened steel print cores (CC-type), designed for handling abrasive or composite

materials. These print cores are available with a maximum nozzle size of 0.6 mm.

Time and cost analysis

The overall process time for producing a customised splint device via AM included the execution of
the activities of limb scanning, splint CAD-model development and splint printing.

The 3D printing task, identified as the most time-consuming stage of the process, was estimated from
the STL model of the medical device using a 3D slicing application for 3D printers (Ultimaker Cura).
The calculation of the time for printing a splint prototype was performed using specific printing
parameters for each selected material filament (Table 16), in accordance with the recommended

processing settings [200-206].

ABS Nylon PLA PC PA6-GF25 PA6-CF20
Nozzle diameter 0.8mm 0.8mm 0.8mm 0.8mm 0.6 mm 0.6 mm
Layer height 0.6mm 0.6mm 0.6mm 0.6mm 0.45mm 0.45 mm
Infill density 100% 100 % 100% 100% 100% 100%
Infill pattern Line Line Line Line Line Line
Nozzle temperature 250°C  245°C  210°C  265°C  300°C 300 °C
Build plate temperature 85°C 70 °C 60 °C 110 °C 50°C 50°C
Print speed 50 mm/s  35mm/s 45mm/s 70 mm/s 60 mm/s 60 mm/s

Table 16. FDM filaments printing parameters.

The diameter size of the head nozzle extruding the primary material was chosen to maximise the
volume of the deposited layers: a 0.8 mm head nozzle was selected for polymeric filaments, while a
0.6 mm was selected for the composite materials. The chosen layer height, 0.6 mm and 0.45 mm
respectively, implied a considerable reduction in printing time and a rougher surface compatible with
the intended solution. The infill density was set at a constant level of 100%, whilst the infill pattern
type was set as lines. The chosen printing speed was the default one.

The minimum angle of overhangs for which support material was added was 80°, which allowed to
reduce to a minimum the utilization of the support material by depositing it just in correspondence of
the opening dedicated to the thumb finger. Furthermore, the support material infill density was

reduced to 10% and the pattern type was set as triangles.
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The two complementary shells of the splint model were positioned vertically on the build platform to

further reduce printing time and minimise the consumption of the support material.

Based on existing models specifically developed for estimating the costs involved in the fabrication
process of customised orthotics [198], the main cost drivers were identified. The total cost of a tailor-
made orthosis is driven by labour cost and material cost. Machining costs, including technologies
purchase cost (3D scanner and 3D printer) and energy consumption cost, represent only a fraction of
the overall cost. Besides labour cost, the most impactful cost component is material cost, which can
be derived from the unit price of the material and the quantity consumed during the 3D printing
process. The 3D slicing software for 3D printers, Ultimaker Cura, provided the length value of
material extruded during printing. The estimate came from the printing arrangements presented in

Table 16, which, in addition to shortening printing times, optimised the amount of extruded filaments

reducing the cost of raw material. In the present research, the computation of material cost component
did not include adjustments for factors such as material waste and scrap and fluctuation in raw
material prices.

Both time and cost analysis followed the programming of the experiments, Design of Experiment
(DOE), in which two factors, splint thickness and manufacturing material, were varied on 3 and 6

levels, respectively.

Technical analysis

The commercial availability of different thermoplastic materials allows the physician to further tailor
the splint, keeping in mind that the selection of the optimal material involves comparing the
therapeutic targets with the technical characteristics of the manufacturing material. Conformability,
flexibility, durability, rigidity and design appearance (e.g., ventilation, colour, thickness and finish)
[197] are the technical characteristics sought by the medical personnel.

Mechanical properties of the medical devices produced with the designed AM procedure were
evaluated through the execution of Finite Element Analyses (FEA) using Abaqus. Splint STL models,
differing in surface thickness, were developed during the CAD modelling phase and loaded in Abaqus
working space. The models were subjected to a free technique meshing process: the algorithm
automatically adapts the size and shape of the elements to accurately represent the local features,
ensuring great flexibility in capturing the complexity of the current geometry. Models were
discretised using tetrahedral elements, characterised by an approximate global size ranging from 2.5
mm to 5.5 mm depending on the necessity to cope with possible convergence and numerical
instability problems during the execution of the simulation. The resulting mesh consisted of a total of

86 743 elements for splint model of 2 mm, 127 455 for splint model of 3 mm and 140 326 elements
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for splint model of 4 mm. The number of nodes was 164 583 for splint model of 2 mm, 217 929 for
splint model of 3 mm and 234 339 for splint model of 4 mm.

The mechanical properties of the splint model were tested according to different manufacturing
materials. The selected materials were the standard and fibre-reinforced polymeric materials
presented in Table 16 and the simulations were set up with the material properties [204,205,207—
210] reported in Table 17.

ABS Nylon PLA PC PA6-GF25 PA6-CF20
Mass density [g/cm?] 1.10 1.14 1.24 1.20 1.20 1.17
Young’s modulus [MPa] 1 682 579 2 347 1 904 4431 7453
Poisson ratio [1] 0.35 0.39 0.33 0.36 0.40 0.38
UTS [MPa] 33.9 34.3 45.6 53.7 84.0 105.0

Table 17. Mechanical properties of the manufacturing materials.

As noted in other bibliographical research [146,211,212], explicit strength requirements for upper
limb splints are currently lacking. Moreover, these devices are not typically subjected to specific or
high mechanical loads; therefore, the present study simulated an unintentional mechanical impact
condition. The simulation specifically focused on recreating the collision of the palm region of the
medical device against a surface during a patient fall episode while wearing the designed device.
Load and constraint conditions were carefully established to ensure an accurate representation of the
aforementioned scenario. The test was performed by constraining the displacements and rotations of
the nodes describing the region close to the distal part of the ulna and imposing a pressure uniformly
distributed over the palm surface (with a total magnitude of 500 N). The minimum thickness
demonstrating sufficient strength was identified for each material. Additionally, displacements
affecting the wrist area were reported. The recorded results were attributable to the system consisting
of the mere splint, meaning that the tests were performed without simulating the presence of the arm

inside the medical device.

4.2.2 Results and discussions

Results
Following the methodology, from a single 3D acquisition, three splint models were designed. All the
splint models include a pattern of rhomboidal holes, designed to facilitate the ventilation function and

lighten the entire structure. The modelling parameters during the CAD stage were kept unchanged,
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except for the offset parameter, which is responsible for creating the solid shape of the scanned
surface. Therefore, the three splint models present the same general conformation, while the surface
thickness was varied on 2, 3 and 4 mm, respectively. Time, cost and technical analyses were based
on the use of 6 different manufacturing materials, thus, resulting in a total of 18 splint combinations.
The splint models were evaluated in terms of time and costs, leveraging on Ultimaker Cura slicing
software. The printing time (Figure 50) and the amount of extruded material (Table 18 and Table 19)
of the 18 splint combinations were simulated. From the information on the extruded material, the
material weight and material cost (Figure 51) were derived. The material weight considered only the

manufacturing material, whilst the material cost included also the cost component of support material.
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Figure 50. Printing times for producing a customised wrist immobilisation splint as a function of the
material type and thickness. ABS, Nylon, PLA and PC filaments used a head nozzle of 0.8 mm diameter,
while PA6-GF25 and PA6-CF20 used a head nozzle of 0.6 mm diameter.

ABS Nylon PLA PC PA6-GF25 PA6-CF20
Material consumption, 2 mm 109 m 109 m 109 m 11.1m 109 m 10.8 m
Material consumption, 3 mm 16.5m 16.5m 16.6 m 16.7 m 16.8 m 16.7m
Material consumption, 4 mm 22.6 m 22.6 m 22.7m 22.8m 229 m 22.8 m
Material price 0.58€/m 092€m 0.57€m 090€m 1.38€m 1.64 €/m

Table 18. Manufacturing material consumptions and manufacturing material prices (support material

is not included).
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For ABS For For PLA For PC For PA6- For PA6-
Nylon GF25 CF20
Support consumption, 2mm  0.21 m 0.28 m 0.23 m 0.20 m 2.39m 2.39m
Support consumption, 3 mm  0.20 m 0.21 m 0.19 m 0.20 m 0.90 m 0.90 m
Support consumption, 4 mm  0.20 m 0.20 m 0.22 m 0.16 m 0.97 m 0.96 m
Support price 0.92€m 092€m 092€m 092€m 0.92€/m 0.92 €/m

Table 19. Support material consumption and support material price. Ultimaker Breakaway was used as

support material.
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Figure 51. Total material cost for producing a customised wrist immobilisation splint as a function of
the material type and thickness (the values include both the manufacturing material component both

the support material component).

Technical analysis was performed: FEA provided the predicted stresses and displacement distribution
maps of the wrist immobilisation splint which were consistent across all scenarios given their sole
dependence on geometric factors. For each simulation, the maximum stress was recorded at the
opening designed for the thumb, as illustrated in Figure 52. The maximum values of stress were
averaged to 64 MPa for splint configuration of 2 mm, 28 MPa for splint configuration of 3 mm and
18 MPa for splint configuration of 4 mm. The results are collected in Figure 53, where they were
compared to the UTS of each manufacturing material in order to identify splint combinations capable
of withstanding the simulated accidental mechanical impact: the maximum stress values exceeding
the material UTS result in splint failure. It is critical to mention that all the 18 splint combinations,
near the apexes of the ventilation holes, showed a stress intensification effect which might be

mitigated by introducing a fillet radius at each corner of the rhomboidal holes.
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Figure 52. Von Mises stress distribution for PC splint with a 2 mm thickness.
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Figure 53. Maximum value of stress experienced by the splint model according to splint thickness (2, 3,
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4 mm), compared to the UTS of each material type (ABS, Nylon, PLA, PC, PA6-GF25, PA6-CF20).

Concerning displacements, the distribution maps of the 18 splint combinations followed a pattern like
the one depicted in Figure 54. The largest displacement magnitudes were consistently observed in the
areas corresponding to the hand and the palm, whereas the wrist region experienced comparatively

smaller movements. Table 20 reports the range of displacement values impacting only on the wrist

area.
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U, Magnitude
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Figure 54. Displacements distribution for PC splint with a 3 mm thickness.

2 mm 3 mm 4 mm
ABS 3.9-7.8 mm 2.6 —4.4 mm 1.8 —2.9 mm
Nylon 11.3-22.6 mm 7.6 —12.6 mm 5.1-8.5mm
PLA 2.8 —5.6 mm 1.9 -3.1 mm 1.3-2.1 mm
PC 3.1-6.1 mm 2.3 -3.8 mm 1.6 —2.6 mm
PA6-GF25 1.5-2.9 mm 1.0-1.6 mm 0.7-1.1 mm
PA6-CF20 0.9 - 1.8 mm 0.6 — 1.0 mm 0.4 —-0.7 mm

Table 20. Range of displacement according to material filament and splint thickness.

Last, Figure 55 summarises the key characteristics taken into consideration in the analysis: material
cost, weight, printing time, UTS and rigidity. The figure represents a collection of customised
polymer and composite wrist splints in AM, characterised by the minimum thickness that allows the
part to resist to the simulated accidental impact. Precisely, the considered splint configurations were
ABS and Nylon with 4 mm surface thickness, PLA and PC with 3 mm surface thickness and PA6-
GF25 and PA6-CF20 with 2 mm thickness. The final selection of the six different combinations of
materials and thicknesses was based on a safety factor, a numerical value calculated by dividing the
UTS of the material by the maximum expected stress experienced by the medical device (respectively
to 64 MPa for splint configuration of 2 mm, 28 MPa for splint configuration of 3 mm and 18 MPa for
splint configuration of 4 mm). The considered safety factor was 1.25 and, according to some literature
studies [164,213], it was identified as the appropriate minimum value for rehabilitation devices.
Regarding Nylon splint, this arrangement was included for comparative purposes only, given the

unsatisfactory results observed in the displacement distribution maps.
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Figure 55. Comparison of the main characteristics of the wrist immobilisation splint made in polymeric

and composite materials.
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Discussion

The analyses conducted on the printing times of wrist immobilisation splints showed that, with the
considered 3D printing technology, the material deposition time varied significantly depending on
the selected material type and layer thickness. In particular, the material deposition time ranged from
a minimum of 2.2 h and a maximum of 6.4 h.

The analysis conducted through the slicing software demonstrated that the estimated times were the
result of the sum of multiple processing components and the overall time value was attributable to a
few leading time components, such as outer and inner walls deposition and retractions (movement of
the head nozzle with the function of avoiding the stringing effect). The time component related to the
deposition of the support material did not fit into the aforementioned leading time components since
its value was modest as a result of the optimised printing parameters (support overhang angle = 80°)
and optimised printing orientation (vertical orientation in the top right quadrant of the printing plane).
In fact, for each splint configuration, the recorded support value was always below 8% of the whole
printing time.

The composite materials, PA6-GF25 and PA6-CF20, presented by far the highest printing values due
to a technical constraint: a narrower FDM nozzle diameter resulted in a reduction of the deposited
layer height from 0.6 mm to 0.45 mm. Thus, composite materials demanded a printing time of at least
4.5 h just to realise the thinnest thickness (2 mm). In contrast, for the same level of thickness,
polymeric materials required a shorter printing time, ranging from 2.2 h to 2.8 h. Additionally, the
composite printing time is lengthened by the post-printing annealing: it is recommended to anneal
(oven at 90 °C for 2 h) the composite prototypes to improve their mechanical and thermal properties.
Polymeric prototypes do not require any annealing process.

With respect to the cost analysis, the value of the total material cost was given by the sum of the
manufacturing material and support material cost components. The aggregate material cost ranged
from 6 €, in 2 mm thickness wrist splints manufactured in ABS or PLA, to over 30 €, in 4 mm
thickness wrist splints made of composite material.

Comparably to the above-mentioned discussion on the deposition time of the support material, the
contribution of the support material component to the total material cost was almost negligible as the
amount of support material extruded was minimised. The amount of deposited support material might
be subjected to variations since its close dependence on the model geometry resulting from the
scanning and modelling activities. In the present instance, the deposition of support material occurred
only at the closures and the opening area dedicated to the thumb finger. Following designs of
fastening systems should focus on the realisation of systems involving elements that do not protrude

from the primary splint structure (i.e., interlocking closure on the interaction surfaces of the two splint
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shells). Further adjustments of the opening dedicated to the thumb finger are desirable: the shape of
the thumb opening must limit the creation of downward-facing surfaces. These improvements would
assure the complete removal of the supporting material, thus, eliminating all the issues related to the
use of the support material, primarily the prolonged printing time and the rougher surface finish of
the areas in contact with the support. Although the support material was used, still, the main structure
of the wrist immobilisation splint was able to self-support during the 3D printing activity.

As a result of the cost and time assessments on the innovative methodology, an advantage in terms
of material cost was evident compared to traditional splinting, both off-the-shelf splints and tailor-
made splints. Concerning production time, 3D printing times were substantial, thus, making the
innovative methodology less favourable compared to conventional solutions at first glance. This
limitation could be mitigated through the adoption of more advanced Additive Manufacturing
technologies, capable of reducing material deposition times. Notwithstanding, when comparing
production times of the traditional procedure with the AM methodology, additional remarks, that
deviates from the mere amount of time, should be made. In particular, it should be noted that the
medical application under investigation addressed non-emergency clinical conditions (such as carpal
tunnel syndrome, tendinitis and arthritis). Therefore, from a clinical point of view, there are no real
drawbacks associated with the prolonged production time. With no time constraint, the medical
solution might be delivered to the patient at a later time (i.e., after an election visit or after a surgical
operation), following limb scanning and splint design. In support of this thesis, it must be noted that
the physician contribution lies in the scanning and modelling activities. In fact, the active presence of
the physician during the 3D printing phase is not mandatory (except for the start-up and the shutdown
of the AM machine) as the process is fully automated.

Alongside the discussion on the applicability and sustainability of the AM splinting process in clinical
practice, evaluated in terms of production time and material costs, technical aspects related to the
feasibility and functionality of the resulting medical devices were also considered. Finite element
simulations identified the opening area dedicated to the thumb finger as the areas of potential fracture.
Wrist splint configurations unable to withstand accidental mechanical impact (500 N) were excluded
as inadequate in providing a sufficient immobilisation function of the wrist joint. The prototypes
fabricated with composite materials (PA6-GF25 and PA6-CF20) were the only splint configurations
able to resist to the simulated mechanical impact in every surface thickness. As for prototypes
fabricated with polymeric material (ABS, Nylon, PLA, PC), splint configurations with the smallest
surface thickness (2 mm) were not achievable because the maximum recorded stress value exceeded
the material UTS. By increasing the thickness to 3 mm, all polymeric prototypes were able to

withstand the impact. However, it should be noted that in some cases, like the ABS and Nylon
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prototypes, the maximum stress values were not so different from their UTS, such that it is preferable
to discard these solutions in favour of wrist splint configurations characterised by a greater thickness.
From the stress distribution assessment, the selected splint configurations were ABS and Nylon with
4 mm surface thickness, PLA and PC with 3 mm surface thickness and PA6-GF25 and PA6-CF20
with 2 mm surface thickness.

In addition to the simulations that determine whether the wrist immobilisation splint undergoes
rupture, considerable importance was paid to the displacement parameter. The ability of the device
to provide effective immobilisation depends on maintaining minimal displacements of the elements
from their initial positions during the application of the simulated mechanical impact. Technical
evaluations reported that the greatest displacement was recorded in correspondence to the extremity
of the palm, with considerably less impact on the wrist area. As expected, lower surface thickness
exhibited greater displacements. Under the same value of surface thickness, materials characterised
by greater flexibility exhibited greater displacements. Specifically, excessive displacement values
were registered in customised wrist splints made of Nylon (including the configuration presenting a
surface thickness of 4 mm), thus, undermining their effective immobilisation functionality.

Along with the stress and displacement distribution maps, other technical aspects (generally sought
by the physician during the traditional fabrication of a customised splint) were involved in the
discussion. Observations were made on the conformability and design appearance (e.g., ventilation
and thickness) aspects.

Conformability, or the ability of the splint to fit intimately the patient’s arm, no longer depends on
the choice of LTT material and the physician expertise. Conformability is intrinsic to the process as
the customised device is nothing more than a replica of the morphology of the patient’s arm.
Another aspect concerned the perforations, which are intended to favour air exchange while,
simultaneously, reducing the weight of the medical device. Although several LTT materials with
various perforation patterns are commercially available, the use of these materials requires extra
precaution (e.g., LTT stretching should be limited to not distort hole pattern nor impact the forecasted
pressure and strength distribution). The implementation of ventilation holes was both facilitated and
standardised in the design of a customised splint in AM. Considering the study objectives and the
observation that stress concentrations were primarily localised around small regions of the holes, a
configuration with rhomboid-shaped ventilation holes was adopted. Other geometries of ventilation
holes, such as ellipsoidal or rectangular holes with rounded corners, effectively reduced these local
stress concentrations. However, it should be envisaged that these configurations require the use of
additional support material near the holes to avoid the collapse of the structure during printing, thus

increasing the 3D printing time. The pattern of rhomboid-shaped ventilation holes was distributed
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over the front and back surface of the wrist immobilization splint, away from the joining zone of the
two halves. Future research should consider the possibility of optimising the hole distribution
according to topological criteria, so that the configuration maximises lightness as a function of the
required mechanical strength.

A last consideration regarded surface thickness: commonly, the thickness of a film of LTT material
is about 3 mm, even if thicknesses of 2 and 4 mm are available as well. Customised AM wrist splints
achieved thicknesses comparable to those realised with LTT materials, with the advantage that the
choice of thickness depended only on the desired level of strength and not on the expertise of the
medical operator. Conversely, regarding customised orthoses with LTT materials, it is recommended
that physicians with less experience use greater thicknesses as these are more easily mouldable.

As anticipated in the result section (Figure 55), all the quantitative outcomes derived from the
analyses were gathered together in a comprehensive diagram that may assist medical operators in the
process of selecting the most appropriate configuration of wrist splint according to some key
characteristics: material cost, weight, printing time, UTS and rigidity. Although, from the
comparative analysis of each variable, differences in the splint configuration chosen were visible, in
reality, there was no splint configuration that prevailed in absolute terms; each presented distinct and
optimal performance. To conclude, a first 3D printed prototype of wrist splint immobilisation is
presented in Figure 56: the shells were not subject to surface treatments and the closure system was

integrated with elastomer rings.

Figure 56. Prototype of wrist immobilisation splint made in PLA with a 3 mm surface thickness.
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4.2.3 Conclusions

The present study developed an innovative manufacturing technique for designing and fabricating
highly customised immobilisation wrist splint. The process integrated the concepts of reverse
engineering and AM to overcome the issues associated with conventional pre-fabricated and tailor-
made splints and their manufacturing techniques. In particular, the newly developed methodology
addresses the variability induced by different levels of medical expertise by structuring and
standardising the splinting process, while providing medical devices characterised by a steady high
standard of quality and a high degree of customisation.

The commercial availability of different thermoplastic materials enabled physicians to further tailor
the splints, keeping in mind that the selection of the most suitable material required balancing the
therapeutic objectives (specific to a pathological wrist condition) with a range of additional factors,
including cost-time dimensions and technical performance. In this regard, the present study proposed
a model for conducting comparisons of different wrist immobilisation configuration that may assist
medical operators in choosing the most suitable solution. From the comparative analysis, no splint
configuration prevailed over the others. Additionally, cost analyses demonstrated the competitivity
of the proposed methodology and medical solutions compared to the traditional procedure, while
advantages related to production time were arguable.

Future works will focus on the aspect of product optimisation. Specifically, refining of the wrist
immobilisation splint will be investigated through the execution of topological optimisation; starting
from an initial design, simulation will be aimed at minimising the overall weight or volume of the

wrist splint while ensuring mechanical strength.

4.3 Robustness analysis of the process for producing MEX-based customised

upper limb orthoses

This chapter 1s derived from the article “Sala, F.; Quarto, M.; D’Urso, G; Giardini, C. (2023).
Preliminary evaluation of an additive manufacturing procedure for producing patient-specific

upper-limb orthotic devices”.
DOI: 10.21741/9781644902714-13

[ am grateful for the support received from my co-authors. I bear full responsibility for all the

variations from the published version reported in the current chapter.
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In the present study, the reliability, effectiveness and flexibility of the methodology, defined for
producing MEX-based customised upper limb orthoses, are investigated. The research proposes an
analysis of the production process aimed at testing whether, in the presence of variability from the
standard operating conditions, it is possible to achieve consistent outcomes that meet the desired
specifications.

To accomplish the research objectives, three anatomical regions of different size and level of detail
were used as test objects for the evaluation of the validity and repeatability of the manufacturing
process under investigation. The anatomical regions involved the upper extremities of the limbs,
particularly the wrist and finger joints.

Pathological conditions affecting the wrist joint may require the use of orthoses that immobilise the
wrist joint, while enabling full mobility of the metacarpophalangeal (MP) joint and thumb. Clinicians
might rely on a variety of wrist orthotic patterns depending on the anatomical region along which
they extend: volar, dorsal, ulnar and circumferential. As the name suggests, circumferential devices
completely envelop the wrist joint, bringing greater stability, and are especially indicated in fractures
and complex regional pain syndrome.

On the basis of the medical consultation, pathological conditions affecting the fingers may require a
medical device designed to support or protect only the affected finger, or alternatively, to stabilise
the entire hand. Diagnoses such as, finger sprains, mallet finger, boutonniere and swan-neck
deformities, may require finger-based orthoses to constrain only the movement of the proximal
interphalangeal (PIP) and/or distal interphalangeal (DIP) joint under investigation, thus leaving the
metacarpophalangeal (MP) joint unrestricted and allowing the mobility of the other digits. On the
other side, other clinical conditions, like osteoarthritis and traumatic injuries of the thumb, may
require more structured orthopaedic devices, that, as opposed to finger-based splints, cross the entire
palm and dorsum of the hand. This is the case of hand-based thumb orthoses, which constrain both
interphalangeal (IP) and metacarpophalangeal (MP) thumb joints, allowing for wrist and other digits
mobility.

Hence, from the present research, three medical devices, characterised by a different degree of
complexity, were developed using MEX technology and PLA filaments. Orthoses model for the wrist,
hand (thumb finger) and finger (index finger) are developed. Also, for each orthotic application,
different designs are developed exploiting two lightening strategies. One of these strategies is
Topological Optimisation (TO).

Product feasibility, along with the entire process consistency, is assessed through a preliminary
evaluation on 3D printing costs and times. Potential advantages and drawbacks of the procedure are

illustrated, as well as initial remarks on lightening strategies of medical devices.
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4.3.1 Methodology

Acquisition of the anatomical regions

The fabrication of patient-specific orthoses started with the acquisition of the surface geometry data
from the anatomical area requiring treatment. The acquisition was carried out by means of a handheld
3D scanner, in particular, the technology was Hexagon Absolute Arm 7-Axis equipped with an RS6
Laser Scanner. The instrumentation provides contactless, rapid (max 1.2 million points/s point
acquisition rate, max. 300 Hz line rate) and detailed (0.026 mm precision) scans, in accordance with
the current clinical requirements [148].

The three anatomical regions were acquired through a single scan in the form of a point cloud, directly
exportable to STL-format. The scanning parameters were kept constant across all scenarios, while
the acquisition set-up was adapted to the dimension and level of detail of the specific anatomical
region and, critically, aligned with the intended therapeutic goal. This implies that, in the presence of
injuries that prevent active movement of the joint under consideration, it is essential for the physician
to passively relocate the patient's joint in the correct alignment in order to scan a physiological joint
and prevent the unsuccessful development of a pathological scan. This consideration safely applies
to the pathologies to which the present research refers. Key information concerning the 3D scanning

set-up of the different anatomical regions of the upper extremities is presented in Table 21.

Upper limb Joints Number of  Scanning configuration

region stabilisers

Wrist Radiocarpal, 3 The arm is positioned horizontally and
ulnocarpal and distal stabilised by three supports at: radius
radioulnar joints head; index, middle, and ring fingers

middle phalanges; thumb distal phalanx.

Thumb Interphalangeal (IP) 3 The hand is positioned horizontally and
and/or stabilised by three supports at: ulna head;
metacarpophalangeal index, middle, and ring fingers middle
(MP) joints phalanges; thumb distal phalanx.

Finger (Index)  Proximal 2 The (index) finger 1is positioned
interphalangeal horizontally and stabilised by two
(PIP) and distal supports at: metacarpals; (index) finger
interphalangeal distal phalanx.

(DIP) joints

Table 21. 3D scanning set-up of the three applications.
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Elaboration of the customised anatomical regions into orthotic models

The 3D scans were imported into a software developed with the purpose of converting the surface

anatomical data into a solid orthosis model. The program was originally designed for a particular

application, namely arm modelling [198], and partially automates its manual modelling process in a

series of simple steps (described in Table 22) based on Python language. In the present research, the

use of this software was extended to additional atomic regions of the upper-limb extremities in order

to evaluate its adequacy.

Function Description

Centring Translation of the STL scan from its original reference system to a new
reference system with (0;0;0) origin.

Fixing Removal of duplicated/isolated vertices/faces, edge repair, hole closure,
normal correction, mesh reconstruction and simplification.

Smoothing Homogenisation of the surface texture.

Expanding Shift of the faces along their normal and towards the outside to arbitrarily

Solid creation

Cutting

Lightening

Dividing

Combining

expand the mesh.

Converting the surface into a solid through the generation of a thickness of
arbitrary size.

Removal of the element extremities through cuts perpendicular to Cartesian
axes. Cuts in different directions are executed by orienting the orthotic
element accordingly.

Creation of holes (of arbitrary shape and dimension) along the solid structure
to reduce the weight and volume of the orthotic element.

Splitting the model into two halves.
Creation of connection points on the external surfaces of the two halves and

implementation of elements that prevent slippage of the union surfaces during
the assembly of the two halves.

Table 22. Operations of the modelling software.

From the software, two orthotic designs per anatomical application were retrieved: a full model and

a lightened model. The latter design presented a pattern of rhomboid-shaped holes, realised through

the lightening operation.

An additional orthotic design was developed from the full model. Simulations were performed using

the optimisation module of the finite-element analysis (FEA) software Abaqus to lighten the structure.
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As opposed to the lightening operation performed in the previous model, the current activity considers
reasonable forces acting on the orthotic element during the rehabilitation pathway.

Static simulations simplified the patient-device system by focusing exclusively on the orthotic
component. Loading conditions were conceived to replicate joint flexion relevant to each clinical
application and, in the present optimisation study, were represented as follows:

e  Wrist — Application of a torque (with F =200 N and d = 100 mm) on the distal perpendicular
surface of the orthosis (in the proximity of the fingers), forcing the proximal perpendicular
surface of the orthosis with an encastre constraint.

e Thumb — Application of a torque (with F =30 N and d = 100 mm) on the perpendicular thumb
surface of the orthosis, forcing with an encastre constraint the perpendicular surface of the
orthosis near the wrist.

e Finger (Index) - Application of a torque (with F = 30 N and d = 60 mm) on the distal
perpendicular surface of the index finger, forcing with an encastre constraint the proximal
perpendicular surface of the index finger.

The optimisation process determined a new material distribution based on the minimisation of the
strain energy, while satisfying a volume (below the 60% of the original volume) and geometric

constraint (preservation of the load and boundary condition areas).

Additive manufacturing of the orthotic models

The orthotic models were manufactured by Ultimaker S5 desktop Material Extrusion (MEX)
machine, an additive manufacturing (AM) technology based on heating and extrusion of a
thermoplastic filament from a nozzle to a building platform.

The selected polymeric filament was polylactic acid (PLA) and, besides being one the most
commonly used material in 3D printing, it combined the needs for cost-effectiveness too [214]. The
mechanical properties (Table 23) and printing settings (extra fast modality, Table 24) of Ultimaker
PLA were retrieved from the technical data sheets. Beyond the use of the manufacturing material, the
use of support material was kept to a minimum: only orthotic models characterised by large overhangs
and hanging features necessitated the use of Ultimaker Breakaway support material (the minimum

overhang value for which the support was printed was 65°).

Density Elastic modulus  Ultimate tensile ~ Poisson ratio
strength
PLA 1.24 g/cm? 2347 MPa 46 MPa 0.33

Table 23. Mechanical properties of Ultimaker PLA.
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Layer height Infill %, pattern  Printing Printing speed
temperature
PLA 0.6 mm 100%, line 210°C 70 mm/s

Table 24. Printing settings of Ultimaker PLA (extra fast modality).

4.3.2 Results and discussion

Process evaluation
The production process of customised orthoses for upper limb rehabilitation progressed according to
the three stages stated in the methodology.
Scans of the three anatomical regions under investigation were acquired in multiple attempts owing
to the high resolution of the scanning device (RS6 Laser Scanner), which inevitably captured
involuntary muscle contractions, resulting in minor misalignment artifacts in the mesh. The resulting
scans were of excellent quality and the meshes were extremely dense (i.e., the arm scan featured over
150,000 nodes).
Subsequently, the scans were imported into the modelling software. By subjecting the arm scan to
the modelling commands, orthotic models (full and lightened designs) for wrist rehabilitation were
obtained flawlessly.
Also, the software responded positively to the generation of orthotic models of a different shape and
geometry, indeed, orthotic models for rehabilitation of the thumb finger and index finger were
successfully obtained. Nevertheless, two remarks concerning the development of the latter two
orthotic models should be made. These scans were not processed with the fixing command, as this
algorithm, when combined with the smoothing function, tended to excessively shrink the original
mesh in an attempt to optimise the number of nodes and triangles. This effect is visible in Figure 57,
representing the different profiles of the models of the index finger application. One further remark
uniquely concerned the orthotic model for the treatment of the index finger; dividing and combining
operations were not necessary since the orthosis could be modelled as a single part.
Different designs for the three applications were developed:

e Model 1 — full model.

e Model 2 — lightened model obtained with the lightening function.

e Model 3 — lightened model obtained with the optimisation module of Abaqus.
An overview of the structures of orthotic model for wrist, hand and index finger is shown in Table
25, Table 26 and Table 27.
Regarding model 3, at the completion of the topological optimisation process, the resulting geometry

was definitely rough such that extra edge refinements are necessary. Particularly, the finishes would
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be functional to facilitate the 3D printing process, besides providing practical wearability. Depending
on the extension and medical function of the specific anatomical region, different orthotic thicknesses
were made: the wrist and thumb orthoses were built with a thickness of 2 mm, whilst the index finger
orthosis of 1 mm. The thicknesses conformed to medical indications and are slightly thinner than
traditional devices.

The medical prototypes were printed in PLA using MEX technology (Ultimaker S5). In almost every
instance the use of support material (Ultimaker Breakaway) was necessary, with the only exception
of models 1 and 2 of the index finger orthosis. Models derived from topological optimisation (model

3) resulted in the greatest use of support material.
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Figure 57. Graphication of the error (mm) between the finger original scan and the finger model which

was developed using the fixing command. In the upper left quadrant measurement section was reported.

Product evaluation

The current procedure was complemented with a time-cost valuation of the medical devices. Time
analysis comprised the estimation of the production time, intended as material deposition time,
through the use of the Ultimaker Cura slicing program. Cost analysis involved the cost of the materials
used to produce the prototypes, thus, the manufacturing material (PLA, about 0.57 €/m) and the
support material (Breakaway, about 0.92 €/m). Cost analysis was based on the length of deposited

filament, captured through the Ultimaker Cura slicing software.
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Also, the analysis was supplemented with the information on prototype weight and mechanical
behaviour under reasonable working condition to assess the feasibility of the two strategies of volume
reduction.

The mentioned information is discussed below and reported in Table 25, Table 26, Table 27.

In terms of time, across all medical application, the progressive lightening of the device was
associated with an increase in printing time, primarily prompted by the need of employing support
material for the manufacturing of geometries characterised by large overhangs and thin-walled
structures. The effect was particularly pronounced in the topologically optimised models (model 3),
whose designs were required printing times at least twice as long as those of the full models (model
1). From a relative perspective, the worst-case scenario was the orthosis dedicated to the rehabilitation
of the index finger conditions: the printing time of the orthotic model 3 was 2.6 times longer than the

printing time of the orthotic model 1. In absolute terms model 1 was produced in 12 min, while model

3 in 31 min.
Wrist — Model 1 Wrist — Model 2 Wrist - Model 3
Printing time 122 min 176 min 294 min
Material cost 7.07 € 8.27¢€ 11.66 €
Weight 95 g 92¢g 64 g
Max. stress 30 MPa 31 MPa 32 MPa
Max. displacement 2.7 mm 3.2 mm 4.0 mm

Table 25. Assessment of the wrist orthotic models.

Thumb — Model 1 Thumb — Model 2 Thumb - Model 3
‘ﬂ LS ()
Printing time 74 min 95 min 151 min
Material cost 495€ 543 € 6.71 €
Weight 64 g 62¢g £2g
Max. stress 11 MPa 11 MPa 11 MPa
Max. Displacement 0.5 mm 0.5 mm 0.5 mm

Table 26. Assessment of the thumb orthotic models.
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Finger — Model 1 Finger — Model 2 Finger - Model 3
Printing time 12 min 14 min 31 min
Material cost 0.40 € 0.35€ 0.80 €
Weight 6g 5¢g 3g
Max. stress 14 MPa 24 MPa 25 MPa
Max. Displacement 0.5 mm 0.6 mm 0.5 mm

Table 27. Assessment of the (index) finger orthotic models.

A similar trend is shown in the cost analysis too. Indeed, in each medical application, the progressive
lightening of the device led to a rise in material cost. The implication of the above consideration was
that the manufacturing material cost saved through the volume reduction strategy (particularly that
referring to topological optimisation) was totally recovered by the use of support material (which for
the same quantity has a higher purchase price than PLA). The worst-case scenario was, once again,
the orthosis dedicated to the treatment of the index finger: cost of model 3 was twice as much as
model 1, however, in absolute terms, the cost was moving from € 0.40 to € 0.80.

From a mechanical behaviour perspective, FEA simulations demonstrated that all medical
applications and corresponding design variants satisfied the requirements in terms of tensile strength
and deformation. The maximum stress values recorded were consistently below the UTS of the
manufacturing material, thus, preventing failure under service conditions. In terms of deformations,
the highest displacement values were observed in the case of the orthosis dedicated to the wrist joint
care: these values were slightly more than 3 mm, but were still considered acceptable as they occur
near the distal end of the device, thus, leaving the wrist area almost unaffected; displacements of the
wrist region varied from 0.5 mm to 1.1 mm. Regarding the thumb and the index finger orthoses, the
maximum displacements were definitely contained, making the proposed solutions viable.
Considering all the factors mentioned above, some observations emerged. Firstly, production time
emerged as a significant variable in the evaluation process of the analysed methodology. Production
times were non-negligible (especially for large volume applications) and might be prolonged by
additional time variables that were not taken into account in the current study (i.e., acquisition and
modelling times). Under these circumstances, it is unlikely to guarantee ready-to-use devices and,
therefore, it would be necessary to adopt some measures to streamline the overall process time.
Although the time analysis did not reveal a distinct advantage, sources of competitiveness did emerge
from the cost evaluation. Indeed, the estimated material cost for 3D production was significantly
lower than the cost of material used in the production of conventional orthoses (i.e., LTT materials).
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The strategy of reducing the volume of orthotic models with the aim of optimising the production
process did not achieve the desired results in terms of time and cost (except for the finger index
orthosis model 2, whose output might be a considerable alternative). Even more dubious was the role
of volume reduction implemented through topological optimisation. Indeed, there was also evidence
of an even greater increase in material cost and production time: the irregular shapes derived from
the topological optimisation simulation required an immoderate amount of support material, which
drastically affected the material deposition process. In contrast, from the mechanical performance
perspective, satisfactory stress and displacement values were ensured for moderate volume (and
weight) reduction in both strategies. Notably, topological optimisation, whose fundamental objective
is to determine the optimal material distribution under specific operating conditions, proved to be a
pivotal design strategy, enabling the development of significantly lighter yet mechanically compliant
solutions.

Certainly, through the illustrated methodology, it was possible to make extremely customised and
lightweight geometries able, at the same time, to ensure adequate mechanical strength, which up to

date it is not possible with traditional splinting techniques.

4.3.3 Conclusions

The present research evaluated the process of customised splinting for the treatment of upper limb
pathologies through the utilisation of advanced techniques, specifically Reverse Engineering and
Additive Manufacturing (AM).

The manufacturing process of patient-specific orthoses, analysed in the current study, was considered
functional and straightforward. Some general observations may be drawn. Regarding the acquisition
activity, although the scanning laser under consideration was highly performant, it is advisable to
evaluate technologies that facilitate the scanning operation for the medical worker.

Inherent to the modelling activity, the software originally developed to convert the arm surface
geometry into an arm orthosis proved to be highly versatile, as it successfully generated medical
devices for various anatomical regions. This capability demonstrates the potential of using a single
application for modelling diverse anatomical areas, without the need for dedicated, case-specific
tools. Optimisation of the software algorithms would allow even more efficient and agile handling of
meshes of different sizes and complexities.

On the 3D printing side, there was an emerging need to optimise printing time, for instance using
higher-performance 3D printers. In addition, post-printing surface finishing treatments of the devices

should be considered too.

105



Francesca Sala

Lastly, two volume-reduction approaches were investigated by developing lightened orthotic models.
Nevertheless, from the current product evaluation, the most competitive design in terms of cost, time
and mechanical behaviour resulted to be the standard full prototype (model 1). Thus, the role of the
two emptying strategies found to be still uncertain: the costs and production times associated with the
deployment of these approaches must be justified by the value and specificity of the considered
application.

Surely, the use of the topological optimisation technique is a powerful tool, able to greatly lighten
medical devices while ensuring higher mechanical performances. However, in some cases the role of
topological optimisation compared to the volume reduction performed with the lightening command
worth further investigation (i.e., in the case of model 3 of the wrist and thumb orthoses improved
lightness was achieved and mechanical performance simulations suggested that lighter structures can
be further realised). Whilst, in some other cases, it was clearly the option to be discarded (i.e., in the
case of model 3 of the index finger orthosis, whose efforts would not bring additional value compared
to model 2).

To conclude, the present study provided a preliminary yet structured analysis of the consistency and
robustness of the AM process for producing customised orthoses. The assessment evaluated factors
such as production cost, time and mechanical behaviour. Future research needs to be conducted to

provide a more exhaustive assessment, especially regarding topological optimised orthoses.

4.4 Evaluation of customisation in the production process of orthoses: the role of

topological optimisation

This chapter is derived from the article “Sala, F.; D’Urso, G; Giardini, C. (2024). Evaluation of the
Integration of Topological Optimisation in the Process Chain for Manufacturing Customised

Orthopaedic Devices via Additive Manufacturing™.
DOI: 10.3390/prosthesis6060109

[ am grateful for the support received from my co-authors. I bear full responsibility for all the

variations from the published version reported in the current chapter.

Within the framework of medical device customisation, the concept of Topological Optimisation
(TO) represents a valuable instrument, able to redesign the basic structure of prefabricated orthoses,
enhancing the conventional idea of tailored-made medical devices. Simultaneously, the tool realises
lightweight elements without limiting their reliability and functionality [215-218].
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TO is a mathematical method widely used in civil and mechanical engineering in the design of
physical systems and mechanical structures [219]. The traditional TO approach based on density-
method consists in the discretisation of a defined area into a grid of finite elements (¢), described as
isotropic solid microstructure and characterised by a density distribution function of material (p)
within the design domain [220]. The binary assignment of material determines a discrete density
distribution, where p(e) = 1 when material is present and p(e) = 0 when material is removed. To
promote analysis stability, continuous density distribution is introduced: intermediate level of
densities, pmin < p(€) < 1, are assigned to each element and a penalty factor (p) is adopted to limit the
presence of intermediate density elements, fostering structural stiffness [221-223]. The study of the
optimal allocation of material of the elements of defined areas is dependent on the definition of
objective functions and constraints.

Therefore, the present research aims at investigating the use of TO strategy as a methodology for
customising medical devices with the aim of further lightening the structure while preserving the
strength characteristics of the device. In the present research, TO is not considered solely as a design
tool for material redistribution, but as a comprehensive methodological framework enabling a broader
evaluation of the AM process. In fact, such an analysis encompasses multiple variables and factors
influencing production, thereby extending its relevance beyond mere structural optimisation. The tool
was analysed with respect to the entire manufacturing process of orthopaedic devices, highlighting
potential advantages and disadvantages associated with its implementation.

The study is based on an orthopaedic device belonging to the class of orthoses, also known under the
name of splints and braces, which are elements worn in direct contact with the patient’s skin. The
selected orthosis is responsible for the treatment of motor dysfunction of the wrist joints in
rehabilitation programs.

The adopted methodology outlines the most significant activities to manufacture AM-based orthosis
devices and it delves into the TO topic: the study is conducted with Simulia Tosca, an optimisation
suite based on simulations executed with Abaqus FEM. Software is used with the intent of
progressively lightening the orthosis, developing four different models with decreased percentage of
residual volume fraction.

Primarily, the feasibility of customising TO orthoses, either in terms of digital modelling either in
terms of 3D printing, is examined. Furthermore, the strength and deformation behaviours are
investigated in relation to the gradual lightening of the medical device. The structural and functional
integrity of the orthoses during patient remission was evaluated too. Insights and recommendations

on the adequacy of TO, in terms of production time and production costs, are presented.
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4.4.1 Methodology

Currently, in the landscape of design and fabrication of upper-limb orthotic devices, traditional
manufacturing methods, often characterised by labour-intensive processes [130], are predominant.
The progress of advanced orthotic modelling and manufacturing is still largely confined to the
prototyping stage. This limited clinical translation may be attributed to the absence of clear regulatory
frameworks and professional guidelines supporting the integration of advanced technologies in
clinical practice. Additionally, the wide range of available techniques and materials requires
systematic investigation and validation.

The modelling and manufacturing technique for orthotic devices dedicated to the upper limb joints,
presented in the current research, explores advanced techniques, specifically Reverse Engineering
(RE) and Additive Manufacturing (AM).

The RE phase encompasses the processes required to generate the final digital solid model of the
medical device, starting from the anatomical data acquired, for instance, through a 3D scanning
system. At this stage, great relevance is paid to the activities involved in the modelling of the raw
information with CAD software to transform the anatomical surface into a truly wearable orthosis
model. Once the desired digital model is obtained, the following task involves fabrication using AM
techniques.

The computational instrument being investigated in this paper, namely Topology Optimisation (TO),
places itself in the RE activity chain. In particular, it lies outside of digital modelling and requires
numerical simulations to identify the regions of the orthosis model to be reshaped. The entire

workflow is illustrated in Figure 58 and outlined in the following paragraphs.
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Figure 58. Flow chart of the activities for manufacturing customised orthoses for the treatment of the

wrist joint.
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Digital modelling

The need to individualise treatment requires orthopaedic devices to be tailored to the specific
therapeutic targets and anatomical characteristics of each patient. To comply with these
specifications, a medical prototype was modelled from the geometry of the patient, which was
captured through a laser scanner (Hexagon Absolute Arm 7-Axis equipped with RS6 Laser Scanner).
The anatomical surface was acquired in the form of a point cloud, converted into a format that is
compatible with CAD and AM technologies and modelled into a solid.

As a consequence of the uniqueness of each clinical case, the transformation of the surface
information into a 3D digital model of the orthopaedic device often involves performing a series of
manual editing operations [126,224,225]. Although general CAD software that caters to the demands
of image processing is available, advanced programs [198,212,226] able to accelerate and streamline
the modelling activity in an effort to automate the procedure were found to be essential. The orthosis
modelling activity presented in this research is based on one of these approaches [198].

The modelling process developed an orthotic prototype resembling the design of the traditional
circumferential wrist immobilisation pattern. The device consisted of two shells that join along the

central axes of the structure and completely envelop the wrist joint, the thumb and the fingers.

Static Analysis

At this stage, numerical analysis was conducted to evaluate the operating behaviour of the designed
medical device, anticipating and correcting any design flaws or inefficiencies. Numerical simulations
were conducted with Abaqus, a finite element method (FEM) suite involved in the study of the
mechanical, thermal, and electromagnetic behaviour of structures and materials. Given the absence
of specific mechanical tests designed to examine the standard behaviour of the considered medical
device and considering that the device is not subjected to particular loads during its use, the present
research simulated an accidental mechanical impact. Specifically, the present analysis was intended
to represent the unintentional impact of the orthosis against a rigid surface.

The experimental conditions were simplified, and two assumptions were made:

e The static analysis was performed without accounting for the presence of the forearm inside
the orthotic device;
e The static analysis was carried out on the device as a whole; disregarding the connections

between the interacting interfaces of the two shells.

Based on these assumptions, the orthotic model was imported into the Abaqus simulation
environment. The model was discretised into 40,680 quadratic tetrahedral elements with an

approximate global size of 5 mm. Also, control over the minimum size of the mesh feature was
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defined as a fraction of 0.1, meaning that the minimum element size was set to 0.5 mm. A curvature
control with a maximum deviation factor of 0.1 was applied to ensure that the mesh accurately
captured the model’s surface geometry, minimising excessive approximations. In conclusion, the total
number of nodes was 81,897. This discretisation provided a high-resolution representation of the
orthosis. Indeed, the defined parameters were validated by performing mesh size-dependency tests,
ensuring that the accuracy and reliability of the results were not compromised.

The orthosis was defined as a homogenous linear elastic structure with Young Modulus and Poisson’s
ratio of the selected thermoplastic material. The boundary and load condition were established as
depicted in Figure 59. The distal end of the orthotic model (set of 450 nodes) was fixed with an
encastre constraint. A load of 400 N was exerted as a pressure uniformly distributed over the palm of
the hand (surface of 2259 faces). The simulation was performed and the stress and displacement

distributions, under the current experimental condition, were monitored.

iy
e s
K]

Figure 59. Load and Boundary conditions applied to the orthosis model for the execution of the static

analysis.

Topology Optimisation

The mechanical behaviour of the orthosis was further investigated through Topology Optimisation
(TO) analysis, enabling the development of innovative orthopaedic device designs. The study was
performed with Simulia Tosca, an optimisation suite based on Abaqus FEM simulations. Indeed,
from the analysis of the prescribed conditions of the FEM model, the software was able to determine
the areas subjected to elevated loads and propose a geometry that optimised the overall stiffness of
the structure.

The optimisation task used the general algorithm, partly described by Bendsee et al. [227]. Given the

purpose of the study, namely the lightening of the orthotic structure, the whole model was selected
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as the design area. Two design responses were determined as follows: the energy stiffness measure
identified the objective function, while the volume measure identified the optimisation constraint.
Under the specified design responses, the optimisation task involved the minimisation of the energy
stiffness measure respecting the requirement of structural volume. Four experimental conditions were
planned; these comprised a volume reduction minor or equal to a percentage fraction of the initial
volume, identified as 90%, 80%, 70% and 60%, respectively. A geometric constraint was introduced
to further guide the TO process, specifically preserving the edges of the orthotic model as frozen areas
(4 822 elements). The maximum number of iterations to be performed was set to 50, which proved

sufficient for the algorithm to converge to a stable solution.

3D Printing

The customised orthotic designs were 3D-printed using Material Extrusion (MEX) technology,
Ultimaker S5. Thermoplastic polymeric filaments, with a diameter of 2.85 + 0.10 mm, were
employed. Specifically, PLA (properties reported in Table 28) was selected due to its suitability for
the current medical application and its faster printing times compared with alternative materials. This
makes it a practical choice both timewise and economically.

The models were sliced, and their printing settings (Table 29) were defined in Ultimaker Cura
(v5.3.0). The prototypes were 3D-printed with a 100% infill density and a 0.8 mm head nozzle,
capable of realising a layer height of 0.6 mm. Some features of the prototypes required the use of
support material (PLA or Ultimaker Breakaway, a mixture of PLA and TPU), extruded from a second

printhead with a 0.8 mm head nozzle and 0.6 mm layer height.

Mass density Elastic modulus Ultimate tensile Poisson’s ratio
(E) strength (UTS)
after 3D printing
PLA 1.24 g/cm3 3,292+ 101 MPa  56.0 £ 1.5 MPa 0.33

Table 28. Material properties of PLA filament.

Nozzle Build plate Print speed
temperature temperature
PLA single extrusion 210°C 60° C 45 mm/s
PLA dual extrusion 210°C 60° C 45 mm/s
PLA dual extrusion with Ultimaker 200° C/225°C 60° C 35 mm/s

Breakaway

Table 29. 3D printing parameters of PLA and Ultimaker Breakaway filaments in the different extrusion

modalities.
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4.4.2 Results and discussion

Design of the optimised models

This section presents the results of the topological optimisation, with particular emphasis on their
implications for medical device design; furthermore, the geometric properties of the resulting
structures were systematically analysed.

Digital modelling led to the construction of an orthotic prototype (see full model, pictures of Table
30) for the treatment of wrist pathologies. The element has a dimension of 94 x 82 x 228 mm?. The
subsequent activities of static analysis and TO resulted in the creation of five solid models, which
differed according to the fraction of residual volume (RVF) (see Model 1, Model 2, Model 3 and
Model 4, line 1-2 of Table 30). Material was removed from specific regions where it did not
significantly contribute to the structural strength and overall performance of the system, as reported

in Table 30. The upper portion of the forearm and the wrist were less susceptible to material removal.

Full Model Model 1 Model 2 Model 3 Model 4
Target RVF 100% 90% 80% 70% 60%
Target RV 82299 mm? 74 069 mm? 65 839 mm® 57 609 mm? 49 379 mm?
Measured RVF  100% 91% 85% 77 % 68%
Measured RV 82 299 mm? 76 962 mm® 70 472 mm? 63 333 mm? 56 137 mm?

Front view ) f £y
Back view

Table 30. Orthotic models and their geometrical properties.
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The structures of Model 1, Model 2, Model 3, and Model 4 attained convergence and stability at the
24th, 30th, 33rd, and 41st iteration cycles, respectively, thus requiring fewer iterations than the
predefined maximum value of 50 design cycles. The final structures were taken from the last iteration
step, guaranteeing that the selected configurations corresponded to the stable, converged states
achieved at the end of the optimisation process. In every instance, the volume constraint was satisfied,
and, for the last iteration step, was always slightly below the target volume constraint value (0.0004%
deviation). It is worth noting that, when exporting the topological optimised model from Abaqus, the
software may simplify and/or approximate the geometry to ensure part realisability, resulting in slight
variations in the final models. This explains the discrepancy between the target RVF or RV (i.e., the
volume values set up as constraints in Abaqus) and the measured RVF or RV (i.e., the volume values
measured in the exported files using other 3D file processing software).

The logic of material preservation is determined by the TO algorithm utilised. The progressive
reduction in material occurs through the creation of new holes and/or enlargement of the holes created
during the previous TO iterations. The holes created in the structure are characterised by an
asymmetrical and irregular shape as a result of the material redistribution aimed at reducing the
volume of the structure without constraining it to a predetermined or preestablished shape. Therefore,
given that TO provides only an indication of how the structure should be revised, geometrical
modifications to adjust the holes or adapt them to specific manufacturing constraints are required
during post-processing. This necessity opens up opportunities for exploring innovative approaches to
manage the voided areas identified by TO during the modelling phases, for example, by employing

lattice geometries to fill the voids and mitigate practical design inefficiencies.

Mechanical performances of the optimised models

The mechanical properties of the medical device models were investigated by conducting analyses of
Von Mises stress distributions and deformations (measured in terms of displacements from the initial
undeformed configuration). The results were derived from the static analysis described in the
methodology section.

Table 31 provides information on the stress state to which each model of orthosis was subjected under
the specified load. The equivalent stress values of the structures of the full model and Model 1, Model
2, Model 3 and Model 4 consistently remained below the UTS of the manufacturing material (56.0
MPa). Moreover, on average, the stress did not exceed 30 MPa, except in a localised region near the
opening intended for the thumb finger, where the maximum stress value was recorded. This indicates
that the volume reduction strategy, even in the lightest configurations, did not adversely affect the

structural integrity of the component. In fact, the models presented satisfactory safety factor values
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(summarised in Table 33), compatible to the safety factors identified for medical devices of the same

kind [164,213,228].

Von Mises Stress Von Mises Stress
(front view) (back view)

Full Model S, Mises
(Avg: 75%)
+3.434e4+01
+3.14%9e4+01
+2.863e+01
+2.578e+01
+2.292e4+01
+2.007e+01
+1.721e+01
+1.436e+4+01
+1.151e+01
+8.651e4+00
+5.796e4+00
+2.942e4+00
+8.702e-02

MOdel 1 S, Mises

(Avg: 75%)
+3.451e+01
+3.163e+01
+2.875e+01
+2.588e+01
+2.300e+01
+2.013e+01
+1.725e+01
+1.438e+01
+1.150e+01
+8.626e+00
+5.751e+00
+2.875e+4+00
+5.060e-09

Model 2 S, Mises
(Avg: 75%)
+3.633e+01
+3.330e+01
+3.028e+01
+2.725e+01
+2.422e+01
+2.119e+01
+1.817e+01
+1.514e+401
+1.211e401
+9.083e+00
+6.055e+00
+3.028e+00
+5.546e-09

114



MEX-based manufacturing of customised medical applications: orthoses

Model 3 S, Mises

(Avg: 75%)
+3.938e+01
+3.610e+401
+3.282e+401
+2.954e401
+2.625e+01
+2.297e401
+1.969e+01
+1.641e401
+1.313e+4+01
+9.845e+400
+6.563e+00
+3.282e400
+8.350e-09

Model 4 S, Mises
(Avg: 75%)
+4.516e+01
+4.140e+01
+3.764e+01
+3.387e+01
+3.011e+01
+2.635e+01
+2.258e+01
+1.882e+01
+1.505e+01
+1.129e+01
+7.527e+00
+3.764e4+00
+1.227e-08

Table 31. Static analysis results: Von Mises stress.

Table 32 presents an analysis of the magnitude of the displacement. The maximum displacement
values were recorded on the upper edge of the medical device, close to the hand area; these range
from 7 mm (full model) to almost 12 mm (lightest model, Model 4). It is worth noting that the critical
displacement values are the ones affecting the area of the wrist joint: the displacement values recorded
in this area were around 3 mm (full model) and around 6 mm (Model 4). Considering the functionality
that the medical device must achieve, the deformation values obtained were not entirely negligible in

the lightest configuration.
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Displacements Displacements
(front view) (back view)

Full Model U, Magnitude
+6.830e+00
+6.261e4+00
+5.692e4+00
+5.123e400
+4,5542400
+3.984e+400
+3.415a400
+2.846a+00
+2.277e+00
+1.708e+00
+1.138e+00
+5.692e-01
+0.000e+00

Model 1 U, Magnitude

+7.071e400
+6.482e+00
+5.893e+00
+5.304e+00
+4,714e+00
+4,125e+00
+3.536e+00
+2.946e+00
+2.357e+00
+1.768e+00
+1.179e400
+5.893e-01

+0.000e+400

Model 2 U, Magnitude
+7.823e+00
+7.171e400
+6.519a+00
+5.867e+00
+5.215e+00
+4,5632+00
+3.911e+00
+3.260e+00
+2.6082+00
+1.956e400
+1.304e+400
+6.51%9e-01
+0.0002+00
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Model 3 U, Magnitude
+49.227e+00
+8.458e+00
+7.690e+400
+6.921e+00
+6.152e+00
+5.383e+400
+4.614e+00
+3.845e+00
+3.076e4+00
+2.307e+00
+1.538Be+00
+7.690e-01
+0.000e+00

Model 4 U, Magnitude

+1.174e+01
+1.076e+01
+3.786e+00
+8.807e+00
+7.829e+00
+6.850e+00
+5.871a+00
+4.893e+00
+3.914e+00
+2.936e+00
+1.957e+00
+39,786e-01

+0.000e+00

Table 32. Static analysis results: Displacements.

Target RVF Max. Max. Stress Safety Factor based on
Displacement Max. Stress
Full Model 100% 7 mm 34 MPa 1.65
Model 1 90% 7 mm 35 MPa 1.60
Model 2 80% 8 mm 36 MPa 1.56
Model 3 70% 9 mm 39 MPa 1.44
Model 4 60% 12 mm 45 MPa 1.24

Table 33. Static analysis summarised results: maximum displacement and maximum Von Mises stress.

The main results related to the mechanical characteristics, considered in terms of von Mises stress
and displacement with respect to variations in the volumetric dimensions of the medical device
achieved through topological optimisation (TO), are summarised in Table 33.

Further analyses of the mechanical behaviour of the four TO orthosis models (Model 1 to 4) were
conducted to simulate the structural response to wrist movements. Specifically, the simulations
focused on wrist flexion and ulnar deviation (see Figure 60). Although extension and radial deviation

are also significant, these movements typically involve a restricted range of motion and generate
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forces characterised by lower intensity compared to flexion and ulnar deviation. Furthermore, they

are less relevant in daily wrist activities.

(2)

Ulnar deviation—wrist movement causing the hand  Flexion—wrist movement causing the hand to bend
to shift medially toward the ulna down toward the palm

(b)

>

F ulnar deviation

=

F wrist flexion

Figure 60. Illustration of the wrist movements (a) and schematic representation of the load and
boundary conditions applied to the orthosis (Model 1) (b). Note: flexion and ulnar deviation forces are

graphed in the same picture but are applied separately in the analysis.

The simulations were performed in accordance with the procedure already defined in the
methodology section. In these analyses, ulnar deviation and flexion movements were modelled as
moment loads, applied to the distal perpendicular surface of the orthosis (near the fingers), while the
proximal region of the orthosis was constrained with an encastre boundary condition. The applied
forces in both scenarios were chosen to represent conditions compatible with joints in the late stages

of rehabilitation, during which the patient requires minimal support from the device and is capable of
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exerting moderate forces. Specifically, for ulnar deviation, force F = 30 N and lever arm d = 75 mm
were used, while for wrist flexion, F =50 N and d = 75 mm were applied.

The mechanical response of the orthosis, in terms of Von Mises stress and displacement, to the applied
moment load is illustrated in Figure 61, representing Model 1. As expected, during ulnar deviation,
the orthosis structure experiences elevated lateral stresses due to the concentration of forces along the
sides of the device. In contrast, during wrist flexion, the loads are primarily distributed across the
dorsal and palmar surfaces. The behaviour of Models 2, 3 and 4 is consistent with that of Model 1,
differing only in exhibiting increased displacements and stress concentrations near the apex of the

voids generated by TO process.

(a) Flexion (b) Ulnar deviation

S, Mises
(Avg: 75%)

S, Mises
(Bwg: 75%)

+1.624e+01
+14&9e+01
+1.353e+01
+1.21ge+01
+1.083e+01
+9.474e+00
+8.121e+00
+6.767e+00
+5.414e+00
+4.060s+00

+2.567e+00
+2.353e+00
+2.13%9e+00
+1.925e+00
+1.711e+00
+1497e+00
+1.283e+00
+1.070e+00
+6.556e-01

+6417e-01

+2.707=+00 )
+1,3538+00 i

+0.000e+00 +0.000e+00

U, Magnitude
+2.552e-01
+2.33%e-01
+2.126e-01
+1.914e-01
+1.701e-01
+1.460e-01
+1.276e-01
+1.063e-01
+5§.506e-02
+6.379%e-02
+4.253e-02
+2.126e-02
+0.000e+00

U, Magnitude
+9.180e-02
+8.415e-02
+7 650e-02
+6.885e-02
+6.120e-02
+5.355e-02
+4.590e-02
+3.625e-02
+3.060e-02
+2.295e-02
+1.530e-02
+7.650e-03
+0.000e+00

Figure 61. Additional static analysis results: Von Mises stress and displacement of the flexion (a) and
ulnar deviation (b) movement. Note: displacement analysis illustrates both the original structure
(outlined in black) and the deformed structure under torsional loading (solid coloured structure). The
deformed shape is scaled by a factor of +50% for flexion and +100% for ulnar deviation to enhance

visibility of displacements that would otherwise be imperceptible.

The results, measured in terms of Von Mises stress and displacement, are summarised in Table 34.
The stresses are consistently below the material UTS. The deformations, quantified as global
measures of displacements, are insignificant. Also, it is worth noting that the displacements along the

specific directional components of the wrist movement (i.e., lateral direction for ulnar deviation and
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vertical direction for flexion) are lower than the global displacement values obtained by considering
all three axial components combined (U, magnitude).
The findings suggest that the orthosis designs maintain their structural integrity and functionality even

during the patient’s rehabilitation phase.

Max. Displacement Max. Stress
Target RVE (U. magnri)tude) (S. Von Mises)

Flexion

Model 1 90% 0.3 mm 16 MPa

Model 2 80% 0.4 mm 22 MPa

Model 3 70% 0.5 mm 38 MPa

Model 4 60% 0.7 mm 28 MPa
Ulnare Deviation

Model 1 90% <0.] mm 3 MPa

Model 2 80% 0.1 mm 4 MPa

Model 3 70% 0.2 mm 7 MPa

Model 4 60% 0.2 mm 7 MPa

Table 34. Additional static analysis summarised results: maximum displacement and maximum Von

Mises stress.

Rapid Prototyping of the optimised models

In the present section, an analysis focusing on manufacturing time and cost was conducted with the
objective of assessing the impact of TO activities on rapid prototyping. Specifically, the benefits
derived from the material redistribution were observed from the production process perspective.
Originally, the prototypes were produced using the default optimal printing parameters: the model
was 3D-printed in PLA (~0.57 EUR /m) with dual extrusion to realise the default support structures
in Ultimaker Breakaway (~0.92 EUR /m). All the models were manufactured successfully without
experiencing difficulties. By examining the production cost, expressed in terms of raw material, and
the production time required to fabricate the products, the critical issues associated with the volume
reduction strategy implemented via TO became evident (Figure 62).

The incremental growth in the complexity of geometries in TO models, characterised by large
overhangs and irregular holes, required a significant increase in the use of support material to prevent
the collapse of the articulated features. Thus, production time extended and, in the present instance,
almost doubled by moving from 2.8 h for realising the full model to 5.2 h for the lightest one. As

shown in Figure 63, the advantageous cost effect of reducing the use of manufacturing material with
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TO was nullified. Specifically, the overall production cost of Model4 doubled and its support material

cost component increased seven-fold compared with the full model.

tion tin n

s 1 | 1 | | | |
60 65 70 75 80 85 90 95 100
Target RVF (%)

Figure 62. Overall production cost (EUR) and production time (h) over the different values of Target

Residual Volume Fraction (%).
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Figure 63. Breakdown of the overall production cost (EUR) in manufacturing material component
(EUR) and support material component (EUR) over the different values of Target Residual Volume
Fraction (%).

To mitigate the observed growth in production cost and time, a more detailed analysis of the support
structures was required, particularly focusing on the optimisation of design and printing parameters
of the support structures, together with the support material selection.

Following a Design of Experiment (DOE) plan, a series of tests were established to observe variations
in production time and cost over the different values of the Target RVF. The first aspect considered
the support material, which was distinguished into the recommended standard support material
(Ultimaker Breakway, a mixture of TPU and PLA) and a support material equal to the structuring
material (PLA). Using Ultimaker Breakaway allows for better surface accuracy by swiftly and cleanly
detaching the support parts from the 3D-printed element. Using the same material filament (PLA) for
both the support part and the structuring part may require post-production processing to improve

surface quality, yet it allowed to examine the transition from dual-extrusion mode (two printheads)
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to single-extrusion mode (one printhead). Further, the design of the support structure was analysed:
the tree support structure (individually developed with Meshmixer software, with an overhang angle
of 45°) replaced the default structure provided by the slicing software Cura (linear support with an
overhang angle of 45°).
Hence, the experimental design plan (Table 35) was structured as follow:
e Ultimaker Cura Default support structure (testl, test2 and test3) and tree support structure
(test4, test5 and test6);
e Ultimaker Breakaway support material (testl and test4) and PLA support material (test2,
test3, test5 and testo6);
e For the tests employing the same material (PLA) for both the structuring part and the support
part, dual extrusion (test2 and test5) and single extrusion (test3 and test6). Note, that processes

involving different materials (test1 and test4), by principle, use the dual extrusion mechanism.

Support structure Support material No. Extruders
Testl Default Breakaway Dual
Test2 Default PLA Dual
Test3 Default PLA Single
Test4 Tree Breakaway Dual
Test5 Tree PLA Dual
Test6 Tree PLA Single

Table 35. Experimental design plan.

Prototypes, corresponding to the different tests, were 3D printed to ensure feasibility in the production
process. The results of the performed tests were collected in Figure 64 and Figure 65, which
respectively illustrate the evolution of manufacturing time and cost curves as a function of medical
device lightening. It can be observed that the use of tree-structured supports and a single material for
both the support and structural parts, extruded from a single nozzle, significantly reduces 3D printing
time. Furthermore, as a result of the improved design of support structures, it is also possible to
observe an overall flattening of the curves of production times as the volumetric reduction of the
device progressed. Comparably, a reduction in the overall production cost was observed. The optimal
result, measured in terms of production time and production cost, was test6.

At last, Table 36 and Table 37 summarise the outcomes of the default printing strategy (test1), which
returned the least favourable outcomes, and the optimal printing strategy, which can be identified in
test6. Besides the absolute values, the percentage values are reported with respect to the default

strategy for manufacturing the full model.
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Figure 64. Production time (h) of the six tests over the different values of Target Volume Fraction (%).

Overall production cost (EUR)
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Figure 65. Overall production cost (EUR) of the six tests over the different values of Target Volume

Fraction (%).

Default printing strategy ~ Optimised strategy

(testl) (test6)
Target RVF 100 % 100 %
Printing Time 2.8h 1.7h
Material Cost 8.72€ 7.14€

Table 36. Default printing strategy (testl) and optimised printed strategy (test6) of full model.

Default printing strategy ~ Optimised strategy

(testl) (test6)
Target RVF 60 % 60 %
Printing Time 5.2h 2.1h
Material Cost 18.29€ 5.56€

Table 37. Default printing strategy (testl) and optimised printed strategy (test6) of Model4.
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4.4.3 Conclusions

The present research explores the implementation of Topology Optimisation (TO) as a design-driven
framework for the development of patient-specific orthopaedic devices, with emphasis on orthoses
and splints for wrist joint stabilisation. TO was performed through the Simulia Tosca optimisation
suite of Abaqus software with the objective of lightening a predetermined model of the medical
device, by ensuring an extremely customised design that was satisfactory to the patient’s individual
preferences and conformed to their wearing schedule. The goal of the study was to examine the effects
of TO strategy through a multi-factorial assessment, that extended beyond a product-centred
viewpoint to incorporate variables associated with the entire process chain.

Finite Element Analysis (FEA) results indicated that stress levels remained within acceptable limits
for all configurations. Moreover, the regions experiencing peak stress consistently exhibited a safety
factor exceeding 1.2. Displacements were not excessive, although their magnitude was not entirely
negligible. While the structural advantages derived from the application of TO were clearly
observable, the benefits from a manufacturing standpoint were initially less evident. The introduction
of lighter and more geometrically complex configurations led to increased production time and costs,
primarily due to the greater demand for support material required to fabricate the articulated
geometries. Thus, a targeted optimisation of the process parameters, especially the parameters related
to the support material, was undertaken. After optimising the 3D-printing strategy, the material cost
of the lightest model (model4) was lowered by 22% compared to the full model, thereby providing
tangible evidence of the economic potential. In terms of fabrication time, the increase was partially
contained; the production time difference between the full model and the lightest model (model4)
was reduced to +24%, compared with a +86% increase observed under the non-optimised printing
conditions.

In summary, TO demonstrated significant potential as an approach for the advanced customisation of
orthopaedic devices. Although it primarily functions as a conceptual design tool, generating an initial
structural layout rather than a fully refined final geometry, all optimised lightweight models were
successfully fabricated without major issues. Further refinement of the modelling stage, including
adjustment and smoothing of the topology-derived geometries as well as appropriate finishing
treatments, would likely improve both manufacturing performance and device usability. Such
enhancements could positively influence production efficiency while also supporting patient comfort

and adherence to prescribed wearing schedules.
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Chapter 5. MEX-based production of metal medical components

5.1 The effect of hatch angle variation on metal MEX-based components for

medical application

This chapter is derived from the article “Sala, F.; Nani, L.; Quarto, M.; D’Urso, G. (2024).
Preliminary assessment of material extrusion (MEX) for medical applications: The effect of hatch

angle”.
DOI: 10.21741/9781644903131-21

I am grateful for the support received from my co-authors. I bear full responsibility for all the

variations from the published version reported in the current chapter.

Also, I would like to extend my gratitude to the Scientific Association for material FORming

(ESAFORM) for the received recognition, Best Communication Award 2024.

Metal AM technologies belonging to the class of Powder Bed Fusion (PBF) or Directed Energy
Deposition (DED) benefit from widespread adoption in medical research and industry. In contrast,
Material Extrusion (MEX) still requires extensive investigation to expand its applicability in this
field.

In the present research, the optimal printing conditions characterising LPBF technology are
adequately transferred to MEX technology, with the aim of evaluating the influence of the printing
parameters over the material properties. At the same time, the purpose is to provide a better
understanding of the fabrication of medical metal parts via MEX.

Optimising and adjusting LPBF parameters has significant influences on the quality of the printed
parts and the required densification, microstructure and mechanical properties [229-231]. Hence, the
accomplishment of satisfactory outcomes in LPBF manufacturing relies on the balance of several
factors, including laser power, scanning speed, layer thickness, hatch distance and angle.

Among the process parameters, the hatch angle represents the angle of rotation related to the element
growth axis at which scanning vectors, belonging to successive layers, are melted. For LPBF
technologies, the optimal configuration corresponds to 67°. Thus, 67°k scanning strategy, where k
indicates the number of layers, involves the rotation of each layer by 67°, creating a structure that

minimises the overlap of scanning vectors belonging to alternating layers.
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Generally, the most common deposition strategy adopted by MEX processes is £45° and it involves
the deposition of material lines oriented at +45° on even layers and -45° on odd layers, commonly
resulting in the overlapping phenomenon [175]. This pattern generates an envelope of porosity,
creating continuous pores that follow the intersections of the layers along the growth direction [7].
Therefore, the objective of the following study was to assess the impact of applying the optimal
scanning strategy, typical of LPBF technologies, on the key properties of components produced using
a different AM method, namely MEX.

Hence, the current research focused on the evaluation of the influence of two different deposition
strategies over MEX-built elements, considering tensile and hardness properties as well as defect
distribution (porosity). The results were analysed statistically.

The evaluations were performed on AISI 316L specimens. Stainless steel alloys are well known for
their low cost and good mechanical properties, heat resistance and biocompatibility [232,233]. This
material is primarily used in the fabrication of surgical instrumentation. Though, it is relevant to note
that its applications extend to orthopaedic implants and fixators, artificial heart valves, syringe
needles and numerous other medical tools too [234].

The research is summarised below in the form of a graphical abstract (Figure 66), which was

presented and awarded during the 2024 ESAFORM conference, held in Toulouse, France.
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The Laser Powder Bed Fusion (LPBF) 67°k hatch strategy completely
minimizes the overlap of the scanning vector of successive layers

o
%/
—

Can 67°k strategy be adapted and applied effectively to
optimize metal material extrusion (MEX) processes?

M, UltiMaker

--- Layer: k,
--- Layer: k,
--- Layer: k,
--- Layer: k;

The optimal LPBF hatch strategy was applied to

N @ provide a better understanding of MEX metal parts
Q_ > for the medical industry in terms of tensile and
&'"  hardness properties and distribution of defects

s (porosity)

Test samples using a filament made up of 80% AISI 316L and 20% polymer
matrix.

Quantification of closed porosity through metallurgical sections and gas

rd

g
/ pycnometer, estimation of open porosity
rd

Tensile and hardness tests

Q 67°k strategy promoted a fragmented
network of pores over the periodic
envelopes of +45° strategy

q 67°k specimens presented a greater ability
to withstand deformation before necking,
suggesting higher ductility

Q Negligible effects on hardness and UTS
during the tensile test

Figure 66. Modified graphical abstract of the study: Preliminary assessment of material extrusion

(MEX) for medical applications: The effect of hatch angle. Sala, F.; Nani, L.; Quarto, M.; D’Urso, G.
(2024).
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5.1.1 Methodology

Sample preparation

The test samples were manufactured by means of an Ultimaker S5 MEX technology, using a filament
with a diameter of 2.85 mm provided by BASF Ultrafuse 316L. The filament consisted of 80%
austenitic stainless steel (AISI 316L) and 20% polymer binder (polyoxymethylene (POM)), which
acted as thermoplastic matrix, enabling processing through MEX technology. A print core CC 0.6
equipped with a hardened steel nozzle was employed to extrude the filament.

The geometry of the specimen was developed in compliance with the international standards related
to the mechanical tests to be performed, as further described in the following sections.

Then, the sample geometries were uploaded into the slicing software Ultimaker Cura, where the
processing parameters (Table 38) were configured according to optimisation criteria, with respect to
density and shrinkage, as identified in prior studies [235]. Print speed was slightly increased to
minimise delamination in the initial deposited layers, a phenomenon associated with the geometry of

the tensile specimens.

Layer Infill Infill Nozzle Build plate .
; . Print Speed
height density pattern temperature temperature
+45° 0.1 mm 100% +45° 240° 100° 40 mm/s
67°k 0.1 mm 100% 67°k 240° 100° 40 mm/s

Table 38. Selected process parameters for the MEX-built specimens.

The specimens were fabricated following a Design of Experiment (DOE) with a single factor, aimed
at investigating the effect of two distinct deposition approaches. Specifically, the hatch angle, or the
angle defined between the infill lines of one layer and the subsequent one, was set at two different
configurations: + 45° and 67°k, where k denotes the layer number. Figure 67 provides a layer-by-
layer schematic comparison of the two deposition strategies for the cross-section of the MEX-built
specimens.

As anticipated, in LPBF processes, the 67°k scanning strategy is known for completely minimising
the overlap of the scanning vector of successive layers. With the adoption of the LPBF optimal
strategy in MEX processes, the variation in the deposition strategy was achieved by modifying the

infill pattern value during the configuration of the process settings.
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After the 3D printing stage, the green parts underwent debinding and sintering processes, leading first
to the formation of the brown part and eventually to the fully dense metal component. During the
debinding phase, the majority of the polymeric component is removed from the green part through a
combined catalytic and thermal process carried out at 120°C with HNO;3 (98% concentration). During
the sintering cycle, which is performed in an argon atmosphere, the brown part is subjected to three
thermal ramps (Table 39). All post-processing treatments were performed by an external service
provider.

Two sets of samples were produced and their properties were compared with reference data reported
in literature, as well as with values provided in technical datasheets for AISI 316L specimens

produced using LPBF powder-based technologies [236-240].

Initial temperature  Final temperature =~ Ramp rate Holding time
1* Ramp Room temperature  600°C 5°C/min lh
2" Ramp 600°C 1380°C 5°C/min 3h
3" Ramp 1380°C Room temperature  Furnace cooling

Table 39. Thermal ramps of the sintering cycle.

Porosity analysis

Compared to LPBF deposition processes, MEX generates structures characterised by reduced bulk
density due to the presence of defects (i.e., open and closed porosity). In the present study, defect
analysis was performed on cylindrical specimens with dimension 15 mm diameter and 5 mm height,
in three separate stages.

First, porosity was evaluated on cross-section taken perpendicular to the deposition lines (Figure 68).
The surfaces were metallographically prepared and polished to a 1 um finish using a diamond
suspension. The prepared sample sections were examined using a Keyence VHX-7100 digital-optical
microscope and the porosity content was quantified through image analysis, ImageJ software.

The metallurgical sections provide only an indication of the porosity distribution, which is limited to
the specific cross-section being examined. Since MEX processes, unlike LPBF, tend to generate
interconnected defect networks across successive layers rather than isolated spherical pores,
additional investigations are therefore necessary to achieve a more comprehensive characterisation.
For this reason, to adequately quantify the amount of closed porosity on the whole specimen, a gas
pycnometer was used. In particular, the pycnometer estimated the average value of the volume
occupied by the printed part, namely the volume of the material, and the close porosity; then, knowing

the density of the material, it is possible to estimate the closed porosity as reported in Eq.1 and Eq.2.
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weight Eq.1
Spulk = v
pycnometer

cp = Smaterial - 6bulk Eq.2
p odmaterial

Where 8py1x and 8, qteriar Tepresent the mass density of the printed part and the material used for the
printing process (8 g/cm®) respectively; weight corresponds to the mass of the printed part,
Voycnometer 18 the volume of the part measured using the gas pycnometer and cp denotes the fraction
of closed porosity.

In a subsequent step, the open porosity was estimated using the total volume calculated from the
sample’s external dimensions. In particular, the amount of open porosity (op) was computed as the

difference between the overall volume and the volume defined by the gas pycnometer.

* .. .
Deposition lines

Figure 68. Schematic representation of the considered plane (cross-section parallel to the growth

direction of the specimen) for the analysis of porosity.

Tensile test

According to ASTM F3122-14 [241], the procedure outlined in the test method UNI EN ISO 6892-
1:2020 [193] defines how to conduct a tensile test on metal materials and determine mechanical
properties, including elongation at break (A%) and ultimate tensile strengths (UTS). The procedure
was performed on specimens characterised by a circular section, with a calibrated length of 30 mm
and a diameter of 6 mm. Tensile tests were conducted using a Galdabini testing machine with a 50kN
load cell. The tests were conducted perpendicular to the growth direction of the layers, under
deformation control 2.5 x 10 s! and a preload of 400N. The procedure was carried out on tensile

specimens and repeated four times for each variation of the deposition pattern.
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Hardness test

ASTM F3122-14 specifies UNI EN ISO 6507-1:2018 [242] as a standard for the Vickers hardness
(HV) of additive-manufactured parts. The top surface of cylindrical specimen was polished up to 1pm
with diamond suspension. A 5x5 grid was drawn on the internal section, obtaining 25 uniformly
spaced indentations. The procedure involved applying a 1kgf load for 15s. The tests were performed

one time per each deposition pattern variation.

5.1.2 Results and discussion

Porosity analysis

The porosity analysis based on metallographic sections is presented in Figure 69. Image analysis
enabled the identification of pore areas, revealing a porosity of 1.99% for £45° infill pattern and
1.47% for 67°k. For both deposition strategies, the measured porosity percentage values were lower
compared to those reported in the literature. This result may be attributed to the specificity of the
measurement, as the values reflect a single cross-section and may not directly represent the overall

specimen.

(2) (b)

Figure 69. Metallurgical section for the two deposition strategies. (a) £45° Infill pattern and (b) 67°k
infill pattern.

The image investigation was complemented by the pycnometer analysis, which provided the
aggregate value of closed porosity. The information related to the extension of the porosity along the
depth dimension was captured. The pycnometer confirmed the adherence of the obtained porosity
values to the conservative literature results. Furthermore, comparing the volume estimated by the gas
pycnometer and the nominal part volume, the percentage of open porosity were estimated too.

The results showed that samples characterised by + 45° infill pattern had closed porosity values of

1.29% and open porosity of 12.95%; whilst 67°k infill pattern had closed porosity values of 2.79%
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and open porosity of 3.70%. Although shifting from the = 45° deposition strategy to the 67°k
indicated an increase in closed porosity, there was a corresponding decrease in open porosity,
suggesting that the 67°k pattern is more effective at interrupting the continuity of the porosity
network. Still, the porosity values recorded in MEX-built specimens are not comparable to the LPBF

ones, capable of providing densities greater than 99%.

Tensile test
To assess the impact of the infill pattern on mechanical strength, a statistical analysis was conducted

on the outcomes of tensile tests (Table 40).

Infill pattern Repetition A% UTS

+45° 1 50.5% 479 MPa
2 47.2% 433 MPa
3 48.4% 393 MPa
4 40.1% 453 MPa

67°k 1 54.3% 471 MPa
2 61.9% 439 MPa
1 50.5% 479 MPa
2 47.2% 433 MPa

Table 40. Mechanical properties of tensile specimens.

The Analysis of Variance (ANOVA) revealed that the infill pattern influenced elongation (A%),
whereas it appeared to have no significant effect on Ultimate Tensile Strength (UTS). Notably, the
elongation demonstrated a p-value of 0.042, which is below the predetermined confidence level of
5%. Conversely, the UTS exhibited a p-value of 0.951, emphasizing the absence of any substantial
effect.

As shown in Figure 70, the elongation was higher for 67°k samples, suggesting that samples 3D
printed with a 67°k infill pattern may undergo greater deformation before reaching the point of
rupture. In other words, this suggested a higher ductile behaviour and greater ability to withstand
deformation before necking under stress. This behaviour could be advantageous for applications
where material deformability is critical. For example, in medical applications, where the increased
ductility may translate into improved mechanical reliability.

Furthermore, the observed result could be correlated with the arrangement of pores, particularly with
the breaking of the envelopes caused by the continuous rotation of the pattern 67°k. This finding is
corroborated by the fracture surface images in Figure 71, showing distinct pore arrangements

depending on the infill pattern. It is evident that in the + 45° infill pattern, pores are aligned in

133



Francesca Sala

columns, indicating preferential paths for crack propagation, whereas in the 67°k pattern, pores are

more uniformly distributed across the surface.

(a) (b)
Main Effects Plot for a% Main Effects Plot for UTS
Data Means Data Means

56

54 a3

52 a4
= c ,_—r"”_‘
g % /

s0 439

48 437

5 y a5 ,

+45° 67k +45° &7k
Hatch angle Hatch angle

Figure 70. Main effect plot for (a) elongation at break (A%) and (b) UTS.

(a) +45° (b) 67

Figure 71. Reconstructions of the fracture surfaces via optical microscope. a) = 45° Tensile specimen. b)

67° k Tensile specimen.

MEX (+ 45°) MEX (67° k) LPBF
Elongation at break 46.6 +4.5 % 55.6+54% 57 %
UTS 439.5+ 36 MPa 441.0 + 30 MPa Up to 700 MPa

Table 41. Comparison of the main tensile properties measured on MEX and LPBF elements.

Hardness test

In Table 42, the average values and the standard deviation of the HV 900 for both infill patterns were
reported. It is possible to note that there is not an appreciable difference in the values, this is probably
related to the dimension of the indentation and the part structure. Specifically, the indentation is

typically made on a single material strand, making it unlikely to involve two adjacent strands. As a
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result, the measured hardness closely reflects that of the monolithic material and exhibits a relatively

low standard deviation across the entire surface.

MEX (+ 45°) MEX (67° k) LPBF
HV 000/ HV 124+6 HV 13143 HV 230 HV

Table 42. Comparison of the average hardness values measured on MEX and LPBF elements.

5.1.3 Conclusions

Based on the optimised strategy reported in literature for LPBF process, the present work investigated
whether, with the appropriate adaptations, the concept of an infill pattern characterised by a
continuous rotation of the layers improves the structure of the parts 3D printed with metal-MEX
technology. A 67° rotation per layer was compared with the +45° deposition strategy, which remains
the most used approach in MEX processes.

Cylindrical and tensile samples were manufactured by varying only the deposition strategy through
the infill pattern. The main differences in terms of porosity, tensile strength and hardness were
investigated to assess the effectiveness of the LPBF-inspired scanning strategy (67°k). The tested
hypothesis consisted in the possibility of interrupting the porosity envelopes induced by the +45°
strategy.

The relevant outcomes of the present research are summarised as follow:

o The investigated deposition strategies produced specimens with similar overall porosity;
however, the structure of the porous network was strongly affected by the deposition pattern.
The +45° strategy produced a periodic and semi-continuous network, while 67°k strategy led
to a more fragmented pore distribution.

e The differences in the morphology of the porous network had negligible effects on UTS and
hardness.

e A significant effect was observed on elongation at break, where 67°k specimens withstood
greater deformation before rupture. This suggested a higher ductility derived from the 67°k
deposition strategy and, thus, beneficial results for applications, such as the medical ones,
requiring greater predictability of fracture behaviour. Additional investigations are required

to confirm the hypothesis.
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General conclusions

The present doctoral research investigates Additive Manufacturing (AM) processes through the

analysis of their implementation in the healthcare sector.

The objective of the research is pursued by focusing on a promising AM technology, Material

Extrusion (MEX), which is based on the principle of heating and selectively depositing material

through a nozzle. This system, originally developed for the extrusion of polymeric materials, can

process any material capable of continuously flowing through a nozzle and subsequently solidifying,

including metal materials. Owing to the flexibility and versatility of this technology, the study

examines both polymeric and metal medical components.

The main conclusions arisen from each section of this work are presented below:

The feasibility of producing tailor-made orthoses through an innovative methodology based
on Reverse Engineering (RE) and Additive Manufacturing (AM) is confirmed. The
implementation of the proposed methodology in orthosis clinical practice demonstrates
considerable potential. Multidisciplinary research has proven essential to deepen the
understanding of the factors that facilitate its effective and seamless integration into existing
healthcare workflows.

o Overall, MEX emerges as a highly functional and innovative manufacturing system

for medical devices. Despite its considerable potential in orthotic applications, the
successful implementation of MEX requires a well-structured framework
encompassing all supporting activities within the 3D printing value chain. In
particular, the conducted research highlights that Reverse Engineering (RE) processes
and related technologies require significant attention to ensure the effective and
comprehensive exploitation of Additive Manufacturing (AM) capabilities.

One of the key challenges in implementing MEX for customised orthosis production
lies in the requirement for specialised engineering expertise in the proper acquisition,
processing and modelling of patient data. Regarding data acquisition, healthcare
professionals might rely on a wide range of professional technologies for data
acquisition, beyond those typically available in hospital settings. Among the key
criteria for technology selection are accuracy, acquisition speed, and the contactless
nature of the system. Based on these factors, this research identifies laser scanning as
an optimal solution. The most critical limitations, however, concern data processing

and modelling. The current digital workflow requires advanced CAD expertise and
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significant design time, restricting accessibility in clinical practice. To address this
issue, the present work proposes and develops a dedicated and unique approach,
supported by an intuitive Graphical User Interface (GUI), that integrates a series of
semi-automatic commands to effortlessly, easily and rapidly transform anatomic scans
into digital orthoses. Moreover, the approach extremely cuts down the modelling time.
The proposed software also demonstrates high versatility, enabling the generation of
medical device models for anatomical regions beyond those initially targeted. Overall,
the approach contributes to the democratisation of engineering technologies in
healthcare, promoting broader and more autonomous use by clinical professionals.
The conducted studies underline the potential of the proposed methodology as a cost-
effective solution for the production of customised orthotic devices. The economic
viability of the approach is rigorously evaluated through the conceptualisation of a
cost model, that is subsequently applied to an initial prototype of MEX-based upper
limb orthosis made of ABS. The resulting cost is remarkably low compared to that of
conventional customised orthoses. Within the cost structure, labour emerges as the
predominant component, accounting for 78% of the total, followed by material costs
at 18%. Costs associated with Reverse Engineering (RE) and Additive Manufacturing
(AM) systems are minimal, and ongoing technological advancements in these domains
are expected to further diminish their economic impact. These findings corroborate
the hypothesis that the challenges associated with RE and AM adoption lie in a realm
that is distinct from the economic one.

In addition to the cost assessment, the research includes analyses of production times.
Despite the current and projected technological advancements in MEX systems, the
printing phase is identified as the most critical and time-intensive stage of the overall
process. It may give rise to concerns regarding the adoption of AM technology in the
clinical practice. Hence, it is essential to recognise that certain therapies may not
benefit substantially from AM when rapid production is a priority. Identifying and
prioritising the treatments for which the proposed methodology is both suitable and
competitive, such as non-urgent or elective interventions, is therefore crucial. Beyond
this, the challenges posed by extended printing durations have guided the research,
highlighting the incorporation of production time as a key variable in the optimisation
of MEX printing parameters.

The mechanical performances of the customised orthoses fabricated with the proposed

methodology are validated via technical simulation based on FEM. The boundary and
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loading conditions are faithfully replicated to simulate the performance of the orthotic
device, including scenarios such as accidental impacts or typical joint movements
during the rehabilitation phase. In addition to the evaluations of material strength, it is
essential to assess shape distortions as well. Indeed, although the safety factors of the
orthotic designs are deemed adequate, it is crucial to ensure that shape distortions do
not negatively interfere with the ability of the medical devices to maintain proper joint
alignment. In general, the adopted methodology proves its ability to produce resilient
and high-performance structures, showcasing its effectiveness for advanced
engineering and medical applications.

The robustness of the proposed methodology, defined for producing MEX-based
customised upper limb orthoses, is systematically verified. The procedure successfully
manages the variability resulting from the development of orthoses for three
anatomical regions differing in size, shape and level of detail. The manufacturing
workflow adapts seamlessly to the production of wrist, hand, and finger orthoses,
requiring only minimal adjustments to achieve optimal results.

The studies seek to promote the integration of the innovative methodology into clinical
practice by designing and producing a series of customised orthoses, optimised in
terms of lightness, strength, comfort, availability and affordability too. This resulted
in a set of orthoses, with varying features, including thicknesses (2-4 mm) and
manufacturing materials (ABS, nylon, PLA, PC, PA6-GF25, PA6-CF20). Beyond
producing individual devices, the work establishes a robust framework that enables
healthcare providers to make informed, patient-specific decisions, effectively bridging
engineering innovation and clinical application.

Lastly, the document also investigates the advanced customisation of orthotic devices
through the study of weight reduction strategies. These approaches include the
creation of hole patterns as well as more sophisticated methodologies, such as
Topological Optimisation (TO). Reducing the weight of orthoses is highly valued by
both healthcare professionals and patients, as it enhances comfort while maintaining,
if properly designed, the required mechanical strength and durability. In this context,
feasibility, intended as the ability of realising the device and the simplicity with which
medical operators can carry out its fabrication, represents a fundamental aspect. Whilst
the implementation of basic patterns of ventilation hole patterns are successfully
automated in the developed software program (GUI), advanced and most promising

modelling techniques, like TO, remain challenging. Moreover, in this latter case, the
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need for accounting manufacturing aspects during the weight reduction activity gains
prominence. Specifically, optimising process parameters (i.e., build orientation, infill
density, pattern, layer thickness, wall thickness, and support material strategies) is
essential to ensure efficient fabrication of orthoses with complex geometries,

articulated holes, and minimal thicknesses.

Ultimately, the present research brings more clarity to the feasibility of implementing metal
MEX technology in medical device manufacturing, offering a powerful alternative to the most
widely adopted metal AM technologies, namely the PBF and DED methods. Hence, the
conducted work expands the understanding of metal MEX by studying and optimising its
printing parameters and providing a deeper comprehension of the mechanical and structural
behaviour of metal MEX components.

o Compared to components produced using PBF and DED technologies, MEX-based
elements exhibit lower dimensional accuracy and mechanical strength, primarily due
to a reduced density in the final metal structure. This limitation poses a significant
challenge to the implementation of metal MEX manufacturing, especially in high-
value industrial applications such as the medical sector.

o In the current research, the topic is addressed by studying and optimising a specific
MEX printing parameter, known as raster angle (or hatch angle), for AISI 316L
specimens. The selected alloy is well-known for its biocompatibility and excellent
corrosion resistance, especially in biological environments. The research
demonstrated that the hatch strategy commonly employed in LPBF processes (67°k)
can be successfully adapted and applied to metal MEX processes too, prompting a
uniform, fragmented porous network and disrupting the periodic porosity observed
with the default +45° strategy. Furthermore, the 67°k strategy significantly improved
the elongation at break, indicating a higher ductile behaviour and greater ability to
withstand deformation before necking. These findings improve the predictability of
the fracture behaviour of MEX component, a critical advantage for medical
applications.

o Current research is focusing on the exploration of titanium-based MEX components.
Titanium owns an excellent biocompatibility, combined with great mechanical
properties, and the use of MEX technology might potentially simplify and economise
the production process of Ti components. Currently, the experiments focus on finding

the optimum process parameters for the production, via extrusion, of titanium-filled
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filament (commercially pure titanium particles immersed in a polymer binder matrix),

and processability, via 3D printing, of green parts.

Beyond the developments in polymer and metal applications of MEX technology, ongoing research
is extending to other AM technologies, in particular Laser Powder Bed Fusion (LPBF), which
employs a laser to selectively melt or fuse metal powders.

In collaboration with the University of Birmingham, this research is centred on the development of
customised metal implants for the treatment of sagittal craniosynostosis, a craniofacial developmental
anomaly that affects infants. Generally, this condition is attributed to the premature fusion of the
sagittal suture, leading to abnormal cranial growth characterised by an elongation of the skull in the
anterior-posterior direction and a simultaneous reduction in its bilateral dimensions. The current
conventional treatment involves a two-stage surgical approach: initially springs are implanted to
maintain patency and, then, during a second surgery, springs are removed upon completion of the
treatment. The focus of the present research consists in the development of novel Ti-6Al-4V implants
that can be permanently implanted within the cranial structure, thereby obviating the need for a
subsequent removal surgery.

Multiple implant designs have been conceptualised and printed, from basic honeycomb structures to
more sophisticated assembly structures. The design optimisation process is being guided by the
stringent mechanical criteria, particularly the requirement for a great transverse expansion under a
limited longitudinal load. Previous investigations have determined that an optimal Poisson's ratio for

these implants is approximately 3.

To conclude, the numerous emerging research directions indicate that the medical sector remains one
of the most fertile fields for innovation in 3D printing. The versatility and adaptability of AM
technologies offer unprecedented opportunities to tackle challenges in medical device manufacturing,
enabling customised designs and enhanced mechanical and material performance. As demonstrated
in the present work, even the simplest of the AM technology was able to address diverse medical
applications, yielding valuable insights. As the advantages of these technologies become increasingly
evident, it is equally critical to develop supporting systems and workflows to ensure their seamless
integration into clinical practice. Without such a holistic approach, the full potential of AM
technologies risks being underutilised, remaining fragmented innovations rather than transformative
solutions for modern healthcare. Therefore, it is imperative to pursue continuous research and
development to maximise achievable benefits of AM technologies, while fostering their adoption in

the industrial and healthcare world.
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